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Using volatile organic compounds
biodegradation in a biobed system
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Abstract The effect of the terpenes a-pinene, euca-
lyptol, and limonene, individually and as mixtures, on
atrazine (ATZ) biodegradation and on biological
activity in a biobed biomixture was evaluated. Addi-
tionally, terpenes emitted from the biomixture were
captured using solid-phase microextraction. Terpenes
added individually at relatively low concentrations
(50 pg kg~ ") significantly enhanced ATZ degradation
and biological activity during the first incubation days.
No significant effect on ATZ degradation was found
from adding the terpene mixture, and, interestingly, an
inhibitory effect on phenoloxidase activity was found
during the first 20 days of incubation when mixed
terpenes were present at 100 ug kg~'. Capturing
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to enhance atrazine

terpenes demonstrated that during the first hour of
incubation a significant fraction of the terpenes was
volatilized. These results are the first to demonstrate
the feasibility of using terpenes to enhance the
degradation of a pesticide. However, successive
applications of terpenes or the addition of materials
that slowly release terpenes could sustain the ATZ
degradation enhancement.

Keywords Biobeds - Atrazine - Biomixture -
Biodegradation - Terpenes

Introduction

A factor influencing the success of modern farming
and food production is the use of pesticides. However,
inadequate pesticide management can lead to surface
and groundwater contamination. Pesticides are gener-
ally released into the environment from diffuse
(nonpoint) or localized (point) sources. Point sources,
such as spillage during tank filling or the cleaning of
spraying equipment, have been identified as posing
major risks for the pesticide contamination of soil and
water in agricultural systems (Gan and Koskinen
1998; Schulz 2004).

A biobed is a biopurification system used to
minimize point source pesticide contamination in
agricultural systems (Torstensson and Castillo 1997).
Biobeds have mainly been developed using simple and
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cheap materials, and a typical biomixture is straw, peat,
and soil in volumetric proportions of 50:25:25 %
(Torstensson and Castillo 1997). Straw is the main
component for ligninolytic fungal growth, soil pro-
vides sites for pesticide sorption and favors microbial
activity, and peat contributes to the sorption capacity
and helps moisture regulation in the biomixture
(Torstensson and Castillo 1997; Castillo et al. 2008).
Several studies have demonstrated that these biolog-
ical systems can effectively retain and degrade a wide
variety of pesticides (Coppolaet al. 2007; Castillo et al.
2008; Vischetti et al. 2008; Tortella et al. 2012).
However, there is a lack of studies focused on
strategies to allow rapid pesticide degradation in a
biomixture when high pesticide concentrations are
added as a result of spillages during pesticide handling.

Biostimulation of organic-pollutant-degrading
microorganisms by adding volatile organic com-
pounds, such as terpenes, has been used to increase
pollutant biodegradation in contaminated soils (Bento
et al. 2005; Tyagi et al. 2011; Dudasova et al. 2012).
Terpenes are the main volatile components released
from plants, and they have similar structures to many
organic pollutants. McLoughlin et al. (2009) demon-
strated that the monoterpenes limonene, and o-pinene
can stimulate the biodegradation of 2,4-dichlorophe-
nol by indigenous soil microorganisms. Dudasova
et al. (2012) evaluated the effect of plant materials
containing terpenes (orange peel, tangerine peel, pine
needles, and ivy leaves) on polychlorinated biphenyl
(PCB) degradation by Pseudomonas stutzeri, and
demonstrated enhanced PCB degradation when natu-
ral terpenes were added. Hernandez et al. (1997)
reported that PCB degradation in soil was enhanced by
adding plant wastes such as eucalyptus leaves, orange
peel, pine needles, and ivy leaves.

The biostimulation of organic-pollutant-degrading
microorganisms can possibly be attributed to the
terpenes promoting the growth and proliferation of
microorganisms and inducing the enzymatic activity
involved in pollutant degradation (McLoughlin et al.
2009).

