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Abstract

Mobile genetic elements (MGEs) are considered as key players in the adapta-

tion of bacteria to degrade organic xenobiotic recalcitrant compounds such as

pesticides. We examined the prevalence and abundance of IncP-1 plasmids and

IS1071, two MGEs that are frequently linked with organic xenobiotic degrada-

tion, in laboratory and field ecosystems with and without pesticide pollution

history. The ecosystems included on-farm biopurification systems (BPS) pro-

cessing pesticide-contaminated wastewater and soil. Comparison of IncP-1/

IS1071 prevalence between pesticide-treated and nontreated soil and BPS

microcosms suggested that both IncP-1 and IS1071 proliferated as a response

to pesticide treatment. The increased prevalence of IncP-1 plasmids and

IS1071-specific sequences in treated systems was accompanied by an increase in

the capacity to mineralize the applied pesticides. Both elements were also

encountered in high abundance in field BPS ecosystems that were in operation

at farmyards and that showed the capacity to degrade/mineralize a wide range

of chlorinated aromatics and pesticides. In contrast, IS1071 and especially

IncP-1, MGE were less abundant in field ecosystems without pesticide history

although some of them still showed a high IS1071 abundance. Our data suggest

that MGE-containing organisms were enriched in pesticide-contaminated envi-

ronments like BPS where they might contribute to spreading of catabolic genes

and to pathway assembly.

Introduction

Many synthetic organic compounds, that is organic

xenobiotics, have entered our environment due to

anthropogenic activities. It has been shown that bacteria

can develop novel enzymatic activities and metabolic

pathways that enable them to use such organic xenobiot-

ics as sole source of energy and carbon or as a nutrient

source (van der Meer, 2008). Genes involved in the deg-

radation of organic xenobiotics are often located on

mobile genetic elements (MGEs), such as plasmids and

transposons. These MGEs are considered as crucial agents

in the evolution and adaptation of bacterial communities

by controlling the intra- and interbacterial exchange of

genetic material (Top & Springael, 2003; Heuer & Smalla,

2012). Among the best described plasmids that carry

organic xenobiotic catabolic genes are the IncP-1 plas-

mids. For instance, various IncP-1 plasmids have been

reported that carry catabolic gene clusters for the degra-

dation of pesticides like 2,4-D and atrazine. This is in

contrast with catabolic plasmids belonging to other plas-

mid groups like IncP-2, IncP-7, and IncP-9 plasmids, that

mostly carry genes involved in the degradation of natural

pollutants like hydrocarbons (Top & Springael, 2003;

Nojiri et al., 2004; Dennis, 2005). Plasmids belonging to

the IncP-1 group are large low-copy broad-host range

plasmids that are transferable between and replicate in

most Gram-negative species (Musovic et al., 2006). Five
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different IncP-1 subgroups (a, b, c, d and e) have been

described (Bahl et al., 2009), and recently, a novel sub-

group f has been added (Norberg et al., 2011). Another

MGE that is often reported as carrier of xenobiotic cata-

bolic gene clusters are IS1071 composite transposons

(Top & Springael, 2003; Nojiri et al., 2004; Dennis,

2005). The 3.2-kb-long insertion sequence IS1071 consists

of a transposase (tnpA) gene that is flanked by long

inverted repeats of 110 bp (Nakatsu et al., 1991). Based

on the similarity of the tnpA gene, IS1071 is the only

insertion sequence that is categorized as a class II trans-

poson although it does not contain a resolution function

(Sota et al., 2008). Interestingly, IS1071 elements are often

found on catabolic IncP-1 plasmids where they flank the

catabolic gene clusters forming IS1071 composite transpo-

sons. Schl€uter et al. (2003) reported on a IncP-1 plasmid

that contains a single IS1071 element that is associated

with antibiotic resistance genes instead of a catabolic

function. IS1071 elements have also been identified on

plasmids different from IncP-1 [e.g. pMOL28 (Janssen

et al., 2010) and BYI23_E (Lim et al., 2012)] and on bac-

terial chromosomes (e.g. in Cupriavidus metallidurans

CH34; Janssen et al., 2010) where they are associated with

various gene functions.

Several studies report on the response of bacterial com-

munities to the application of an organic xenobiotic pres-

sure in laboratory experiments and in field experiments.

For instance, the repeated application of pesticides in

agricultural soils can result in an accelerated mineraliza-

tion of the compound. This has been explained by the

growth of organisms with degradative gene functions

and/or the horizontal gene transfer of the responsible

genes within the resident microbial community (Rous-

seaux et al., 2001; Bers et al., 2011b; Sniegowski et al.,

2011). The abundances of specific xenobiotic catabolic

gene functions in polluted environments have been exam-

ined in several studies (Erb & Wagner-D€obler, 1993;

Hallier-Soulier et al., 1996; de Lipthay et al., 2003; Mar-

tin-Laurent et al., 2004; Bers et al., 2012), leading to the

conclusion that increased numbers of xenobiotic catabolic

gene functions can be related to pollution. However, up

to now, there is no report that examined the impact of

an organic xenobiotic pressure on the prevalence of

MGEs.

In this study, the presence of IncP-1 plasmids and

IS1071 was examined in microcosm and field environ-

ments with different pollution backgrounds and organic

xenobiotic degradation capacities. The focus was on pesti-

cide-treated environments such as soil and on-farm

biopurification systems (BPS). BPS are used for the treat-

ment of pesticide-contaminated wastewater at farms. They

operate as a biofilter system in which pesticides are

removed from the wastewater by sorption on and

biodegradation in the filter matrix that consists of soil,

peat, straw, and other agricultural wastes (De Wilde et al.,

2007). BPS receive high loads of pesticides at relatively

high concentrations during a substantial time period of

the year, creating a strong and long-term selective pres-

sure for the evolution and growth of pesticide-degrading

bacteria (Sniegowski et al., 2011). First, the abundance,

diversity, and dynamics of IncP-1 and IS1071 were

assessed in soil and BPS microcosm (BM) systems that

received, or not, a pesticide contamination using PCR,

real-time PCR, and sequence analysis of amplicon clone

libraries. It was hypothesized that MGE abundance would

increase in ecosystems that are treated with pesticides

compared with nontreated systems. In a second part of

the research, the presence, abundance, and diversity of

IncP-1 and IS1071 were determined in field ecosystems

including BPS operating at farm yards and several soils

contaminated with either pristine or contaminated with

nonxenobiotic compounds. The trfA gene was used as a

gene marker for IncP-1 (Bahl et al., 2009) and tnpA for

IS1071 (Providenti et al., 2006).

Materials and methods

Plasmids

Plasmids used in this study are presented in Table 1.

Reference IncP-1 plasmids (representing the different

IncP-1 subgroups a, b, c, d and e) were used as positive

controls for trfA-targeted conventional PCR and Southern

blot hybridization. Plasmid pMS0252 containing a single

IS1071 copy originating from the IncP-1 plasmid pUO1

was used as positive control in tnpA-targeted conven-

tional PCR and Southern blot hybridization, as template

for tnpA probe preparation and for preparing standard

series for tnpA-directed qPCR. The plasmids were propa-

gated in either Escherichia coli at 28 °C or 37 °C in Luri-

a–Bertani broth or Alcaligenes xylosoxidans at 30 °C in

tryptic soy broth media. Fifteen gram per litre agar (Lab

M, UK) was added in case solid media was used, and

Table 1. Plasmids used in this study

Plasmid Host

Relevant

characteristics References

RP4 E. coli ApR; KmR; TcR;

IncP-1a

Datta et al. (1971)

R751 E. coli TmR; IncP-1b Thorsted et al. (1998)

pQKH54 E. coli IncP-1c Haines et al. (2006)

pEST4011 A. xylosoxidans IncP-1d Vedler et al. (2004)

pKJK5 E. coli TcR; IncP-1e Bahl et al. (2007)

pMS0252 E. coli TcR; carries a

cloned IS1071

element

Sota et al. (2006)
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antibiotics were added when appropriate with the follow-

ing concentrations: ampicillin (Ap), 100 mg L�1; tetracy-

cline (Tc), 10 mg L�1; kanamycin (Km), 50 mg L�1
, and

trimethoprim (Tm), 20 mg L�1.

