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Abstract

A collection of 17 atrazine-degrading bacteria isolated from soils was studied to

determine the composition of the atrazine-degrading genetic potential (i.e. trzN,

trzD and atz) and the presence of IS1071. The characterization of seven new

atrazine-degrading bacteria revealed for the first time the trzN-atzBC gene

composition in Gram-negative bacteria such as Sinorhizobium sp. or Polaromonas

sp. Three main atrazine-degrading gene combinations (i) trzN–atzBC, (ii)

atzABC–trzD and (iii) atzABCDEF were observed. The atz and trz genes were

often located on plasmids, suggesting that plasmid conjugation could play an

important role in their dispersion. In addition, the observation of these genes (i)

on the chromosome, (ii) on the same DNA fragment but on different plasmids and

(iii) on DNA fragments also hybridizing with IS1071 suggests that transposition

may also contribute to disperse the atrazine-degrading genes.

Introduction

Atrazine (2-chloro-4-ethylamino-6-isopropylamino-s-tria-

zine) is a herbicide widely used to control a variety of

broadleaf weeds mainly in corn and sugarcane crops. Its

extensive use over the last 40 years has led to the contamina-

tion of water resources by the parent compound and its

main metabolites (deethylatrazine and deisopropylatrazine).

However, an enhancement of atrazine biodegradation has

been evident in several soils frequently treated with this

herbicide (Barriuso & Houot, 1996). This phenomenon

results from the evolution of soil bacterial communities

genetically able to use atrazine as a nutrient source. The

characterization of atrazine-degrading bacterial strains

revealed the existence of atzA, B, C, D, E and F genes

encoding enzymes responsible for the mineralization of this

herbicide (De Souza et al., 1996; Boundy-Mills et al., 1997;

Sadowsky et al., 1998; Martinez et al., 2001). Two other

atrazine-degrading genes have also been characterized: trzN

coding an atrazine chlorohydrolase (equivalent to atzA) and

trzD coding a cyanuric acid hydrolase (equivalent to atzD)

(Karns, 1999; Mulbry et al., 2002). Further studies revealed

that atzA, atzB and atzC are worldly widespread and highly

conserved in different microbial genera arguing for a recent

unique evolutionary origin and a global dispersion (De

Souza et al., 1998a, b; Rousseaux et al., 2001).

Horizontal gene transfer and notably plasmid conjuga-

tion has a central role in dispersing the atrazine-degrading

genes in the environment. Indeed, except for Arthrobacter

sp. AD1, in which atzA has been located on the chromosome

(Cai et al., 2003), the atz and trz genes have always been

located on plasmids, which is a prerequisite for conjugation.

In addition, experiments conducted in the laboratory or in

soil microcosms with bacteria harbouring the atz genes on a

catabolic plasmid demonstrated that these genes could be

transferred to indigenous bacteria by plasmid conjugation

(De Souza et al., 1998a, b; Devers et al., 2005).

However, one can hypothesize that plasmid conjugation

might not be the only mechanism responsible for dispersion

of the atrazine-degrading genes. Actually, atz and trz genes

have been observed at different genomic locations (i.e.

plasmid and/or chromosome) within a bacterium (Rous-

seaux et al., 2002) suggesting their involvement in genetic

rearrangements. Furthermore, the atz genes are often asso-

ciated with one or more copies of insertion sequences

related to IS1071 (Topp et al., 2000a, b; Martinez et al.,
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2001; Sajjaphan et al., 2004). It has therefore been hypothe-

sized that the observed occurrence at different genomic

locations might result from the transposition of a composite

transposon consisting of two copies of IS1071 flanking an

atrazine-degrading gene cassette (Devers et al., 2005).

In this context, the aim of this work was to describe the

genomic organization of the atrazine-degrading genes

(i.e. atzA, B, C, D, E, F, trzN and trzD) and of IS1071 in 17

atrazine-degrading bacterial strains. This bacterial collection

was analysed by (1) hybridizing their plasmid profiles with

atz, trz and IS1071 probes in order to determine their

genomic location (plasmid vs. chromosome) and by (2)

Southern blot analyses to determine whether the atrazine-

degrading genes were located in genomic DNA fragments

containing IS1071.

Materials and methods

Strains and media

The strains used in this study are presented in Table 1. They

were grown at 28 1C on mineral salt medium (MSA)

[K2HPO4 (1.6 g L�1), KH2PO4 (0.4 g L�1), NaCl (0.1 g L�1),

MgSO4 � 7H2O (0.2 g L�1), CaCl2 (0.02 g L�1), FeSO4 � 6H2O

(5 mg L�1), borate (2 mg L�1), MnSO4 �H2O (1.8 mg L�1),

ZnSO4 (0.2 mg L�1), CuSO4 (0.1 mg L�1), NaMo (0.25 mg L�1),

biotin (0.1 mg L�1), thiamine (0.04 mg L�1)], containing atra-

zine as sole nitrogen source (99% chemical purity; Syngenta,

Switzerland) and citrate as carbon source (1 g L�1) (Devers

et al., 2005). The concentration of atrazine in the liquid and

solid MSA media was 30 and 500 mg L�1, respectively.

