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Abstract
In a biopurification system such as a biobed, the rhizosphere of the grass layer may be a significant factor
for promoting pesticide dissipation in the biomixture. The rhizosphere effect of a Lolium perenne, Festuca
arundinacea and Trifolium repens mixture on the dissipation of a pesticide combination that was composed
of atrazine, chlorpyrifos and isoproturon was studied. The assay was performed using glass pots divided
into two separate compartments (root surface and root-free), each filled with an organic biomixture (oat
husk, top soil and peat) and contaminated with the pesticide mixture at 5 mg kg-1. Non-planted and noncontaminated pots were also used as controls. The results indicated that there were high atrazine, chlorpyrifos
and isoproturon dissipation in the planted pots compared with the unplanted pots. An inverse correlation
was found throughout the assay between phenoloxidase activity and residual pesticide (r=0.684 to 0.952).
Indeed, fungal biomass was positively correlated with phenoloxidase activity on day 1 (r =0.825) and day 30
(r =0.855). Besides, exudation of oxalic and malic acid in contaminated pots was higher than in the control
without pesticides, associated with oxidation of the pesticide mixture in the biomixture of a bioded system.
Therefore, the grass layer enhances pesticide removal in biobeds.
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1. Introduction
The rhizosphere can be described as the zone of

date this potential has not been considered in depth

soil around plant roots whereby soil properties are

in biobed studies. An important step is to identify the

influenced by the presence and activity of the root

plant species that are capable of surviving a particular

(Neumann et al., 2009). Because the rhizosphere

toxic contamination level in the biobed system.

continuously provides important sources of nutrients

Plant species with fibrous rooting systems, such

through root exudates, microbiological activity in this

as Lolium perenne, Festuca arundinacea and

zone is up to four-fold greater than in soil further away

Agrostis tenuis, have demonstrated great potential

from plant, resulting in a zone with higher metabolic

for removing contaminants because they provide

capacities for microbiological action against both

a large root surface area that interacts with

organic matter and contaminants (Haichar et al., 2008).

soil microorganisms in biodegradation. Lolium

A reported

multiflorum can increase atrazine, chlorpyrifos and

mechanism

used

by

rhizosphere
by

pentachlorophenol removal (He et al., 2008; Merini

facilitates

et al., 2009; Urrutia et al., 2013a). Singh et al. (2004)

contaminant degradation, mainly of hydrophobic

demonstrated that the Pennisetum clandestinum

compounds, and concomitantly increases their

rhizosphere

availability to plants (Read et al., 2003). In this

and improved their degradation compared with

context, plant species and soil are reportedly

unplanted soil. In another work, Wang and Oyaizu

jointly responsible for the structure and function

(2009) evaluated the phytoremediation potential of

of microbial diversity in the rhizosphere (Berg

four plant species for dibenzofuran-contaminated

and Smalla, 2009). Plants and their associated

soil. The authors determined that Trifolium repens

rhizosphere microorganisms, therefore, make an

L. not only had the highest root biomass but also the

important contribution to contaminant degradation in

highest numbers of dibenzofuran-degrading bacteria

soil (Wang and Oyaizu, 2009), and their use in on-

compared with three other grass species.

farm biopurification systems, such as biobeds, can

The aim of the present work was to evaluate the effect

provide huge benefits.

of the rhizosphere of a biopurification system on the

A biobed is a biopurification system used to minimize

dissipation of a pesticide mixture.

microorganisms
biosurfactant

to

take

up

production,

contaminants
which

tolerated

atrazine

and

simazine

point source contamination by pesticides. Its main
component is an organic biomixture in which the

2. Materials and Methods

pesticides are degraded, which is composed of straw,
soil and peat (2:1:1 vv-1) (Castillo et al., 2008).