Chemicals

Linuron [3-(3,4-dichlorophenyl)-1-methoxy-1-methyl

urea] (purity, 99.5%), atrazine [2-chloro-4ethylamine-6-

isopropylamino-S-triazine] (99.5%),metamitron [4-amino-

3-methyl-6-phenyl-1,2,4-triazin-5(4H)-one] (99.5%), 2-

chlorobenzoic acid (2-CBA; 98%), 3-chlorobenzoic acid

(3-CBA; > 99%), 4-chlorobenzoic acid (4-CBA; 99%), 2,3-

dichlorobenzoic acid (2,3-DCBA; 97%), 2,4-dichlorobenzoic

acid (2,4-DCBA; 98%), 2,5-dichlorobenzoic acid (2,5-

DCBA; 97%), 2,6-dichlorobenzoic acid (2,6-DCBA; 98%),

3,4-dichlorobenzoic acid (3,4-DCBA; 99%), 3,5-dichloro-

benzoic acid (3,5-DCBA; 97%), 2,3,5-trichlorobenzoic acid

(2,3,5-TCBA; 97%), 3-chloroaniline (3-CA; 99%), 4-dichlo-

roaniline (4-CA; 98%), and 3,4-dichloroaniline (3,4-DCA;

98%) were purchased from Sigma Aldrich (Belgium). 4-

chlorophenol (4-CP; > 99%) was obtained from Avocado

Research chemicals (UK). Radiolabeled pesticides [phenyl-

U-14C] linuron (627 MBq mmol�1, radiochemical purity

> 95%), [phenyl-U-14C] atrazine (1395 MBq mmol�1,

radiochemical purity > 95%), [phenyl-U-14C] metamitron

(522 MBq mmol�1, radiochemical purity > 95%), and

[phenyl-U-14C] isoproturon (445 MBq mmol�1, radio-

chemical purity > 95%) were purchased from Izotop (Hun-

gary).

Environmental samples

Environmental samples used in this study originated from

a soil microcosm (SM) experiment, a BM experiment, sev-

eral BPS operating at farm yards and several soils

(Table 2). The SM experiment has been described before

(Bers et al., 2011b, 2012) and aimed at assessing the role

Table 2. Overview of microcosm and field environments used in this study and their characteristics

Ecosystem Pollutant Characteristics/remarks References

Microcosm set-up

SM-1 – Control SM system irrigated with tap water without linuron Bers et al. (2011b)

SM-2 Linuron Irrigated with a single dose of linuron in tap water Bers et al. (2011b)

SM-3 Linuron Irrigated with multiple doses of linuron in tap water Bers et al. (2011b)

BM-1 – Simulated BPS matrix without pesticide-primed soil and irrigated with tap

water

This study

BM-2 Pesticide mixture Simulated BPS matrix without pesticide-primed soil and irrigated with a

mixture of linuron, isoproturon, metamitron, and atrazine in tap water

This study

BM-3 – Simulated BPS matrix containing a mixture of pesticide-primed soils

irrigated with tap water without pesticides

This study

BM-4 Pesticide mixture Simulated BPS matrix containing a mixture of pesticide-primed soils and

irrigated with a mixture of linuron, isoproturon, metamitron, and

atrazine in tap water

This study

Field BPS

Pristine BPS – Simulated BPS matrix mixture consisting of straw (27.5 vol%), peat

(38.5 vol%), coconut husk (27.5 vol%), manure (5.5 vol%)

This study

BPS Leefdaal Pesticide mixture On-farm BPS, continuously treated with a mixture of pesticides in

operation at farm in Leefdaal (Belgium)

This study

BPS Pcfruit L Pesticide mixture On-farm BPS, continuously treated with a mixture of pesticides in

operation at farm in St.-Truiden (Belgium)

This study

BPS Pcfruit R Pesticide mixture On-farm BPS, continuously treated with a mixture of pesticides in

operation at farm in St.-Truiden (Belgium)

This study

BPS Lierde Pesticide mixture On-farm BPS, continuously treated with a mixture of pesticides in

operation at farm in Lierde (Belgium)

This study

BPS Kortrijk Pesticide mixture On-farm BPS, continuously treated with a mixture of pesticides in

operation at farm in Kortrijk (Belgium)

This study

BPS Koksijde Pesticide mixture On-farm BPS, continuously treated with a mixture of pesticides in

operation at farm in Koksijde (Belgium)

This study

Field soils

WL – Pristine woodland soil (Saint-Michel-des-Saints, Canada) This study

Zeveren-1 – Soil with background Zn concentration of 52 mg kg�1 zinc, 30 m from

electricity transmission pylon (Zeveren, Belgium)

Mertens et al. (2006)

Zeveren-2 Zn Soil near electricity transmission pylon and contaminated with

1233 mg kg�1 zinc (Zeveren, Belgium)

Mertens et al. (2006)
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of Variovorax in linuron mineralization in agricultural

soil. Briefly, SMs consisted of small glass columns filled

with soil originating from a field with a history of linuron

treatment designated as soil L. The experiment included

three different set-ups in which soil L in the SMs was dif-

ferently treated, that is, (1) a discontinuous irrigation with

sterile tap water; (2) a single dose of 1 mL of sterile tap

water containing 50 mg L�1 linuron at the start of the

incubation period; and (3) a discontinuous irrigation with

sterile tap water containing 50 mg L�1 linuron. During

treatment, the SMs were incubated at 25 °C. Each set-up

included three replicate SMs. The samples used in this

study for analysis of IncP-1 and IS1071 content were taken

after 3 weeks of incubation. At that time point clear dif-

ferences were observed in Variovorax community and

linuron mineralization capacities between the SM set-ups

with and without linuron treatment (Bers et al., 2011b).

The BM experiment was performed in a way similar to

the BM experiment reported by Sniegowski et al. (2011).

BMs consisted of the same glass columns used in the SM

experiment, but were filled with either a mixture of 27.5

vol% cut straw, 38.5 vol% peat, 27.5 vol% coconut husk

chips, and 5.5 vol% cow manure (set-ups without pesti-

cide-primed soil) or a mixture of 25 vol% cut straw,

35 vol% peat, 25 vol% coconut husk chips, 5 vol% cow

manure, and 10 vol% of a mixture of pesticide-primed

soils (set-up with pesticide-primed soil). The soil mixture

consisted of different soils that had been treated with the

pesticides that were used for irrigating the BMs in the pes-

ticide-treated set-ups (see below) and that contained cor-

responding pesticide-degrading bacterial populations.

Triplicates of the two BM set-ups were treated with either

sterile tap water or sterile tap water supplemented with

50 mg L�1 linuron, 50 mg L�1 isoproturon, 50 mg L�1

metamitron, and 30 mg L�1 atrazine. After 12 weeks of

incubation at 25 °C, 200 mg samples of the BM matrix

were taken to determine pesticide mineralization capaci-

ties (see below) and 400 mg to extract DNA and deter-

mine the prevalence of IncP-1 and IS1071.

On-farm BPS matrix samples were taken from six different

systems in operation at different farms situated at different

locations in Belgium. From each BPS, fresh samples on

the top layer of the matrix (0–10 cm) were collected from

three different positions in the system and stored at 4 °C
in the dark. Soil samples originated from a pristine

Canadian woodland and from a meadow in Zeveren in

Belgium. At the latter location, two samples were exam-

ined, that is, one taken in the direct neighborhood of a

galvanized electricity transmission pylon and contami-

nated with corroded zinc at 1233 mg kg�1 and one at

30 m distance from the pylon containing background zinc

concentrations (52 mg kg�1) as described (Mertens et al.,

2006).

Total community DNA extraction

Extraction of total community DNA from soil samples

taken in the SM experiment and from environmental eco-

system samples was performed using the E.Z.N.A.� Soil

DNA kit (Omega Bio-Tek), as described by the manufac-

turer. Total DNA from samples taken in the BM experi-

ment was extracted, as described by Uyttebroek et al.

(2006).