Atrazine (ATZ; 2-chloro-4-ethylamino-6-isopro-
pylamino-s-triazine) is one of the most used agricul-
tural herbicides and is considered to pose a potential
risk to water quality because of its intense use and
persistence. It has been reported that the main ATZ
degradation pathway involves soil microorganisms
(Barriuso and Houot 1996; Omotayo et al. 2011).
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Although enhanced degradation of several com-
pounds, including PCBs, in soil caused by adding
terpenes has been well documented, pesticide biodeg-
radation in complex samples, such as the biomixture
of a biobed system, has not been evaluated. The main
objective of our investigation was to evaluate the
biostimulating effect of terpenes on ATZ degradation
when high pesticide concentrations are added to a
biomixture. We hypothesized that terpenes, added
either individually or as a mixture, would increase
biological activity in the biomixture, causing an
increase in ATZ biodegradation.

Materials and methods
Chemicals

Analytical ATZ standards, 99 % purity, were purchased
from Chem Service (West Chester, PA, USA). Formu-
lated ATZ (ATRANEX 500SC) was purchased from
Down Agrosciences, Chile. For analysis, a stock ATZ
solution (1 g L™") was prepared from the analytical
standards in methanol. Three purified terpene solutions
(99 % limonene [mixed isomers], 97 % a-pinene, and
99 % eucalyptol) were obtained from Sigma—Aldrich
(Steinheim, Germany). 3-Methyl-2-benzothiazolinone
hydrazone (MBTH) and 3-(dimethylamino) benzoic
acid (DMAB) were purchased from Sigma—Aldrich.
ATZ stock solutions for the degradation experiments
were prepared by dissolving aliquots of commercial
ATZ in distilled water.

Biomixture preparation

The biomixture was prepared as the traditional Swed-
ish biomixture (Torstensson and Castillo 1997) by
mixing top soil (0-20 cm depth, 30.7 % sand, 41.8 %
silt, 27.4 % clay, 18 % organic matter, pH 6.1) with no
history of ATZ application, commercial peat (39.67 %
organic carbon), and winter wheat straw (43 %
organic carbon) in volumetric proportions of 1:1:2,
respectively. The straw was cut into small pieces
(~3 mm) using a food processor, and soil and peat
were sieved (to 3 mm). The constituents were mixing
vigorously to obtain a homogeneous biomixture
(Castillo et al. 2008). The biomixture moisture content
was adjusted to 60 % of the water-holding capacity by
adding distilled water. The mixture was put into
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polypropylene bags and stored in the dark at
20 £ 2 °C for 30 days before being used in the
experiments.

Degradation studies

A bulk biomixture sample (approximately 7.0 kg dry
weight) was separated into 231 subsamples (30 g
each) and placed in glass flasks (250 mL). The typical
(non-spillage) ATZ field dose is 2 mg kg™, so, to
simulate a pesticide spillage, 210 of the samples were
treated with a suspension of formulated ATZ to give a
final concentration of approximately 30 mg kg~' of
the active ATZ ingredient. 168 of the samples were
then amended with terpenes to give final concentra-
tions of 50 or 100 pg kg™ of limonene, a-pinene, or
eucalyptol, or a total concentration of 50 and
100 pg kg™ of a mixture of all three terpenes
(1:1:1). The remaining 42 samples were used as
control samples (21 with ATZ but without terpenes
and 21 without either ATZ or terpenes). The flasks
were incubated in the dark for 60 days at 25 + 2 °C,
and the moisture level was maintained by periodically
applying distilled water. Treated samples and control
samples were removed immediately after mixing and
at predetermined intervals, and stored at —20 °C until
analysis. ATZ was extracted from the biomixture
(10 g) by shaking (350 rpm, 2 h) and ultrasonication
(30 min) with methanol (20 mL) followed by centri-
fugation (10,000 rpm). The supernatant (5 mL) was
filtered with a PTFE membrane (0.2 pm pore size;
Millipore, Billerica, MA, USA) and analyzed by liquid
chromatography (HPLC) as described below. ATZ
degradation in the biomixture followed first-order
kinetics, and the concentration at any time (f) was
described by the equation C = Coe . The half-life
was obtained from the equation 7, = In(2)/k.

Terpene trapping by headspace solid-phase
microextraction (HS-SPME)

Terpenes released from the biomixture samples were
trapped using a modification of the method reported by
Leff and Fierer (2008) and Schalchli et al. (2011). Schott
flasks (500 mL) were filled with 30 g of biomixture,
30 mg kg~ of ATZ, and 100 pg kg~' each of a-
pinene, limonene, or eucalyptol, or a mixture of all three
(each at 100 pg kg™"). The flasks were covered with
silicone rubber seals (42 mm; Duran, Germany) and

kept at 25 °C throughout sampling. Terpenes were
absorbed by headspace solid-phase microextraction
(HS-SPME) with a 100 pm polydimethylsiloxane/
divinylbenzene (PDMS/DVB) fiber for 5 min at differ-
ent incubation times (0.2, 1, 3, 6, 9, 12, and 24 h).
Controls consisted of the biomixture without terpenes.
Each treatment was performed in triplicate.