2.1. Biomixture preparation

Generally, a layer of grass is grown on top of the
biobed, which retains moisture in the biomixture and

The biomixture was prepared according to Urrutia

reveals pesticide spillages. However, the rhizosphere

et al. (2013b) using oat husk as the lignocellulosic

of this grass layer and its associated microorganisms

material. It was prepared by mixing Andisol topsoil,

could make an important contribution to improving the

commercial peat (43.7% organic carbon) and oat husk

pesticide degradation in the biopurification system; to

(OH) that was collected from crop residues (36.7%
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organic carbon) in a proportion of 1:1:2 by volume.

compartment (RFC+P)). Non-contaminated pots (root

The soil (30.7% sand, 41.8% silt, 27.4% clay, 6.4%

compartment (RC-P) and root-free compartments

organic carbon, pH 5.2), which belonged to the

(RFC-P)) and unplanted pots (contaminated (C+P)

Temuco series (38°42’S, 73°35’W), was collected

and non-contaminated (C-P)) were used as controls.

(0-20 cm depth) and sieved (3 mm). The constituents

In total, three replicates were performed for each

were mixed vigorously to obtain a homogeneous

treatment.

biomixture, and moisture content was adjusted

The pots were arranged in a randomized design. On

to 60% of the water holding capacity (WHC) by

days 1, 15 and 30 after pesticide application, pesticide

adding distilled water. The biomixture was placed in

concentration, enzyme activities (β-glucosidase and

polypropylene bags for maturation and stored in the

phenoloxidase) and total bacteria and fungi abundance

dark at 20 ± 2 °C for 40 days before it was used in the

were measured in the biomixture of the different pot

experiments.

compartments. The grass layer root exudates (oxalic
acid, malic acid, citric acid and succinic acid) were

2.2. Experimental design

also measured.

Glass pots of 18 x 17 x 9 cm (length x width x height)

2.3. Analytic procedure

were used in this experiment. The pots were divided
into a root compartment (RC) (6 cm in width) and

2.3.1. Extraction and pesticide analysis

a root-free compartment (RFC) (3 cm in width) and
were separated by nylon mesh (25 µm). The design

Residual pesticides were extracted from biomixtures

successfully prevented root hairs from entering

(5 g dry weight (dw)) by shaking (1 h, 250 rpm) with

adjacent zones and also kept the zones separated

20 mL of acetone and ultrasonication (30 min). After

while allowing the transfer of microorganisms and

centrifuging (10,000 rpm), 5 mL of the supernatant

root exudates between the compartments. In total,

was collected, filtered with a polytetrafluoroethylene

one hundred and forty grams of biomixture were

(PTFE) membrane (0.2-µm pore size; Millipore),

used to fill the pots. The RC contained one hundred

evaporated with fluxed N2 to dryness, and dissolved

Lolium perenne, Festuca arundinacea and Trifolium

in 1 mL of acetonitrile:water. Pesticide concentrations

repens seeds in a proportion of 50, 45 and 5%,

were

respectively. The seeds were sown in the biomixture

chromatography (HPLC).

and covered with a layer of soil (2 g). The biomixture

ATZ, CHL, and ISP concentrations were determined

was maintained at 60% water holding capacity under

by HPLC (Agilent Series 1100, Böblingen, Germany)

greenhouse

determined

by

high-performance

liquid

day/night

that had been equipped with a diode array detector.

temperatures; 16/8 h light/dark photoperiod; 60-

A 150 mm x 2.1 mm i.d. Zorbax Rx-C8 analytical

70% relative humidity) for 30 days. The pots were

column and a 12.5 mm x 2.1 mm i.d. Eclipse XDB-C8

then contaminated with a mixture of atrazine (ATZ),

guard cartridge were used that had both been packed

isoproturon (ISP) and chlorpyrifos (CHL) in aqueous

with diisopropyl n-octyl (5 mm). Eluent A (70%) was

solution to reach a concentration of 5 mg kg-1 of each

Milli-Q water that had been adjusted to pH 3, and

pesticide (root compartment (RC+P) and root-free

eluent B was acetonitrile. The gradient condition used

conditions

(22±3/18±3°C
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for separating the pesticides was 3 min 30% B, 4–5