Conventional end-point PCR detection and

Southern blot hybridization

A 281-bp fragment of the IncP-1 backbone gene trfA was

amplified from environmental DNA using the primer

mixture described by Bahl et al. (2009). This primer mix-

ture consists of three forward and three reverse primers

that together amplify the trfA genes of the five IncP-1

plasmid subgroups (a, b, c, d, and e). Reactions were

performed in a total volume of 25 lL containing 0.625 U

TrueStart Taq DNA polymerase and 1X buffer (Fermentas,

Germany), 200 lM of each dNTP, 2.5 mM MgCl2,

0.1 mg mL�1 bovine serum albumin (BSA), 0.6 lM of

each primer, and 1 lL of template DNA. PCR consisted

of an initial denaturation step of 5 min at 94 °C followed

by 35 cycles of 30 s at 94 °C, 20 s at 60 °C, and 20 s at

72 °C and a final elongation step of 5 min at 72 °C. PCR
amplification of a 179-bp tnpA fragment of IS1071 was

performed using primers tnpA-F and tnpA-R, described

by Providenti et al. (2006). The reactions were performed

in a total volume of 25 lL containing 0.625 U Taq DNA

polymerase and 1X PCR buffer (Qiagen, Belgium),

200 lM of each dNTP, 0.1 mg mL�1 BSA, 0.1 lM of each

primer, and 1 lL of template DNA. The PCR started with

a denaturation step of 15 min at 95 °C, followed by

35 cycles of 20 s at 94 °C, 20 s at 62 °C, and 20 s at

72 °C and ended with an elongation step of 2 min at

72 °C. PCR products were separated by agarose gel

electrophoresis (1.2–2%) in Tris-acetate/EDTA buffer

and visualized using ethidium bromide. Afterward, the

products were blotted onto Hybond-N+ membranes

(Amersham) by capillary transfer using 20X SSC buffer

(0.3 M sodium citrate, 3 M NaCl, pH 7.0) during 16 h

(Sambrook & Russell, 2001). The PCR fragments were

fixed to the membrane by 2-h incubation at 80 °C and

hybridized with appropriate probes for identity confirma-

tion. Digoxigenin (DIG)-labeled hybridization probes were

generated from the appropriate reference plasmids

(Table 1) by means of PCR using the DIG-PCR labeling

kit (Roche Applied Science, Germany), and the primer

pairs and reaction conditions reported above except that

DIG-labeled nucleotides (Roche Applied Science) were

used. For verifying the identity of IncP-1 amplicons by
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DNA–DNA hybridization, a mixture of trfA probes target-

ing the five IncP-1 subgroups (a, b, c, d, and e) were

used. For each of the subgroups, trfA-labeled amplicons

were first generated separately and mixed afterward.

Hybridizations were performed in middle stringent

hybridization buffer (5X SSC, 20% formamide, 2% block-

ing agent, 0.1% sodium lauroylsarcosine, and 0.02% SDS).

The membranes were washed twice in low-stringent solu-

tion (2X SSC, 0.1% SDS; 5 min, room temperature) and

twice in high-stringent solution (0.1X SSC, 0.1% SDS;

15 min, 68 °C), before chemiluminescent detection with

CPD-star (Roche Applied Science), according the manu-

facturer’s recommendations.

Cloning and sequencing of PCR amplicons

PCR amplification products of the 281-bp IncP-1 trfA

and 179-bp tnpA fragments were cloned into pCR2.1

TOPO� vector using the TOPO TA Cloning kit (Invitro-

gen) and transformed into E. coli TransforMaxTMEC100TM

cells (Epicentre) using a MicroPulserTM from Biorad.

Randomly chosen clones were sequenced with the Big-

DyeTM Terminator Cycle Sequencing Kit (Applied Biosys-

tems) using the universal M13 primers in accordance

with the manufacturer’s recommendations. The sequences

were analyzed for nucleotide homology to available

sequences in the nonredundant NCBI database using

BLASTN (Altschul et al., 1997; Zhang et al., 2000).

Real-time PCR

Quantification of bacterial 16S rRNA gene abundance was

performed according to the SYBRgreen real-time PCR

approach, as described by Haest et al. (2011). Taqman

real-time PCR was used to determine the copy number of

IS1071 based on the tnpA gene. To quantify IS1071,

the tnpA-specific primer set was used as described by

Providenti et al. (2006), and a dual-labeled Taqman

probe, tp_tnpA (5′-FAM-TCTTGAAGCCTTTGCTGG

CCAGAGTA-TAMRA-3′), was designed. The reaction was

performed in a Rotor-Gene centrifugal real-time cycler

(Corbett Research, Australia) in a total reaction volume of

25 lL containing 1.25-U TrueStart Taq DNA polymerase

and 1X buffer (Fermentas), 200 lM of each dNTP,

2.5 mM MgCl2, 0.1 mg mL�1 BSA, 0.3 lM of each

primer, and 0.15-lM probe tp_tnpA. The real-time PCR

consisted of an initially denaturation step of 10 min at

95 °C followed by 45 cycles of 15 s at 95 °C and 60 s at

60 °C with detection of the fluorescence signal after each

cycle. The detection limit of the method is 1000 tnpA cop-

ies per lL template DNA. The abundance of tnpA relative

to the 16S rRNA gene copy number was calculated, and

values were expressed as relative tnpA abundances.

Measured absolute copy numbers of the 16S rRNA gene

per gram soil in microcosm and field ecosystems are pre-

sented in Supporting Information, Table S1. Significant

differences in relative abundances between samples were

examined by analysis of variance (ANOVA; P < 0.05).

Pesticide mineralization assays

14C-pesticide mineralization assays were performed in

triplicate to determine pesticide mineralization capacities,

as described by Sniegowski et al. (2011). The assay was

performed in 15-mL Pyrex tubes by suspending 200 mg

(wet weight) of environmental sample in 5 mL of

minimal medium MMO adjusted to pH 5.8 (prepared as

described by Dejonghe et al., 2003) containing 20 mg L�1

of unlabeled pesticide and 14C-labeled pesticide with a

final radioactivity of 238 Bq mL�1, corresponding to 94,5

mg mL�1 14C-linuron (2.52 MBq mg�1), 36.8 mg mL�1

14C-atrazine (6.46 MBq mg�1), 92.2 mg mL�1 14C-meta-

mitron (2.58 MBq mg�1), or 0.11 mg mL 14C-isoprotu-

ron (2.16 MBq mg�1). The Pyrex tubes were closed with

Teflon-lined stoppers, equipped with alkaline CO2 traps

and incubated at 20 °C in the dark on a rotary shaker

(125 r.p.m.). At regular intervals, the CO2 traps were

sampled and replenished with fresh NaOH solution

(0.5 M). Radioactivity in the NaOH samples was mea-

sured in a liquid scintillation counter (Tri-Carb 2800TR;

Perkin Elmer), as described by Breugelmans et al. (2007).

The percentage of produced 14CO2 of the initial added

amount of 14C-pesticide was calculated to establish cumu-

lative mineralization curves, from which lag phase, miner-

alization extent, and maximal mineralization rate were

calculated, as described by Sniegowski et al. (2009).

Significance of differences between pesticide-treated and

pesticide-untreated samples was analyzed using ANOVA

(P < 0.05).

Batch chloroaromatic degradation assays

Batch chloroaromatic degradation assays were performed

in triplicate in 15-mL reaction tubes by suspending

200 mg (wet weight) of sample in 5 mL of minimal

media MMO (pH 7.0) that contained a mixture of

chloroaromatic compounds. Three different mixtures

were used. Mixture 1 consisted of 20 mg L�1 2-CBA,

20 mg L�1 4-CBA, 20 mg L�1 2,4-DCBA, 30 mg L�1

4-CA, and 30 mg L�1 3,4-DCA. Mixture 2 consisted

of 20 mg L�1 3-CBA, 20 mg L�1 2,6-DCBA, 20 mg L�1

4-CP, and 20 mg L�1 2,3,5-TCBA; and mixture 3 con-

sisted of 20 mg L�1 2,3-DCBA, 20 mg L�1 2,5-DCBA, 20

mg L�1 3,4-DCBA, 20 mg L�1 3,5-DCBA, and 30 mg

L�1 of 3-CA. Abiotic controls that contained sterilized

soil that had been autoclaved three times were included.
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The reaction tubes were incubated on a horizontal shaker

(125 r.p.m.) at 20 °C in the dark. After 8 weeks of incuba-

tion, samples of 700 lL were taken and centrifuged at

20 000 g for 5 min. The supernatants were analyzed by

reverse-phase high-performance liquid chromatography

(HPLC, LaChrom; Merck Hitachi) equipped with a

250-mm-long Alltima HP C18 silica column (Grace, Bel-

gium) using a 40/60 mobile phase consisting of CH3CN/

H3PO4 buffer (pH 2.5) at a flow rate of 0.8 mL min�1.