Determination of biological activities
in the biomixture

Phenoloxidase activity was determined in all degra-
dation assays using MBTH/DMAB (Castillo et al.
1994). Briefly, samples (10 g) of the biomixture were
taken from the degradation assay flasks, agitated
(150 rpm, 2 h) with 25 mL of a 100 mM succinate—
lactate buffer (pH 4.5), and centrifuged (4,000 rpm,
20 min). The supernatant solution from each sample
was collected and filtered through a 0.45 pm mem-
brane and the phenoloxidase activity was measured
immediately. The reaction mixture contained 300 pL
of 6.6 mM DMAB, 100 pL of 1.4 mM MBTH, 30 pL
of 20 mM MnSO,, and 1,560 pL. of the filtered
sample. The reaction was initiated with the addition
of 10 uL of 10 mM H,O,, and was followed in a
Spectronic Genesis 2PC spectrophotometer at 590 nm
(e =0.053 uM™ 1 cm™Y). No correction was made for
the possible presence of lignin peroxidase (LiP) and
laccase (Lac) activity, so the measurements represent
the sum of manganese peroxidase, LiP, and Lac
(Castillo and Torstensson 2007) activities and are
expressed as phenoloxidase activity.

Hydrolytic activity was determined in all degrada-
tion assays by monitoring fluorescein diacetate hydro-
lysis (FDA), following a method published by
Schniirer and Rosswall (1982) with slight modifica-
tions. Briefly, 1 g of biomixture taken from a degra-
dation assay was incubated in a 30 mL conical flask
with 9.9 mL of sterile 60 mM sodium phosphate
buffer (pH 7.8). The reaction was initiated by adding
0.1 mL of a FDA solution (2.0 mg mL™"). After 1 hat
25 £ 1 °C, 10 mL of acetone was added to stop the
reaction. Ay9y was measured spectrophotometrically
after removal of the biomixture by centrifugation and
filtration. The concentration of the fluorescein released
was calculated using a calibration curve produced
using standard quantities of FDA, and the results were
expressed as pg FDA g~' h™'. Controls with and
without atrazine were included.
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Pesticide analysis

HPLC analysis was performed using a Merck Hitachi
L-7100 pump, a Rheodyne 7725 injector with a 20 pL.
loop, and a UV-diode array detector set at 290 nm.
Separation was carried out using a Superspher RP-C18
column (5 um particle size, 4.6 x 150 mm), with a
mobile phase of methanol-water buffered with 1 mM
ammonium acetate at a flow rate of 1 mL min~" atroom
temperature (about 22 £ 1 °C). The mobile phase
gradient started at 40:60 methanol:water (v/v), reached
80:20 methanol:water after 15 min, remained constant
for 10 min, and returned to 40:60 methanol:water over
5 min. The atrazine recovery was >90 % in the
biomixture. The ATZ retention time was 7 min and the
detection limit was 0.01 mg L™" in the aqueous phase.

Analysis of terpenes by GC-MS

The terpenes collected by SPME were analyzed using a
Thermo Focus gas chromatograph (GC) (Thermo
Electron Corp., Waltham, MA, USA) coupled to a
Thermo DSQ mass spectrometer (MS) (Thermo Elec-
tron Corp.). Separation was achieved using a DBP-1
capillary column (30 m long, 0.2 mm i.d., 0.33 um
film thickness). The carrier gas was helium, at a flow
rate of 1.5 mL min~'. A mass range of 35-500 m/z
was monitored, and electron impact ionization was
performed at 70 eV with the ion source at 200 °C. The
SPME fiber was inserted into the GC injector for
thermal desorption in splitless mode for 2 min, with the
injector temperature held at 250 °C. The GC oven
temperature started at 40 °C then increased to 260 °C
at5 °C min_l, then was held for 5 min (Schalchli et al.
2011). Terpenes were tentatively identified by com-
paring the experimental mass spectra with the NIST
MS Search 2.0 library and commercial standards. The
spectra were compared with the library database using
a reverse search technique (Pesyna et al. 1976).