2.3.3. DNA extraction from the biomixture

min 35% B, 6–8 min 40% B, 9–13 min 60% B, 14–22
min 70% B, and 23-32 min 30% B. The flow rate was

Total DNA was extracted from 250 mg dw of each

constant at 0.2 mL min . Column temperature was

of the three samples taken from the biomixture of

maintained at 30±1ºC. The detector was set at three

the pots. Each sample was mixed with a solution of

wavelengths for data acquisition: 220, 245 and 288

100 mM Tris (pH 8.0), 100 mM EDTA (pH 8.0), 100

nm. Instrument calibrations and quantiﬁcations were

mM NaCl, and 2% (w v-1) sodium dodecyl sulphate.

performed against pure reference standards (0.5–5 mg

Glass beads of different diameters were added in a

L-1) for each compound. Recovery of ATZ, CHL and

bead-beater tube, and the biomixture solution was

ISP was > 90%.

shaken for 30 s at 1,600 rpm in a mini bead-beater cell

-1

disruptor (Mikro-Dismembrator; S.B. Braun Biotech
2.3.2. Enzyme activity analyses

International) before centrifuging at 12,235 rpm for 1
min. For protein precipitation, the supernatants were

Phenoloxidase activity was assessed using the

incubated on ice for 10 min with a 1/10 volume of 3 M

MBTH/DMAB method (adapted from Castillo et al

sodium acetate and centrifuged (12,235 rpm, 5 min,

(1994). Briefly, samples (10 g dw) of the biomixture

4°C). In the last step, nucleic acids were precipitated

were shaken (150 rpm, 2 h) with 25 mL of a 100 mM

from the supernatants by adding 1 volume of ice-

succinate-lactate buffer (pH 4.5). The samples were

cold isopropanol. For DNA purification, polyvinyl-

centrifuged (4.000 rpm, 20 min). The supernatant

polypyrrolydone

of each sample was collected, filtered through a

columns were used and were prepared by adding

0.45-µm membrane and measured immediately.

92–95 mg (i.e., 1.2 cm) of PVPP powder to Micro-

The reaction mixture contained 300 µL of 6.6 mM

Spin Chromatography columns (Bio-Rad, USA). The

DMAB, 100 µL of 1.4 mM MBTH, 30 µL of 20

tubes were centrifuged (2 min, 3,270 rpm) with 400

mM MnSO4 and 1560 µL of the filtered sample. The

μL H2O. This procedure was repeated a second time.

reaction was observed in a Spectronic Genesis 2PC

DNA extracts were then purified using PVPP columns

spectrophotometer at 590 nm (Ɛ = 0.053 µM-1 cm-1).

(3,270 rpm, 4 min, 10 °C) (Petric et al., 2011).

lignin peroxidase (LiP) and Laccase (Lac) activity.

2.3.4. Real-Time PCR Quantification (Q-PCR) of
bacteria and fungi

(PVPP,

Sigma-Aldrich,

USA)

No correction was made for the possible presence of
Thus, the measurement may represent the sum of
manganese peroxidase (MnP), LiP and Lac activity
but is expressed as phenoloxidase activity (Castillo

Total bacteria and fungi abundance in the biomixture

and Torstensson, 2007).

was quantified using small ribosomal subunit 16S

β-glucosidase activity was analysed by determining

and 18Sr RNA genes. For this purpose, the primer

the amount of p-nitrophenol (PNP) produced from

sets 341F 5’-CCTACGGGAGGCAGCAG-3’,518R

4-nitrophenyl-β-D glucanopyranoside (PNG) as

5’-ATTACCGCGGCTGCTGG-3’ (Muyser et al,

described by Tabatabai (1982). Enzyme activity

1993) and FR1 5’-A(I)CCATTCAATCGGTAXT-3’,

was determined in triplicate using 0.2 g of the

FF390

biomixture sample.

