
ORIGINAL ARTICLE

Taxonomic and functional diversity of atrazine-degrading
bacterial communities enriched from agrochemical
factory soil
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Introduction

Over the past 40 years, the s-triazine herbicide, atrazine

(2-chloro-4-ethylamino-6-isopropylamino-s-triazine), has

been widely used by agriculture to control grassy and

broadleaf weeds. Agricultural activities and atrazine manu-

facturing plants are the primary atrazine point sources that

lead to soil and water pollution. For example, atrazine can

be present in the environment at very high concentrations

(e.g. up to 2000 ppm), such as those typically found at spill

sites or in manufacturing wastewaters, as well as at rela-

tively low concentrations (200 ppb or lower), such as those

occurring following minor spills or in run-off water

(Mandelbaum and Wackett 1996). As microbial degrada-

tion of atrazine and other s-triazine compounds is one of

the major modes of their removal from the environment,

pure microbial cultures of atrazine degraders have been

well characterized (Mandelbaum et al. 1995; Struthers et al.
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Abstract

Aims: To characterize atrazine-degrading potential of bacterial communities

enriched from agrochemical factory soil by analysing diversity and organization

of catabolic genes.

Methods and Results: The bacterial communities enriched from three different

sites of varying atrazine contamination mineralized 65–80% of 14C ring-labelled

atrazine. The presence of trzN-atzBC-trzD, trzN-atzABC-trzD and trzN-atzABC-

DEF-trzD gene combinations was determined by PCR. In all enriched commu-

nities, trzN-atzBC genes were located on a 165-kb plasmid, while atzBC or

atzC genes were located on separated plasmids. Quantitative PCR revealed that

catabolic genes were present in up to 4% of the community. Restriction

analysis of 16S rDNA clone libraries of the three enrichments revealed marked

differences in microbial community structure and diversity. Sequencing of

selected clones identified members belonging to Proteobacteria (a-, b- and

c-subclasses), the Actinobacteria, Bacteroidetes and TM7 division. Several 16S

rRNA gene sequences were closely related to atrazine-degrading community

members previously isolated from the same contaminated site.

Conclusions: The enriched communities represent a complex and diverse

bacterial associations displaying heterogeneity of catabolic genes and their

functional redundancies at the first steps of the upper and lower atrazine-

catabolic pathway. The presence of catabolic genes in small proportion suggests

that only a subset of the community has the capacity to catabolize atrazine.

Significance and Impact of the Study: This study provides insights into the

genetic specificity and the repertoire of catabolic genes within bacterial

communities originating from soils exposed to long-term contamination by

s-triazine compounds.
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1998; Topp et al. 2000a,b; Rousseaux et al. 2001; Strong

et al. 2002).

Atrazine biodegradation usually begins via hydrolytic

dechlorination, resulting in the production of hydroxya-

trazine (Fig. 1). This first step is catalysed by a chlorohy-

drolase encoded by the atzA or trzN gene (De Souza et al.

1996; Topp et al. 2000a). Hydroxyatrazine is then con-

verted to cyanuric acid by two amydohydrolases encoded

by two other genes atzB and atzC of the upper degradation

pathway (Boundy-Mills et al. 1997; Sadowsky et al. 1998).

The lower atrazine-degradation pathway consists of three

catabolic genes, atzDEF or trzDEF. These are essential for

cleaving the cyanuric acid ring and for the hydrolysis of

biuret and allophanate, respectively (Eaton and Karns

1991; Martinez et al. 2001; Cheng et al. 2005). Several

studies revealed that atrazine-degrading genes are highly

conserved, widespread and frequently associated with

insertion sequences (IS) located on plasmids (De Souza

et al. 1998b; Martinez et al. 2001; Rousseaux et al. 2002;

Sajjaphan et al. 2004; Devers et al. 2007a). Consequently,

the combination of IS-mediated rearrangement and plas-

mid transfer had been suggested to contribute to the

assembly and dissemination of the atrazine-degrading

capabilities in the environment (De Souza et al. 1998c;

Devers et al. 2005, 2007b). This further suggests that

atrazine-degrading communities are still actively evolving.

Although much research has been carried out in pure

cultures, providing a substantial knowledge about the tax-

onomic diversity of atrazine-degrading microbes and

individual metabolic pathways, limited knowledge is avail-

able about atrazine-degradation potential at the microbial

community level. Degradation of atrazine is a multi-step

process and although several bacteria are known to have

a metabolic capacity to degrade atrazine to completion,

such bacteria are thought to have evolved from a mixed

atrazine-degrading microbial cultures (De Souza et al.

1998a). Therefore, investigating atrazine-catabolizing

communities offers an advantage over studies of pure cul-

tures. De Souza et al. (1998a) isolated from agricultural

soil an atrazine-mineralizing community consisting of

four or more bacterial species, but two members, a

Clavibacter sp. and a Pseudomonas sp., collectively miner-

alized atrazine and carried out sequential steps in degra-

dation pathway that involved the atzABC genes. By using

a PCR-DGGE method, examination of another enrich-

ment culture from the same soil sample revealed an

8-member atrazine-mineralizing community, including

species of the genera Agrobacterium, Caulobacter, Pseudo-

monas, Sphingomonas, Nocardia, Rhizobium, Flavobacterium

and Variovax (Smith et al. 2005). The atrazine-degrading

genetic potential of this community included trzN-atzBC-

trzD genes. The community contained multiple degra-

dation pathways as well as considerable redundancy in
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Figure 1 Complete atrazine-mineralizing pathway. Enzymes and

genes involved in each step of atrazine mineralization are indicated.

