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Immobilization of the white-rot fungus
Anthracophyllum discolor to degrade the
herbicide atrazine
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Abstract

Herbicides cause environmental concerns because they are toxic and accumulate in the environment, food products
and water supplies. There is a need to develop safe, efficient and economical methods to remove them from the envi-
ronment, often by biodegradation. Atrazine is such herbicide. White-rot fungi have the ability to degrade herbicides
of potential utility. This study formulated a novel pelletized support to immobilize the white-rot fungus Anthracophy!-
lum discolor to improve its capability to degrade the atrazine using a biopurification system (BS). Different proportions
of sawdust, starch, corn meal and flaxseed were used to generate three pelletized supports (F1, F2 and F3). In addi-
tion, immobilization with coated and uncoated pelletized supports (CPS and UPS, respectively) was assessed. UPS-F1
was determined as the most effective system as it provided high level of manganese peroxidase activity and fungal
viability. The half-life (t; ;) of atrazine decreased from 14 to 6 days for the control and inoculated samples respectively.
Inoculation with immobilized A. discolor produced an increase in the fungal taxa assessed by DGGE and on phe-
noloxidase activity determined. The treatment improves atrazine degradation and reduces migration to surface and

groundwater.
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Introduction

Atrazine is the most commonly used herbicide in Chile
and perhaps in the world (Mesquini et al. 2015) and it
is produced by the chemical giant Syngenta as a weed-
killer. It is used for corn, sugarcane and sorghum, and
reduces broadleaf and grassy weeds during pre- and post-
emergence (Cabrera-Orozco et al. 2016). However, in the
European Union, atrazine use was banned in 2004 due to
persistent in groundwater. Exposure to atrazine can pro-
duce hermaphroditism in amphibians (Hayes et al. 2002).
In addition, soil contamination by pesticides such as atra-
zine, during filling of sprayer tanks, can produce severe
environmental impacts (Castillo et al. 2008; Grigg et al.
1997; Lozier et al. 2012).
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and indicate if changes were made.

Pesticides can be degraded naturally by microorganism
and white-rot fungi (WRF) are used in biotechnologi-
cal applications to undertake this biodegradation (Mor-
gan et al. 1993; Castillo et al. 2000, 2008). WRF produce
extracellular ligninolytic enzymes which degrade a wide
range of other organic compounds (Rubilar et al. 2012).
The most important role of WREF is in nature where the
organisms recycling dead plant material which would
otherwise accumulate in the environment making life on
earth impossible. The ligninolytic enzymes from WRF
are unique in that they can completely degrade lignin to
carbon dioxide and water.

The ligninolytic enzymes include lignin peroxidases
(LiP, EC 1.11.1.14), manganese peroxidases (MnP, EC
1.11.1.13) and laccase (Lcc, EC 1.10.3.2). These enzymes
can be induced by lignocellulosic compounds or other
organic compounds and their production is regulated
by the availability of nutrients, temperature and induc-
tors or inhibitors (Lorenzo et al. 2002; Rodriguez-
Couto and Sanromén 2005; Baldrian 2008). The WRF
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Anthracophyllum discolor produces ligninolytic enzymes
and mainly MnP in presence of pollutants such as chlo-
rophenols, like pentachlorophenol (PCP), polycyclic aro-
matic hydrocarbons (PAHs) and synthetic dyes (Tortella
et al. 2008; Elgueta and Diez 2010; Rubilar et al. 2011;
Acevedo et al. 2011; Elgueta et al. 2012).

The biopurification system (BS) is an ecological and
cost-effective technology to decrease pesticide contami-
nation of soil and water (Castillo and Torstensson 2007).
The BS is composed of straw, peat and soil and its effi-
ciency is based on the ability to retain and degrade pes-
ticides by indigenous soil microorganisms. Some reports
on the importance of microbial communities involved
in pesticide degradation in BS are available (Marinozzi
et al. 2013). Studies have described the use of molecular
methods such as denaturing gradient gel electrophore-
sis (DGGE) (Coppola et al. 2012; Marinozzi et al. 2013;
Tortella et al. 2013). Coppola et al. (2012) described a
change in microbial diversity after the addition of pesti-
cides and demonstrated that yeasts and ascomycete fila-
mentous fungi are involved in the pesticides degradation
in BS. Tortella et al. (2013) evaluated the microbial com-
munity structure during atrazine degradation in a BS and
observed little impact.

Agricultural and forestry residues generated as lignocel-
lulosic wastes increase every year the environmental pol-
lution. This leads to a loss of valuable natural compounds
(cellulose, hemicelluloses and lignin) that can be converted
to several value-added products (Rodriguez-Couto et al.
2001; Sanchez 2009). The biotransformation of lignocel-
lulosic wastes can be attributed to microorganisms, espe-
cially the WRE, due their extracellular ligninolytic enzymes
able to attack and transform not only lignin but also
organic complex molecules as pollutants (Rao et al. 2014).

The majority of studies of atrazine degradation involve
soil-based systems using bacteria (Newcombe and Crow-
ley 1999; Fan and Song 2014; Zhang et al. 2014). How-
ever, some studies used WRF and Castillo et al. (2001)
showed that P. chrysosporium in straw cultures was able
to degrade 91% of the herbicide in 14 days of incuba-
tion. To take advantage of this performance, WRF can
be immobilized in lignocellulosic supports increasing
their ability to survive in the presence of indigenous soil
microorganisms (Pepper et al. 2002). Sawdust has been
proposed as an optimal support due to its capacity to
support fungal metabolism (Walter et al. 2004; Smith
et al. 2005). However, fungal immobilization has criti-
cal points that can affect the viability of fungi to survive
in soil. Temperature and humidity can determinate the
success of soil bioremediation using immobilized fungi
(Walter et al. 2005; Schmidt et al. 2005; Ford et al. 2007).