(Vainio and Hantula, 2000) selected for bacteria and

5’-CGATAACGAACGAGACCT-3’

were
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fungi, respectively. An assembly of 16S rRNA and

at 0–15 min at 1.0 mL min-1. The column temperature

18Sr RNA genes in pGEMT easy vector (Promega)

was maintained at 30 ± 1 °C. The detector was set at

plasmids using Pseudomonas putida KT2440 and

210 nm for data acquisition. Instrument calibrations and

Fusarium oxysporum JX910900, standard curves,

quantifications were performed against pure reference

and bacterial and fungal Q-PCR conditions were

standards (0.1–10 mg L-1) for each compound. Recovery

performed according to Castillo et al (2013). Reactions

of each organic acid was > 90%.

were conducted in an iCycler MyiQ™ System (Biorad, USA) using the SybrGreen® detection system.

2.3.6. Statistical data analysis

The reaction was performed in a final volume of 15
μL containing 7.5 μL iQ™ SYBR® Green Supermix,

The

0.5 μM of each primer, 0.5 mg mL-1 bovine serum

independent replicates. The pesticide measurement,

experiment

was

conducted

with

three

albumin (BSA) and 2 ng of template DNA. The

enzyme activities and size of the total bacterial and

function values describe the relationship between the

fungal community during the dissipation period were

Ct (threshold cycle), and the sequence number of each

subjected to one-way ANOVA, and the averages

bacteria and fungi are -3.28 and -3.10, respectively,

were compared using the Tukey multiple range test

with a PCR efficiency of 101% and 109%. Controls

at p≤0.05 to identify significant effects of different

without templates gave null or negligible values.

treatments on the same sampling day. Pearson
correlations were used to assess the relationships

2.3.5 .Extraction and root exudate analysis

between pesticides and phenoloxidase activity as well
as the relationships between phenoloxidase activity

Organic acids were collected from the grass layer at 1,

and fungal biomass on days 1 and 30. To estimate a

15 and 30 days. The roots were washed with distilled

possible change in root exudate organic acids caused

water and then placed in 50 mL of distilled water for

by the pesticide addition in the planted pots, the data

30 min; 5 mL was filtered through a PTFE membrane

were compared (contaminated pots (RC+P) and non-

(0.2-µm pore size, Millipore), and the organic acid

contaminated pot (RC-P)) using Student’s t-test.

concentration was determined by high-performance
liquid chromatography (HPLC). Root exudates were

3. Results and Discussion

standardized by root dry weight, which was measured
immediately after treatment.

3.1. Dissipation of ATZ, CHL and ISP

Oxalic acid, malic acid, citric acid and succinic acid
concentrations were determined by HPLC using a Merck

The effect of the rhizosphere on ATZ, CHL and ISP

Hitachi L-7100 pump, a Rheodyne 7725 injector with

dissipation in the biomixtures of the biobed system

a 20 µL loop and a Merck Hitachi L-7455 diode array

is demonstrated in Figure 1 a, b and c. Generally,

detector. Separation was performed using a C18 column

the grass layer increased the removal of the three

(Purospher Star RP-C18e, 5 µm 4.6 x 150 mm) with a

pesticides. The data indicates a higher dissipation of

guard column (LichroCART RP-C18e, 5 µm 4 x 4 mm).

the three pesticides in all sampling days in the RC+P

Eluent A was methanol, and eluent B was phosphate

compartment. On sampling day 1, the dissipation of

buffer. The gradient condition used for organic acid

ATZ, CHL and ISP in the RC+P compartment were

separation was 0–15 min of 7% A. The flow rate was set

15.46, 13.83 and 25.55%, respectively. Similar results
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were observed in the RFC+P compartment (12.85,

on day 15 was significantly higher (p<0.05) in the

9.57 and 24.60%, respectively, for ATZ, CHL and

RC+P compartment compared with the unplanted C+P

ISP dissipation). In contrast, the dissipation rates of

treatment. At the end of the trial (30 days incubation),

ATZ, CHL and ISP in the unplanted pot (C+P) were

removal from the RC+P compartment was higher than

0, 5.4 and 3.9%, respectively. Pesticide dissipation

from the unplanted biomixture (C+P) by 20.3%, 24.4%
and 22.35% for ATZ, CHL and ISP, respectively.