Statistical analysis

Experiments were conducted using three independent
replicates of each treatment. Data were subjected to a
one-way analysis of variance (ANOVA) and the
averages were compared using Duncan’s multiple
range tests at the 95 % confidence level. A two-way
ANOVA was used to test for variation in the
volatilization of terpenes from the biomixture.
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Results and discussion
Degradation studies

The effects of the terpene applications on ATZ
degradation in the biomixture systems are shown in
Fig. 1. In general, up to 90 % of the ATZ initially
added to the biomixture (30 mg kg~ ') was degraded
after 60 days of incubation in all treatments and
controls. Particularly fast degradation (>50 % of the
initial ATZ concentration) was seen during the first
10 days of incubation when limonene or eucalyptol
was present at 50 pug kg~'. Significant differences
(P < 0.05) in ATZ degradation rates were observed
between treatments with the individual terpenes and
the controls (Fig. 1a). Adding o-pinene or the terpene
mixture caused only a slight increase in ATZ degra-
dation compared with the controls during the first
20 days of incubation, and the increase was not
significant (P > 0.05). No significant differences
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Fig. 1 Residual atrazine quantified by HPLC after 60 days of
incubation in biomixture treated with 30 mg kg ~' of atrazine
and amended with o-pinene, eucalyptol, limonene and mixture
of these at a 50 and b 100 pg kg
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(P > 0.05) were found between the 100 pg kg™’

terpene treatments and the controls at any time
(Fig. 1b). Our results are supported by Rhodes et al.
(2007), who found low 2,4-dichlorophenol degrada-
tion rates in oak woodland and grassland soils
amended with a mixture of p-cymene, limonene, and
a-pinene, and high degradation rates in soils spiked
only with p-cymene. Suttinun et al. (2004) reported
that high concentrations of terpenes may be toxic to
bacterial cells. The ATZ half-lives in the presence of
50 pg kg=' of limonene or eucalyptol (9.4 and
9.5 days, respectively) were significantly lower than
the half-life in the controls (13.2 days). In contrast, no
significant differences in ATZ half-lives were found
between 100 pug kg™ terpene treatments and the
controls (Table 1). Our findings demonstrate that
stimulation or inhibition of ATZ-degrading microor-
ganisms can occur in the biomixture differently when
terpenes are added as a mixture or individually, and at
different concentrations. Molecular biology studies of
the terpene-amended biomixture might be necessary
to assess the effects on ATZ-degrading microorgan-
isms and to evaluate the expression of the genes
involved in ATZ degradation (e.g., the atzA gene,
demonstrated by Monard et al. (2010)).

Our results clearly show that the efficiency of ATZ
degradation was improved quickly after the addition

Table 1 Half-life (t.,) values for atrazine at 30 mg kg™" in the
biomixture amended with a-pinene, eucalyptol, limonene and
mixture of these at (a) 50 and (b) 100 pg kg_1

Terpene Concentration K tin R?
(hg kg™ @™

Terpene mixture 50 0.06 11.6 Aa 0.99
100 0.06 11.6 Aa 0.99

o-Pinene 50 0.06 10.7 Aa 0.98
100 0.06 10.8 Aa 0.99

Eucalyptol 50 0.07 9.5Ba 097
100 0.07 10.1 Aa 0.98

Limonene 50 0.07 9.4 Ba 0.99
100 0.08 10.3 Aa 0.99

Terpene-untreated - 0.05 132 Aa 097

control

Different capital letters indicate statistical differences between
treatments within each concentration level and lower case letter
indicate statistical differences between different concentrations
of terpenes (50 and 100 pg kg™') for each separate terpene
treatment. Mean values (n = 3) with Duncan test (P < 0.05)

of 50 ug kg~' of limonene and eucalyptol to the
biomixture, but that the improvement was not main-
tained over time. This could be caused by the quick
volatilization of terpenes (Suttinun et al. 2004) or by
the terpenes being used up quickly by the microor-
ganisms in the biomixture. Owen et al. (2007) reported
that 71 % of '*C-geraniol added to soil was catabo-
lized and used as a carbon source by microorganisms,
and only approximately 1 % was volatilized. To
evaluate the possibility that terpene volatilization
occurred in the biomixture, we captured volatile
organic compounds emitted from terpene-amended
and control biomixtures during the first 24 h after
amendment using SPME, the results of which are
shown in Fig. 2.