Atrazine-degrading community enrichments N. Udiković-Kolić et al.
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catabolic genes. The atzC gene was redundant among all

eight community members, whereas the trzD was present

only in four members. The atzB and trzN genes were found

in only one member each, Rhizobium sp. and Nocardia sp.,

respectively. In our recently published article (Kolić et al.

2007), we characterized an atrazine-mineralizing enrich-

ment culture from soil at an agrochemical factory and

determined by plate cultivation assays that Arthrobacter sp.,

Ochrobactrum sp. and Pseudomonas sp. are the key drivers

for atrazine mineralization in that community.

Here, we use 16S rRNA gene cloning followed by

restriction enzyme and sequence analysis to gain insights

into the structure and diversity of three atrazine-mineral-

izing communities. We describe the catabolic genetic

potential of these communities by exploring the preva-

lence of known atrazine-degrading genes, localization of

these genes on catabolic plasmids and their abundance

relative to the total community 16S rRNA gene pool

using quantitative PCR (q-PCR).

Materials and methods

Chemicals

Technical atrazine (95Æ66%) was kindly donated by the

herbicide factory Herbos, Sisak, Croatia.

Sampling sites

Upper soil layer samples (0–5 cm) were collected within

the Herbos factory area from three different locations

exposed to long-term contamination with atrazine and

other s-triazine compounds (Table 1). One soil sample

(S4) was taken from a site with a history of pesticide

spills. Soils were homogenized and stored at 4�C prior to

being used for enrichment.

Enrichment and growth conditions

For enrichment, 2 g of soil was added to 18 ml of

mineral salts (MS) medium (Mandelbaum et al. 1993)

with atrazine (100 mg l)1) and supplemented with sodium

citrate (1 g l)1) and yeast extract (50 mg l)1) as the source

of vitamins and essential nutrients. Erlenmeyer flasks

(100 ml) were shaken on a rotary shaker (150 rev min)1)

at 25�C. Every 2 weeks, 5% of enriched culture was trans-

ferred to fresh medium (40 ml) and incubated under the

same conditions. After 2 months of enrichment (total of 4

culture transfers), biomass was centrifugated (10 000 g,

5 min), resuspended in phosphate buffer (pH 7Æ5) and

stored at )20�C under glycerol (16% v ⁄ v as the final con-

centration). For atrazine mineralization studies, frozen

enrichments were grown in the MS-citrate medium con-

taining 100 mg l)1 of atrazine on a rotary shaker at 25�C.

Atrazine mineralization kinetics

The atrazine-mineralizing capability of enriched commu-

nities (Z2, Z3, Z4) was determined by radiorespirometry

over a 4-days incubation period as described previously

(Kolić et al. 2007). Cells from enrichment cultures grown

for 8 days were used as inoculum. The cells were

harvested by centrifugation (6000 g, 10 min), washed

twice in MS medium and resuspended to an OD600 of 0Æ2
in MS-citrate medium supplemented with 30 mg l)1 of

unlabelled atrazine and 52 Bq ml)1 of 14C ring-labelled

atrazine (Isotopchim, France, specific activity

910 MBq mmol)1). The evolved 14CO2 trapped in NaOH

solution was measured by liquid scintillation counting.

The modified Gompertz model (Gompertz 1825;

Zwietering et al. 1990) was fitted to mineralization data

(Sigmaplot 4Æ0; Sigma). Three parameters were deter-

mined: A, the maximum percentage of atrazine minerali-

zation; lm, the maximum mineralization rate; and k, the

lag time. A statistical analysis was performed by using

single factor analysis of variance (anova) followed by a

Fisher procedure (n = 3, P < 0.001) (Statview
ª 4.55

software; Abacus Concept, Inc., Los Angeles, CA).

DNA extraction and PCR amplification of atz, trz and

16S rRNA gene sequences

Genomic DNA from 7 ml of 8-day-old communities

grown in MS-citrate medium containing 100 mg l)1 of

Table 1 Chemical properties of the contaminated soils within an agrochemical factory area, from which atrazine-degrading communities have

been enriched

Sampling

site

Enriched

community

Organic

matter (%)

Organic

C (%)

Organic

N (%)

Atr Sim Prop Terb Prom

(mg kg)1 of dry soil)

S2 Z2 5Æ56 2Æ65 0Æ33 2Æ22 0Æ08 0Æ08 0Æ04 ND*

S3 Z3 6Æ53 2Æ26 0Æ31 0Æ14 0Æ08 0Æ03 ND* 0Æ03

S4 Z4 5Æ50 1Æ61 0Æ27 416Æ8 761Æ1 1165Æ9 314Æ5 0Æ46

Atr, atrazine; Sim, simazine; Prop, propazine; Terb, terbuthylazine; Prom, prometryn.

*ND, not determined.
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atrazine was extracted using Qiagen Blood and Cell cul-

ture Midi kit according to the manufacturer¢s instructions

(Qiagen, France). Atrazine-catabolic genes (atz and trz)

were detected by PCR amplification with primers specific

for atzA, B, C, D, E, F and trzD, N genes. The annealing

temperature for atzA, B, D, E genes was 60�C, for atzC, F

genes was 57�C and for trzD, N genes was 55�C (Rous-

seaux et al. 2001; Mulbry et al. 2002; Devers et al. 2004).

