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Abstract

The following study evaluated the diversity and biogeography of 83 new atrazine-

degrading bacteria and the composition of their atrazine degradation genes. These

strains were isolated from 13 agricultural soils and grouped according to rep-PCR

genomic fingerprinting into 11 major clusters, which showed biogeographic

patterns. Three clusters (54 strains) belonged to the genus Arthrobacter, seven

clusters (28 strains) were similar to the genus Nocardioides and only one strain was

a gram-negative from the genus Ancylobacter. PCR assays for the detection of the

genes atzA, B, C, D, E, F and trzN conducted with each of the 83 strains revealed

that 82 strains (all gram positive) possessed trzN, 74 of them possessed the

combination of trzN, atzB and atzC, while only the gram-negative strain had atzA.

A similar PCR assay for the two analogous genes, atzA and trzN, responsible for the

first step of atrazine degradation, was performed with DNA extracted directly from

the enrichment cultures and microcosms spiked with atrazine. In these assays, the

gene trzN was detected in each culture, while atzA was detected in only six out of 13

soils. These results raise an interesting hypothesis on the evolutionary ecology of

the two atrazine chlorohydrolase genes (i.e. atzA and trzN) and about the

biogeography of atrazine-degrading bacteria.

Introduction

The herbicide atrazine [2-chloro-4-(ethylamino)-6-(isopro-

pylamino)-1,3,5-triazine] was once considered to be a

moderately persistent compound (Best & Weber, 1974;

Cohen et al., 1984) with resistance to accelerated bio-

degradation (Walker & Welch, 1991; Arbeli & Fuentes,

2007a). Degradation was carried out by nonspecific

enzymes via dealkylation, while dechlorination referred to

abiotic reactions (Ma & Selim, 1996; Seffernick & Wackett,

2001). Accordingly, no bacteria that could mineralize

atrazine were isolated until the early 1990s. In the beginning

of this decade, however, Mandelbaum et al. (1993) demon-

strated that rapid bacterial dechlorination of atrazine

does exist. The bacterium responsible for this reaction,

Pseudomonas sp. strain ADP, was isolated and the enzymes

that catalyzed it, AtzA, B, C, D, E and F, were identified

(de Souza et al., 1995, 1996; Mandelbaum et al., 1995;

Boundy-Mills et al., 1997; Sadowsky et al., 1998; Martinez

et al., 2001).

Immediately after, several species of atrazine-degrading

bacteria have been isolated, all containing the same highly

conserved atrazine degradation genes (de Souza et al.,

1998b; Topp et al., 2000b; Rousseaux et al., 2001). In

addition, reports on accelerated degradation of atrazine

have been published (Barriuso & Houot, 1996; Vanderhey-

den et al., 1997), and there are even indications that it might

reduce the efficiency of atrazine for weed control (Krutz

et al., 2007). The research history on the biodegradation of

atrazine and the molecular studies of these genes suggest

that they have recently evolved and spread out via

long-distance bacterial transport and horizontal gene trans-

fer (de Souza et al., 1998a, b; Seffernick & Wackett, 2001;

Shapir et al., 2007).

In the 1990s, all isolates (mainly gram negatives) that

could dechlorinate atrazine contained the gene for atrazine

chlorohydrolase, atzA. At the end of that decade, however,

Topp et al. (2000a) isolated an atrazine-dechlorinating

bacterium that contained trzN instead of atzA (Mulbry

et al., 2002). Since then, most new isolates that can

FEMS Microbiol Ecol 73 (2010) 611–623 c� 2010 Federation of European Microbiological Societies
Published by Blackwell Publishing Ltd. All rights reserved

M
IC

RO
BI

O
LO

G
Y

 E
C

O
LO

G
Y

mailto:aziv@bt.unal.edu.co


dechlorinate atrazine contain trzN and not atzA (however,

for some exceptions, please see Iwasaki et al., 2007; Hernán-

dez et al., 2008; Monard et al., 2010). Bacteria that possess

trzN have been isolated in distinct geographical zones

directly from the soil (Strong et al., 2002; Shapir et al.,

2005), from river and soil microcosms (Satsuma, 2006, 2009;

Devers et al., 2007), from wastewater (Li et al., 2008), with

the enrichment protocol established by Mandelbaum et al.

(1995) (Topp et al., 2000a; Piutti et al., 2003), as well as with

other enrichment protocols (Vibber et al., 2007), by chemo-

stat (Smith et al., 2005) and with simazine (Santiago-Mora

et al., 2005). Even soils that were once a source of strains with

atzA now yield strains with trzN (Smith et al., 2005).

Previously, trzN was found exclusively in gram-positive

bacteria, mainly Arthrobacter and Nocardioides, but recently,

it has also been detected in gram negatives (Devers et al.,

2007).

The objectives of this study were to evaluate which of the

two known atrazine chlorohydrolase genes is dominant

among atrazine-degrading isolates, and to provide an in-

sight into the diversity and biogeography of atrazine-

degrading bacteria in Colombia. The results of this study

raise an interesting hypothesis on the evolutionary ecology

of the two atrazine chlorohydrolase analogous genes.

Materials and methods

Sampling sites

Soils with atrazine history were collected (April 20, 2003 to

September 29, 2003) from three departments in Colombia,

Valle del Cauca, Tolima and Cordoba, from at least three

different fields in each department (Fig. 1, Table 1). Addi-

tionally, soil not treated previously with atrazine was col-

lected from San Andres Island (in the Caribbean Sea) and

used as a reference. Ten different samples from each field

were randomly collected from the upper 10 cm. The samples

were combined, well mixed and stored at 4 1C until use.