(a)

(b)

(c)

Figure 1. Pesticide removal (%) after 1, 15 and 30 d for ATZ (a), CHL (b) and ISP (c) at 5 mg kg-1 in the
biomixtures planted (root compartment (RC+P) and root-free compartment (RFC+P)) and unplanted pots
(C+P). Each value is the mean of three replicates with error bars showing the standard deviation of the mean.
Different letters refer to significant differences in mean values among the different treatments of each pesticide
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These results agree with several reports demonstrating

are enzymes involved in the mineralization of

that the rhizosphere of tolerant plant species was

organic materials as they catalyse the hydrolysis

effective in promoting the dissipation of different

of terminations of the β-D-glucose chain releasing

contaminants. The presence of mangrove roots

β-glucose that become available for microorganisms.

improved phenanthrene and pyrene dissipation by

This enzymatic activity can be considered a soil

47.7% and 37.6%, respectively, compared with

quality indicator, as it indicates changes in organic

unplanted treatment values of 26.2% and 22.8%,

matter in the soil. Moreover, herbicide presence

respectively, after 60 days (Lu et al., 2001). In another

can decreases β-glucosidase activity, due to that

work, Lolium multiflorum displayed a 20% higher

microbial viability is affected (Moreno et al., 2011).

atrazine removal capacity than bulk soil after 21 days of

However, plants significantly (p<0.05) increased

incubation (Merini et al., 2009). L. multiflorum likewise

β-glucosidase activity, which was higher in the

displayed high pentachlorophenol (PCP) removal

RC+P and RFC+P compartments than in the non-

(>96%) in a planted rhizotron system compared with

contaminated treatments on days 15 and 30. In this

unplanted treatments in which PCP dissipation was

context, Hernández-Allica et al. (2006) reported that

approximately 36% (Urrutia et al., 2013a).

higher β-glucosidase activity was observed in metal-

Furthermore, dissipation of the three pesticides in

polluted soil planted with Thlaspi caerulescens than

the root-free compartment close to the rhizosphere

in unplanted treatments. These results may be related

(RFC+P)

showed

to the organic compounds released by the plant roots,

compared

with

the

no-significant
rhizosphere

differences
compartment

which enhance microbial biomass and activity.

(RC+P) at almost all assay times (Figure 1); this

The presence of plants in the different treatments

may demonstrate the influence of the root exudates

likewise

in microbial composition and activity given that they

demonstrated in Figure 2b. Phenoloxidase activity

are capable of degrading ATZ, CHL and ISP. Similar

has been reported as the most important biological

results were reported by He et al. (2005), who found

activity for contaminant degradation in soil (Briceño

higher pentachlorophenol degradation in the root

et al., 2007; Diez, 2010) and in the biomixture

compartment and the six separated compartments

of the biobed system (Castillo et al., 2008). Our

at various distances from the root surface of a

results demonstrated that both compartments of the

planted rhizobox system compared with unplanted

contaminated pots (RC+P and RFC+P) displayed

treatments. The authors attributed this finding to the

a significant increase (P < 0.05) in phenoloxidase

beneficial effect on the degradation of root exudates

activity compared with unplanted treatments (C+P

and their interaction with microbial activity.

and C-P) on days 1, 15 and 30. These results are

stimulated

phenoloxidase

activity,

as

in agreement with those of Lee et al. (2008), who
3.2. Enzyme activity analysis

observed that the presence of plant roots in soil
contaminated with phenanthrene and pyrene (PAHs)

β-glucosidase activity displayed different responses

increased the amount of peroxidase activity and PAH

in planted and unplanted treatments (Figure 2a).

dissipation compared with unplanted pots.