16S rRNA genes were amplified with the universal 27f

and 1492r primers (Gurtler and Stanisich 1996). Each

reaction contained 0Æ2 mmol l)1 of each dNTP,

1Æ5 mmol l)1 MgCl2, 1 lmol l)1 of each specific primer,

2Æ5 ll template DNA (25 ng), 1· PCR buffer and 1Æ25 U

of Taq polymerase (QBiogene, France) and was carried

out in a TGradient Thermocycler (Biometra, Germany) as

follows: 5 min at 95�C, 35 cycles for 1 min at 94�C,

1 min at the optimal temperature for primer annealing

and 2 min at 72�C, plus an additional 10-min cycle at

72�C.

Quantitative PCR assays

Quantitative PCR (q-PCR) was carried out in an ABI

Prism 7900 (Applied Biosystems) by using SYBR Green�

as the detection system in a reaction mixture of 20 ll

containing: 12Æ5 ll of SYBR Green PCR master mix

(QuantiTectTM SYBR� Green PCR Kit; Qiagen, France),

1 lmol l)1 of each primer and 5 ll of template DNA

(10 ng). Thermal cycling conditions for the 16S rRNA,

atzA, B, C, D, E, F and trzD genes were as previously

described (Devers et al. 2004). The final step starting

from 60 to 95�C (0Æ2�C s)1) was added to obtain a

specific dissociation curve. Purity of the PCR products

was checked by the observation of a single melting peak

and the presence of a unique band of the expected size in

a 2% agarose gel. Three replicates were run for each gene

target. Calibration curves of q-PCR relating to the log of

the copy number of the target gene as function of the CT

(cycle threshold) were previously generated (Devers et al.

2004). For the trzD gene, calibration curve was as follows:

log (trzD) = )0Æ25 · CT + 10Æ69 (r2 = 0Æ995).

Plasmid profiling and hybridization

A modified Eckhardt plasmid extraction (Eckhardt 1978;

Wheatcroft et al. 1990) was performed on bacterial pellets

obtained by centrifuging (20 000 g, 5 min) 2 ml of

enrichment grown overnight in MS-citrate medium con-

taining 30 mg l)1 of atrazine (OD600 0Æ4). Plasmids were

separated on a 0Æ75% agarose gel, vacuum-transferred

onto Biodyne Plus membrane (Gelman Sciences, Merck

Eurolab, France) and used for Southern hybridization

with a Dig-labelled probe (atzA, B, C, D, E, F; trzD, N;

IS1071) performed at high stringency conditions

(Rousseaux et al. 2001). Plasmid size was estimated by

calibration against the relative mobility of the plasmids

used as standards: (i) pAT (543 kb, accession no.

AE007872) and pTi (214 kb, accession no. AE007871)

harboured by Agrobacterium tumefaciens C58, and (ii) a

megaplasmid (>1500 kb), pRme41a::Tn7 (236 kb) and

pRP4 (60 kb, accession no. L27758) harboured by a

derivative of Rhizobium meliloti 41 (GMI328).

Clone library construction and amplified ribosomal DNA

restriction analysis (ARDRA)

A 16S rRNA gene clone library was constructed for each

of the three communities. 16S rRNA gene amplicons were

cloned using pGEM-T Easy Vector System II according to

the manufacturer’s protocol (Promega). Approximately,

100 randomly selected clones from each library were

checked for correct insert size by vector-targeted primers

(T7, SP6). A total of 232 positive transformants were

digested with the frequently cutting endonuclease AluI

(QBiogene). The digests were analysed on 3% high-

resolution agarose gel (QBiogene). The ARDRA patterns

obtained were compared and grouped into ARDRA

families.

Rarefaction and diversity indices

Diversity coverage by the clone libraries was analysed with

Analytic Rarefaction software (http://www.uga.edu/

strata/software/). The Shannon–Weiner index of general

diversity (H¢) was calculated with the following equation:

H0 ¼ �Rðpi ln piÞ, where pi was calculated as follows:

pi = ni ⁄ N, where ni is the number of clones in each

phylotype, and N is the total number of clones. Using the

same data, the Simpson index of dominance (D) was

calculated by using the following function: D ¼ Rðp2
i Þ.

Sequencing and phylogenetic analysis

One representative of each ARDRA family that contained

at least two clones as well as selected individual clones

were sequenced using the 926r primer (Cheneby et al.

2000) on a CEQ 8000 sequencer (Beckman Coulter�)

following the manufacturer’s instructions. All sequences

were analysed using Blast against the GenBank 16S

rRNA database (Altschul et al. 1990). Sequences were

screened for chimeras using the Check_Chimera pro-

gram (Maidak et al. 2001), and any potential candidates

were excluded from the data set. The remaining sequences

(a total of 47) were aligned to a global alignment using

Greengenes NAST-aligner (DeSantis et al. 2006).

Sequences were imported to the Greengenes May 2007
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ARB database in the arb software package (ver. 06.03.22)

and inserted into the universal arb dendrogram using

parsimony function in ARB using a Lane mask filter

(Ludwig et al. 2004). Primary taxonomic assignments

were determined by the resulting ARB parsimony tree.

Phylogenetic relationships of sequenced clones were addi-

tionally calculated by exporting aligned sequences as well

as their closest relatives from the ARB database to the

paup 4.01b software package (Sinauer Associates, Sunder-

land, MA, USA). A neighbour-joining tree and maxi-

mum-parsimony tree were constructed from the data set,

and the bootstrap values (100 replicates) were obtained in

PAUP (Swofford 1993).

Nucleotide sequence accession numbers

The 16S rDNA sequences retrieved in this study have

been deposited in GenBank under accession numbers

EU560927–EU560973.