Enrichment and isolation of atrazine-degrading
bacteria

Atrazine-degrading bacteria were enriched from each soil in a

mineral medium using two strategies: (1) atrazine

(30 mg L�1) as the nitrogen source and citrate (1 g L�1) as the

source of carbon (cultures designated as A) and (2) atrazine

(30 mg L�1) as the sole carbon and nitrogen source (cultures

designated as B). The mineral medium contained (g L�1)

K2HPO4, 1.6; KH2PO4, 0.4; MgSO4 � 7H2O, 0.2; NaCl, 0.1;

and CaCl2 � 2H2O, 0.0264. After autoclave, we added the

following solutions (1 mL L�1): trace element, selanite tung-

state (Widdel & Bak, 1991), FeSO4 solution (Rousseaux et al.,

2001), vitamin solution, Vitamin B and Thiamine (Widdel &

Bak, 1991). Sodium citrate (Rousseaux et al., 2001) was

added to half of the cultures, those in which atrazine served

only as a nitrogen source. Trace element solution was

prepared in 0.18% HCl and contained (g L�1): HBO3, 2;

MnSO4 �H2O, 1.8; ZnSO4 � 7H2O, 0.356; CuSO4 � 5H2O,

0.156; Na2MoO4 � 2H2O, 0.294; CoCl2 �H2O, 0.1; and

NiSO4 � 6H2O, 0.026. Vitamin solution was prepared in

phosphate buffer (10 mM, pH 7.1) and contained (mg L�1):

p-aminobenzoic acid, 50; nicotinic acid, 50; calcium pan-

tothenate, 50; pyridoxine HCl, 75; riboflavine, 50; biotin, 25;

folic acid, 25; and a-lipoic acid, 25. Atrazine stock solution

(15 mg mL�1, in acetone) was added to a sterile empty flask.

After evaporation of the acetone, the sterile mineral medium

was added and atrazine was dissolved by sonication.

Enrichments began 1.5–5 months after sampling. Soils

(25% w/w) were inoculated in a mineral medium with

atrazine or atrazine and citrate, and then incubated in an

orbital shaker. Every 2 weeks, 50% of the slurry was replaced

with a fresh medium so that, by the end of the enrichment

process, the slurry still contained a high percentage of soil.

This enrichment strategy had been successful previously in

the enrichment of ‘recalcitrant bacteria’ (Arbeli & Ronen,

2003). After the third transfer, cultures were sampled (4 mL)

for DNA extraction. The samples were centrifuged (6000 g

for 20 min) and the pellets were stored at � 20 1C until use.

After the fourth transfer, cultures were streaked onto an agar

medium consisting of the same mineral medium, 12 g L�1

agar (oxoid), 100 mg L�1 atrazine and citrate (1 g L�1) was

added to half of the Petri dishes for cultivation of bacteria

that were enriched with citrate. Additionally, we isolated one

bacterium from microcosms of V6 and another one directly

from the soil C1. Divers’ colonies were inoculated in the

Fig. 1. The map of Colombia and the location of the sampling sites.

FEMS Microbiol Ecol 73 (2010) 611–623c� 2010 Federation of European Microbiological Societies
Published by Blackwell Publishing Ltd. All rights reserved

612 Z. Arbeli & C. Fuentes



same medium, but with 300 mg L�1 of atrazine (denomi-

nated as ‘Atz 300 agar’) in order to verify degradation by the

clear zone. They were then purified in three successive

transfers. Cells were collected from the agar, suspended in a

mineral medium containing 10% glycerol and kept at

� 80 1C. Other cell portions were suspended in 700mL of

DNA extraction buffer and kept at � 20 1C until use.

Enrichment and bacterial isolation were later repeated with

some variations in culturing conditions: enrichment when

10% of the culture was transferred to 90% of fresh medium

(instead of 50%) and enrichment at pH 5.5.

The strain’s nomenclature was generated according to the

following rules: the first letter represents the origin of the

soil (V, Valle del Cauca; T, Tolima; and C, Cordoba) and is

followed by the soil serial number. The number 10 was

added only in cases where dilutions during enrichment were

10% (otherwise, dilution was 50%). Next, a letter was added

to indicate whether enrichment was carried out with (A) or

without (B) citrate, in microcosm (M) or with no enrich-

ment, i.e, directly from the soil (S). Lastly, a serial number

was added to represent the strain.

Microcosm enrichment

Microcosm enrichment began in April 2006, about 3 years

after the soils were sampled. Fifty grams of soil (wet weight)

was added to a sterile flask. The water content was adjusted

to 70% of the field capacity. Atrazine was spread over the soil

from a water stock solution (20 mg L�1), four times, once

every 10 days, to achieve a final concentration of 500 mg kg�1

dry weight soil, which is equivalent to the concentration

applied in the field. After 40 days, soils were sampled for

DNA extraction.

DNA extraction

DNA was extracted from 0.4 g of soil or from the pellet

enrichment culture as described earlier (Arbeli & Fuentes,

2007b). Extraction was performed using a modification of

the method from Zhou et al. (1996). The original method

was followed up until the chloroform purification stage,

immediately before DNA precipitation. DNA was precipi-

tated with 5% polyethylene glycol 8000 (PEG) at 0.6 M NaCl

(both are final concentrations), and purified using a PVPP-

Sepharose 4B combined spin column (Arbeli & Fuentes,

2007b).