Isolation of atrazine-degrading bacteria
from soil

Two soils were used one was collected from an agricultural

field in Vannecourt (Moselle, North-east France) and the

other from a location within an atrazine-producing factory

(Sisak, Northern Croatia). The soils were collected from the

first 10 cm, sieved (2 mm), moistened (70% water-holding

capacity) and treated with 1.5 mg of atrazine per kilogram of

soil. They were incubated for 2 weeks in the dark at 22 1C

and 60% relative humidity. The soils were then serially

diluted in water and 100mL aliquots of dilutions (from

10�2 to 10�4) were plated on MSA medium. The plates were

incubated at 28 1C for 3 weeks. Atrazine formed a whitish

opaque veil on the surface of the MSA plates. Any bacterial

colonies that produced clear halos corresponding to atrazine

degradation were further purified by repeated streaking on

MSA medium. To avoid any losses of atrazine-degrading

genes, the purified strains were kept on solid MSA medium.

To store pure strains on the long term, they were cultivated

in liquid MSA and an aliquot of the culture was added with

50% glycerol (v/v) and kept at � 80 1C until use. Microbial

biomass was obtained by cultivating the strains in liquid

MSA medium.

Table 1. Bacterial strains used in this study together with strain names, isolation location, PCR detection of atrazine-degrading genes and atrazine-

degradation abilities

Strain

Location of

isolation�

PCR detection

of atrazine-

degrading genes

Atrazine

degradation

(% remaining

atrazine)

Atrazine

degradation Reference

Chelatobacter heintzii Cit1 Citeaux, France atzABC, trzD ND Mineralization Rousseaux et al. (2001)

Chelatobacter heintzii Sal1-3 Salinis, France atzABC, trzD ND Mineralization Rousseaux et al. (2001)

Chelatobacter heintzii LR3-3 Le Rheu, France atzABC, trzD ND Mineralization Rousseaux et al. (2001)

Chelatobacter heintzii LRA Le Rheu, France atzABC, trzD ND Mineralization Rousseaux et al. (2001)

Chelatobacter heintzii SalB Salinis, France atzABC, trzD ND Mineralization Rousseaux et al. (2001)

Chelatobacter heintzii Lous2-3 Loustalet, France atzA 44 Hydroxyatrazine Rousseaux et al. (2001)

Chelatobacter heintzii Sal2 Salinis, France atzA ND Hydroxyatrazine Rousseaux et al. (2001)

Pseudomonas sp. ADP USA atzABCDEF ND Mineralization Mandelbaum et al. (1995)

Agrobacterium sp. NEA-D Vannecourt, France atzABCDEF ND Mineralization This study

Nocardioides sp. NEA-A Vannecourt, France trzN, atzBC ND Cyanuric acid This study

Arthrobacter cristallopoietes Cit2 Citeaux, France trzN, atzBC ND Cyanuric acid Rousseaux et al. (2001)

Sinorhizobium sp. NEA-B Vannecourt, France trzN, atzBC ND Cyanuric acid This study

Polaromonas sp. NEA-C Vannecourt, France trzN, atzBC ND Cyanuric acid This study

Nocardioides sp. SP12 La Bouzule, France trzN, atzBC ND Cyanuric acid Piutti et al. (2003)

Nocardioides sp. 1D Croatia trzN ND Hydroxyatrazine This study

Arthrobacter sp. 2B Croatia trzN ND Hydroxyatrazine This study

Arthrobacter sp. 3A Croatia trzN ND Hydroxyatrazine This study

�For the French soils the sample locations were indicated.

ND, not detected.
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Estimation of atrazine-degrading activity of the
bacterial strains

The strains were grown on liquid MSA medium for 15 days

with shaking at 150 r.p.m. The atrazine-degrading activity of

each strain was determined by quantifying the remaining

atrazine by reverse-phase HPLC using an LC Star Systems

(Varian) equipped with a Microsorb-MV C18 column

(length 25 cm, internal diameter 4.6 mm, Varian). The

solvent system consisted of methanol/ultra pure water (75/

25, v/v) delivered at a flow rate of 1 mL min�1. Atrazine was

detected at 220 nm and showed a retention time of 6.9 min.

PCR detection of the atz , trz genes and of
IS1071 in the bacterial isolates

DNA extracts were prepared from the bacterial isolates using

a proteinase K procedure as described elsewhere (Cheneby

et al., 2004). PCR reactions were conducted in a final volume

of 25mL using 2.5 mL of DNA template, 0.2 mM of dNTPs,

1mM of each specific primer and 1.25 U of Taq DNA

polymerase (Q-biogene, France). DNA amplifications were

carried out in a PTC 200 gradient cycler (MJ Research,

Waltham, MA) as follows: 5 min at 95 1C, 35 cycles of 1 min

at 94 1C, 1 min at the optimal temperature for primer

annealing and 2 min at 72 1C, plus an additional 10-min

cycle at 72 1C. The PCR products were then separated by

electrophoresis on a 1% agarose gel, stained with ethidium

bromide (100mg L�1) and photographed with a CCD cam-

era. The primer pairs used were A1f/A1r for atzA, B1f/B1r

for atzB, Cf/C1r for atzC, Df/Dr for atzD, Ef/Er for atzE, Ff/

Fr for atzF (Devers et al., 2005), trzDf1/trzDr1 for trzD

(Rousseaux et al., 2001), C190-10/C190-11 for trzN (Mulbry

et al., 2002). For the IS1071 sequence, a primer set

[IS1071f1(50-TAT GAG GCT GGC GTG CAA-30)/

IS1071r1(50-GCG CAA TCT TCC CGA TCA GT-30)] was

designed based on a multiple alignment of IS1071 sequences

(data not shown). The specificity of this premier pair for

IS1071 sequences was checked in silico using the IS finder

programme (http://www-is.biotoul.fr/).