Results

Enrichment and activity of bacterial communities from

agrochemical factory soils

We obtained three microcosm enrichments from

agrochemical factory soil samples of different s-triazine

contamination levels (Table 1). Evidence of atrazine-

degrading bacteria within the enrichment was observed

by an increase in bacterial biomass and establishment of

stable population densities within 2 months of cultiva-

tion.

Screening of atrazine-mineralizing activity within the

enriched communities by using the radiorespirometric

approach was performed under shaking conditions using

atrazine labelled with 14C on the s-triazine ring. The three

enriched communities exhibited sigmoid mineralization

curves (not shown) and were analysed using the modified

Gompertz model. The results of the kinetic parameters

presented in Table 2 showed that communities Z2 and Z4

exhibited similar and significantly higher A (maximum

percentage of mineralization) values when compared to

the community Z3. However, Z3 showed the shortest lag

time (k) of the three communities and a lm (mineraliza-

tion rate) value similar to that of Z2.

Atrazine-degrading gene composition and localization

Determination of the atrazine-degrading genetic composi-

tion of bacterial communities by PCR revealed various

combinations of catabolic genes (Table 3). The most

simple trzN-atzBC-trzD gene combination was observed

in the community Z2, whereas the trzN-atzBCDEF-trzD

and trzN-atzABC-trzD combinations were observed in the

communities Z3 and Z4, respectively. These results

indicate that community Z4 contained two different

genes, trzN and atzA, encoding enzymes responsible for

the first step of the upper degradation pathway, i.e. the

transformation of atrazine to hydroxyatrazine (Fig. 1).

Similarly, community Z3 contained two genes, trzD and

atzD, coding for enzymes that catalyse the first step of the

lower pathway, i.e. the transformation of cyanuric acid to

biuret.

Plasmid profile analysis showed that community Z2

had six different-sized plasmids, whereas the communities

Z3 and Z4 each had five (Table 3). The estimated sizes

of recovered plasmids ranged from 40- to 295-kb.

Table 2 Parameters of atrazine mineralization kinetics after fitting

the modified Gompertz model

Community A (%) lm (h)1) k (h)

Z2 75Æ6 (±0Æ7)a 3Æ6 (±0Æ4)ab 1Æ9 (±0Æ2)a

Z3 64Æ6 (±1Æ5)b 2Æ7 (±0Æ1)a 1Æ05 (±0Æ01)b

Z4 79Æ0 (±1Æ9)a 4Æ0 (±0Æ1)b 1Æ11 (±0Æ05)c

A, the maximum percentage of mineralization, lm, the maximum

mineralization rate and k, the lag time. Values are means ± SE (n = 3).

Parameters were checked by applying a Fischer test, and values

followed by the same letter do not differ significantly (n = 3, P < 0Æ001).

Table 3 Prevalence and localization of atrazine-degrading genes and IS1071 in enriched communities

Community

Atrazine-degrading

gene composition (PCR) IS1071*

Chromosome

(hybridization

signal)

Number of

plasmids�

Size of plasmids

(kb) (hybridization signal)

Z2 trzN-atzBC-trzD + 6 295 165 (trzN, atzBC) 130 (atzC, trzD) 80 45 40

Z3 trzN-atzBCDEF-trzD +� trzD 5 295 165 (trzN, atzBC) 80 (atzBCDEF) 45 40

Z4 trzN-atzABC-trzD + 5 295 165 (trzN, atzBC) 125 (atzC, trzD) 55 45

*The presence of sequences homologous to IS1071 is indicated (+).

�Number of plasmids of different sizes detected in the bacterial community.

�IS1071 is not detected on 80-kb plasmid.
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Interestingly, communities Z2 and Z3 carried plasmids of

approximately the same sizes except a 130-kb plasmid

that was absent from community Z3.

Southern blot analyses of plasmid profiles revealed that

the 165-kb plasmid of all three communities produced

hybridization signals with trzN, atzB, atzC and IS1071

probes (Table 3). Nevertheless, in the community Z3,

hybridization to a 80-kb plasmid band was seen with the

atzB, atzC, atzD, atzE and atzF probes. However, we also

detected a strong signal with the trzD probe on the chro-

mosomal band in the community Z3 indicating localiza-

tion of the trzD gene on chromosome. In communities

Z2 and Z4, 130- and 125-kb plasmids also hybridized

with atzC, trzD and IS1071 probes (Table 3). Finally,

although atzA was successfully amplified by PCR using

Z4 community DNA as a template, the atzA probe did

not hybridize with any of the plasmids.

Relative abundance of atz and trz sequences

The abundance of atrazine-degrading genes and 16S

rRNA gene sequences was evaluated by q-PCR, and ratios

of atz and trz sequences to 16S rRNA genes from the

total community were calculated for atzABCDEF and

trzD, showing similar PCR efficiencies.

Data on calculated ratios (Table 4) showed that the

relative abundances of atzB, C, D E and F genes ranged

from about 0Æ2–3Æ8%, while relative abundance of trzD

ranged from about 0Æ01 to 0Æ09%. Compared to Z2

community, relative abundances of atzB and atzC genes

in Z3 were about 10 times higher. The relative abun-

dances of atzD and atzF genes within community Z3 were

comparable to those of atzB and atzC, whereas the atzE

was less represented. In contrast, community Z4 exhibited

significantly higher relative abundance of atzC than that

of the atzB gene, and this community had a higher

trzD ⁄ 16S rRNA gene ratio than the other two communi-

ties. In addition, the abundance of the atzA gene, detected

only in the community Z4, was about 10 000-fold lower

than the abundance of 16S rRNA genes. This observation

is in accordance with the fact that atzA was detected by

PCR but not by Southern blot hybridization.