Specifically, lower values were observed in the

Therefore, plant-microbe interactions in the fungi-

C+P treatment for all days. Since, β-glucosidases

containing root zone, including the formation of
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symbiotic mycorrhiza, may produce exoenzymes,

presented a negative correlation with phenoloxidase

such as peroxidases in the rhizosphere; these enzymes

activity, with the correlation coefficient ranging

may play an important role in the detoxification of

from 0.684 to 0.952. These values suggest that

soil contaminants, as showed in our results. However,

these enzymes may be involved in the dissipation

this effect varies with plant species as well as

of these pesticides. Castillo and Torstensson (2007)

environmental factors such as the nutrient status of

reported that the degradation of metamitron,

the matrix (Chaudhry et al., 2005).

chloridazon, isoproturon, and linuron was correlated

A significant correlation was observed between

with phenoloxidase activity in the biobed system

phenoloxidase

biomixtures.

activity

and

residual

pesticide

concentration for all sampling days (Table 1).
The residual concentrations of ATZ, CHL and ISP

Figure 2. β-glucosidase activity (a), phenoloxidase activity (b) in the biomixture contaminated with 5 mg kg-1
concentrations of pesticides, in planted pots (root compartment (RC+P) and root- free compartment (RFC+P))
and unplanted pots (C+P). In addition, non-contaminated pots (root compartment (RC-P) and root- free
compartment (RFC-P)) and unplanted pots (C-P) were used as controls during the incubation time. Each value
is the mean of three replicates with error bars showing the standard deviation of the mean. Different letters
refer to significant differences in the mean values among different treatments of each pesticide on the same day.
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Figure 3. Estimation of the fungal (a) and bacterial (b) population size in the biomixtures contaminated with
5 mg kg-1 concentration of pesticides, in planted pots (root compartment (RC+P) and root- free compartment
(RFC+P)) and unplanted pots (C+P). In addition, non-contaminated pots (root compartment (RC-P) and root-free
compartment (RFC-P)) and unplanted pots (C-P) were used as controls, during the incubation time. Each value is
the mean of three replicates with error bars showing the standard deviation of the mean. Different letters refer to
significant differences in mean values among different treatments of each pesticide on the same day.

3.3. Real-Time PCR Quantification (Q-PCR) of bac-

and 30, displaying the same pesticide removal pattern

teria and fungi

observed previously in the contaminated treatments.
In control treatments without pesticides, higher values

The fungal and bacterial populations were estimated by

were detected in planted treatments in both compart-

real-time PCR (Figure 3a and b). Fungal and bacterial

ments compared with unplanted pots. The RFC-P com-

gene copy numbers were increased in planted biomix-

partment displayed a larger biomass (7.34x106 copy

tures compared with unplanted biomixtures on day 30.

number ng-1 DNA) on day 30, consistent with the high

The total fungal community was significantly larger

phenoloxidase activity detected on the same day. These

(p<0.05) in the biomixtures that were contaminated

results indicate that fungal biomass and activity were

unplanted contaminated biomixtures (C+P) on days 1

greatly increased in the biobed system biomixtures
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with a grass layer. Fungal population size was posi-

dissipation compared with unplanted pots.

tively correlated with phenoloxidase activity on day

Our results are comparable with those of He et al.