16S rRNA gene sequencing

16S rRNAs gene from the seven newly isolated atrazine-

degrading bacteria were amplified by PCR using the 27f

(50-AGAGTTTGATCMTGGCTCAG-30), positions 8–27 of

Escherichia coli 16S rRNA gene) and 1492r (50-TACGGHT-

ACCTTGTTACGACTT-30), positions 1492–1513 of E. coli

16S rRNA gene universal primers and cloned in pGEM-T as

described previously (Devers et al., 2005). Partial sequencing

of cloned 16S rRNA gene sequences was performed using

the 341f (50-CCT ACG GGA GGC AGC AG-30) and 926r

(50-CCG TCA ATT CMT TTR AGT TT-30 primers) using a

CEQ8000 sequencer (Beckman Coulter) according to the

manufacturer’s instructions. Partial 16S rRNA gene se-

quences of strains NEA-A, NEA-B, NEA-C, NEA-D, 1D, 2B

and 3A were deposited in GenBank under the Accession

Numbers DQ485404, DQ485406, DQ485410, DQ485405,

DQ485407, DQ485408 and DQ485409, respectively.

Genomic DNA extraction -- restriction enzymes
digestion

The strains were grown in liquid MSA for 1 week at 28 1C

with shaking at 150 r.p.m. Genomic DNA was extracted

from 75 mL of bacterial suspension using the QIAGEN

Blood and Cell culture DNA Midi Kit according to the

manufacturer’s instructions (QIAGEN, France). Digestions

were performed in 40 mL containing 200 ng of extracted

DNA, 20 U of NruI or SmaI restriction enzymes incubated

overnight at 37 1C. Twenty microliters of the digested DNA

were separated by electrophoresis in a 0.9% agarose gel

overnight at 40 V in the presence of the digoxigenin-labelled

DNA molecular weight marker II (Roche Applied Science,

France).

Plasmid profiles

Bacterial cells were grown in liquid MSA medium as

described above. A volume of 1 mL of culture adjusted to

an OD of 0.2 at 600 nm was pelleted by centrifugation

(15 000 g for 3 min). Plasmid profiles were obtained from

the bacterial pellets using Eckhardt’s method (Eckhardt,

1978) as modified by Wheatcroft et al. (1990). Plasmids

were separated on an 0.75% (w/v) TBE agarose gel by

electrophoresis at 40 V for 30 min followed by 100 V for 3 h.

Plasmid sizes were determined by calibrating towards the

relative mobility of the plasmids used as standards: (i) pAT

(543 kb, accession number AE007872) and pTi (214 kb,

accession number AE007871) harboured by Agrobacterium

tumefaciens C58, and (ii) a megaplasmid (41500 kb),

pRme41a::Tn7 (236 kb) and pRP4 (60 kb, accession number

L27758), harboured by a derivative of Rhizobium meliloti 41

(GMI328).

Hybridization analysis

Plasmid profiles and digested genomic DNAs were vacuum

transferred to a Biodyne Plus membrane (Gelman Sciences,

Merck Eurolab, France) and hybridized with each of the

following probes: atzA, atzB, atzC, atzD, atzE, atzF, trzD,

trzN and IS1071. Dig-labelled probes were produced by PCR

using specific primer pairs as described above. PCR was

performed on the DNA of Pseudomonas sp. ADP (atzABC-

DEF, IS1071), Chelatobacter heintzii Cit1 (trzD) or Nocar-

dioides sp. SP12 (trzN). DNA hybrids were detected under

high-stringency conditions as described previously (Rous-

seaux et al., 2001).
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Results

Characterization of seven new atrazine-
degrading isolates

The descriptions of seven new atrazine-degrading bacterial

isolates are reported. Four strains (i.e. NEA-A, NEA-B,

NEA-C and NEA-D) were isolated from a French agricultur-

al soil repeatedly cropped with maize. Three (i.e. 1D, 2B and

3A) were isolated from a Croatian agrochemical factory soil

(Table 1). Their atrazine-degrading activity was estimated by

HPLC (Fig. 1). Partial sequencing of the 16S rRNAs gene

revealed that strain NEA-A was taxonomically close to

Nocardioides sp. (100% similarity over 568 bp), strain NEA-

B close to Sinorhizobium sp. (99% over 901 bp), strain NEA-

C close to Polaromonas sp. (99% over 723 bp), strain NEA-D

close to Agrobacterium sp. (99% over 858 bp), strain 1D

close to Nocardioides sp. (99% over 496 bp) and strains 2B

and 3A close to Arthrobacter sp. (99% over 508 and 841 bp,

respectively). Determination of the atrazine-degrading ge-

netic compositions revealed that three of the French isolates

(i.e. NEA-A, NEA-B, NEA-C) harboured the trzN–atzBC

gene composition whereas NEA-D harboured the atzABC-

DEF gene composition. The three strains isolated from the

Croatian soil contained only the trzN gene (Table 1).