DNA extraction from pure cultures was performed with a

similar, but simplified protocol. Frozen cells suspended in a

700-mL extraction buffer were thawed at 65 1C for 5 min,

mixed with 2.5mL Proteinase K (20 mg mL�1) and then

horizontally incubated in an orbital shaker (225 r.p.m.) at

37 1C for 30 min. Next, 175 mL of 10% SDS was added and

the samples were incubated at 65 1C for 30 min. The super-

natants were collected after centrifugation at 6000 g for

Table 1. Soil properties

Soil

name� Location pH

OC

(g kg�1)

N

(g kg�1)

P (mg

kg�1)

Ca

(cmol1

kg�1)

K

(cmol1

kg�1)

Mg

(cmol1

kg�1)

Na

(cmol1

kg�1)

CEC

(cmol1

kg�1)

Clay

(%)

Silt

(%)

Sand

(%) Texturew

Atrazine

history

(years) Cropsz

V2 Lote 5B 6.5 16.5 1.0 4 140 13.8 0.71 4.42 0.06 18.1 22.8 25.3 51.9 SCL 17 SC

V3 Lote 1 5.5 16.7 1.5 42.0 12.4 0.62 4.82 0.11 20.0 26.5 31.3 42.3 L 25 SC

V5 Lote 1 6.0 15.0 1.6 27.4 10.6 0.32 3.55 0.08 16.1 21.7 23.6 54.6 SCL 10 SC

V6 Lote 3 5.4 19.7 1.4 30.3 10.0 0.43 3.04 0.07 15.6 19.7 24.0 56.3 SL 4 5 SC

V8 Lote 2 5.7 18.9 1.9 114.8 10.2 0.73 3.94 0.09 16.3 11.4 29.7 59.0 SL 4 5 SC

T9 Guayabal 5.5 7.3 1.2 89.5 4.7 0.26 1.48 0.12 7.7 14.5 18.9 66.6 SL 4 4 R–S

T10 Balmoral 6.4 9.0 0.9 11.3 6.7 0.38 2.81 0.21 11.1 18.5 17.3 64.3 SL 4 4 R–S

T11 STA Rita 5.2 13.5 2.2 37.4 5.2 0.14 1.92 0.11 9.4 18.5 15.3 66.3 SL 4 4 R–S

T12 La

Manga

na na na na na na na na na na na na na 4 4 R–S

T13 El Cruce na na na na na na na na na na na na Na 4 4 R–S

C1 El

Carpano

6.0 22.1 2.3 29.9 17.7 1.15 9.00 0.11 27.8 43.2 40.5 16.3 SIC 4 5 Corn

C2 Zora

Gloria

6.2 16.6 1.2 27.4 14.1 1.32 6.73 0.11 22.9 36.8 38.9 24.3 CL 4 5 Corn

C3 Planta

Secadora

6.1 18.3 2.0 15.1 15.4 0.91 10.3 0.15 26.3 50.8 30.9 18.3 C 4 5 Corn

SA 7.4 20.6 2.0 4 140 56.8 0.62 8.80 2.29 55.4 53.4 17.7 29.0 C – NA

�V, From Valle del Cauca, Florida, Finca: Patio Bonito; T, From Tolima, T9, El Espinal; T11, Ibgue; T10, 12, 13, Lerida; C, From Cordoba, Cerete; SA, From

San-Andres Island.
wTexture: C, clay; CL, clay loam; L, loam; SCL, sandy clay loam; SIC, silty clay; SL, silt loam.
zSC, sugar cane; R-S, rice–sorghum rotation; NA, nonagriculture.

NA, not analyzed.
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10 min at room temperature and transferred into new

1.5-mL tubes and mixed with an equal volume of chloro-

form-isoamyl alcohol (24 : 1 v/v). The aqueous phase was

recovered by centrifugation (12 000 g for 15 min at room

temperature) and precipitated overnight with an equal volume

of 10% PEG. The nucleic acids were pelleted by centrifugation

at 16 000 g for 20 min at 4 1C, washed twice with cold 70%

ethanol and resuspended in 50mL in sterile TE 8.

PCR detection of atzA and trzN genes in
microcosms and enrichment cultures

PCR reactions were carried out using a specific primer for

atzA (de Souza et al., 1998b) or trzN (Mulbry et al., 2002) in

a total reaction volume of 20 mL containing: 1� buffer

(Invitrogen Life Technologies), 0.2 mM of each dNTP,

1.5 mM MgCl2, 0.5 mM of each primer, 1.25 U of Taq DNA

polymerase (Invitrogen Life Technologies), 1 mL of undi-

luted DNA template and 0.3% (w/v) skim milk. Skim milk

has been shown to improve PCR amplification for DNA

extracted from plant material (De Boer et al., 1995) and

environmental samples (Arbeli & Fuentes, 2007b). Amplifi-

cations were performed with an iCycler (Bio-Rad) using the

following program: denaturation for 5 min at 95 1C; then 30

cycles consisting of 94 1C for 1 min, 52 1C for 1 min and

72 1C for 1 min; and a final extension step at 72 1C for 5 min.

Amplification products were analyzed by electrophoresis in

a 1% (w/v) agarose (Sigma) gel in 0.5�TBE and stained

with ethidium bromide in order to visualize DNA bands.

Gene size was determined by comparison with a DNA ladder

(GeneRulerTM 100 bp Plus, Fermentas).