The individual compounds were identified and quantified

based on retention times and peak areas derived from cor-

responding standard mixtures with known compound con-

centrations. For each sample and each compound, the ratio

of the concentration in the biotic system and abiotic con-

trol system was calculated. To signify differences between

the biotic system and abiotic control system, ANOVAs

(P < 0.05) were performed.

Accession numbers

The sequences of cloned trfA amplicons were deposited in

the GenBank under accession numbers KC285547–
KC285585 and KC295449.

Results

Presence and abundance of IncP-1 and IS1071

in pesticide-treated microcosm experiments

The presence of trfA and tnpA, as genetic markers for

IncP-1 and IS1071, respectively, was examined by means

of trfA- and tnpA-specific PCR on DNA extracted from

the SM and BM set-ups that were either pesticide treated

or not. The identity of the amplicons was checked after-

wards by DNA–DNA hybridization using PCR-labeled

gene probes generated from appropriate reference plas-

mids (Table 1), as explained in the Materials and meth-

ods section. As shown in Fig. 1, trfA amplicons were

observed in all SM set-ups, but the intensities of the

signals were clearly higher for the pesticide-treated SMs

(in set-ups SM-2 and SM-3) compared with the nontreat-

ed SMs (set-up SM-1), indicating a higher abundance of

IncP-1 in pesticide-treated SM systems compared with

nontreated SM systems. Hybridization with the mixture

of trfA probes confirmed the identity of the amplicons

(Fig. 1). PCR targeting the tnpA gene clearly showed the

presence of IS1071 in two of the replica microcosms of

set-up SM-3 that received multiple doses of linuron

(Fig. 2). Hybridization using tnpA as a probe confirmed

the identity of the amplicons as IS1071, but also revealed

the presence of IS1071 in the third SM-3 replica micro-

cosm as well as in the single-dose linuron-treated micro-

cosms of set-up SM-2 (Fig. 2). tnpA-based real-time PCR

confirmed these results (Fig. 3). In the microcosms with-

out pesticide treatment (set-up SM-1), tnpA relative

abundances were below the detection limit of 1000 tnpA

copies per ll template DNA. SMs that received a single

dose of linuron showed a 4.2-fold higher average rela-

tive tnpA abundance (8.24E-04 � 1.88E-05 tnpA rrn�1)

excluding the one sample which was below the detection

limit, while SMs amended with multiple doses showed a

38-fold higher value (value of 3.14E-02 � 2.45E-02

tnpA rrn�1).

Results obtained in the BM experiment were similar to

those obtained in the SM experiment. trfA amplicons

were recovered from all set-ups (Fig. 1) except from the

BM systems without pesticide-primed soil and treated

with tap water (BM-1). The intensities of the trfA PCR

products were clearly increased in the pesticide-treated

systems (BM-2 and BM-4) compared with the nontreated

systems (BM-1 and BM-3). The intensity of PCR signals

were similar in pesticide-treated BM set-ups containing

pesticide-primed soil (BM-4) and those without primed

soil (BM-2), except for one replicate of set-up BM-2 that

showed a lower intensity. Hybridization with trfA probes

confirmed the identity of the trfA PCR products and

demonstrated that IncP-1 plasmids are also present in the

three replicas of the set-up without pesticide-primed soil

and treated only with water (BM-1; Fig. 1). From the set-

ups BM-3 and BM-4 containing pesticide-primed soils,

10 cloned trfA PCR products of each set-up were

sequenced and revealed that the IncP-1 d subgroup was

predominantly present (98–99% nucleotide identity) in

both BM set-ups with and without pesticide treatment.

Only one clone originating from the set-up treated with

pesticides (BM-4) showed a higher identity to trfA of

another IncP-1 plasmid group, that is, the IncP-1b sub-

group (100% identity). Pesticide-treated microcosms

(BM-2 and BM-4) showed also more intense tnpA ampli-

con PCR signals compared with nontreated systems (BM-1

and BM-3) although one BM-2 sample showed only a

weak signal (Fig. 2). tnpA PCR signals obtained from the

pesticide-treated set-ups showed, however, higher inten-

sities for the set-up containing pesticide-primed soils (BM-

4) compared with the set-up without primed materials

(BM-2). DNA–DNA hybridization with the tnpA probe

confirmed the identity of the tnpA amplicons, but also

revealed weak tnpA signals and hence low IS1071 abun-

dances in microcosms of the nontreated BM-3 set-up con-

taining pesticide-primed soil (Fig. 2). The tnpA PCR

products recovered from the pesticide-treated set-up BM-4

were cloned and sequenced. The sequences showed

99–100% nucleotide identity to IS1071 sequences reported

in the NCBI nonredundant database (data not shown).

Real-time PCR confirmed the tnpA PCR results (Fig. 3).

High average relative tnpA abundances were found for the
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pesticide-treated BMs set-ups whether they contained pes-

ticide-primed soil (BM-4) or not (BM-2), that is, 3.14E-

02 � 2.45E-02 tnpA rrn�1 and 3.26E-02 � 2.94E-02 tnpA

rrn�1, respectively. In the pesticide-treated BM-2 sample

for which only a weak tnpA signal was observed by con-

ventional PCR and hybridization, the tnpA copy number

as determined by qPCR was below the detection limit. In

the nontreated microcosms without pesticide-primed soil

(set-up BM-1), tnpA copy numbers were below the detec-

tion limit while a low average relative abundance of 2.80E-

04 � 3.46E-04 tnpA rrn�1 was recorded in nontreated

microcosms containing pesticide-primed soil (BM-3),

which was about 700-times lower than the number

recorded in the corresponding pesticide-treated system

(BM-4). ANOVA on the SM and BM samples showed that

there was a significant difference (P = 0.032) between the

Fig. 1. Detection of IncP-1 plasmids in total community DNA derived from microcosm and field ecosystems by PCR and Southern blot

hybridizations targeting the trfA gene. The three or two lanes below each indicated ecosystem represent the three or two replicates. Exposure

time to X-ray film after hybridization was 15 min. for the SM and BM ecosystems. For the field BPS ecosystems, the exposure time was 4 min.

For the Canadian woodland (WL) and the low (Zeveren-1) and high (Zeveren-2) zinc-contaminated Zeveren soils, an exposure time of 15 min was

used. RP4, R751, pQKH54, pEST4011, and pKJK5 were used as positive controls representing the five IncP-1 subgroups.
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average relative tnpA abundance in the pesticide-treated

BM set-ups and this in the nontreated BM set-ups.

To associate MGE abundance with pesticide degrada-

tion capacity in the microcosm set-ups, samples were

taken from the microcosms to assess their pesticide min-

eralization potential before and after incubation. The data

on the dynamics of linuron mineralization capacity in the

SM experiment was reported before and showed a

decreased lag time in the linuron-treated set-ups com-

pared with the set-ups that only received tap water, sug-

gesting an increase in linuron mineralization capacity

upon linuron treatment (Bers et al., 2011b). At the start

of the BM experiment, only the BM systems containing

pesticide-primed materials (BM-3 and BM-4), showed the

capacity to mineralize linuron, metamitron, atrazine, and

isoproturon but with relatively long lag times of, respec-

tively, 18.64 � 2.07, 26.16 � 3.98, 44.36 � 16.71,

51.97 � 18.55 days (Table 3). The set-ups without pesti-

cide-primed soil (BM-1 and BM-2) did not show any ini-

tial mineralization capacity. After 12 weeks of pesticide

treatment, increased mineralization capacities were

observed in both pesticide-treated systems (BM-2 and

BM-4) for linuron and metamitron, with lag times that

were significantly shorter than those recorded initially,

that is, the lag time for linuron mineralization was

reduced to 0.40 � 0.19 and 0.17 � 0.16 days for set-up

BM-4 and set-up BM-2, respectively, and for metamitron

mineralization to 2.84 � 0.02 and 0.65 � 0.03 days,

respectively (Table 3). In contrast, BM microcosms con-

taining pesticide-primed soil treated with only tap water

(BM-3) showed only a slight improvement of mineraliza-

tion capacity with lag times of 13.3 � 1.99 days for linu-

ron mineralization and 13.99 � 3.15 days for metamitron

mineralization. No improvement of the pesticide mineral-

Fig. 2. Detection of IS1071 elements in total community DNA of microcosm and field ecosystems by PCR and Southern blot hybridizations

targeting the tnpA gene. The three or two lanes below each indicated ecosystem represent the three or two replicates. Exposure time to X-ray

film after hybridization was 10 min. for the SM and BM ecosystems. For the field BPS ecosystems, the exposure time was 2 min. For the

Canadian woodland (WL) and the low (Zeveren-1) and high (Zeveren-2) zinc-contaminated Zeveren soils, an exposure time of 2 min was used.

pMS0252 containing IS1071 was used as a positive control.
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ization capacity was recorded in the control BM set-up

without pesticide-primed materials (Table 3). For atrazine

and isoproturon, an increase in mineralization capacity

compared with the initial mineralization capacity was

only recorded for the BMs with pesticide-primed soil

(BM-4), with respective lag times of 0.86 � 0.20 and

22.5 � 4.40 days (Table 3).