Walter et al. (2004) found that wheat straw and a saw-
dust—cornmeal-starch-mix mixture (SCS) was a suitable
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carrier for T. versicolor for bioremediation of PCP in soil.
Ford et al. (2007) evaluated PCP bioremediation by T.
versicolor (3-175 g kg~' inoculum) in highly contami-
nated field soils (100-2137 mg kg~! PCP). They found
that bioavailability and extractability of PCP in the con-
taminated soil may significantly increased after the bio-
augmentation. In addition, Schmidt et al. (2005) found a
strong correlation between the amount of fungal inocu-
lum of T. versicolor used and fungal colonization in a soil
bioaugmented for bioremediation. Rubilar et al. (2011)
described the ability of immobilized A. discolor and P
chrysosporium on supports with wheat straw for soil
bioremediation contaminated with PCP. These authors
found high fungal growth rate and MnP production. The
immobilization in wheat grains favoured the spread of
fungi in the soil and consequently the pollutant degrada-
tion of more than 75%.

The main objective of the present study was to formu-
late a pelletized support to immobilize A. discolor and
evaluate its capability to degrade the atrazine using a BS.

Materials and Methods

Atrazine (99% pure), 3-methyl-2benzothiazolinone
hydrazine (MBTH) and 3-dimethyl-amino benzoic
(DMAB) were from Sigma-Aldrich (Santiago, Chile). All
other chemicals and solvents were of analytical reagents
grade and were purchased from Equilab Ltda. and Merck
S.A. (Chile).

Fungus

Anthracophyllum discolor Sp4 CCCT 16.5 (Colecciéon
Chilena de Microrganismos Tipo CCCT, WDCM 1111)
was supplied by the Environmental Biotechnology Labo-
ratory, Universidad de La Frontera, Chile. The fungus was
transferred from malt extract agar (MEA, 30 g L™! mal
extract, 15 g L™' pH 5.2, Sigma-Aldrich). Slant culture
of glucose malt extract agar (GMEA, MEA plus 10 g L™*
glucose) plates and incubated at 25 & 1 °C for seven days.
The fungus was stored at 4 °C and regularly sub-cultured
to maintain viability.

Pelletized support

Corn meal (Protein 7.2%, Fat 0.4%, Crude Fiber 0.4%, Ash
0.36% and Carbohydrates 78%) and potato starch (pH
6—7.5, solubility 50 g L™}, and reducing matter (as malt-
ose) <0.7%) were purchased from Merck S.A Chile (99%
purity), flaxseed meal was purchased from ANASAC S.A.
(Temuco, Chile). The sawdust from pine (moisture 10%,
ash 0.7% and volatile 65%) was obtained from the forestall
ARAUCO (Concepcion, Chile) mill and sieved through
5 mm. Lignosulphonate (Ca—Mg formulated) was pur-
chased from Lignotech Iberica (Cantabria, Spain). These
components were used to formulated the support F1
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(starch 6%, corn meal 2% and flaxseed 15%), F2 (starch
8%, corn meal 5%, flaxseed 10%) and support F3 (starch
10%, corn meal 8%, flaxseed 5%). Lignosulphonate (3%)
and sawdust (74%) were incorporated in all formula-
tions. A pellet mill (ZLSP300B R-type, Shangai, China)
was used to obtain a pelletized support (PS) of eight mm
length and six mm diameter, with a 10% humidity of dry
weight after the pelletization.

Anthracophyllum discolor immobilization
The fungal immobilization was performed as described
by, Walter et al. (2004) with some modifications. The
mycelium scraped from GMEA plates was homogenized
in a sterilized blender for 1 min with liquid Kirk medium
(LKM), (10 g L™* peptone, 2 g L™* glucose, 2 g L™ KH,O,,
0.5 g L™' MgSO,, 0.1 g L™! CaCl,, 2 g L™ thiamine and
10 mL™! mineral salts) (Tien and Kirk 1988). Five mL of
this inoculum were transferred to 250 mL of LKM and
incubated at 25 °C for seven days. This culture was used
to prepare: (i) a coated pelletized support (CPS) formu-
lated with 50 g of F1, F2 and F3. A suspension of 250 mL of
mycelium from LKM and 100 mL alginate (2%) was shaken
and homogenized for 1 min using a vortex mixer. PS were
sprayed at 15 cm with this suspension, collected and
allowed to harden for 3 min in 3% CaCl,; (ii) an uncoated
pelletized support (UPS) was formulated by transferring
50 g of F1, F2 and F3 to plastic bags and adding 10 mL of
GMEA only. These bags (UPS) were inoculated with five
agar plugs with mycelium of A. discolor grown on GMEA
at 25 °C for 30 days. All the treatments were in triplicate.
In order to evaluate the growth and ligninolytic
enzymes activities of A. discolor in the various CPS and
UPS treatments, 50 g of each F1, F2, and F3 formulation
was incubated for 15 days at 25 °C. Fungal growth was
determined daily measuring the fungal biomass produced
per day. After this, the viability of A. discolor in CPS and
UPS was monitored at 4 and 25 °C during 3 months:
briefly, every 5 days from each bag, 2 pellets were taken
from plastic bags and transferred to a plate with GMEA
and PDA media to check the fungal capacity to grow. The
fungal mycelium was monitored every day until complete
the plate. At the same time, pellets without inoculation
were checked in the same conditions. The pellets were
analyzed by Scanning Electron Microscope (SEM). Then
the optimal immobilized support obtained was selected
to inoculate the BS on the basis of this information.