The recovery of o-pinene at the start of the
evaluations (0.2 h) was, at 57.2 £+ 6.0 %, higher than
that of limonene (48.7 & 2.7 %) and eucalyptol
(31.5 £ 7.2 %). The limonene and o-pinene recovery
rates decreased during the first 3 h of the evaluation to
9.6 £ 2.1 %. In contrast, eucalyptol volatilized more
slowly, with its recovery rate decreasing to
15.8 £ 1.6 % after 3 h. This behavior is explained
by the vapor pressures of the terpenes, o-pinene and
limonene having high vapor pressures (399.96 and
266.64 Pa, respectively) compared with eucalyptol

80 -

70 4 —=— Limonene
—0o— Eucalyptol

60 - —— a-pinene

50 —— Terpene mixture

Terpene recovery (%)

Time (h)

Fig. 2 Terpenes volatilized (% + SE) from biomixture. The
values indicate the percentage of recovery of different terpenes
and mixture collected by solid-phase microextraction (SPME)
and identified by gas chromatograph coupled to a mass
spectrometer (GC-MS) from biomixture at different times
0.2, 1, 3, 6,9, 12 and 24 h). Absence of letters indicates no
significant differences based on the ANOVA (two-way)
(P > 0.05)
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(13.33 Pa). The terpene mixture recovery rate
decreased from 56.3 £ 16 to 10.2 £ 1.7 % over the
first 3 h of the evaluation, which was probably
primarily caused by volatilization of a-pinene and
limonene. However, no statistically significant differ-
ences between the terpene recovery rates over time
were found using a two-way ANOVA to compare
limonene with the terpene mixture (P = 0.0795),
o-pinene with the terpene mixture (P = 0.081), euca-
lyptol with the terpene mixture (P = 0.2449), limo-
nene with eucalyptol (P = 0.9273), eucalyptol with
a-pinene (P = 0.9303), or limonene with o-pinene
(P = 0.9999). Several authors have suggested that one
of the benefits of using terpenes to stimulate the
biodegradation of chemicals is that the soil microor-
ganism population density increases (Suttinun et al.
2004). For example, Hernandez et al. (1997) demon-
strated that adding terpene-rich residues to soil
increased the population of soil microorganisms that
can induce PCB degradation by a factor of 10°. A
second addition of terpenes during the first 3 h of
incubation may, therefore, help improve the efficiency
of the ATZ-degrading microorganisms.

Biological activities

Interestingly, adding terpenes to the biomixture stim-
ulated phenoloxidase activity, with the exception of o-
pinene at the highest concentration tested, as shown in
Fig. 3. Adding 50 pg kg=' of terpenes (Fig. 3a)
caused a significant increase (P < 0.05) in phenoloxi-
dase activity during the first 20 days of incubation
compared with the controls. Adding 50 pg kg™
terpenes either individually or in a mixture increased
phenoloxidase activity by a factor of two compared
with the controls after 5 days of incubation, and
similar results were found at 10 and 20 days (Fig. 3a).
Phenoloxidase activity was similar in all treatments
after 30 days of incubation, and no significant differ-
ences (P > 0.05) were found. An increase in pheno-
loxidase activity was observed when the biomixture
was biostimulated with 100 ug kg~" of individual
terpenes (Fig. 3b), and high values (between 0.5 and
0.6 U kg™ ") were found in the samples amended with
o-pinene, eucalyptol, or limonene. However, low
phenoloxidase activities were found during the first
20 days of incubation (up to 0.25 U kg™ ') when the
terpenes were added as a mixture at 100 pg kg™

@ Springer

(Fig. 3b). After 20 days the phenoloxidase activity in
the samples with the terpene mixture added recovered
to levels similar to the samples treated with individual
terpenes. It is clear that a high concentration of
terpenes added as a mixture inhibited phenoloxidase
activity during the first days of incubation. However,
the precise mechanism for the effect on phenoloxidase
activity is unclear, and more detailed studies are
necessary to better understand if the terpenes were
toxic to the microorganisms or inhibited the enzymatic
activity in the biomixture. Some volatile organic
compounds, such as monoterpenes and sesquiter-
penes, have been identified as fungistatic or bacterio-
static compounds that can affect some enzymatic
activities in soil (Insam and Seewald 2010).