Prevalence of IncP-1 and IS1071 in

environmental ecosystems with different

pollution history

Conventional PCR suggested that almost all samples

taken from the six BPS in operation at farms contained

high numbers of IncP-1 and IS1071 because trfA and

tnpA conventional PCR signals were for all samples very

strong (Figs 1 and 2). In the investigated soils, no (Cana-

dian woodland soil) or week aspecific (both Zeveren

soils) tfrA signals (Fig. 1), but highly intense tnpA signals

(all soils; Fig. 2) were recorded. Hybridization confirmed

in all cases the identity of the amplicons as either trfA or

tnpA. In the case of the Zeveren soils, the aspecific trfA

PCR products did not hybridize. The trfA PCR products

recovered from BPS Leefdaal and BPS Kortrijk and tnpA

amplicons recovered from BPS Leefdaal, BPS Kortrijk,

Zeveren–1, and the Canadian woodland soil were cloned

and sequenced. All 10 cloned trfA amplicons recovered

from BPS Leefdaal and 8 of the 10 trfA amplicons recov-

ered from BPS Kortrijk showed highest nucleotide iden-

tity to trfA of IncP-1e plasmid pKJK5 (> 97.9%). The

other two cloned trfA amplicons of BPS Kortrijk showed

the highest identity with trfA of the IncP-1b subgroup

(> 91.5%). Cloned tnpA amplicons showed high identity

with tnpA of IS1071 of plasmid pUO1 with identities of

more than > 99.4% for BPS Leefdaal amplicons, more

than 97.8% for BPS Kortrijk amplicons, more than 97.8%

Fig. 3. Abundances of IS1071 transposase

gene tnpA relative to the 16S RNA gene copy

number (rrn) in the BM and SM microcosm

with and without pesticide treatment. The

dark gray bars represent the average values

with their standard deviation calculated from

samples that gave values above the detection

limit, while the light gray bars are the relative

tnpA rrn�1 for each of the individual samples.

All microcosms were operated in triplicate,

except BM-4 that was only performed in

twofold. NQ: no quantification (below the

detection limit).

Table 3. Overview of the lag times in pesticide mineralization in the BM experiment at the start of the experiment (W0) and after 12 weeks

(W12) of treatment with and without pesticides. Different BPS matrix compositions and treatments were used. Set-ups BM-1 en BM-2 included

BMs in which the matrix was composed entirely of nonpesticide-contaminated materials. Set-ups BM-3 and BM-4 included BMs in which the

matrix contained pesticide-primed soils. BMs of set-up BM-1 and BM-3 were treated with sterile tap water without pesticides, while BMs of set-

up BM-2 and BM-4 received tap water containing a mixture of linuron, metamitron, atrazine, and isoproturon on a regular base. All values are

average values calculated from three replicates (n = 3) with indicated standard deviations. A (�) sign indicates that no mineralization was

observed during the assay

14C-pesticide mineralization lag times (days)

Linuron Metamitron Atrazine Isoproturon

W0 W12 W0 W12 W0 W12 W0 W12

BM-1 – – – – – – – –

BM-2 – 0.17 � 0.16 – 0.65 � 0.03 – – – –

BM-3 18.64 � 2.07 13.3 � 1.99 26.16 � 3.98 13.99 � 3.15 44.36 � 16.71 42.56 � 2.49 51.97 � 18.55 –

BM-4 18.64 � 2.07 0.40 � 0.19 26.16 � 3.98 2.84 � 0.02 44.36 � 16.71 0.86 � 0.20 51.97 � 18.55 22.5 � 4.40
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for the Canadian woodland amplicons, and more than

98.9% for the zinc-polluted Zeveren amplicons (data not

shown). Real-time PCR data on tnpA abundance con-

firmed the tnpA-targeted conventional PCR data (Fig. 4).

All samples from all six BPS showed relative IS1071 tnpA

abundances which were higher than those observed in the

pesticide-treated BM microcosm studies (> 1E-02 tnpA

rrn�1). As suggested by the conventional PCR results,

tnpA and hence IS1071 relative abundances were also

quite high in the soil samples and similar to those

recorded in various BPS samples, that is, 2.46E-02

tnpA rrn�1 in the Canadian woodland soil sample, 2.52E-

02 tnpA rrn�1 in the zinc-polluted Zeveren soil and

1.05E-02 tnpA rrn�1 in the noncontaminated Zeveren

soil. Nevertheless, BPS samples, originating from BPS

Leefdaal (4.45E-01 � 2.05E-01 tnpA rrn�1), BPS Pcfruit

L (2.49E-01 � 3.51E-01 tnpA rrn�1), and BPS Pcfruit

R (1.01E-01 � 3.91E-04 tnpA rrn�1) showed 10-fold

higher tnpA average relative abundances than the soils. In

some of the BPS, high variances in abundances were

obtained for samples taken from different locations in the

same BPS.

To examine whether the observed high abundances of

IncP-1 and IS1071 biomarkers could be related to organic

xenobiotic biodegradation activities, organic xenobiotic

degradation activity screens were performed for the BPS

samples, the woodland and the zinc-polluted Zeveren soil

and a so-called pristine BPS matrix that was composed of

fresh materials that are commonly used in BPS. The

activity screens included mineralization of three different
14C-radiolabeled pesticides that are commonly applied in

agriculture and degradation of 14 different chlorinated

aromatic compounds including chlorinated phenols, chlo-

rinated anilines, and chlorinated benzoic acids.

Metamitron was efficiently mineralized in samples

taken from most of the systems except in the pristine

BPS sample and the Canadian woodland sample (Fig. 5a).

Most systems showed a very short lag time of around

2.7 days. The highest extent of metamitron mineraliza-

tion (56.43 � 1.06%) and the fastest mineralization rate

(8.73 � 0.48% day�1) was recorded with samples taken

from BPS Kortrijk (Table 4). Linuron mineralization

was observed with all samples of the tested BPS ecosys-

tems except with the three samples of BPS Leefdaal and

one sample of BPS Lierde (Fig. 5b). Linuron mineraliza-

tion lag times were very different for the different BPS

and ranged between 2.45 � 0.10 days for BPS Kortrijk

and 16.89 � 8.11 days for BPS Koksijde (Table 4).

Because of the high spatial differences in atrazine miner-

alization, only the individual samples are presented in

Fig. 5c. Mineralization of atrazine was observed with all

samples of BPS Kortrijk, one sample of BPS Leefdaal

and to a lesser extent with one sample of BPS Lierde

(Table 4).