In order to compare the detection limits under similar

conditions, genes atzA and trzN were amplified from DNA

extracted from enrichment cultures T10A and T13A. PCR

products were purified using the GENECLEAN III Kit

(Q-BIO gene) and cloned in the vector pCR 2.1-TOPO

using the TOPO TA Cloning Kit (Invitrogen Life Technolo-

gies). The two clones, one containing the fragment of atzA

and the other containing the fragment of trzN, were

cultivated separately in Luria–Bertani broth and added to

400 mg soil at different concentrations (decimal gradient,

0–107 CFU g�1 soil, in duplicate). This soil, which was

described previously, has no atrazine history, and according

to the PCR assay, does not contain atrazine degradation

genes (Arbeli & Fuentes, 2007b). DNA was extracted and the

fragments of atzA and trzN were amplified as described

above. The detection limits for atzA and trzN in this assay

were 106 and 104 CFU g�1 soil, respectively. The detection

limit of atzA was decreased to 104 CFU g�1 soil by adding

dimethyl sulfoxide (DMSO) (1 for 20mL reaction buffer) to

the reaction buffer and decreasing the annealing tempera-

ture to 49 1C. Thus, in order to achieve similar detection

limits, atzA and trzN were amplified with and without

DMSO using annealing temperatures of 49 and 52 1C,

respectively.

PCR detection of all known atrazine degradation
genes in pure strains

PCR detection of the genes atzA, B, C, D, E, F and trzN was

carried out in the same way as above at annealing tempera-

tures of 52 1C using specific primers that were described

previously (de Souza et al., 1998b; Rousseaux et al., 2001;

Mulbry et al., 2002; Devers et al., 2004). In all PCR assays,

Pseudomonas sp. strain ADP and Nocardioides sp. strain

SP12 served as a positive control for atzA, B, C, D, E, F and

trzN, respectively.

rep-PCR

Repetitive extragenic palindromic PCR (rep-PCR) genomic

fingerprinting was carried out using the BOXA1R primer

(Versalovic et al., 1994). PCR reactions were performed in a

total reaction volume of 10mL containing 50 ng of template

DNA, 1� buffer (Invitrogen Life Technologies), 0.2 mM of

each dNTP, 2.75 mM MgCl2, 0.5 mM of the primer, 0.625 U

of Taq DNA polymerase (Invitrogen Life Technologies),

0.3% (w/v) skim milk and 0.5 mL DMSO (molecular grade,

Sigma). PCR amplifications were performed under the

following conditions: an initial denaturation of 3 min at

94 1C, followed by 30 cycles each of denaturation at 94 1C for

1 min, annealing at 50 1C for 1 min and polymerization at

72 1C for 8 min. Amplification was finished with an exten-

sion step at 72 1C for 8 min and 30 1C for 1 min. Although

an extension temperature of 65 1C (for 8 min) is used

commonly in rep-PCR (p.e. Versalovic et al., 1991), our

preliminary experiment showed that 72 1C is better for the

amplification of smaller DNA fragments, at least with the

BOXR1A primer. Amplified fragments were separated by

electrophoresis in a 1.8% (w/v) agarose gel (15� 20 cm) and

run in a TAE buffer (40 mM Tris-acetate, 1 mM EDTA) at

2 V cm�1 for 15.5 h at 4 1C. Gels were stained with ethidium

bromide and documented with a Gel Doc 2000 gel system

(Bio-Rad). A molecular weight analysis of patterns was

performed using the QUANTITY ONE version 4.2.1 software

(Bio-Rad) and with DNA ladder GeneRulerTM 100 bp Plus

(Fermentas) as a molecular weight marker.

Analysis of rep-PCR patterns

Polymorphic bands from all of the rep-PCR patterns were

individually identified by their specific migration rates in

the electrophoretic analyses. Clearly distinct migration pat-

terns (i.e. Fig. 2) were considered as a ‘cluster.’ Then, a

computational analysis was performed within the cluster

with a high number of strains: binary (0/1) matrices were

constructed to compare the patterns. Dice similarity
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coefficients were generated by the SIMQUAL subroutine from

the NTSYS-PC 2.0 (Applied Biostatistics Inc.) package. Cluster

analyses, along with their corresponding dendrograms, were

generated by the unweighted-pair group method using

average linkages (UPGMA) with the SAHN and TREE

subroutines from the NTSYS-PC package. The 16S rRNA gene

of 13 strains, one from small phylogenetic groups and two

from large phylogenetic groups (i.e. 1 and 10), were ampli-

fied by PCR using the primers 27f and 1492r as designed by

Weisburg et al. (1991) and sequenced for further phyloge-

netic analysis.

Sequencing and sequence analysis

DNA sequencing was performed by Macrogen (Korea).

Sequence-similarity searches, multiple alignments and

neighbor-joining bootstrapping (1000 set) were performed

using the programs BLASTN (Altschul et al., 1997), CLUSTALW

(Thompson et al., 1994) and MEGA version 4 (Kumar et al.,

2004), respectively. The sequences were deposited in Gen-

Bank under the accession numbers GQ921946–GQ921958.

Results

Identification of trzN and atzA by PCR assay in
enrichment cultures and microcosms

The gene trzN was identified in all 13 soils with atrazine

history, under all enrichment strategies (Table 2). On the

other hand, the atzA gene was identified in only six out of 13

soils. The atzA gene could be best enriched using atrazine as

the sole source of carbon and nitrogen: atzA was identified

in two out of the 13 enrichment cultures with citrate and in

six out of the 13 enrichment cultures without citrate. More-

over, atzA was not identified in any of the soils after four

repetitive applications of atrazine in microcosms. As ex-

pected, none of these genes were identified in the San-

Andres soil, which had never received atrazine. As was

mentioned in Materials and methods, the detection limit

for both genes was c. 104 CPU g�1.