Phylotype richness and distribution

16S rRNA gene clone libraries were constructed for

each atrazine-degrading community. We analysed 60–90

clones from each library by ARDRA and grouped them

by ARDRA patterns. A total of 26 (of 86 clones

analysed), 33 (of 63) and 28 (of 82) different ARDRA

patterns were detected within Z2, Z3 and Z4 clone

libraries, respectively (Fig. 2). Comparison of the distri-

bution of phylotypes from libraries Z2, Z3 and Z4

clearly exhibited significant differences (Fig. 2). The Z2

library was dominated by the phylotypes, in order of

abundance, 5, 10, 1, 2 and 9. Together, these accounted

for about 70% of this clone library, while within the

Z3 library, ARDRA types 31, 30, 6 and 35 were the

most abundant representing together 36% of the clone

library. Further, the library from community Z4 was

dominated by phylotypes 76, 66 and 61, which together

accounted for 51% of the clone library. Calculation of

the Simpson’s index (D) revealed twofold higher values

for Z2 and Z4 clone libraries (D = 0Æ11 and 0Æ10) than

for the Z3 library (D = 0Æ05), indicating higher even-

ness in communities Z2 and Z4 when compared to Z3.

We used rarefaction analysis to estimate how well the

libraries were sampled. Rarefaction curves did not reach

an asymptote, indicating that the diversity present

within the libraries had not been sampled to saturation

(Supporting information). Further, at the highest shared

sample size (i.e. 63 clones), the Z2, Z3 and Z4 libraries

had an estimated diversity of 22, 35 and 24 phylotypes,

respectively, indicating the highest diversity in the

Z3 library as well as lower and similar diversity in

other two libraries. This was also confirmed by the

calculation of the Shannon–Weiner index (H’), which

was higher for the community Z3 (H¢ = 3Æ22) than for

the other two communities (Z2, H¢ = 2Æ61; Z4,

H¢ = 2Æ74).

Table 4 Relative abundance of atrazine-degrading (atz or trz) genes expressed as ratios of atz and trz gene copy numbers to 16S rRNA gene

copy number determined by q-PCR

Community

Ratio*

atzA atzB atzC atzD atzE atzF trzD

Z2 – 0Æ22 ± 0Æ17 48 ± 0Æ32 – – – 0Æ032 ± 0Æ02

Z3 – 2Æ03 ± 0Æ21 2Æ94 ± 1Æ88 1Æ91 ± 0Æ88 0Æ69 ± 0Æ36 2Æ29 ± 1Æ20 0Æ006 ± 0Æ01

Z4 3Æ93 · 10)4 0Æ31 ± 0Æ07 3Æ84 ± 1Æ63 – – – 0Æ085 ± 0Æ01

±1Æ04 · 10)4

Values are means ± SE (n = 3). ) indicates the absence of gene.
*Ratio = [(atz or trz gene copy number ⁄ 16S rRNA gene copy number) · 100].
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360 Journal compilation ª 2010 The Society for Applied Microbiology, Journal of Applied Microbiology 109 (2010) 355–367

ª 2010 The Authors



Phylogenetic diversity among ARDRA phylotypes

To evaluate the phylogenetic diversity represented by 68

ARDRA patterns obtained from the Z2, Z3 and Z4 clone

libraries, partial 16S rRNA gene sequencing was

performed, and phylogenetic trees were constructed using

maximum-parsimony and neighbour-joining methods. As

evident from the parsimony tree shown in Fig. 3, the

clusters of the a- and b-subclasses of Proteobacteria as

well as those of Actinobacteria were identified in all three

libraries. Members of the c-subclass of Proteobacteria were

encountered in the Z2 and Z4 libraries, whereas the

representatives of the Bacteroidetes phylum were found in

the Z2 and Z3 libraries. The candidate division TM7 was

represented only in the Z4 library.

The a-proteobacterial cluster was the largest and was

represented mainly by the members of the families

Brucellaceae and Phyllobacteriaceae (Fig. 3). Two phylo-

types dominant in the Z2 (Z2_5) and Z3 libraries

(Z3_35) displayed 99% similarity to the cyanuric acid

degrading Ochrobactrum sp. CA1, isolated previously

from an atrazine-degrading community originating from

the current sampling location (Kolić et al. 2007).

The b-proteobacterial cluster represented the second

largest cluster and comprised phylotypes clustering

within the Alcaligenes and Comamonas groups (Fig. 3).

Alcaligenes-related phylotypes, among which was the

dominant phylotype of library Z2 (Z2_9, Fig. 2), were

closely related to Alcaligenes faecalis ND1, isolated from

atrazine-contaminated soil (Siripattanakul et al. 2009). A

number of sequences that fell into the Comamonas

group, among which were two predominant phylotypes

from the Z3 library (Z3_30 and Z3_6, Fig. 2) displayed

>98% similarity to Hydrogenophaga palleronii strain

CCUG 20334.

The members of the c-Proteobacteria belonged to the

family Pseudomonadaceae (Fig. 3). One of the numerically

dominant phylotypes in the Z2 library (Z2_2, Fig. 2) was

highly similar to a cloned sequence from atrazine-

catabolizing microbial association in the presence of

methanol (KRA30 + 11). Additionally, several clones of

the Z4 library were most similar (‡98%) to the cyanuric
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Figure 2 Distribution of the ARDRA families

from the communities Z2, Z3 and Z4.