1 (r=0.825) and day 30 (r=0.855). The rhizosphere

(2005), who reported that in a rhizobox system the

effect was therefore positive, favouring ATZ, CHL

planted treatments (root compartment) significantly

and ISP dissipation in the biomixtures. Conversely,

increased microbial biomass, especially in the near-

bacterial community size in the planted pots on day

rhizosphere, which enhanced pentachlorophenol

1 displayed no significant differences (p<0.05), and

degradation in soil. These differences observed be-

only the C-P treatment size was higher. However, in

tween soil with and without plants as well as among

planted pots (RC+P, RFC+P and RFC-P), the bacte-

sampling zones in varying proximity to roots were

rial copy number was higher than in the other treat-

expected on the basis of microbial growth and com-

ments on day 30. The increase in population size

munity structure modified by root exudates.

could have also contributed to higher pesticide

Table 1. Significant correlation between phenoloxidase activity and residual concentration of atrazine (ATZ),
chlorpyrifos (CHL) and isoproturon (ISP) in the biobed biomixtures of different treatments.

*correlation is significant at the 0.05 level (bilateral)
**correlation is significant at the 0.01 level (bilateral)

3.4. Root exudate organic acids

higher in contaminated pots than in control samples.
Conversely, the citric acid concentration was the

The range of organic acids exuded by roots varies

lowest (<0.5 mg L-1) and succinic acid the highest

by plants, but oxalic, benzoic, maleic, succinic, lac-

(5 mg L-1); however, their behaviour patterns were

tic, malic and citric acids were frequently observed

similar with higher production in treatments with-

in most plant species (Strobel, 2001). Figure 4 shown

out pesticides than in contaminated pots. Oxalic

the oxalic acid, malic acid, citric acid and succinic

acid was significantly (p<0.05) higher in contaminat-

acid exuded by roots of L. perenne, F. arundinacea

ed pots at day 30 compared with the control without

and T. repens, which were planted in a proportion

pesticides, and its production increased during the

of 50, 45 and 5 %, respectively. Overall, the four or-

incubation period in both treatments. Significantly

ganic acids were detected in all of the sampling days,

(p<0.05) higher malic acid production was detected

and oxalic acid and malic acid concentrations were

all over the time in pesticide treatments than in the
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Figure 4. Root exudation of oxalic acid (a), malic acid (b), citric acid (c) and succinic acid (d), under pesticide
mixture contamination (ATZ, CHL and ISP at 5 mg kg-1) and control treatments without pesticides, during the
incubation time. Each value is the mean of three replicates with error bars showing the standard deviation of the
mean. * refer to significant differences in mean values between contaminated and non-contaminated treatment on
the same day (Student’s t-test, p<0.05).

control, and its production was more than double

results demonstrated that oxalic acid and malic acid

compared with the pots without pesticides.

concentrations were higher in response to pesticide

Organic acid exudations depend on several environ-

contamination. Root exudates, particularly oxalic

mental factors and are involved in many soil and plant

and malic acids, are capable of chelation, which

processes, such as mobilization and nutrient uptake by

is related to phenoloxidase stimulation including

plants and microorganisms, detoxification of metals by

MnP because organic chelators, such as oxalate and

plants, microbial proliferation in the rhizosphere and

malate, produced by ligninolytic fungi (e.g., white

dissolution of soil minerals (Ryan et al., 2001). It is

rot fungi) can stabilize Mn3+ and thereby stimulate

difficult to determine the role of these specific organic

lignin-degrading enzyme activities (Hakala et al.,

acids in ATZ, CHL and ISP dissipation; however, our

2005; Marco-Urrea and Reddy, 2012).
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These organic acids could therefore be involved in the

malic acid exudation concentrations, which induced

enhanced oxidation of the pesticides in planted pots.

lignin-degrading enzyme activities (phenoloxidase

The above is related to the increased fungal population

activity). Moreover, a high relative abundance of

that was observed in the rhizosphere of the compart-

fungal and bacterial population was detected. Our re-

ment with the pesticide addition (Figure 3a). Walton

sults demonstrated that the grass layer is a significant

et al. (1994) demonstrated that plants can respond to

positive factor for promoting pesticide removal in the

chemical stress by increasing radical exudation, which

biobed system.
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