Fig. 4. Abundances of IS1071 transposase gene tnpA relative to the 16S RNA gene copy number (rrn) in different on field BPS in operation and

in field soils. The dark gray bars represent the average values with their standard deviation, while the light gray bars are the relative tnpA rrn�1

for each of the individual samples. From the Zeveren soils and the Canadian woodland soil, only one sample was analyzed.
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(a)

(b)

(c)

Fig. 5. Pesticide mineralization kinetics recorded with samples taken from the field ecosystems. Cumulative 14CO2 production curves are

presented for mineralization of either 14C-labeled metamitron (a), linuron (b), or atrazine (c). Data in (a) and (b) are average values from values

recorded for three replicate samples with the corresponding standard deviation. In one sample of BPS Lierde, no linuron mineralization was

observed, and therefore, this sample was excluded from the graph. For atrazine, a high variation in mineralization capacity was recorded, and

therefore, only the graphs recorded with the individual samples are shown in (c).
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Residual chloroaromatic concentrations (in %)

recorded in the chloroaromatic degradation assays after

8 weeks incubation are presented in Table 5. The chlori-

nated benzoic acids, 2,3-DCBA and 2,6-DCBA did not

show degradation in any of the tested samples, while

3-CBA was degraded in all samples. 2-CBA, 4-CBA, 2,

4-DCBA, and 3,5-DCBA were degraded in most of the

BPS environments. 3,4-DCBA was degraded only in BPS

Leefdaal and BPS Koksijde and 2,5-DCBA only in BPS

Kortrijk, BPS Pcfruit L, and BPS Koksijde. The latter two

BPS did only show a slight degradation (< 20% relative

to the abiotic control) of 2,5-DCBA, while in BPS

Kortrijk, two samples showed complete degradation of

2,5-DCBA. Only in BPS Koksijde, some removal of 2,3,

5-TCBA was seen, although compared with the abiotic

control still more than 95% was present after 8 weeks.

The soils showed considerable less chloroaromatic degra-

dation capacities. The zinc-polluted Zeveren soil showed

removal of 4-CBA, 3,5-DCBA, and 3,4-DCBA. Neither

the Canadian woodland soil nor the pristine BPS showed

degradation of chlorobenzoic acids besides 3-CBA. The

chlorinated phenol, 4-CP, was degraded in all ecosystems,

but the Canadian woodland soil still contained more than

50% of the compound after the 8 weeks of incubation.

Degradation of the chlorinated anilines, 3-CA, 4-CA, and

3,4-DCA, was only observed in the BPS environments

except for 4-CA whose degradation was also recorded in

the zinc-polluted Zeveren soil.

Discussion

This study is the first report that examines the relation-

ship between the presence/abundance of MGE, organic

xenobiotic pollution, and xenobiotic degradation capacity.

Focus was on IS1071 and IncP-1 plasmids that have been

often reported as MGEs associated with bacterial organic

xenobiotic-degradative gene functions and on pesticide-

polluted environments. The controlled SM and BM exper-

iments showed that both IncP-1 plasmids and IS1071

increased in abundance as a response to pesticide pollu-

tion, while the environmental systems with anthropogenic

pesticide pollution display abundances that are similar or

even higher than those recorded in the controlled experi-

ments. Relative abundances of IS1071, as quantified by

qPCR, were on average at least 38–700-fold higher in SM

and BM set-ups exposed to multiple doses of pesticides

compared with set-ups that were not exposed to pesti-

cides. This difference cannot be explained by differences

in bacterial community composition due to pesticide

application and therefore possible differences in numbers

of 16S rRNA gene copies per cell, because 16S rRNA gene

copy numbers vary only between 1 and 15. (Lee et al.,

2009). Moreover, we have shown previously that exposureT
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to linuron had no impact on overall bacterial community

structure in BM (Sniegowski et al., 2011). Also in the BM

experiment reported in the current study, no differences

in bacterial community structure were observed between

microcosms exposed and nonexposed to pesticides (data

not shown). Similarly, addition of linuron had no effect

on overall bacterial community structure, neither when

added as a single dose nor as multiple doses in the SM

experiment (Bers et al., 2011b), suggesting that also in the

single-dose SM system (SM-2) changes in relative tnpA

abundance cannot be explained by changes in community

structure. Copy numbers of IncP-1 plasmids were not

measured since at the time of experimentation, no

method was available that allowed to detect all IncP-1

groups. Recently, Jechalke et al. (2013) reported a real-

time PCR method for quantification of IncP-1 plasmids

based on the korB gene that is conserved among all IncP-1

plasmid groups. The method was applied on samples

taken from BPS Kortrijk and showed relative korB num-

bers of 2E-03 rrn�1
, which is lower than the values found

for IS1071 but which still indicates a high abundance of

IncP-1 in the microbial community (Heuer et al., 2012).

The observations suggest that IncP-1- and IS1071-bearing

bacteria proliferated as a response to pesticide exposure

and emphasize on the ecological role of those MGE. The

data are reminiscent to data reported by Heuer et al.

(2012) who demonstrated that in agriculture soils, a posi-

tive correlation exists between antibiotic exposure and the

presence of IncP-1e plasmids. As for xenobiotic-

degradative gene functions, antibiotic resistance genes, and

their distribution between different bacteria have been

often associated with IncP-1 plasmids (Schl€uter et al.,

2007). On the other hand, we cannot conclude whether

the observed increased abundance of IncP-1 and IS1071

specific sequences is related to bacterial proliferation or

actual gene transfer.

In both SM and BM set-ups, the increased abundance

of IncP-1 plasmids and IS1071 elements corresponded

with an increased capacity to mineralize pesticides insinu-

ating a relationship between number of IS1071/IncP-

1-bearing organisms and pesticide mineralizing individu-

als. In the SM experiment, a correlation existed between

the linuron mineralization capacity and the copy number

of libA that encodes the first step in linuron degradation

in bacteria of the genus Variovorax (Bers et al., 2012). A

similar correlation (R2 = 0.84) exists between tnpA num-

bers and libA numbers (Fig. 6). This correlation suggests

that IS1071 composite transposons might carry catabolic

functions for linuron degradation in the SM microcosm

systems but does not necessarily imply that the libA mar-

ker is associated with IS1071. In the genome of the linu-

ron degrading Variovorax sp. SRS16 in which libA was

identified, no direct linkage was found between libA andT
a
b
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IS1071 (Bers et al., 2011a). In contrast, the gene cluster

for degradation of 3,4-DCA, the prime metabolite of linu-

ron hydrolysis, is bordered by IS1071 elements in strain

SRS16 (Bers et al., 2011a). Similarly, other 3,4-DCA cata-

bolic gene clusters encoded by the IncP-1 plasmids

pWDL7 and pNB8c are flanked by IS1071 elements (Król

et al., 2012). In the BM experiment, especially the miner-

alization capacity for atrazine, metamitron, and linuron

were improved upon pesticide exposure. The genes for

bacterial isoproturon and metamitron degradation are

currently unknown, but atrazine catabolic gene clusters

have been identified that are flanked by IS1071 elements

on IncP-1 plasmids (Martinez et al., 2001). Devers et al.

(2008) reported on the importance of insertion sequences

in the adaptation of bacteria to degrade atrazine. Simi-

larly, the high abundances of IncP-1- and IS1071-specific

sequences in the BPS in operation were clearly accompa-

nied with the capacities to mineralize various pesticides

including linuron and atrazine for which the pristine BPS

and the tested pristine soils did not show mineralization.

Moreover, a wider range of chloroaromatic compounds

were degraded by the BPS samples compared with the

range degraded by microbial communities in pristine BPS

and in the soils tested. Indeed, 57–71% of the tested com-

pounds were degraded in the BPS, while 14% in the pris-

tine BPS. For the tested soils, 14% of the compounds

were degraded in the woodland soil and 43% in the zinc-

polluted Zeveren soil. Genes involved in degradation of

choroaromatic compounds like 2-CBA, 3-CBA, 4-CBA,

2,5-DCBA, 3,4-DCBA, 3-CA, 3,4-DCBA, and 4-CP have

been previously coupled with IncP-1 plasmids and/or

IS1071 elements in various chloroaromatic-degrading bac-

teria (Springael et al., 1993; Nakatsu et al., 1995; Di Gioia

et al., 1998; Ledger et al., 2006; Jencova et al., 2008; Kr�ol

et al., 2012).

IncP-1e and IncP-1b appeared to be the dominating

IncP-1 subgroups in the on-farm BPS in operation. In the

BM microcosms, especially IncP-1 plasmids of the IncP-1d
subgroup appeared to be dominant although also ampli-

cons associated with IncP-1b plasmids were recovered.

IncP-1b subgroup plasmids have been the most frequently

reported IncP-1 plasmids associated with organic xeno-

biotic degradation (Dennis, 2005). IncP-1e plasmids have

been especially regarded as carriers of antibiotic resistance

genes (Heuer et al., 2012), but recent data showed the

occurrence of IncP-1e that carry genes for 2,4-

dichlorophenoxyacetic acid degradation (Sen et al., 2011).