Plasmid location of the atrazine-degrading
genes and IS1071

The genomic location of the atrazine-degrading genes and

the insertion sequence IS1071 was determined by hybridiz-

ing the plasmid profiles of each atrazine-degrading strain

with atz, trz and IS1071 probes (Fig. 2, Table 2). No plasmid

could be recovered from the three Croatian strains (i.e. 1D,

2B, 3A). This suggests either that these strains did not

possess plasmids or that the method used to extract and

separate plasmids was not successful with these strains. One

to nine plasmids were recovered from each of the other

strains, with estimated sizes ranging from 23 to 583 kb.

In all nine atrazine-degrading strains harbouring atzA,

the atzA probe hybridized on a plasmid. More precisely, an

atzA signal was observed on a 77 kb plasmid in strains Cit1,

SalB, LR3-3, LRA, Lous2-3 and Sal2. These plasmids did not

contain any copy of IS1071. The atzA hybridization signal in

strain Sal1-3 was on a 73-kb plasmid, which also produced a

hybridization signal with the IS1071 probe. Finally, the atzA

hybridization signal in strains NEA-D and ADP was ob-

served on their single plasmids of 137 and 110 kb, respec-

tively. Both plasmids also hybridized with the IS1071 probe.

In the eight atrazine-degrading strains harbouring the

trzN gene, plasmids were only recovered from strains Cit2,

SP12, NEA-A, NEA-B and NEA-C. In the Cit2 and SP12

strains, trzN was detected on a plasmid of 200 kb that also

hybridized with the IS1071 probe. No trzN hybridization

was observed on the 200-kb plasmid of the three other

strains (i.e. NEA-A, NEA-B and NEA-C).

Nine of the 12 strains presenting atzB and atzC genes

harboured at least one copy of these genes on plasmids.

Depending on the strains, atzB hybridization signals were

detected on plasmids ranging from 110 to 325 kb in size and

also producing an IS1071 hybridization signal. An atzC

hybridization signal was always observed on the plasmids

producing a hybridization signal with the atzB probe.

Nevertheless, a second plasmid hybridizing with the atzC

probe was observed in strains LR3-3, LRA and Sal1-3. This

plasmid also hybridized with either (i) IS1071 in strains

LR3-3 and LRA or (ii) with atzA, and IS1071 probes in strain

Sal1-3. The bacterial strains containing the trzD gene

produced a trzD hybridization signal with plasmids that also

hybridized with the atzB, atzC and IS1071 probes. Finally,

only two atrazine-degrading bacteria (i.e. NEA-D and ADP)
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Fig. 1. HPLC analysis of either control atrazine mineral media. (a),

Chelatobacter heintzii Lous 2–3 inoculated atrazine mineral media (b) or

Nocardioides sp. 1D inoculated atrazine mineral media (c). The peak

corresponding to atrazine is indicated by an arrow.
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produced hybridization signals with atzD, atzE and atzF

probes on their unique plasmid.

Genomic organization of the atrazine-degrading
genes and of IS1071

The relative genomic location of the trzN, trzD, atz genes

and of IS1071 was investigated by performing Southern blot

analyses on genomic DNA extracts from each strain. These

genomic DNA extracts were digested with either NruI

or SmaI, two restriction enzymes that theoretically do not

recognize any restriction site into the atz, trz or IS1071

available sequences. Only the results obtained with SmaI are

presented (Fig. 3, Table 3). Southern blots performed with

the IS1071 probes revealed complex IS1071-hybridization

patterns consisting of 0–9 hybridization signals.

Nine atrazine-degrading bacterial strains possessed the

atzA gene. In seven strains, the atzA probe hybridized with a

2.6-kb band. In strains NEA-D and ADP, the atzA probe

hybridized with a 19.7-kb band that also hybridized with the

IS1071 probe.

The eight strains that did not have the atzA gene

possessed the trzN gene. Strains 1D, 2B and 3A presented

the same trzN hybridization signal on a unique 8.1-kb band.

Strain SP12 presented two trzN hybridization signals on

DNA fragments of 2.9 and 14.9 kb. Similarly, a trzN hybri-

dization signal was observed on a DNA fragment of 2.9 kb

for strain Cit2, and of 14.9 kb for strains NEA-A, NEA-B and

NEA-C. It has to be noticed that the 14.9-kb DNA fragment

hybridizing with the trzN probe also hybridized with the

IS1071 probe, whatever the strain.

Twelve atrazine-degrading bacterial strains produced hy-

bridization signals with the atzB probe. In strains Cit1, LR3-

3, LRA, Sal1-3 and SalB, a band of 7.5 kb hybridized with the

atzB probe. Only LR3-3 also presented an IS1071 hybridiza-

tion signal on this band. Strain SP12 presented two atzB

Table 2. Localization of the atrazine-degrading genes and IS1071 on the plasmids of the 17 atrazine-degrading bacterial strains

Strain

Plasmid

number Plasmids with atrazine degrading-genes (kb) Other plasmids (kb)

Cit1 7 325 (atzBC, trzD, IS1071) 77 (atzA) 533 186 137 99 49

SalB 9 199 (atzBC, trzD, IS1071) 77 (atzA) 533 338 137 116 48 30 23

Sal1-3 7 130 (atzBC, trzD, IS1071) 73 (atzAC, IS1071) 488 301 186 64 23

LR3-3 6 199 (atzBC, trzD, IS1071) 137 (atzC, IS1071) 77 (atzA) 583 380 49

LRA 8 186 (atzBC, trzD, IS1071) 130 (atzC, IS1071) 77 (atzA) 510 351 56 45 24

Lous2-3 7 77 (atzA) 533 325 186 130 45 23

Sal2 7 77 (atzA) 557 351 199 137 49 23

Cit2 1 200 (trzN, atzBC)

SP12 1 200 (trzN, atzBC)

NEA-D 1 137 (atzABCDEF, IS1071)

ADP 1 110 (atzABCDEF, IS1071)

NEA-A 1 200

NEA-B 1 200

NEA-C 1 200

1D 0

2B 0

3A 0

The estimated sizes of the plasmids are given and those carrying atrazine-degrading genes and IS1071 are indicated in parentheses.