Isolation of atrazine-degrading bacteria

Using at least two enrichment strategies (with and without a

carbon source) for each of the 13 agricultural soils, sampled

from three distant departments of Colombia (Cordoba,

Tolima and Valle del Cauca; Fig. 1), we initially isolated

about 200 bacteria that could form a clearing zone in ‘Atz

300 agar.’ Most colonies from Valle del Cauca and Tolima

were round (2–3 mm) and yellowish and most colonies from

Cordoba were round (0.5–1 mm) and whitish. Of these

strains, we first chose all colonies that had distinct morphol-

ogies, and then we randomly chose three strains from each

enrichment culture of each soil (except cultures with less

than three strains). According to these criteria, 83 strains

were chosen for further analysis. rep-PCR genomic finger-

printing suggested that the 83 strains formed 11 distinct

clusters (Fig. 2). The 16S rRNA gene of 13 strains, one from

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Fig. 2. rep-PCR patterns of representative of each phylogenetic group:

Lanes 1 and 15: Molecular weight standard; lanes 2–14: strain (cluster),

respectively, T12B15 (1), V3BI4 (10), V6B23 (2), V3A16 (3), C1S (4), V6M

(5), T1OAII (6), C1A3 (8), C1B2 (9), V810A1 (11), C110A1 (7), Ps. ADP

and N. SP12.

Table 2. Detection of atrazine chlorohydrolase genes in the studied soils

Soil name

Microcosms Enrichment Enrichment1C

atzA trzN atzA trzN atzA trzN

V2 � 1 � 1 � 1

V3 � 1 1 1 � 1

V5 � 1 1 1 � 1

V6 � 1 1 1 � 1

V8 � 1 1 1 � 1

T9 � 1 � 1 � 1

T10 � 1 1 1 1 1

T11 � 1 � 1 � 1

T12 � 1 1 1 1 1

T13 � 1 � 1 � 1

C1 � 1 � 1 � 1

C2 � 1 � 1 � 1

C3 � 1 � 1 � 1

SA � � � � � �
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small clusters, and two from large clusters (i.e. 1 and 10)

were sequenced and subjected to phylogenetic analysis

(Table 3). Of these, only one strain (T10AII) was a gram-

negative, Alphaproteobacteria, with 100% similarity (based

on 1386 bp) to Ancylobacter polymorphus DSM 2457

(AY211516) (Xin et al., 2006), while the rest were gram

positive from the genus Arthrobacter and Nocardioides. Five

strains, representative of the clusters 1, 10 and 11 (alto-

gether, 54 strains from nine soils belonging to three depart-

ments of Colombia), had identical (100% identity) 16S

rRNA gene. This is possible because rep-PCR is known to

resolve differences among strains at the subspecies level.

Their sequence of 16S rRNA gene was 97.4% similar to

Arthrobacter aurescens TC1 and 99.5% similar (based on

1382 bp) to the type strain Arthrobacter ureafaciens, and

therefore it probably belongs to the latter. Finally, represen-

tatives of seven clusters belong to the genus Nocardioides.

Although Nocardioides strains were less prevalent among

the isolates, they represented a much more diverse group

(Table 3): each cluster was clearly separated from the other

(the similarity of 16S rRNA gene of representatives from

each cluster ranged from 98.6% to 93.3%) and was fairly

distant from other type strains (the highest 16S rRNA gene

similarities to the closest type of strains ranged from 98.8%

to 95.7%). Strain V6B23 is related to Nocardioides kongjuen-

sis (98.8%, based on 1369 bp of 16S rRNA gene), and strain

C1S is related to Nocardioides simplex (98.7%, based on

1375 bp of 16S rRNA gene). Representatives of the other five

clusters were more deeply separated from other Nocardioides

type strains (Table 3): the highest 16S rRNA gene similarity

to a validly described type strain of C210A3, C1A, V3A16,

V6M and C1B2 was 97.9% (Nocardioides furvisabuli, Lee,

2007), 97.5% (N. furvisabuli, Lee, 2007), 97.5% (Nocar-

dioides hwasunensis, Lee et al., 2008), 96.7% (N. simplex,

O’Donnell et al., 1982) and 95.7% (N. kongjuensis, Yoon

et al., 2006), respectively. It is noteworthy that N. kongjuen-

sis, which has 16S rRNA gene sequence similarity of

98.3–99.1% to the type strains of N. simplex, Nocardioides

aromaticivorans and Nocardioides nitrophenolicus, was de-

fined recently as a new species (Yoon et al., 2006). On this

basis, each of our seven Nocardioides warrants further study

to elucidate their exact taxonomic positions.