Biological activity determinations

Ligninolytic enzymes were extracted from 1 g of each
sample with 5 mL 50 mM sodium malonate (pH 4.5). The
samples were centrifuged at 10,000 rpm and stored up
to 24 h at 4 °C prior to analyses. All the determinations
were in triplicates. The Lcc activity was determined with
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2,6-dimethoxyphenol (DMP) as the substrate in sodium
malonate (pH 4.5).

The MnP activity was determined by monitoring the
oxidation of DMP spectrophotometrically at 30 °C. One
enzymatic activity was defined as the amount of enzyme
transforming 1 pmol DMP min™' (Moreira et al. 1997).
The manganese-independent peroxidase (MiP) was mon-
itored at 468 nm and corrected by Lcc activity (De Jong
et al. 1994). The lignin peroxidase (LiP) was monitored
at 310 nm for 2 min. One enzymatic activity unit was
defined as the amount of enzyme transforming 1 pmol of
veratryl alcohol per minute (De Jong et al. 1994).

For all degradation assays, phenoloxidase activity (PO)
was determined every seven days and performed using
MBTH and DMAB (Castillo et al. 1994). The PO meas-
urements represent the sum of MnP, Lip and Lcc (Cas-
tillo and Torstensson 2007). Briefly, biomixture of the
BS samples (10 g) were shaken (150 rpm) for two hours
with 25 mL 100 mM succinate-lactate buffer (pH 4.5) and
then centrifuged at 4000 rpm for 20 min. The activity was
monitored at 590 nm in a spectrophotometer. In order
to obtain information about metabolic activity during
atrazine degradation, respiration activity was measured
as CO, produced absorbed in a 0.2 M NaOH solution at
20 °C during the experiment. The values were expressed
in mg CO, g~! dry biomixture. Experiments were con-
ducted using three independents replicates, statistical
analysis was undertaken using multi-way analysis of vari-
ance, and the averages were compared by Tukey range
tests.

Scanning electron microscopy

Photomicrographs were taken using SEM (Leica/Cam-
bridge Instrument S360, Cambridge, UK). Samples with
two cm length of the PS with immobilized fungus were
cut using a sterilized knife and fixed with 2.5% glutaral-
dehyde for 1.5 h at 4 °C followed by 0.1 M cacodylate salt
buffer pH 7 for 3 0 min, then post-fixed with 1% osmium
tetroxide, dehydrated with acetone, dried and metalized
with gold.

Biomixture formulation

The BS was formulated by using Andisol top soil (Freire
serie) mixed with wheat straw and peat in a volumetric
proportion of 1:2:1 (w:w:w). The soil used was collected
from 0-15 c¢cm deep and sieved to 3 mm. The soil pH was
5.4 with 18 mg kg~ 'of available nitrogen, 17 mg kg™' of
available phosphorus and 12% of organic matter. The
straw (pH 5.9, 0.5% N, 9% lignin and 66% organic matter)
was collected from crop residues at a local farm and was
chopped to obtain fractions of 2 cm length. Commer-
cial peat was purchased from ANASAC S.A. (Temuco,
Chile), contained 33% cellulose and 21% lignin. The
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biomixture formulated was stored in a polypropylene bag
at 4 °C until use. The final biomixture provided pH 4.8,
0.5% total N and 30% organic carbon. The above analy-
ses where performed by the accredited Soil Laboratory in
Universidad de La Frontera, Chile. In order to obtain a
homogenous biomixture, the formulation was vigorously
shaken in a plastic bag of 5 L and the moistened with
distilled water to 60% water holding capacity (WHC).
The biomixture was incubated for 30 days at 20 °C in a
polypropylene bag until their use. In order to establish
a BS, biomixture (1 kg) was transferred to 5 L glass pot
and inoculated with 10% (w/w) immobilized fungus (dry
weight) on PS at depth of 5 cm below the surface of BS.
Thereafter, 60 mg kg~ atrazine (high concentration simi-
lar to a spillage) was spread over the BS.

Four BS were prepared: (a) biomixture + atrazine, (b)
biomixture + fungal inoculum, (c) biomixture + atra-
zine + fungal inoculum and (d) biomixture as control.
Each experiment was carried out in triplicate using a
destructive sampling mode. To evaluate the microbial
communities an analysis by DGGE was done and samples
were extracted for DNA analysis after 0, 20 and 30 days
of incubation. The time-course of PO activity, residual
atrazine and respiration activity (CO,) were determined
for 30 days.

Analytical procedures

Atrazine was extracted with 20 mL of methanol from 10 g
of soil. Incubation was performed for 1 h at 25 °C with
shaking at 350 rpm (Diez et al. 2013). Samples were soni-
cated at full power for 30 min, centrifuged at 10,000 rpm
for 10 min and filtered through 0.2 um PTFS membrane
filters (Merck, Santiago, Chile). For each sample, the pro-
cedure was performed in triplicate. The concentrations
in the final supernatants were measured by high perfor-
mance (HPLC, VWR Hitachi). Samples were injected
using a Rheodyne 7725 injector. The HPLC had a Merck
Hitachi L-7100 pump in a Merck Hitachi L7455 (Knauer,
Germany) diode array detector set at 290 nm. The mobile
phase was methanol (100%) and the flow rate was set a
1 mL min~!. The recovery rate of atrazine was greater
than 85%. The half-life value of atrazine were obtained
by using the first-order kinetic equation as Concentra-
tion = CO e, and from this equation, it was obtained:
T,,, = Ln(2)/k; where k is the first order-rate constant
d™.