1 2 3 4 5 6 7 8 9 10 11 12 13

60

236

1500

kb

Fig. 2. Plasmid profiles carried out on 11 atrazine-degrading strains.

Line 1, Chelatobacter heintzii Cit1; line 2, Chelatobacter heintzii LR3-3.;

line 3, Chelatobacter heintzii LRA; line 4, Chelatobacter heintzii Lous2-3;

line 5, Chelatobacter heintzii Sal1-3; line 6, Chelatobacter heintzii SalB:

line 7, Chelatobacter heintzii Sal2; line 8, Nocardioides sp. SP12; line 9,

Nocardioides sp. NEA-A; line 10, Sinorhizobium sp. NEA-B; line 11,

Polaromonas sp. NEA-C; line 12, Agrobacterium tumefaciens C58; line

13, Rhizobium meliloti 41.
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hybridization signals on 8.7- and 14.9-kb bands. Similarly,

strains NEA-A, NEA-B and NEA-C hybridized with atzB on

a 14.9-kb band, while strain Cit2 hybridized with atzB on an

8.7-kb band. Finally, strains NEA-D and ADP presented an

atzB hybridization signal on a 19.7-kb band. Strain NEA-D

also presented a second atzB hybridization signal on a 10.7-

kb band. However, only one hybridization signal on a 23.7-

kb band was observed when the NruI restriction enzyme was

used (data not shown). Finally, it should be noted that seven

of the 12 strains hybridizing with atzB harboured a DNA

fragment that hybridized with both atzB and IS1071 probe.

Twelve atrazine-degrading strains produced hybridization

signals with the atzC probe. The atzC hybridization signals

in strains Cit2, SP12, NEA-A, NEA-B and NEA-C were

identical to those observed for atzB. In strains NEA-D and

ADP, the atzC probe hybridized on a 10.7-kb band. Contrary

to strain ADP, the DNA fragment of NEA-D hybridizing

with atzC also hybridized with atzB and IS1071 probes. In

strains Cit1, LR3-3 and LRA, Sal1-3 and SalB, the atzC

probe hybridized on DNA fragments ranging from 19.8 to

24.1 kb. Strains LR3-3 and LRA presented identical atzC

hybridization profiles with a single hybridization signal on a

band of 24 kb.

Five atrazine-degrading bacteria (i.e. strains Cit1, LR3-3,

LRA, Sal1-3 and SalB) produced a hybridization signal with

the trzD probe. In these strains, the trzD probe hybridized

on a 7.5-kb band also hybridizing with the atzB probe. Only

strain LR3-3 also harboured an IS1071 signal on this band.

Finally, only strains NEA-D and ADP hybridized with the

atzD, atzE and atzF probes (data not shown). They pre-

sented identical hybridization signals: (i) with the SmaI

restriction enzyme, all three probes hybridized with a same

band of 23.8 kb, and (ii) with the NruI enzyme, the atzD and

atzE probes hybridized on a 4.4 kb-band whereas the atzF

probe hybridized on a 3.5-kb band.

Discussion

This report provides an analysis of the atrazine-degrading

genetic potential of seventeen cultivable atrazine-degrading

bacteria isolated from geographically different soils and

includes seven newly described strains.

Six of the seven newly isolated strains possess the trzN

gene. This high proportion of atrazine-degrading bacteria

possessing the trzN gene, which encodes an atrazine chlor-

ohydrolase (Mulbry et al., 2002), suggests its widespread

occurrence throughout the atrazine-degrading bacterial

Table 3. Localization of the atrazine-degrading genes on SmaI-restric-

tion fragments (in kb) of the 17 atrazine-degrading bacterial strains

Number

of IS1071 trzN atzA atzB atzC trzD atzD atzE atzF

Cit1 9 – 2.6 7.5 19.8 7.5 – – –

LR3-3 9 – 2.6 7.5 24 7.5 – – –

LRA 8 – 2.6 7.5 24 7.5 – – –

Sal1-3 6 – 2.6 7.5 24.1 7.5 – – –

Lous2-3 0 – 2.6 – – – – – –

SalB 7 – 2.6 7.5 21.3 – – – –

Sal2 6 – 2.6 – – – – – –

Cit2 5 2.9 – 8.7 8.7 – – – –

Sp12 6 2.9 – 8.7 8.7 – – – –

14.9 14.9 14.9

NEA-A 6 14.9 – 14.9 14.9 – – – –

NEA-B 7 14.9 – 14.9 14.9 – – – –

NEA-C 8 14.9 – 14.9 14.9 – – – –

1D 0 8.1 – – – – – – –

2B 0 8.1 – – – – – – –

3A 0 8.1 – – – – – – –

NEA-D 3 – 19.7 19.7 10.7 – 23.8 23.8 23.8

10.7

ADP 2 – 19.7 19.7 10.7 – 23.8 23.8 23.8

The fragment sizes that are underlined correspond to DNA fragments

that also hybridized with IS1071 probes.