Biogeography of the atrazine-degrading strains

The genomic rep-PCR patterns of the 83 strains showed a

substantial link to their geographic origin (Table 4, Fig. 3):

in Tolima, the dominant group was Arthrobacter cluster 1; in

Valle del Cauca, the dominant group was Arthrobacter

cluster 10, and Nocardioides cluster 2 was isolated exclusively

from all soils of this department; and in Cordoba, the

dominant group was Nocardioides cluster 7 (found exclu-

sively in this department), while only three strains from a

single soil were Arthrobacter. Finally, dendogram grouping

Table 3. Nearest similarity of representative strain of each cluster to other isolates and type strains

Strain

Accession

number

Phylotype

group

Nearest isolates (similarity�)

[accession]

Nearest type strain (similarity�)

[accession]

Reference of nearest isolate

(1) and type strain (2)

T12B12 GQ921946 1 Arthrobacter sp. AD26 (100%)

[EF623831]

Arthrobacter ureafaciens (99.56%)

[X80744]

1. Li et al. (2008)

2. Kodama et al. (1992)V8AI3 GQ921950 1

T10A20 GQ921947 10

V3A11 GQ921949 10

V810A1 GQ921948 11

V6B23 GQ921951 2 Nocardioides ginsengiglaebae

(98.9%) [AB271052]

Nocardioides kongjuensis (98.8%)

[DQ218275]

2. Yoon et al. (2006)

V3A16 GQ921953 3 Nocardioides sp. C157 (99.4%)

[AF253509], Nocardioides sp.

SP12 (99.4%) [AF537327]

Nocardioides hwasunensis HFW-21

[AM295258] (97.55%)

1. Topp et al. (2000b), Piutti

et al. (2003)

2. Lee et al. (2008)

C1S GQ921954 4 Nocardioides ginsengiglaebae

(99.6%) [AB271052]

Nocardioides simplex (98.7%) [Z78212] 2. O’Donnell et al. (1982)

V6M GQ921958 5 Nocardioides sp. NS/27 (97.06%)

[AJ549286.1]

Nocardioides simplex (96.7%) [Z78212] 2. O’Donnell et al. (1982)

C210A3 GQ921955 7 Nocardioides sp. CNJ892 PL04

(97.9%) [DQ448693]

Nocardioides furvisabuli (97.87%)

[DQ411542]

1. Gontang et al. (2007)

2. Lee (2007)

C1A3 GQ921956 8 Nocardioides sp. CNJ892 PL04

(97.76%)

Nocardioides furvisabuli (97.54%)

[DQ411542]

1. Gontang et al. (2007)

2. Lee (2007)

C1B2 GQ921952 9 Nocardioides sp. GSoil (98.47%)

[FJ666101]

Nocardioides kongjuensis (95.66%)

[DQ218275]

2. Yoon et al. (2006)

T10AII GQ921957 6 Ancylobacter polymorphus DSM 2457

(100%) [AY211516]

2. Xin et al. (2006)

�According to BLAST, based on 1337–1383 bp, with the exception of V6M which is based on 1158 bp.
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of the rep-PCR fingerprint also showed biogeographic

patterns within clusters (Fig. 3). Within cluster 1, all eight

strains from Valle del Cauca formed a distinct group from

the strains of Tolima and Cordoba, and within cluster 10,

the three strains from Tolima also grouped together.

Identification of atrazine degradation genes by
PCR assay in pure cultures

Table 4 summarizes the combination of atrazine degrada-

tion genes in our 83 strains as revealed by the PCR assay. A

few representatives (at least one from each cluster when

existed) of the genes trzN (n = 19), atzA (n = 1), atzB

(n = 11) and atzC (n = 10) were sequenced and their iden-

tities were confirmed (similarities to these prototype genes

were 4 99.4% of 391 bp; 99.8% of 472 bp; 100% of 479 bp;

and 4 99.6% of 572 bp, respectively). Analysis of these

sequences would be presented in additional publication. All

82 gram-positive bacteria had the gene trzN, while the only

gram-negative bacterium had atzA. Most strains, 74 out of

83 analyzed, possessed the genes trzN, atzB and atzC, while

seven strains, all from cluster 2, had only trzN and atzC. Two

strains also possessed the three genes responsible for the

mineralization of cyanuric acids: strain C1S with trzN, atzC,

D, E and F, and strain T10AII contained atzA, B, C, D, E and

F. Finally, the trzD gene was not detected in any of the stains,

but it must be emphasized that we did not have any positive

control for this gene.

Discussion

The present study describes the isolation and partial char-

acterization of 83 atrazine-degrading bacteria from 13

different soils with atrazine history from three departments

in Colombia (Fig. 1). For each soil, we applied at least two

enrichment strategies (with and without a carbon source),

while for some of the soils, we also isolated bacteria after

enrichment under acidic conditions (pH 5), a distinct

dilution rate, microcosm conditions and isolation directly

from soil without enrichment. Although this isolation effort

yielded diverse atrazine-degrading bacteria, some may re-

present new species, 82 of these strains belonged to the

genus Arthrobacter and Nocardioides, while only one was

gram negative. All 82 gram-positive bacteria contained the

gene trzN, while the gram-negative strain had atzA. The

dominance of trzN among our strains is striking. Although

it can merely be a result of enrichment bias, it should be kept

in mind that the same enrichment procedures often (more

frequently in the past, but also at present) yield easily

cultivable bacteria such as Pseudomonas sp. and other

Proteobacteria that carry the gene atzA (Mandelbaum et al.,

1995; de Souza et al., 1998b; Rousseaux et al., 2001;

Hernández et al., 2008). The prevalence of trzN was further

illustrated by PCR assay using DNA extracted from atrazine-

amended microcosms and from the two distinct enrichment

cultures (with and without a carbon source). While trzN was

present in all assays, atzA was detected in only six soils. The

gene atzA was not detected in any of the microcosms and

could be best enriched in a mineral liquid medium without

an additional carbon source. Although enrichment cultures

are prone to cultivation bias, in this case, it rather helped to

detect the atzA gene. Indeed, it does not mean that soils that

were negative for atzA (seven soils) do not contain this gene,

but because the detection limit for both genes was similar

(c. 104 CPU g�1), it seems that trzN is more prevalent in

these soils. Another pitfall of the PCR assay may occur if the

atzA-like genes in our soils have diverged too much from the

Table 4. Distribution of clusters according to their geographic origin and detection of the atrazine degradation gene in each group�

Cluster Genus

Number of isolates from each department (number of soilsw) Detection of atrazine degradation genes

Valle (3z) Tolima (5) Córdoba (3) Total (11) trzN atzA atzB atzC atzD atzE atzF

1 Arthrobacter 8 (1) 22 (5) 3 (1) 33 (7) 1 � 1 1 � � �
10 Arthrobacter 16 (3) 3 (2) – 19 (5) 1 � 1 1 � � �
11 Arthrobacter 2 (1) – – 2 (1) 1 � 1 1 � � �
2 Nocardioides 7 (3) – – 7 (3) 1 � � 1 � � �
3 Nocardioides 4 (1) – – 4 (1) 1 � 1 1 � � �
4 Nocardioides 1 (1) – – 1 (1) 1 � � 1 1 1 1

5 Nocardioides 1 (1) – – 1 (1) 1 � 1 1 � � �
6 Ancylobacter – 1 (1) – 1 (1) � 1 1 1 1 1 1

7 Nocardioides – – 10 (3) 10 (3) 1 � 1 1 � � �
8 Nocardioides – – 4 (1) 4 (1) 1 � 1 1 � � �
9 Nocardioides – – 1 (1) 1 (1) 1 � 1 1 � � �
Total 39 26 18 83 82 1 75 83 2 2 2

�PCR assay was realized for all 83 strains and the gene content was uniform within each cluster.
wNumber of soils from each department used in this study.
zNumber of soils from each department positive to the corresponding phylotype.

FEMS Microbiol Ecol 73 (2010) 611–623 c� 2010 Federation of European Microbiological Societies
Published by Blackwell Publishing Ltd. All rights reserved

617Characterization of 83 atrazine-degrading bacteria



prototype atzA to successfully amplify with the primers

used. It must be kept in mind, however, that this gene is

highly conserved and this scenario is not very likely.

These results, combined with those of the existing litera-

ture (Topp et al., 2000a; Strong et al., 2002; Cai et al., 2003;

Piutti et al., 2003; Aislabie et al., 2005; Satsuma, 2006;

Devers et al., 2007; Kolić et al., 2007; Vaishampayan et al.,

2007; Li et al., 2008; Yamazaki et al., 2008), clearly emphasize

the importance of organisms that are closely related to

Arthrobacter and Nocardioides in atrazine degradation. Both

members typically possess trzN, but not atzA. These two

genera belong to the order Actinomycetales, but from distinct

suborders, namely, Micrococcineae (with 15 distinct families

and 71 genus currently described – the Ribosomal Database

Project) and Propionibacterineae (with two distinct families

and 20 genera currently described – the Ribosomal Database

Project) (Fig. 4). Thus far, no trzN has been found in other

genera that are phylogenetically close to Arthrobacter or

Nocardioides. This fact raises questions about the ways in

which genes flow within the microbial communities.

To the best of our knowledge, this is the first report on

atrazine degradation by the genus Ancylobacter. This finding

is not surprising because this genus has versatile metabolic

properties (Xin et al., 2006). Unlike trzN, the gene atzA has

been found in more diverse groups of Proteobacteria, i.e

Alphaproteobacteria (Rhizobium – Bouquard et al., 1997;

Agrobacterium – Struthers et al., 1998; Chelatobacter –

Rousseaux et al., 2001; Aminobacter – Topp et al., 2000b;

McDonald et al., 2005; Sinorhizobium – Devers et al., 2007),

Betaproteobacteria (Alcaligenes – de Souza et al., 1998b;

Ralstonia – Stamper et al., 2002; Polaromonas – Devers

et al., 2007) Gammaproteobacteria (Pseudomonas –

Coefficient
0.87 0.90 0.93 0.97 1.00

 T9A-1 
 T11B-1 
 T11B-5 
 T11B-10 
 T12A-2 
 T12A-10 
 T12B-23 
 T9B-12 
 T12B-12 
 T9B-11 
 T9B-18 
 T12B-15 
 T10A-6 
 T10A-12 
 T10B-8 
 T11A-3 
 T13A-2 
 T13B-22 
 T13B-14 
 T13A-11 
 C250A-1 
 T13B-8 
 C250A-4 
 C250A-5 
 T13A-16 
 V8AI-1 
 V850B-18 
 V850B-8 
 V850A-14 
 V8AI-3 

Coefficient
0.87 0.90 0.94 0.97 1.00

 V3A-11 
 V3AI-1 
 V6A-1 
 V3A-18 
 V6A-24 
 V6B-16 
 V6B-27 
 V3A-45 
 T10A-20 
 T11A-6 
 V3B-6 
 V3B-14 
 V6A-13 
 V3ApH5I-2 
 V8AI-2 
 V850A-13 
 V3AI-3 
 V3BI-4 

(a)

(b)