Other IncP-1 plasmids that contain 2,4-dichlorophenoxy-

acetic acid catabolic gene clusters are IncP-1d plasmids like

pEST4011 (Vedler et al., 2004) and pIJB1 (accession num-

ber JX847411). These findings suggest that organic xeno-

biotic catabolic gene clusters cannot be associated with a

particular IncP-1 subgroup. Two subtypes of IS1071 have

been reported sharing 81% nucleotide similarity (Nakatsu

et al., 1991; Ma et al., 2007). The two subtypes are often

found together, each flanking one site of the catabolic gene

cluster. The primers used in the study only targets the first

IS1071 subtype, and sequence data confirmed that the tnpA

amplicons belonged all to this subtype.

An unexpected high abundance of IS1071 was recorded

in the Canadian woodland and the soils from Zeveren, sug-

gesting that this insertion sequence is more omnipresent

than expected. The catabolic activity screenings showed

that limited degradative capacities are present in the Cana-

dian woodland, while in the Zeveren soil as well mineraliza-

tion of metamitron as an extended removal of chlorinated

compounds compared with the pristine BPS and the Cana-

dian woodland was observed. It is of interest to examine in

these soils with which genes IS1071 is associated.

In conclusion, our data show that pesticide treatment

creates a selective environment leading to increased abun-

dances of IncP-1 plasmids and IS1071 elements. Along

with the increased presence of MGEs also an increase

in xenobiotic-degradative capacity was observed. While

IncP-1 plasmids appear to be more strictly correlated

with xenobiotic pollution, IS1071 appears to be more

omnipresent than expected in the environment. The high

abundance of IncP-1 and IS1071 elements in BPS

together with an extreme high variety in catabolic capaci-

ties further suggests that those environments can be con-

sidered as natural laboratories of evolution that are of

interest for discovering new catabolic enzymes and

plasmid groups. Our focus is currently on studying the

genes that are associated with IS1071 elements and IncP-1

plasmids in BPS.

Acknowledgements

This research was supported by IWT-Vlaanderen Strate-

gic Basic Research project 91370 and the EU project

Fig. 6. Correlation between the abundance of the linuron hydrolase

gene libA and the IS1071 transposase gene tnpA in the SM

experiment. Data for libA abundance were retrieved from Bers et al.

(2012).

ª 2013 Federation of European Microbiological Societies FEMS Microbiol Ecol 86 (2013) 415–431
Published by John Wiley & Sons Ltd. All rights reserved

428 V. Dunon et al.



METAEXPLORE (EU grant no. 222625). We thank M.

Sota (Tohoku University, Japan) for sending plasmid

pMS0252, V. Weichelt for technical assistance, and

B. Horemans for assistance in HPLC analysis.

References

Altschul SF, Madden TL, Sch€affer AA, Zhang J, Zhang Z,

Miller W & Lipman DJ (1997) Gapped BLAST and

PSI-BLAST: a new generation of protein database search

programs. Nucleic Acids Res 25: 3389–3402.
Bahl MI, Hansen LH & Sørensen SJ (2007) Impact of conjugal

transfer on the stability of IncP-1 plasmid pKJK5 in

bacterial populations. FEMS Microbiol Lett 266: 250–256.
Bahl MI, Burmølle M, Meisner A, Hansen LH & Sørensen SJ

(2009) All IncP-1 plasmid subgroups, including the novel e
subgroup, are prevalent in the influent of a Danish

wastewater treatment plant. Plasmid 260: 134–139.
Bers K, Leroy B, Breugelmans P, Albers P, Lavigne R, Sørensen

SR, Aamand J, De Mot R, Wattiez R & Springael D (2011a)

A novel hydrolase identified by genomic-proteomic analysis

of phenylurea herbicide mineralization by Variovorax

sp. strain SRS16. Appl Environ Microbiol 77: 8754–8764.
Bers K, Sniegowski K, Albers P, Breugelmans P, Hendrickx L,

De Mot R & Springael D (2011b) A molecular toolbox to

estimate the number and diversity of Variovorax in the

environment: application in soils treated with the

phenylurea herbicide linuron. FEMS Microbiol Ecol 76:

14–25.
Bers K, Sniegowski K, De Mot R & Springael D (2012)

Dynamics of the linuron hydrolase libA gene pool size in

response to linuron application and environmental

perturbations in agricultural soil and on-farm

biopurification systems. Appl Environ Microbiol 78:

2783–2789.
Breugelmans P, D’Huys P-J, De Mot R & Springael D (2007)

Characterization of novel linuron-mineralizing bacterial

consortia enriched from long-term linuron-treated

agricultural soils. FEMS Microbiol Ecol 62: 374–385.
Datta N, Hedges RW, Shaw EJ, Sykes RB & Richmond MH

(1971) Properties of an R factor from Pseudomonas

aeruginosa. J Bacteriol 108: 1244–1249.
De Wilde T, Spanoghe P, Debaer C, Ryckeboer J, Springael D

& Jaeken P (2007) Overview of on-farm bioremediation

systems to reduce the occurrence of point source

contamination. Pest Manag Sci 63: 111–128.
de Lipthay JR, Tuxen N, Johnsen K, Hansen LH, Albrechtsen

HJ, Bjerg PL & Aamand J (2003) In situ exposure to low

herbicide concentrations affects microbial population

composition and catabolic gene frequency in an aerobic

shallow aquifer. Appl Environ Microbiol 69: 461–467.
Dejonghe W, Berteloot E, Goris J, Boon N, Crul K, Maertens

S, H€ofte M, De Vos P, Verstraete W & Top EM (2003)

Synergistic degradation of linuron by a bacterial consortium

and isolation of a single linuron-degrading Variovorax

strain. Appl Environ Microbiol 69: 1532–1541.

Dennis J (2005) The evolution of IncP catabolic plasmids.

Curr Opin Biotechnol 16: 291–298.
Devers M, Rouard N & Martin-Laurent F (2008) Fitness drift

of an atrazine-degrading population under atrazine selection

pressure. Environ Microbiol 10: 676–684.
Di Gioia D, Peel M, Fava F & Wyndham RC (1998) Structures

of homologous composite transposons carrying cbaABC

genes from Europe and North America. Appl Environ

Microbiol 64: 1940–1946.
Erb RW & Wagner-D€obler I (1993) Detection of

polychlorinated biphenyl degradation genes in polluted

sediments by direct DNA extraction and polymerase chain

reaction. Appl Environ Microbiol 59: 4065–4073.
Haest PJ, Philips J, Springael D & Smolders E (2011) The

reactive transport of trichloroethene is influenced by residence

time and microbial numbers. J Contam Hydrol 119: 89–98.
Haines AS, Akhtar P, Stephens ER, Jones K, Thomas CM,

Perkins CD, Williams JR, Day MJ & Fry JC (2006) Plasmids

from freshwater environments capable of IncQ retrotransfer

are diverse and include pQKH54, a new IncP-1 subgroup

archetype. Microbiology 152: 2689–2701.
Hallier-Soulier S, Ducrocq V, Mazure N & Truffaut N (1996)

Detection and quantification of degradative genes in soils

contaminated by toluene. FEMS Microbiol Ecol 20: 121–133.
Heuer H & Smalla K (2012) Plasmids foster diversification and

adaptation of bacterial populations in soil. FEMS Microbiol

Rev 36: 1083–1104.
Heuer H, Binh CTT, Jechalke S, Kopmann C, Zimmerling U,

Kr€ogerrecklenfort E, Ledger T, Gonz�alez B, Top EM &

Smalla K (2012) IncP-1e plasmids are important vectors of

antibiotic resistance genes in agricultural systems:

diversification driven by class 1 integron gene cassettes.

Front Microbiol 3: 1–8.
Janssen PJ, Van Houdt R, Moors H et al. (2010) The complete

genome sequence of Cupriavidus metallidurans strain CH34,

a master survivalist in harsh and anthropogenic

environments. PLoS ONE 5: e10433.