After 40 days of incubation, no significant differ-
ences (P > 0.05) in phenoloxidase activities could be
seen between samples that had 50 and 100 pg kg™" of
added terpenes, and increased activity was seen in all of
the treatments. However, the increase in phenoloxidase
activity did not correlate with atrazine degradation:an
increase in phenoloxidase activity was seen for both 50
and 100 pg kg~' of added terpenes, but atrazine
degradation was enhanced only when 50 pg kg™' of
terpenes were added. This indicates that other micro-
organisms and their enzymes, such as atrazine chloro-
hydrolase (Sene et al. 2010), could be participating in
atrazine degradation, and were affected at high terpene
concentrations in the biomixture. More detailed studies
are necessary to clarify this.

Hydrolytic activity in the biomixture treated with
terpenes is shown in Fig. 4. FDA hydrolysis showed
similar behavior to the phenoloxidase activity, with a
marked increase (P < 0.05) during the first 5 days of
incubation at both 50 and 100 pg kg~' of added
terpenes compared with the controls (Fig. 4a, b).
Interestingly, FDA hydrolysis decreased noticeably in
all treatments after 45 days of incubation. Although
terpenes can be used as carbon sources by soil
microorganisms (Adamczyk et al. 2011), the decrease
in FDA hydrolysis could be caused by depletion of the
readily available carbon sources, including the added
terpenes, in the biomixture after 45 days of incuba-
tion. This hypothesis is based on the behavior of both
of the enzymatic activities we evaluated. FDA
decreased markedly after 45 days of incubation
(Fig. 4a, b) and phenoloxidase activity concomitantly
increased (Fig. 3a, b), demonstrating that fungal
metabolic activation in the biomixture occurred and,
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Fig. 3 Phenoloxidase
activity after 60 days of
incubation in biomixture
contaminated with

30 mg kg ~' and amended
with o-pinene, eucalyptol,
limonene and mixture of
these at a 50 and

b 100 pg kg ~'. Different
letters indicate significant
differences between
treatment within each
sampling time based in
Duncan test (P < 0.05;
n=23)
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60
therefore, that more complex carbon sources, such as may be because FDA hydrolysis is a less specific
cellulose and lignin, were being used. enzymatic activity than is peroxidase, and includes the

In contrast to the effect on phenoloxidase activity, activity of a wide group of soil hydrolases, which are
FDA hydrolysis was not affected by the terpene produced by several soil microorganisms. It is,
mixture at either of the concentrations evaluated. This therefore, very difficult to establish if a specific group
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Fig. 4 Fluorescein
diacetate hydrolysis (FDA)
after 60 days of incubation
in biomixture contaminated
with 30 mg kg ~' and
amended with o-pinene,
eucalyptol, limonene and
mixture of these at a 50 and
b 100 pg kg ~'. Different
letters indicate significant
differences between
treatment within each
sampling time based in
Duncan test (P < 0.05;
n=23)

of microorganisms is affected or stimulated by the
presence of terpenes in the biomixture, and molecular
tools, such as denaturing gradient gel electrophoresis,
are necessary to evaluate this in greater detail. Amaral
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and Knowles (1998) reported that the effects of
monoterpenes on soil microorganisms are complex,
with the biological activity of some microbial groups
being inhibited and others stimulated.
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Conclusion

Adding terpenes to the biomixture enhanced ATZ
degradation, especially when eucalyptol and limonene
were added individually at a relatively low concen-
tration. The stimulatory effect occurred during the first
days of incubation, allowing quick degradation of
ATZ and a decrease in its half-life. Both phenoloxi-
dase and FDA activities were temporarily stimulated
by the terpenes, but phenoloxidase activity was
negatively affected when a mixture of terpenes at
100 pg kg~ was added.

We demonstrated that ATZ degradation can be
enhanced in the short time after a pesticide spillage by
the direct application of terpenes. However, successive
applications of terpenes could improve the long-term
degradation efficiency. Although successive terpene
applications could be seen as a way of sustaining
microbial activity and improving ATZ degradation in
the long-term, it is likely to have a high financial cost.
Therefore, an attractive alternative could be using
natural residues that have high terpene contents, such
as orange peel and eucalyptus leaves, which would cost
less. The ability of these alternatives to sustain the
biological activity of the ATZ-degrader microorgan-
isms in the biobed system should be evaluated.
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