41 3 5L 2 41 3 5L 2

atzCatzA atzB trzD IS1071

41 3 5L

2027

23 130

9416
6557

4361

2322

2 41 3 5L 2 41 3 5L 2

Fig. 3. Southern blot analysis carried out on bacterial genomic DNA digested with SmaI restriction enzyme and hybridized with atzA, atzB, atzC, trzD,

and IS1071 probes. The sizes of the DNA ladder (L) are given in kb. Line L, Dig-labelled DNA ladder; line 1, Chelatobacter heintzii Cit1; line 2,

Chelatobacter heintzii LR3-3.; line 3, Chelatobacter heintzii LRA; line 4, Agrobacterium sp. NEA-D; line5: Pseudomonas sp. ADP.

FEMS Microbiol Lett 273 (2007) 78–86 c� 2007 INRA-Université de Bourgogne
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community as it has previously been reported (Piutti et al.,

2003). Up to now, the trzN gene has been found in several

Gram-positive bacteria (i.e. Arthrobacter aurescens, Nocar-

dioides C190, Nocardioides sp. 12 and Nocardia sp.) (Topp

et al., 2000a, b; Piutti et al., 2003; Sajjaphan et al., 2004;

Smith et al., 2005). This is the first report describing the

presence of this gene in Gram-negative bacteria such as

Sinorhizobium sp. and Polaromonas sp.

Five strains over the seventeen harboured the trzN–atzBC

gene combination. This atrazine-degrading gene composi-

tion, which leads to the transformation of atrazine to

cyanuric acid (Piutti et al., 2003), has been reported only in

Arthrobacter aurescens TC1 and Nocardioides sp. SP12 (Piutti

et al., 2003; Sajjaphan et al., 2004). The results therefore

suggest that the trzN–atzBC gene composition may be

widespread among Gram-positive and Gram-negative atra-

zine-degrading strains. It has to be highlighted that Nocar-

dioides sp. SP12 contained at least two copies of the trzN,

atzB and atzC genes. Although the functionality of the

different copies of these genes has not been evaluated, their

presence suggests a redundancy of the atrazine-degrading

function. Up to now, such a redundancy has been observed

only in atrazine-degrading consortia establishing a coopera-

tive catabolic pathway (Smith et al., 2005).

Interestingly, in contrast with Nocardioides sp. SP12 and

Arthrobacter crystallopoietes Cit2 in which the trzN, atzB and

atzC genes were located on a plasmid, Nocardioides sp. NEA-

A, Sinorhizobium sp. NEA-B and Polaromonas sp. NEA-C

harboured these genes on the chromosome. Although atzA

and atzB genes have already been located on the chromo-

some of Arthrobacter sp. AD1 (Cai et al., 2003) and

Variovorax sp. MD1 and MD2 (Devers et al., 2005), this is

the first report showing the presence of atzC and trzN genes

on the bacterial chromosome. In addition, Southern blot

analyses suggested that the trzN, atzB and atzC genes were

located on a single DNA fragment of 14.9 kb in strains NEA-

A, NEA-B and NEA-C and in Nocardioides sp. SP12. Because

these strains belong to different genera but harbour a similar

trzN–atzBC gene cassette, one could hypothesize that this

fragment might be part of a mobile genetic element respon-

sible for its insertion at different genomic locations (chro-

mosome vs. plasmid) in these strains.

The atzABC–trzD gene combination was found in most of

the Chelatobacter heintzii strains and the atzA gene was

usually located on a 77-kb plasmid. Although the plasmid

sequence was unknown and no other known plasmid

marker was available, this observation led us to hypothesize

that the conjugation of this 77-kb plasmid could be one of

the processes responsible for the spread of atzA gene

between these strains. Although this gene combination has

been reported only in strains isolated from different French

soils (Rousseaux et al., 2001), trzD has also been observed in

several atrazine-degrading consortia isolated from Swiss

(Smith et al., 2005), American (Eaton & Karns, 1991),

French (Martin-Laurent et al., 2006) and Croatian soils (N.

Udikovic-Kolic, pers. commun.). Data of this study there-

fore confirm that trzD, which codes for an enzyme respon-

sible for the cleavage of the s-triazine ring, is widespread and

often associated with atzABC genes in different atrazine-

degrading strains (Karns, 1999; Fruchey et al., 2003). In

several strains harbouring this gene combination (i.e. Che-

latobacter heintzii Cit1, LRA, Sal1-3 and SalB), the atzB and

trzD genes were detected on a 7.5-kb DNA fragment but

located on plasmids of different sizes. Similarly, the atzC

gene was observed on a single DNA band but located on two

different plasmids in strains Sal1-3, LRA, LR3-3. These

observations suggest that all three genes could have been

recruited by means of conserved mobile genetic elements.