Jechalke S, Dealtry S, Smalla K & Heuer H (2013) Quantification

of IncP-1 plasmid prevalence in environmental samples. Appl

Environ Microbiol 79: 1410–1413.
Jencova V, Strnad H, Chodora Z, Ulbrich P, Vlcek C, Hickey

WJ & Paces V (2008) Nucleotide sequence, organization

and characterization of the (halo)aromatic acid catabolic

plasmid pA81 from Achromobacter xylosoxidans A8. Res

Microbiol 159: 118–127.
Kr�ol JE, Penrod JT, McCaslin H et al. (2012) Role of IncP-1b

plasmids pWDL7:rfp and pNB8c in chloroaniline catabolism

as determined by genomic and functional analyses. Appl

Environ Microbiol 78: 828–838.
Ledger T, Pieper DH & Gonz�alez B (2006) Chlorophenol

hydroxylases encoded by plasmid pJP4 differentially

contribute to chlorophenoxyacetic acid degradation. Appl

Environ Microbiol 72: 2783–2792.
Lee ZM-P, Bussema C III & Schmidt TM (2009) rrnDB:

documenting the number of rRNA and tRNA genes in

bacteria and archaea. Nucleic Acids Res 37: D489–D493.

FEMS Microbiol Ecol 86 (2013) 415–431 ª 2013 Federation of European Microbiological Societies
Published by John Wiley & Sons Ltd. All rights reserved

Mobile genetic elements in pesticide polluted environments 429



Lim JS, Choi BS, Choi AY, Kim KD, Kim DI, Choi IY &

Ka J-O (2012) Complete genome sequence of the

fenitrothion-degrading Burkholderia sp. strain YI23.

J Bacteriol 1: 896.

Ma Y-F, Wu J-F, Wang S-Y, Jiang C-Y, Zhang Y, Qi S-W,

Liu L, Zhao G-P & Liu S-J (2007) Nucleotide sequence of

plasmid pCNB1 from Comamonas strain CNB-1 reveals

novel genetic organization and evolution for

4-chloronitrobenzene degradation. Appl Environ Microbiol

73: 4477–4483.
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. strain ADP. J Bacteriol 183: 5684–5697.
Martin-Laurent F, Cornet L, Ranjard L, L�opez-Guti�errez J-C,

Philippot L, Schwartz C, Chaussod R, Catroux G & Soulas

G (2004) Estimation of atrazine-degrading genetic potential

and activity in three French agricultural soils. FEMS

Microbiol Ecol 48: 425–435.
Mertens J, Springael D, De Troyer I, Cheyns K, Wattiau P &

Smolders E (2006) Long-term exposure to elevated zinc

concentrations induced structural changes and zinc

tolerance of the nitrifying community in soil. Environ

Microbiol 8: 2170–2178.
Musovic S, Oregaard G, Kroer N & Sørensen SJ (2006)

Cultivation-independent examination of horizontal

transfer and host range of an IncP-1 plasmid among

Gram-positive and Gram-negative bacteria indigenous to

the barley rhizosphere. Appl Environ Microbiol 72:

6687–6692.
Nakatsu CH, Ng J, Singh R, Straus N & Wyndham RC (1991)

Chlorobenzoate catabolic transposon Tn5271 is a composite

class I element with flanking class II insertion sequences.

P Natl Acad Sci USA 88: 8312–8316.
Nakatsu CH, Straus NA & Wyndham RC (1995) The

nucleotide sequence of the Tn5271 3-chlorobenzoate 3,

4-dioxygenase genes (cbaAB) unites the class IA oxygenases

in a single lineage. Microbiology 141: 485–495.
Nojiri H, Shintani M & Omori T (2004) Divergence of mobile

genetic elements involved in the distribution of

xenobiotic-catabolic capacity. Appl Microbiol Biotechnol

64: 154–174.
Norberg P, Bergstr€om M, Jethava V, Dubhashi D &

Hermansson M (2011) The IncP-1 plasmid backbone adapts

to different host bacterial species and evolves through

homologous recombination. Nat Commun 2: 1–11.
Providenti MA, O’Brien JM, Ewing RJ, Paterson ES & Smith

ML (2006) The copy-number of plasmids and other genetic

elements can be determined by SYBR-Green-based

quantitative real-time PCR. J Microbiol Methods 65: 476–
487.

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

characterisation of new Gram-negative and Gram-positive

atrazine degrading bacteria from different French soils.

FEMS Microbiol Ecol 36: 211–222.

Sambrook J & Russell D (2001) Molecular Cloning: A

Laboratory Manual. Cold Spring Harber Laboratory, Cold

Spring Harbor, NY.

Schl€uter A, Heuer H, Szczepanowski R, Forney LJ, Thomas

CM, P€uhler A & Top EM (2003) The 64508 bp IncP-1b
antibiotic multiresistance plasmid pB10 isolated from a

waste-water treatment plant provides evidence for

recombination between members of different branches of

the IncP-1b group. Microbiology 149: 3139–3153.
Schl€uter A, Szczepanowski R, P€uhler A & Top EM (2007)

Genomics of IncP-1 antibiotic resistance plasmids isolated

from wastewater treatment plants provides evidence for a

widely accessible drug resistance gene pool. FEMS Microbiol

Rev 31: 449–477.
Sen D, Van der Auwera GA, Rogers LM, Thomas CM, Brown

CJ & Top EM (2011) Broad-host-range plasmids from

agricultural soils have IncP-1 backbones with diverse

accessory genes. Appl Environ Microbiol 77: 7975–7983.
Sniegowski K, Mertens J, Diels J, Smolders E & Springael D

(2009) Inverse modeling of pesticide degradation and

pesticide-degrading population size dynamics in a

bioremediation system: parameterizing the Monod model.

Chemosphere 75: 726–731.
Sniegowski K, Bers K, Van Goetem K, Ryckeboer J, Jaeken P,

Spanoghe P & Springael D (2011) Improvement of pesticide

mineralization in on-farm biopurification systems by

bioaugmentation with pesticide-primed soil. FEMS Microbiol

Ecol 76: 64–73.
Sota M, Yano H, Nagata Y, Ohtsubo Y, Genka H, Anbutsu H,

Kawasaki H & Tsuda M (2006) Functional analysis of

unique class II insertion sequence IS1071. Appl Environ

Microbiol 72: 291–297.
Sota M, Yano H & Tsuda M (2008) DNA transposable

elements research. Bacterial Class II Catabolic Transposons

(Yoshida K & Aoki M, eds), pp. 23–67. Nova Science

Publishers, New York, NY.

Springael D, Kreps S & Mergeay M (1993) Identification of a

catabolic transposon, Tn4371, carrying biphenyl and

4-chlorobiphenyl degradation genes in Alcaligenes eutrophus

A5. J Bacteriol 175: 1674–1681.
Thorsted PB, Macartney DP, Akhtar P et al. (1998) Complete

sequence of the IncPb plasmid R751: implications for

evolution and organisation of the IncP backbone. J Mol Biol

282: 969–990.
Top EM & Springael D (2003) The role of mobile genetic

elements in bacterial adaptation to xenobiotic organic

compounds. Curr Opin Biotechnol 14: 262–269.
Uyttebroek M, Breugelmans P, Janssen M et al. (2006)

Distribution of the Mycobacterium community and

polycyclic aromatic hydrocarbons (PAHs) among different

size fractions of a long-term PAH-contaminated soil.

Environ Microbiol 8: 836–847.
van der Meer JR (2008) A genomic view on the evolution of

catabolic pathways and bacterial adaptation to xenobiotic

compounds. Microbial Biodegradation: Genomics and

ª 2013 Federation of European Microbiological Societies FEMS Microbiol Ecol 86 (2013) 415–431
Published by John Wiley & Sons Ltd. All rights reserved

430 V. Dunon et al.



Molecular Biology (Diaz E, ed), pp. 219–269. Caister
Academic Press, Norfolk, UK.

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. J Bacteriol 186: 7161–7174.
Zhang Z, Schwartz S, Wagner L & Miller W (2000) A greedy

algorithm for aligning DNA sequences. J Comput Biol 7:

203–214.

Supporting Information

Additional Supporting Information may be found in the

online version of this article:

Table S1. Overview of recorded absolute numbers of 16S

rRNA gene (rrn) copies in the investigated microcosms

(SM and BM experiment) and field ecosystems.

FEMS Microbiol Ecol 86 (2013) 415–431 ª 2013 Federation of European Microbiological Societies
Published by John Wiley & Sons Ltd. All rights reserved

Mobile genetic elements in pesticide polluted environments 431