Microbial community DNA analysis

The microbial community composition in soil was
evaluated at 0, 20 and 30 d by DGGE using the specific
primer set for bacteria and fungi described by Tortella
et al. (2013). Briefly, soil DNA was extracted (0.5 g) using
the FastDNA® Spin kit following the manufacturer’s
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instructions. The quantity and the quality of the DNA
extracted was determined using 1% agarose gel electro-
phoresis in 0.5x Tris—borate-ethylenediaminetetraacetic
acid (EDTA, TBE) buffer.

The composition of the bacterial communities in the
biomixture was determined using PCR amplification
of the 16S rRNA gene, a nested PCR approach, which
was followed by the DGGE analysis. The PCR products
obtained were nested with primers 341f + GC-534r,
which provided a 200 bp product, which was analysed
using PCR-DGGE. For the analysis of the fungal com-
munity, the DNA was amplified using primers ITS3-GC
and ITS4, which generated a fragment of approximately
200 bp that was suitable for the PCR-DGGE analysis.
All the PCRs were performed in 50 pL reaction volumes
containing 10 uL buffer ‘Green GoTaq® Flexi’ 5x , 2.5 pL
magnesium chloride (MgCl,, 25 mM), 1 pL of DNTP’S
(10 mM), 1 pL of each primer (10 mM), 0.25 pL Taq (5
U uL~}, Go Taq® Flexi DNA polymerase, Promega Corp),
3 uL. ADN (50 ng puL ™), and 31.25 L water.

The PCR-DGGE analyses were performed using a Bio-
Rad DCode system. The polyacrylamide gels (8%) in
1 x Tris—acetate-EDTA (TAE) buffer (40 mM Tris base,
20 mM acetic acid, and 1 mM disodium EDTA, pH 8.2)
were prepared with a denaturating gradient of 40-70%
for bacteria, and 30-60% for fungi (where 100% denatur-
ant contained 7 M urea and 40% formamide). The elec-
trophoresis was run for 17 h at 60 °C and 80 Volts. The
images were captured using a digital camera, and all the
DGGE gel pictures were analysed using the Phoretix 1D
analysis software.

Results

A. discolorimmobilization and ligninolytic enzyme
activities

The fungus produced uniform growth across the surfaces
and cores of the PSs during immobilization. However, the
immobilization of A. discolor on UPS was faster than CPS
during the overgrowth period (data not shown). Overall,
uniform fungal growth across the interspaces of the PSs
was observed. The growth of A. discolor in the surface
and core of UPS-F1 at 4 and 25 °C can be observed by
the SEM photomicrographs (Fig. 1c, d—f). The controls
of pelletized supports and sawdust (Fig. 1a—b) indicated
not evidence of fungal mycelium during the evaluation
Similar growth was observed for CPS-F1, F2 and F3 and
UPS-F2 and F3 (data not shown). UPS-F1 immobilization
was chosen for further evaluations based on its capacity
to permit the fungus to growth and produce high levels
of MnP. The lignocellulosic matrixes after the inocula-
tion not showed any microbial colonization during the
storage, confirming that after the pelletizing process its
where innocuous.
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The time-course of Lcc, MnP and MiP produced by A.
discolor in coated and uncoated pelletized supports for
different formulations (F1, F2 and F3) was determined
(Fig. 2). MnP showed the highest activity for both immo-
bilizations. LiP was not detected during the assay. The
ligninolytic enzyme activities in CPS (Fig. 2a) were evalu-
ated for all formulations (F1, F2 and F3). In formulation
F2, Lcc showed peak activity of 32 pmol min~'g™! after
9 days. However, for F1 and F3 the activity decreased over
time. The MnP was similar for all formulations, with a
peak activity of 155 pmol min~—'g™! on day 15 for F1. The
production of MiP was continuous and reached a peak

activity of 38 pmol min~'g~! on day 13. However, on day
15, the MiP activity decreased below 20 umol min~'g~".

Enzymes activities for UPS (Fig. 2b) were slightly higher
than for CPS. The formulation F1 showed a peak Lcc of
25 pumol min~'g™! at day 15. Formulation F1 showed the
highest MnP activity on day 7, reaching the highest activ-
ity of 220 pmol min~'g~'on day 15. However, for F1 and
F3 the activities were below 25 and 100 umol min~'g™"
respectively. The MiP production was similar for all for-
mulations with a peak activity of 36 pmol min~'g™"! for
F1. However, on day 15, the activity decreased below
25 pmol min~'g~!.
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Atrazine degradation
The immobilization of A. discolor allowed hyphae to
penetrate into the biomixture of the BS and the fun-
gus was effective at accessing atrazine better that other
non-immobilized microorganisms. However, a cell to
atrazine intimate contact may not be required as the
enzymes are extracellular. After the selection of UPS-
F1, the atrazine degradation and fungal activities in a
biomixture were evaluated.

Atrazine degradation was higher in the inoculated BS
than in non-inoculated (Fig. 3). This result is relevant and

novel due to the difference between atrazine degradation
of 76% (non-inoculated) and 96% (inoculated) represent
12 mg kg~! more of atrazine degraded in the system
inoculated, a 20% of the total atrazine added to the sys-
tem (60 mg kg™'). In general, in agricultural practices the
normal field rate of atrazine is about 1 mg kg™* used in
corn production.

Biological activities in the biomixture system
The non-inoculated BS gave phenoloxidase activities
of 04-1.2 U kg_l. In contrast, the PO activities in the
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Fig. 3 Residual atrazine (mg kg™") during 30 days of incubation at
20 °C in a biomixture inoculated. Different lowercase letters indicate
significant (P < 0.05) differences between biomixtures across non-
and inoculated conditions

inoculated BS varied from 0.4-3.2 U kg™ *. After 15 days
of incubation the PO activity in the system inoculated
were doubled, in respect to the non-inoculated BS. Over-
all, for inoculated and non-inoculated BS the enzymatic
activity increased over time reaching its maximum on
day 30 (Fig. 4).