Numerically predominant ARDRA families are

indicated by an asterisk.
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Atrazine-contaminated soil isolated Alcaligenes faecalis NDI

Iminodisuccinate-degrading Achromobacter xylosoxidans Af225979

Bordetella ansorpii SMC-8986 AY594190

Tsumacide-degrading Achromobacter sp. ss3 EU340142
Macromonas bipunctata IAM14880 AB077037

Hydrogenophaga palleronii CCUG 20334 AF078769

Isolate B7 Af035053

Subsurface soil clone B-AI50 AY622272
Achromobacter xylosoxidans czh-CC10 DQ370019

Atrazine -catabolizing community clone KRA30+aa AY081979

Hexane-degrading community isolate Achromobacter sp. SPE2-6 AY898614
Atrazine-mineralizing Pseudomonas sp. ADP AF326386

Atrazine-mineralizing Pseudomonas stutzeri SAI DQ059546

Phenol-degrading Pseudomonas sp. Pds-3 EU312074
Cyanuric-acid degrading Pseudomonas sp. CA2 EU050050

Pseudomonas alcaligenes  LB19 AF390747

Pseudomonas andersonii  JB13844 AF291818

Pseudomonas azotifigens 6H33b AB189452
Rhizobium  sp. TKW2 AY631061

Ochrobactrum  sp. CBD2 DQ295875

Ochrobactrum anthropi CCUG 38531 AM114405
Cyanuric acid-degrading isolate Ochrobactrum sp. CAI EF050050
Petroleum-oi; contaminated soil isolate Ochrobactrum tritici Y13 EU301689

Rhizobium loessense CCBAU 7190B AF364069

Rhizobium yanglingense S90 AY972465

Mesorhizobium huakuii CCBAU 25053 EF061111

Agrobacterium sp.IrT-JGI4-14 AJ295675

Quinoline degradation clone AR-24 DQ296467

Z3_49 (1 cl.) EU560951

Z3_51 (1 cl.) EU560956

Z3_37 (3 cl.) EU560948

Z3_30 (6 cl.) EU560949

Z3_43 (3 cl.) EU560934

Z3_57 (1 cl.) EU560932

Z3_35(5 cl.) EU560928

Z3_31(7 cl.) EU560941

Z3_39(1 cl.) EU560943
Z3_3(1 cl.) EU560944 +Z2_3 (1 cl.)*

Z3_34(2 cl.) EU560930

Z3_56(3 cl.) EU560942

Z3_32(3 cl.) EU560965

Z3_6 (5 cl.) EU560947 + Z2_6 (1 cl.)*

Z3_28 (2 cl.) EU560952 +Z2_28 (1 cl.)*

Z4_41 (1 cl.) EU560958
Z4_67 (1 cl.) EU560959

Z4_63 (1 cl.) EU560955
Z4_7 (1 cl.) EU560953

Z4_62 (1 cl.) EU560954

Z4_75 (1 cl.) EU560962

Z4_74 (1 cl.) EU560961
Z4_58 (2 cl.) EU560960

Z4_64 (1 cl.) EU560935

Z4_70 (2 cl.) EU560933
Z4_55 (1 cl.) EU560929

Z4_21 (1 cl.) EU560946

Z4_60 (4 cl.) EU560937
Z4_65 (3 cl.) EU560945

Z4_59 (1 cl.) EU560936

Z4_27 (1 cl.) EU560967
Z4_76 (15 cl.) EU560966

Z4_61 (13 cl.) EU560972
Z4_66 (14 cl.) EU560971

Z4_72 (1 cl.) EU560973

Z2_9 (6 cl.) EU560950 + Z3_49 (1 cl.)* + Z4_9 (4 cl.)*

EU075145

b-Proteobacteria

(39 cl.)

g-Proteobacteria

(17 cl.)

a-Proteobacteria
(64 cl.)

Bacteroidetes

(16 cl.)

Actinobacteria
(38 cl.)

0·10(28 cl.)
TM7

Z2_2 (9 cl.) EU560957 + Z4_2 (3 cl.)*

Z2_8 (2 cl.) EU560927

Z2_5 (17 cl.) EU560931 + Z3_5 (1 cl.)* + Z4_5 (1 cl.)*

Phyllobacteriaceae
Rhizobium sp. c21 AB167200

Bosea massiliensis 34649 AF288307
PCE-contaminated site clone CLi38 AF529334

Devosia ginsengisoli Gsoil 326 AB271045

Sphingopyxis alaskensis RB255 AF145752

Clone SS-134 AY945889

Linuron-mineralizing community isolate Flavobacterium sp. SRS18 AY621158

Atrazine-degrading isolate Arthrobacter keyseri ATZ2 EF050052
Atrazine-degrading isolate Arthrobacter sp. ADH-2 EF373977
Atrazine-degrading isolate Arthrobacter sp. AD26 EF623831

Atrazine-degrading isolate Arthrobacter sp. AD12 AY628690

Atrazine-degrading isolate Arthrobacter aurescens TCI NC_008711
Arthrobacter aurescens 51 AF388032

Arthrobacter sp. PZC6 EF028242

Oil-polluted soil clone M26_Pitesti DQ378246
Carbon tetrachloride-contaminated soil clone UB12 DQ248260