Finally, the atzABCDEF gene composition was only found

in Pseudomonas sp. ADP and Agrobacterium sp. NEA-D. All

the atrazine-degrading genes in these two bacterial strains,

as well as IS1071, were located on a unique plasmid of 110 kb

for ADP and 137 kb for NEA-D. The atzAB genes and IS1071

seems to be located on a DNA fragment of c. 19.7 kb in both

strains. Thus, one could hypothesize that in Agrobacterium

sp. NEA-D, these genes may be flanked by IS1071 and

organized as a composite transposon-like structure as ob-

served in the plasmid ADP1 of Pseudomonas sp. ADP. In

addition, the observation of two copies of atzB on a single

NruI-DNA fragment in NEA-D suggests a duplication of

this gene on its plasmid and reveals the genomic plasticity

of the atrazine-degrading genetic potential. The versatility of

the atrazine-degrading genes has already been shown by

Topp et al. who observed that atzB was easily lost by

Aminobacter ciceronei strain C147 formerly Pseudaminobac-

ter sp. in the absence of atrazine selection pressure (Topp

et al., 2000a, b; McDonald et al., 2005).

Interestingly, this study revealed that the atzDEF genes,

initially described in Pseudomonas sp. ADP, were also found

in Agrobacterium sp. NEA-D. It further confirms that such

genes are widespread (Fruchey et al., 2003). Southern blot

analyses revealed that the atzDEF genes were similarly

organized in Agrobacterium sp. NEA-D and in Pseudomonas

sp. ADP where they are structured as an operon located on

pADP1 (Martinez et al., 2001; Garcia-Gonzalez et al., 2005).

From these data it can be hypothesized either that (i) the

plasmids in the ADP and NEA-D strains derived from the

same ancestor or alternatively (ii) that the catabolic plas-

mids have recruited conserved DNA cassettes containing

atzDEF.

Finally, it was shown that the insertion sequences IS1071

were located near atz and trz genes or at least on atrazine-

degrading catabolic plasmids in most of the strains studied

here (i.e. 13/17). IS1071 is already known to be associated

with other genes that encode enzymes responsible for the

biodegradation of pollutants such as 2,4-D (Clément et al.,
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2001; Vedler et al., 2004) or chlorobenzoate (Nakatsu et al.,

1991; Di Gioia et al., 1998). The association of IS1071 with

atz genes has already been observed in three strains of

atrazine-degrading bacteria (Topp et al., 2000a, b; Martinez

et al., 2001; Sajjaphan et al., 2004). Results of this study

suggest that the association of the atrazine-degrading genes

with IS1071 could be a common feature and may play a

crucial role in atrazine-degrading gene dispersion.

Later studies will aim to sequence the DNA fragment

containing atz and IS1071 sequences in these strains and

verify the involvement of IS1071 in atrazine-degrading gene

dispersal.

Acknowledgements

This work was supported by an INRA/Région Bourgogne

grant contract no. 02514PPO1S2479 (Région Bourgogne)

and B04581 (INRA).

References

Barriuso E & Houot S (1996) Rapid mineralization of the

s-triazine ring atrazine in soils in relation to soil management.

Soil Biol Biochem 28: 1341–1348.

Boundy-Mills KL, De Souza ML, Mandelbaum RT, Wackett LP &

Sadowsky MJ (1997) The atzB gene of Pseudomonas sp. strain

ADP encodes the second enzyme of a novel atrazine

degradation pathway. Appl Environ Microbiol 63: 916–923.

Cai B, Han Y, Liu B, Ren Y & Jiang S (2003) Isolation and

characterization of an atrazine-degrading bacterium from

industrial wastewater in China. Lett Appl Microbiol 36:

272–276.

Cheneby D, Perrez S, Devroe C, Hallet S, Couton Y, Bizouard F,

Luretig G, Germon JC & Philippot L (2004) Denitrifying

bacteria in bulk and maize-rhizospheric soil: diversity and

N2O-reducing abilities. Can J Microbiol 50: 469–474.

Clément P, Pieper DH & Gonzales B (2001) Molecular

characterization of a deletion/duplication rearrangement in tfd

genes from Ralstonia eutropha JMP134(pJP4) that improves

growth on 3-chlorobenzoic acid but abolishes growth on 2,4-

dichlorophenoxyacetic acid. Microbiology 147: 2141–2148.

De Souza ML, Wackett LP & Sadowsky MJ (1996) Atrazine

chlorohydrolase from Pseudomonas sp. strain ADP: gene

sequence, enzyme purification, and protein characterization.

J Bacteriol 178: 4894–4900.

De Souza ML, Seffernick J, Martinez B, Sadowsky MJ & Wackett

LP (1998a) The atrazine catabolism genes atzABC are

widespread and highly conserved. J Bacteriol 180: 1951–1954.

De Souza ML, Wackett LP & Sadowsky MJ (1998b) The atzABC

genes encoding atrazine metabolism are located on a self-

transmissible plasmid in Pseudomonas sp. strain ADP.

Appl Environ Microbiol 64: 2323–2326.

Devers M, Henry S, Hartmann A & Martin-Laurent F (2005)

Horizontal gene transfer of atrazine-degrading genes (atz)

from Agrobacterium tumefaciens St96-4 pADP1: Tn5 to

bacteria of maize-cultivated soil. Pest Manag Sci 61: 870–880.

Di Gioia D, Peel M, Fava F & Wyndham R (1998) Structures of

homologous composite transposons carrying cbaABC genes

from Europe and North America. Appl Environ Microbiol 64:

1940–1946.

Eaton RW & Karns JS (1991) Cloning and analysis of s-triazine

catabolic genes from Pseudomonas sp. strain NRRLB-12227.

J Bacteriol 173: 1215–1222.