A high respiration rate (279 mg CO, g ' d°!) was
observed in the inoculated BS plus atrazine, followed by
the levels for the simply inoculated BS (219 mg CO, g™*
d™!). The high respiration rate of BS inoculated can be
related with the high level of atrazine degradation, this
can be corroborated by works of Castillo and Torstensson
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(2007). It can also be attributed to the presence of readily
degradable carbon sources in that environment. By way
of confirmation, minor respiration rates were observed
for non-inoculated BS (139 mg CO, g~' d7!) (Fig. 5).
Castillo and Torstensson (2007) observed that the pres-
ence of straw in biomixture increased the activity during
the degradation of pesticides, containing readily available
carbon sources that promotes the respiration activity.
While polysaccharides are sources of energy for microor-
ganisms in the soil, the degradation of lignin and humic
substances does not provide enough energy to maintain
decomposition.

DGGE analysis in the biomixture

The effect of A. discolor UPS-F1 in the biomixture con-
taminated with atrazine on bacterial and fungal com-
munities was evaluated by DGGE analysis (Fig. 6). The
patterns of bacterial communities obtained are shown in
the Fig. 6a and had 65% similarity at the end of the analy-
sis. The inoculated biomixture plus atrazine indicated a
stimulation of bacteria during the evaluation. On day 20,
a shift on patterns of bacterial communities is observed
when compared with the patterns of bacterial communi-
ties obtained without atrazine.

The biomixtures showed fewer bands than the control
on day zero which can be attribute to the atrazine effect.
In addition, the results indicated that there was little
change on day 30, mainly for the inoculated biomixture.
This process can be related to the normal stabiliza-
tion of native microbial communities in the inoculated
biomixture.

Phenoloxidase activity (U k g 1)
|38
1

ab

B Biomixture inoculated and atrazine
@ Biomixture and atrazine

ferences between biomixtures across different conditions

15 30

Time (d)

O Biomixture inoculated
0O Biomixture

Fig. 4 Phenoloxidase activity (U kg™') after 30 days at 20 °C, in a biomixture inoculated. Different lowercase letters indicate significant (P < 0.05) dif-
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Discussion

The results demonstrated that the proliferation of fun-
gal mycelia of A. discolor was significantly higher in the
formulation F1 (high flaxseed content). Flaxseed con-
tains approximately 28% lignocellulose, 23% lignin,
25% hemicellulose, and 47% cellulose (Coskuner and
Karababa 2007). At least some of the cellulose present
in flaxseed may be readily degraded by WRF encourag-
ing good growth and increasing the amount of lignino-
lytic enzymes that can be produced (Sanchez 2009). The
results obtained of MnP with high activity in F1 are con-
cordant with those previously published which associate
A. discolor with a high capacity to produce MnP (Tortella
et al. 2008; Rubilar et al. 2011; Bustamante et al. 2011;
Acevedo et al. 2011; Elgueta et al. 2012). Nevertheless,
other fungi can produce different ligninolytc activities
for bioremediation process. Walter et al. (2004) evalu-
ated immobilized T. versicolor in lignocellulosic supports
for soil bioremediation of pentachlorophenol, obtaining
high levels of laccase of over 700 pmol min~'g~! by day
19. Similar results were obtained by Pinto et al. (2016)
exploring the potential of novel biomixtures inoculated
with Lentinula edodes for degradation of selected pesti-
cides in biobed systems. They found high proliferation of
fungal mycelia in a cork substrate by SEM microscopy.
Elgueta et al. (2016) evaluated the atrazine degradation
in a bioaugmented biomixture with different immobi-
lized white-rot fungi. They found high fungal growth by
Trametes versicolor HL 01 Stereum hirsutum Ru 104 and
Inonotus sp SP2 analyzed by SEM micrographs immobi-
lized in lignocellulosic supports.

In our study, the initial concentration of atrazine was
60 mg kg~! similar to that which could be expected
from an important on-farm spillage. The inoculated bio-
mixture presented a half-life (t, ;) of 6 days whereas for
the non-inoculated biomixture was 14 days, indicating
a high degradation efficacy. The limitation in nitrogen
content in peat biomixture and high C/N ratios enhance
the degradation of pesticide mediated by white-rot fungi
Rodriguez-Rodriguez et al. (2013). The present results of
atrazine degradation are higher than those obtained in
other systems: Bending et al. (2002) evaluated the capac-
ity of nine species of white-rot fungi to degrade mono-
aromatic pesticide in a biobed biomixture. They found
that Coriolus versicolor, Hipholoma fasciculare and
Stereum hirsutum degraded 51, 61 and 57% respectively
of 20 mg kg ™! of atrazine after 42 days of incubation. In
addition, Tortella et al. (2013) evaluated a biomixture
supplemented with terpenes during atrazine degrada-
tion. These authors found that the biomixture suple-
mented with 50-pg kg™! of limonene or eucalyptol gave
t,, of atrazine of 9 days, which was significantly lower
than the control (13 days). Ruiz-Hidalgo et al. (2014)
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Fig. 5 Cumulative respiration activity (mg CO2 g~ biomixture) after
30 days at 20 °C, in a biomixture inoculated with immobilized Anthra-
cophyllum discolor. Each value is the mean of three replicates, and the
error bars show the standard deviation of the mean

used rice husk inoculated with Trametes versicolor to
degrade a 55% of carbofuran in 34 days using a biomix-
ture. In addition, Ruiz-Hidalgo et al. (2016) also evalu-
ated the optimization of a bioaugmented biomixture for
the degradation of carbofuran using T. versicolor. They
found the use of rice husk as bioaugmentation agent
supports the cost-effectiveness of the pesticide degra-
dation in the system. In addition, they evaluated eco-
toxicological effects from lixiviates from a bioaugmented
biomixture with T. versicolor for carbofuran degrada-
tion suggesting that the optimized biomixture decrease
the residual toxicity and the potential chronic effect on
aquatic life. Madrigal-Zaiiga et al. (2016) found the bio-
augmentation by Trametes versicolor improved the min-
eralization of carbofuran with a half-live of 3.4 and 8.1 in
rice husk-based biomixture.