Z2_23 (1 cl.) EU560940

Z2_12 (2 cl.) EU560939

Z2_25 (2 cl.) EU560969

Z2_15 (2 cl.) EU560970

Z2_10 (16 cl.) EU560963
Z2_4 (3 cl.) EU560964

Z2_1 (11 cl.) EU560968 + Z3_1(1 cl.)*

Z2_11 (1 cl.) EU560938 + Z3_11(1 cl.)*

Flavobacterium ferrugineum M62798
Pedobacter jejuensis JS11-06 AM279218

Brucellaceae

Figure 3 Parsimonious tree showing the affiliation of 16S rDNA clone sequences to selected reference sequences from various bacterial groups

based on analysis of 374 bases of aligned sequences. The blue, red and green colours indicate the clones identified in libraries of communities Z2,

Z3 and Z4, respectively. Number of clones is shown in brackets. The asterisk indicates the correlation based on ARDRA-typing.
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acid degrading Pseudomonas sp. CA2 from an atrazine-

degrading community isolated from the current sampling

location (Kolić et al.2007).

The third numerically abundant cluster was a group of

sequences branching within the Actinobacteria phylum

(Fig. 3). The most abundant phylotypes of the Z2 and the

Z4 libraries (Z2_10 and Z4_76) possessed high identity to

Arthrobacter keyseri ATZ2, the atrazine-degrading member

of bacterial community originating from the current sam-

pling location (Kolić et al. 2007).

As evident from Fig. 3, clones of the Z2 library were

representatives of the Bacteroidetes phylum, and the dom-

inant phylotype Z2_1 was 99% similar to Flavobacterium

sp. SRS18 recovered from a linuron-mineralizing bacterial

community (Sorensen et al. 2005). Finally, two numeri-

cally abundant phylotypes (Z4_61 and Z4_66) from the

Z4 library fell within the candidate division TM7 and

matched the clone M26_Pitesti retrieved from oil-polluted

soil collected in Romania and UB12 retrieved from car-

bon tetrachloride-polluted soil from USA.

Discussion

We obtained and compared three bacterial communities

enriched following collection from agrochemical factory

soils exposed to long-term contamination with atrazine

and other related s-triazines. High degree of mineraliza-

tion of 14C ring-labelled atrazine by all enriched commu-

nities (65–80% within 4 days) confirmed the complete

transformation of atrazine to carbon dioxide and ammonia.

Atrazine-degrading genetic potential

PCR analysis of atrazine-degrading genetic potential

revealed that communities differed in their genetic capa-

bilities to degrade atrazine; however, they all possessed

hybrid atz-trz pathways, which extends the observation

that such pathways are widespread among telluric atra-

zine-degrading communities (Smith et al. 2005; Kolić

et al. 2007). The finding that all enriched communities

contained a trzN gene for initiating atrazine metabolism

supports the hypothesis that in addition to atrazine these

communities might be efficient in the degradation of

other s-triazines as well, because substrate specificity of

TrzN is significantly broader than that of AtzA (Shapir

et al. 2005). Based on our PCR results, it is evident that

investigated communities possess different catabolic gene

combinations in the degradation pathway of atrazine:

trzN-atzBC-trzD (Z2), trzN-atzBCDEF-trzD (Z3) and

trzN-atzABC-trzD (Z4), respectively. These results led us

to assume that both trzN and trzD genes are more wide-

spread among soil bacteria at the investigated location

than the alternate atzA and atzD genes. Considering the

catabolic gene composition harboured by communities

Z2 and Z4 and their atrazine mineralization activities, it

is likely that some other enzymes, TrzE and TrzF (Eaton

and Karns 1991; Cheng et al. 2005) or unknown alterna-

tive enzymes (Kandil 2006) are involved in cyanuric acid

metabolism initiated by TrzD. Furthermore, the presence

of two different genes coding for the same function in Z4

(atzA, trzN; transformation of atrazine to hydroxyatr-

azine) and Z3 (atzD, trzD; transformation of cyanuric

acid to biuret) suggests functional redundancies of key

steps of the upper and lower atrazine-degradation path-

way, which may help communities to survive when

adverse environmental conditions prevent the functioning

of the main metabolic pathway. As community Z4 origi-

nates from spill-site soil, the presence of two genes for

initiating s-triazine metabolism, atzA and trzN, may

constitute an effective metabolic system for overcoming

the toxicity of highly concentrated s-triazine compounds

(Accinelli et al. 2002).

In our communities, the atrazine-degradation pathways

were encoded on plasmids as demonstrated by Southern

blot analyses, and a 165-kb plasmid harbouring trzN-

atzBC genes and IS1071 sequences was common to all

communities. This suggests either the dominance of

bacterial populations harbouring this plasmid or its dis-

persion among atrazine-degrading bacteria within the

communities. In addition, localization of atzBC genes to

both a 165-kb plasmid and a 80-kb plasmid that did not

harbour IS1071 in the community Z3, suggests that con-

jugation could serve as a mechanism for dispersing cata-

bolic genes within the community. Furthermore, the

observed occurrence of atzC and IS1071 on two plasmids

differing in size in communities Z2 and Z4 allows the

presumption that transposition may also contribute to

the dissemination of atzC gene in these communities.

All these hypotheses are corroborated by previous studies

showing that both conjugation and IS-mediated genetic

rearrangements have an important role in dispersing atra-

zine-degrading genes in the environment (De Souza et al.

1998b; Devers et al. 2005, 2007a,b). In addition, the

increase in copy number of catabolic genes at different

genomic locations may enhance catabolism via gene dos-

age effects (Devers et al. 2008). Redundancy of atz genes

has previously been reported to be present in other

environmental atrazine-degrading bacteria (Topp et al.