Eckhardt T (1978) A rapid method for identification of plasmid

desoxyribonucleic acid in bacteria. Plasmid 1: 584–588.

Fruchey I, Shapir N, Sadowsky MJ & Wackett LP (2003) On the

origins of cyanuric acid hydrolase: purification, substrates, and

prevalence of AtzD from Pseudomonas sp. strain ADP.

Appl Environ Microbiol 69: 3653–3657.

Garcia-Gonzalez V, Govantes F, Porrua O & Santero E (2005)

Regulation of the Pseudomonas sp. strain ADP cyanuric acid

degradation operon. J Bacteriol 187: 155–167.

Karns JS (1999) Gene sequence and properties of an s-triazine

ring-cleavage enzyme from Pseudomonas sp. strain NRRLB-

12227. Appl Environ Microbiol 65: 3512–3517.

Mandelbaum RT, Allan DL & Wackett LP (1995) Isolation and

characterization of a Pseudomonas sp. that mineralizes the

s-triazine herbicide atrazine. Appl Environ Microbiol 61:

1451–1457.

Martinez B, Tomkins J, Wackett LP, Wing R & Sadowsky MJ

(2001) Complete nucleotide sequence and organization of the

atrazine catabolic plasmid pADP-1 from Pseudomonas sp.

ADP. J Bacteriol 183: 5684–5697.

Martin-Laurent F, Barres B, Wagschal I, Piutti S, Devers M,

Soulas G & Philippot L (2006) Impact of the maize

rhizosphere on the genetic structure, the diversity and the

atrazine-degrading gene composition of the cultivable

atrazine-degrading communities. Plant Soil 282: 99–115.

McDonald I, Kampfer P, Topp E et al. (2005) Aminobacter

ciceronei sp. nov. and Aminobacter lissarensis sp. nov., isolated

from various terrestrial environments. Int J Syst Evol Microbiol

55: 1827–1832.

Mulbry W, Zhu H, Nour S & Topp E (2002) The triazine

hydrolase gene trzN from Nocardioides sp. strain C190: cloning

and construction of gene-specific primers. FEMS Microbiol

Lett 206: 75–79.

Nakatsu C, Ng J, Singh R, Straus N & Wyndham C (1991)

Chlorobenzoate catabolic transposon Tn5271 is a composite

class I element with flanking class II insertion sequences. Proc

Natl Acad Sci USA 88: 8312–8316.

Piutti S, Semon E, Landry D, Hartmann A, Dousset S, Lichtfouse

E, Topp E, Soulas G & Martin-Laurent F (2003) Isolation

and characterisation of Nocardioides sp. SP12, an atrazine-

degrading bacterial strain possessing the gene trzN from

bulk- and maize rhizosphere soil. FEMS Microbiol Lett 221:

111–117.

Rousseaux S, Hartmann A & Soulas G (2001) Isolation and

characterisation of new Gram-negative and Gram-positive

FEMS Microbiol Lett 273 (2007) 78–86 c� 2007 INRA-Université de Bourgogne
Journal compilation c� 2007 Federation of European Microbiological Societies

Published by Blackwell Publishing Ltd

85atz/trz gene organization in 17 atrazine-degrading bacteria



atrazine degrading bacteria from different French soils. FEMS

Microbiol Ecol 36: 211–222.

Rousseaux S, Soulas G & Hartmann A (2002) Plasmid localisation

of atrazine-degrading genes in newly described Chelatobacter

and Arthrobacter strains. FEMS Microbiol Ecol 41: 69–75.

Sadowsky MJ, Tong Z, Souza MLD & Wackett LP (1998) AtzC is a

new member of the amidohydrolase protein superfamily and is

homologous to other atrazine-metabolizing enzymes.

J Bacteriol 180: 152–158.

Sajjaphan K, Shapir N, Wackett LP, Palmer M, Blackmon B,

Tomkins J & Sadowsky MJ (2004) Arthrobacter aurescens TC1

atrazine catabolism genes trzN, atzB, and atzC are linked on a

160-kilobase region and are functional in Escherichia coli.

Appl Environ Microbiol 70: 4402–4407.

Smith D, Alvey S & Crowley DE (2005) Cooperative catabolic

pathways within an atrazine-degrading enrichment culture

isolated from soil. FEMS Microbiol Ecol 53: 265–273.

Topp E, Mulbry WM, Zhu H, Nour SM & Cuppels D (2000a)

Characterization of s-triazine herbicide metabolism by a

Nocardioides sp. isolated from agricultural soils. Appl Environ

Microbiol 66: 3134–3141.

Topp E, Zhu H, Nour S, Houot S, Lewis M & Cuppels D (2000b)

Characterization of an atrazine-degrading Pseudaminobacter

sp. isolated from Canadian and French agricultural soils. Appl

Environ Microbiol 66: 2773–2782.

Vedler E, Vahter M & Heinaru A (2004) The completely

sequenced plasmid pEST4011 contains a novel IncP1

backbone and a catabolic transposon harboring tfd genes for

2,4-dichlorophenoxyacetic acid degradation. J Bacteriol 186:

7161–7174.

Wheatcroft R, McRae DG & Miller RW (1990) Changes in the

Rhizobium meliloti genome and the ability to detect

supercoiled plasmids during bacteroid development.

Mol Plant-Microbe Interact 3: 9–17.

FEMS Microbiol Lett 273 (2007) 78–86c� 2007 INRA-Université de Bourgogne
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