The presence of the inoculum in the BS increased the
PO activity in the biomixture. This result can be related
to the high content of lignin related compounds present
in the biomixture that can be degraded by WRE. The bio-
mixture contains carbon sources, like cellulose, linked
to lignin degradation, which could explain why pesticide
degradation is correlated with PO activity (Castillo et al.
2001). Results obtained in this present work are corrobo-
rated by previous studies published by, Karas et al. (2011)
who described T. versicolor as an efficient degrader
of pesticides in wastewaters from the fruit packaging
industry. However, they found contrasting results for
ligninolytic activities and no correlation with pesticide
degradation was found.

For fungal communities the DGGE patterns in the
biomixture samples had high (>70%) similarity indices
(Fig. 6b). The inoculated biomixture plus atrazine showed
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stimulation for some fungal groups, mainly at the end of
experiment. Moreover, the DNA of A. discolor was used
as an indicator during the experiment due their presence
over the time. The DGGE analysis showed differences
of microbial community between inoculated and non-
inoculated biomixture. The presence of A. discolor in all
treatment over the time can be explained based on the
similarities with indigenous basidiomycetes present in
the biomixture and the high amount of readily metabo-
lized carbon sources. The level of colonization of WRF
can be modulated by reduction of pH in the biomixture,
increasing the fungal activity and pesticide degradation
(Rodriguez-Rodriguez et al. 2013).

Results obtained in this present work are corrobo-
rated by previous studies by, Tortella et al. (2013) who
described the impact of bacterial communities in the
same biomixture (soil, straw, peat) contaminated with
atrazine. The inoculation of A. discolor in the biomixture
produced changes in the structure of the microbial com-
munities between inoculated biomixture and control.
Tortella et al. (2013) found high similarity indices (>85%)
in DGGE patterns of fungal communities and no differ-
ence between inoculated and non-inoculated biomixture.
However, the authors observed differences in the DGGE
patterns that were associated with the pesticide applica-
tion. In addition, Coppola et al. (2012) showed an evident
modification of microbial diversity in a biomixture con-
taminated with penconazole, dimethomorph, metalaxyl,
azoxystrobin, cyprodinil and fludioxonil by DGGE anal-
ysis. The highest degradation of atrazine in the system
inoculated, allow to confirm the presence of A. discolor
in the process through the DNA showed in the DGGE
analysis.

In conclusions, the inoculation of the biomixture with
immobilized A. discolor increased atrazine degradation.
The formulation F1 with the high proportion of flaxseed
meal (15%) gave the highest MnP activity. The atrazine
degradation was higher in the inoculated biomixture than
in the non-inoculated one. The t;,, of atrazine decreased
from 14 to 6 days. The inoculation with immobilized A.
discolor produced an increase in the abundance of fun-
gal taxa as well as in the PO activity. Therefore, the main
conclusion of this work is that the BS inoculated has 20%
more of atrazine degraded that is an important reduction
from the initial concentration 60 mg kg~

Abbreviations

BS: biopurification system; F1, F2, F3: formulations; PS: pelletized support;
CPS: coated pelletized supports; UPS: uncoated pelletized supports; SCS:
sawdust-cornmeal-starch-mix mixture; WRF: white-rot fungi; Lcc: laccases;
MnP: manganese peroxidases; MiP: manganese-independent peroxidase; LiP:
lignin peroxidases; DGGE: denaturing gradient gel electrophoresis; GMEA:
glucose malt extract agar; WHC: water holding capacity; SEM: scanning elec-
tron microscope; PO: phenoloxidase; MBTH: 3-methyl-2-benzothiazolinone

Page 10 of 11

hydrazone; DMAB: 3-dimethyl-amino benzoic acid; PCP: pentachlorophenol;
DMP: 2,6-dimethoxyphenol.

Authors’ contributions

SE designed the study: SE conducted the experiments; NL and MCD analyzed
data; and SE, CL, NL and MCD co-wrote the manuscript. All authors read and
approved the final manuscript.

Author details

! Department of Environment and Sustainability, Instituto de Investigaciénes
Agropecuarias, CRI La Platina, Av, 11610 Santa Rosa, Santiago, Chile. > Depart-
ment of Chemical Sciences and Natural Resources, University of La Frontera,
Av. Francisco Salazar, 01145 Temuco, Chile. > CEB-Centre of Biological Engi-
neering, Micoteca da Universidade do Minho, University of Minho, Campus
Gualtar, 4710-057 Braga, Portugal. * Department of Chemical Engineering,
University of La Frontera, Av. Francisco Salazar, 01145 Temuco, Chile.

Acknowledgements

This work was supported by Grant CONICYT/FONDAP/15130015 and grant
FONDECYT 1120963. Russell Paterson, Centre of Biological Engineering, Uni-
versity of Minho, Braga, Portugal undertook a final revision.

Competing interests

Sebastian Elgueta and Maria Cristina Diez declare that they are inventors of
a pending patent in Chile using aspect of this work. Nelson Lima and Cledir
Santos declare that they have no competing interests.

Funding

The design of the study and collection, analysis and interpretation of data and
writing of the paper was financed by Grant CONICYT/FONDAP/15130015 and
Grant FONDECYT 1120963.