2000b; Smith et al. 2005; Devers et al. 2007a) suggesting

that this could be a common feature and may help

microbes adapt to changing environments.

To evaluate the abundance of atrazine degraders rela-

tive to total bacteria, percentages of atzABCDEDF and

trzD genes in proportion to 16S rRNA genes were calcu-

lated. Absolute values of 16S rRNA gene copy numbers,

however, cannot be accurately compared with cell
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numbers because the number of 16S rRNA gene copies

per genome is variable with a mean value generally esti-

mated to 2–3 copies per microbial genome (Acinas et al.

2004). Regarding atrazine-degrading genes, only one to

two copies per genome have been found thus far (Marti-

nez et al. 2001; Devers et al. 2007a) with the exception of

trzN gene, which can be present in up to six copies

(Mongodin et al. 2006). Taking into account this infor-

mation, the results of our study suggest that the targeted

atrazine-degrading sequences can represent up to 0Æ5% of

community Z2, up to 3% of Z3 and up to 4% of com-

munity Z4 (Table 4), indicating that only a subset of the

community has the capacity to degrade atrazine. The

present study also shows that in community Z3, cyanuric

acid degraders having the atzD gene are about 300 times

more abundant than those possessing the alternative trzD

gene, which may indicate that the lower pathway initiated

by the atzD gene is operative in this community. How-

ever, as the abundance of a functional gene does not need

to be linked to enzyme expression, the operation of paral-

lel lower pathways, initiated by trzD and atzD, cannot be

excluded either.

Diversity and functional implications

Analysis of the clone libraries by ARDRA revealed con-

siderable diversity within each community and differ-

ences in the structures of the enriched communities

(Fig. 2). Given the studied communities were enrich-

ments, the observed high biodiversity was unexpected.

Rarefaction analysis further indicated that the actual

diversity in the clone libraries was only partially sampled;

however, the biases associated with the use of molecular

techniques, which may underestimate or overestimate

diversity cannot be excluded (Acinas et al. 2005). High

phylotype richness, on the other hand, might reflect the

bacterial community potential to respond to sudden

changes in environmental conditions. Both rarefaction

curves and diversity indices indicate a lower diversity in

community Z4 originating from soil contaminated with

high s-triazine content when compared to community

Z3, which originated from the least polluted soil. Such

diversity might be indicative of either initial lower diver-

sity at high-polluted site or selection of efficient atrazine

degraders in that community by specific enrichment

conditions.

Further analysis of the distribution of clones and their

16S rDNA sequences indicated that the most abundant

cloned phylotypes were related to genera Ochrobactrum,

Alcaligenes, Hydrogenophaga, Arthrobacter, Flavobacterium

and division TM7. Although clone frequency in the

library is not an accurate quantitative measure of the

bacterial abundance in the community, the dominant

clones are expected to be more abundant and potentially

more important in atrazine catabolism (Kisand and

Wikner 2003). For some of the 16S rRNA gene clones,

inference of likely catabolic functions is possible. In this

context, we recently conducted a culture-based study to

isolate and characterize metabolically active members of

the atrazine-mineralizing community enriched from soil

collected within the same agrochemical factory area (Kolić

et al. 2007). This community consisted of four catabolic

active members: two Arthrobacter sp. (strains ATZ1 and

ATZ2) involved in the upper pathway, as well as

Ochrobactrum sp. (CA1) and Pseudomonas sp. (CA2)

involved in the lower pathway of atrazine degradation.

The dominance of clones almost identical to the 16S

rDNA of Arthrobacter sp. ATZ2, with confirmed capabil-

ity to transform atrazine to cyanuric acid in the clone

libraries Z2 and Z4, suggests that these organisms are

abundant and may also play important roles in atrazine

catabolism within the studied communities. This further

suggests that Arthrobacter strains, which are environmen-

tally widespread, metabolically diverse and efficiently

metabolize a variety of s-triazine compounds (Rousseaux

et al. 2001; Strong et al. 2002; Cai et al. 2003; Aislabie

et al. 2005; Kolić et al. 2007), may have a competitive

advantage at the studied locations, particularly at the spill

site, where those compounds are present at high concen-

trations. Furthermore, predominance of the clones most

similar to cyanuric acid degrading isolate Ochrobactrum

sp. CA1 in libraries Z2 and Z3 indicates that the bacteria

represented by these sequences may play an important

role in atrazine mineralization. However, this type of

clone was not identified in the Z4 library, and low abun-

dance clones affiliated with the cyanuric acid degrading

Pseudomonas sp. CA2 were found, suggesting their poten-

tial role in the lower atrazine pathway. A specific feature

of community Z4 was the predominance of clones

clustering within the TM7 division, for which there are

no reported cultivated representatives (Hugenholtz et al.

1998). This suggests that some, yet uncultivated, micro-

organisms may play a role in atrazine-degradation activity

at this location.

In summary, our 16S rRNA gene clone library analyses

showed considerable diversity in atrazine-mineralizing

bacterial communities originating from contaminated

soils of an agrochemical factory. The analyses of the orga-

nization of atrazine-degrading genes demonstrated their

heterogeneity and their localization mainly on two

catabolic plasmids as well as functional redundancies at

the first steps of the upper and lower atrazine-catabolic

pathway. The presence of catabolic genes in up to 4% in

the community further suggests that only a subset of the

enriched community has the capacity to catabolize

atrazine.
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Kolić, N.U., Hršak, D., Begonja Kolar, A., Petrić, I., Stipičević,
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