Fig. 3. Dendrogram of cluster 1 (a) and cluster

10 (b) according to rep-PCR patterns. Please note

that the first letter in the name of each strain

represent the department from which it was

isolated (T - Tolima, V - Valle del Cauca,

C - Cordoba) while the numbers following this

letter represent the original sampling site as

explained in Table 1 and in Materials and

methods.
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Mandelbaum et al., 1995; Stenotrophomonas – Rousseaux

et al., 2001; and Acinetobacter – Singh et al., 2004). On this

basis, it seems that gene exchange between different genera

within the order of Proteobacteria is less restricted. Never-

theless, Ghosh et al. (2008) have recently demonstrated the

high potential of horizontal transfer of trzN by the lysogenic

Fig. 4. Neighbor-joining phylogenetic analysis of

selected type strains of species from the order

Actinomycetales. The species from the genus

Arthrobacter and Nocardioides are enclosed in

rectangular boxes.
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virus. Moreover, trzN was also found recently in Proteobac-

teria (Sinorhizobium sp. and Polaromonas sp.) and it would

be interesting to see whether trzN could spread among

gram-negative bacteria (Devers et al., 2007).

Comparison of enzyme properties could explain the

dominance of TrzN among our strains. The Vmax and Km of

TrzN are 31 mmol min�1 mg�1 of protein and 25 mM (Topp

et al., 2000a), while the Vmax and Km of AtzA are

2.6mmol min�1 mg�1 of protein and 149 mM, respectively

(de Souza et al., 1996). Additionally, TrzN can metabolize a

higher array of triazine herbicides (Strong et al., 2002;

Shapir et al., 2005), and it seems that TrzN has all of the

ecological advantages: it is faster, it has a higher affinity for

the substrate and it has a higher range of substrates. These

apparent superior properties might be responsible for the

proliferation of trzN in agricultural soil and/or generate

cultivation bias that end in more frequent isolation of

bacteria that carry this gene.

Analysis of the rep-PCR clusters shows that they usually

coincide with their geographic origin (Table 4). Because of

the limitation of culture-based studies, it is impossible to

conclude whether our strains represent well the dominant

atrazine degraders in the soils. Nevertheless, because we used

identical enrichment procedures and each soil was enriched

at least twice, with similar results, it seems that there are

some differences among atrazine degraders in the different

soils of Colombia. At the same time, the Colombian’s

Arthrobacter strains (54 strains from nine soils from three

departments) are very similar (100% identity of 1380 bp of

16S rRNA gene) to several other atrazine-degrading strains

isolated in China from soils and wastewater treatment plants

by at least two research groups (AD26, EF623831, Li et al.,

2008; AD1, AF543695, Cai et al., 2003; AD38, EU710554;

AD37, EU672425; AD12, AY628690; AD3, AY628689; ATLJ-1,

EU854147; ADH-2, EF373977; and ADX10, EF488200).

Another interesting observation is that the gene content of

the strains was uniform within each cluster (Table 4). The

most common gene combination (74 strains) was trzN, atzB

and atzC, but all seven strains of cluster 2, which were

isolated from three distinct soils, had trzN and atzC, but not

atzB. According to the literature, there is a high variability of

gene combination in atrazine-degrading bacteria, even with-

in bacteria from the same genera (Rousseaux et al., 2001;

Devers et al., 2007), but rep-PCR can resolve differences

among strains at the subspecies level. This suggests that

there is certain conservation in the gene content among

closely related strains even if they are isolated from distinct

soils. The fact that atrazine degradation genes were found in

distinct continents suggests that geographic barriers are not

very effective for isolating these genes, but it is possible that

some genera are more frequently transported for a long

distance (Arbeli & Fuentes, 2007a). Hence, the prevalence of

Nocardioides spp. in the soils from Cordoba and Arthrobac-

ter spp. in the soils from Tolima and Valle del Cauca may be

influenced by soil properties that select bacteria that are

better fit for each soil. On the other hand, it is possible that

the biogeographic patterns observed within clusters in

similar soils (Arthrobacter clusters 1 and 10 at Fig. 3) are

caused by alleopatric divergence. Nevertheless, more studies

are needed to assess these hypotheses.

To the best of our knowledge, this is the first report of the

coexistence of the trzN gene with the three genes of the lower

atrazine degradation pathway, atzDEF, in the same strain

(C1S). The fact that only two strains (Nocardioide sp. C1A

and Ancylobacter sp. T10AII) had the genes atzDEF of the

lower degradation pathway is in accordance with other

studies (e.g. Rousseaux et al., 2001; Devers et al., 2007;

Vibber et al., 2007). Indeed, some studies show that the

upper and lower atrazine degradation pathways are carried

out by distinct bacteria (Smith et al., 2005; Kolić et al., 2007;

Satsuma, 2009). The reason for this is not clear: it might

mean that having the entire set of atrazine mineralization

genes has some negative costs; alternatively, it might suggest

a preferential gene transfer, for example, that, for some

reason, there is a low probability that the genes responsible

for the upper degradation pathway and the operon of the

lower pathway would meet.

In conclusion, although this study was mainly based on

culture-dependent methods and only partially reinforced by

culture-independent approaches, it raises interesting ques-

tions related to the evolution and transport of atrazine

degradation genes. For example: does the gene trzN, which

was discovered after atzA, become prevalent in soils due to

its superior catalytic properties? Could the gene atzA coexist

with trzN (the potential for catalytic improvement of atzA

has been demonstrated recently by Scott et al., 2009) or is it

doomed to disappear? How fast does allopatric divergence

occur in comparison with the rate of horizontal gene

transfer, the transport of bacteria for a short and a long

distance? We hope that continuous documentation of the

relative prevalence and variability of atrazine degradation

genes, together with a controlled experiment, would par-

tially answer these questions in the future.
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