Received: 1 August 2016 Accepted: 27 October 2016
Published online: 04 November 2016

References

Acevedo F, Pizzul L, Castillo MdP, Cuevas R, Diez MC (2011) Degradation of
polycyclic aromatic hydrocarbons by the Chilean white-rot fungus
Anthracophyllum discolor. ) Hazard Mater 185:212-219

Baldrian P (2008) Wood-inhabiting ligninolytic basidiomycetes in soils: ecology
and constraints for applicability in bioremediation. Fungal Ecol. 1:4-12

Bustamante M, Gonzélez ME, Cartes A, Diez MC (2011) Effect of soya lecithin
on the enzymatic system of the white-rot fungi Anthracophyllum dis-
color. J Ind Microbiol Biotechnol 381:189-197

Cabrera-Orozco A, Galindez-Néjera SP, Ruiz-Ordaz N, Galindez-Mayer J, Mar-
tinez-Jeronimo F (2016) Biodegradation of a commercial mixture of the
herbicides atrazine and S-metolachlor in a multi-channel packed biofilm
reactor. Environ Sci Pollut Res. doi:10.1007/511356-016-6204-5

Castillo MdP, Torstensson L (2007) Effect of biobed composition, moisture,
and temperature on the degradation of pesticides. J Agric Food Chem
55:5725-5733. doi:10.1021/jf0707637

Castillo MdP, Stenstrém J, Ander P (1994) Determination of manganese
peroxidase activity with 3-methyl-2-benzothiazolinone hydrasone and
3-dimethylamino benzoic acid. Anal Biochem 218:399-404

Castillo MdP, Andersson A, Ander P, Stentrom J, Tortensson L (2000) Establish-
ment of white-rot fungi Phanerochaete chrysosporium on unsterile
straw and solid state fermentation system intended for degradation of
pesticides. World J Microbiol Biotechnol 17:627-633

Castillo MdP, Von Wiron-Lehr S, Scheunert |, Torstensson L (2001) Degradation
of isoproturon by the white rot fungus Phanerochaete chrysosporium. Biol
Fertil Soils 33:521-528. doi:10.1007/5003740100372

Castillo MdP, Torstensson L, Stenstrém J (2008) Biobed for environmental pro-
tection from pesticide use-a review. J Agric Food Chem 56:6206-6219

Coppola L, Comitini F, Casucci C, Milanovic V, Monaci E, Marinozzi M, Taccari M,
Ciani M, Vischetti C (2012) Fungicides degradation in an organic biomix-
ture: impact on microbial diversity. New Biotechnol 29:99-106

CoskunerY, Karababa E (2007) Some physical properties of flaxseed (Linum
usitatissimum L.). J Food Eng 78:1067-1073


http://dx.doi.org/10.1007/s11356-016-6204-5
http://dx.doi.org/10.1021/jf0707637
http://dx.doi.org/10.1007/s003740100372

Elgueta et al. AMB Expr (2016) 6:104

De Jong E, Field JA, Debont J (1994) Aryl alcohols in the physiology of lignino-
lytic fungi. FEMS Microbiol Rev 13:153-188

Diez MC, Levio M, Bricefio G, Rubilar O, Tortella G, Gallardo F (2013) Biochar as
a partial replacement of peat in pesticide-degrading biomixture formu-
lated with different soil types. J. Bio Mater Bioenerg. 7:741-747

Elgueta S, Diez MC (2010) Lignocellulosic support selection for colonization
and ligninolytic enzyme production of white-rot fungus Anthracophyllum
discolor. J Biotechnol 150:279-280

Elgueta S, Rubilar O, Lima N, Diez MC (2012) Selection of white-rot fungi to
formulate complex and coated pellets for reactive orange 165 decolouri-
zation. Electron J Biotechn. 15:1-17

Elgueta S, Santos C, Lima N, Diez MC (2016) Atrazine dissipation in a biobed
system inoculated with immobilized white-rot-fungi. Arch Agron Soil Sci.
62:1451-1461

Fan X, Song F (2014) Bioremediation of atrazine: recent advances and prom-
ises. J Soils Sedim. 14:1727-1737

Ford C, Walter M, Northcott G, Di H, Cameron K, Trower T (2007) Fungal inocu-
lum properties: extracellular enzyme expression and pentachlorophenol
removal in highly contaminated field soils. J Environ Qual 36:1749-1759

Grigg BC, Assaf N, Turco RF (1997) Removal of atrazine contamination in soil
and liquid systems using bioaugmentation. Pestic Sci 50:211-220

Hayes T, Haston K, Tsui M, Hoang A, Haeffele C, Vonk A (2002) Atrazine-induced
hermaphroditism at 0.1 ppb in american leopard frogs (Rana pipiens):
laboratory and field evidence. Environ Health Perspect 111:568-575

Lorenzo M, Moldes D, Rodriguez-Couto S, Sanroman A (2002) Improving
laccase production by employing different lignocellulosic wastes in sub-
merged cultures of Trametes versicolor. Bioresour Technol 82:109-113

Lozier MJ, Curwin B, Nishioka MG, Sanderson W (2012) Determinants of
atrazine contamination in the homes of commercial pesticide applicators
across time. J Occup Environ Hyg. 9:289-297

Madrigal-Zufiga K, Ruiz-Hidalgo K, Chin-Pampillo JS, Masis-Mora M, Castro-
Gutiérrez V, Rodriguez-Rodriguez CE (2016) Fungal bioaugmentation of
two rice husk-based biomixtures for the removal of carbofuran in on-
farm biopurification systems. Biol Fertil Soils 52:243-250

Mesquini JA, Sawaya A, Lopez B, Oliveira V, Miyasaka N (2015) Detoxification
of Atrazine by Endophytic Streptomyces sp. isolated from sugarcane
and detection of nontoxic metabolite. Bull Environ Contam Toxicol
95:803-809

Moreira MT, Feijoo G, Sierra R, Lema J, Field JA (1997) Biobleaching of oxygen
delignified pulp by force several white rot fungal strains. J Biotechnol
53:237-251

Morgan P, Lee S, Sheppard A, Watkinson R (1993) Growth and biodegradation
by white-rot fungi inoculated into soil. Soil Biol Biochem 25:279-287

Newcombe DA, Crowley DE (1999) Bioremediation of atrazine-contaminated
soil by repeated applications of atrazine-degrading bacteria. Appl Micro-
biol Biotechnol 51:877-882

Pepper IL, Gentry TJ, Newby DT, Roane TM, Josephson KL (2002) The role of
cell bioaugmentation and gene bioaugmentation in the remediation of
co-contaminated soils. Environ Health Perspect 110:943-946

Pinto AP, Rodrigues SC, Caldeira AT, Teixeira DM (2016) Exploring the potential
of novel biomixtures and Lentinula edodes fungus for the degradation
of selected pesticides. Evaluation for use in biobed systems. Sci Total
Environ 541:1372-1381

Page 11 of 11

Rao MA, Scelza R, Acevedo F, Diez MC, Gianfreda L (2014) Enzymes as useful
tools for environmental purposes. Chemosphere 107:145-163

Rodriguez-Couto S, Sanromén A (2005) Application of solid-state fermentation
to ligninolytic enzyme production. Biochem Eng J 22:211-219

Rodriguez-Couto S, Dominguez A, Sanromén A (2001) Utilization of lignocellu-
losic wastes for lignin peroxidase production by semi-solid-state cultures
of Phanerochaete chrysosporium. Biodegradation 12:283-289

Rodriguez-Rodriguez CE, Castro-Gutiérrez V, Chin-Pampillo JS, Ruiz-Hidalgo K
(2013) On-farm biopurification systems: role of white rot fungi in depura-
tion of pesticide-containing wastewaters. FEMS Microbiol Lett 345:1-12

Rubilar O, Tortella G, Cea M, Acevedo F, Bustamante M, Gianfreda L, Diez MC
(2011) Bioremediation of a chilean andisol contaminated with pentachlo-
rophenol (PCP) by solid substrate cultures of white-rot fungi. Biodegrada-
tion 22:31-41

Rubilar O, Tortella GR, Cuevas R, Cea M, Rodriguez-Couto S, Diez MC (2012)
Adsorptive removal of pentachlorophenol by Anthracophyllum discolor in
a fixed-bed column reactor. Water Air Soil Pollut 223:2463-2472

Ruiz-Hidalgo K, Chin-Pampillo JS, Masis-Mora M, Carazo RE, Rodriguez-
Rodriguez CE (2014) Degradation of carbofuran by Trametes versicolor
in rice husk as a potential lignocellulosic substrate for biomixtures: from
mineralization to toxicity reduction. Process Biochem 49:2266-2271

Ruiz-Hidalgo K, Masis-Mora M, Barbieri E, Carazo-Rojas E, Rodriguez-Rodriguez
CE (2016) Ecotoxicological analysis during the removal of carbofuran in
fungal bioaugmented matrices. Chemosphere 144:864-871

Sanchez C (2009) Lignocellulosic residues: biodegradation and bioconversion
by fungi. Biotechnol Adv 27:185-194

Schmidt KR, Chand S, Gostomski PA, Boyd-Wilson KS, Ford C, Walter M (2005)
Fungal inoculum properties and its effect on growth and enzyme activity
of Trametes versicolor in soil. Biotechnol Prog 21:377-385

Tien M, Kirk T (1988) Lignin peroxidase of Phanerochaete chrysosporium. Meth-
ods Enzymol 161:238-249

Tortella G, Rubilar O, Gianfreda L, Valenzuela E, Diez MC (2008) Enzymatic
characterization of Chilean native wood-rotting fungi for potential use in
the bioremediation of polluted environments with chlorophenols. World
J Microbiol Biotechnol 24:2805-2818

Tortella G, Mella-Herrera RA, Souza DZ, Rubilar O, Acufa J, Briceno G, Diez MC
(2013) Atrazine degradation and its impact on the microbial communi-
ties and community level physiological profiles in a microcosm simulat-
ing the biomixture of on-farm biopurification system. J Hazard Mater
260:459-467

Walter M, Boul L, Chong R, Ford C (2004) Growth support selection and bio-
degradation of PCP by New Zealand white-rot fungi. J Environ Manage
71:361-369

Walter M, Boyd-Wilson K, Boul L, Ford C, Mcfadden D, Chong B, Pinfold J (2005)
Field-scale bioremediation of pentachlorophenol by Trametes versicolor.
Int Biodeterior Biodegradation 56:51-57

Zhang, Ge S, Jiang M, Jiang Z, Wang Z, Ma B (2014) Combined bioremedia-
tion of atrazine-contaminated soil by Pennisetum and Arthrobacter sp.
strain DNS10. Environ Sci Pollut Res 21:6234-6238



	Immobilization of the white-rot fungus Anthracophyllum discolor to degrade the herbicide atrazine
	Abstract 
	Introduction
	Materials and Methods
	Fungus
	Pelletized support
	Anthracophyllum discolor immobilization
	Biological activity determinations
	Scanning electron microscopy
	Biomixture formulation
	Analytical procedures
	Microbial community DNA analysis

	Results
	A. discolor immobilization and ligninolytic enzyme activities
	Atrazine degradation
	Biological activities in the biomixture system
	DGGE analysis in the biomixture

	Discussion
	Authors’ contributions
	References




