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Abstract Wastewaters from the fruit packaging
industry contain a high pesticide load and require
treatment before their environmental discharge. We
provide first evidence for the potential bioremediation
of these wastewaters. Three white rot fungi (WRF)
(Phanerochaete chrysosporium, Trametes versicolor,
Pleurotus ostreatus) and an Aspergillus niger strain
were tested in straw extract medium (StEM) and soil
extract medium (SEM) for degrading the pesticides
thiabendazole (TBZ), imazalil (IMZ), thiophanate
methyl (TM), ortho-phenylphenol (OPP), diphenyl-
amine (DPA) and chlorpyrifos (CHL). Peroxidase
(LiP, MnP) and laccase (Lac) activity was also
determined to investigate their involvement in pesti-
cide degradation. T. versicolor and P. ostreatus were
the most efficient degraders and degraded all pesti-
cides (10 mg 17") except TBZ, with maximum effi-
ciency in StEM. The phenolic pesticides OPP and
DPA were rapidly degraded by these two fungi with a
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concurrent increase in MnP and Lac activity. In
contrast, these enzymes were not associated with the
degradation of CHL, IMZ and TM implying the
involvement of other enzymes. 7. versicolor degraded
spillage-level pesticide concentrations (50 mg 17"
either fully (DPA, OPP) or partially (TBZ, IMZ).
The fungus was also able to rapidly degrade a mixture
of TM/DPA (50 mg 17"), whereas it failed to degrade
IMZ and TBZ when supplied in a mixture with OPP.
Overall, T. versicolor and P. ostreatus showed great
potential for the bioremediation of wastewaters from
the fruit packaging industry. However, degradation of
TBZ should be also achieved before further scaling up.

Keywords White rot fungi - Aspergillus niger -
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Fungicides - Biodegradation

Introduction

During storage fruits are susceptible to fungal infes-
tations by Penicilium sp. and Geotrichum sp. which
significantly diminish their market value (El Ghaouth
et al. 2002). In order to minimize such losses, fruits are
subjected to fungicide treatments by spraying during
waxing operations or by dipping into concentrated
aqueous solutions of fungicides. Both treatments lead
to the accumulation of large volumes of wastewaters
containing high loads (50-1000 mg 1) of persistent
chemicals like thiabendazole (TBZ), imazalil (IMZ),
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ortho-phenylphenol (OPP), thiophanate methyl (TM)
and diphenylamine (DPA). TBZ, IMZ, OPP and TM
are used for the protection of citrus and pome fruits by
Penicilium infestations (Holmes and Eckert 1999;
Smilanick et al. 2006), whereas DPA is utilized as an
antioxidant for the control of the apple scald physio-
logical disorder (Johnson et al. 2006). In addition,
insecticides which are applied in the orchards close to
harvest could be also present in these wastewaters, with
chlorpyrifos (CHL) being a common contaminant
(Castillo et al. 2000).

Previous studies have shown that direct discharge
of these wastewaters into natural water resources
without prior treatment constitutes a serious point-
source contamination (Flaim and Toller 1989).
Indeed, a monitoring study employed in surface
water systems of Costa Rica showed that TBZ and
IMZ were amongst the most frequently detected
pesticides. This was attributed to the presence of fruit
packaging plants adjacent to the river systems
monitored (Castillo et al. 2000). Fungicides like
TBZ and IMZ were included in Annex I of the
91/414/EC directive under the clause that an efficient
treatment of the produced wastewaters should be
operative (EU 1997, 2001). Indeed, a depuration
system based on pesticide adsorption onto granular
activated carbon was patented (Technidex) for the
treatment of wastewaters containing high loads of
TBZ (Garcia Portillo et al. 2004). Although this
system achieved 7000 times reduction in TBZ
concentrations the cost for its large scale distribution
is prohibitive (EU 2000). Similarly, Flaim and Toller
(1989) proposed the use of a filter system composed
of a mixture of peat moss, manure, clay and dolomite
sand which was efficient in removing >98% of
residues of TBZ, benomyl and DPA contained in
wastewaters. However this system was not able to
treat large wastewater volumes, while the use of
materials like peat moss and clay increased the cost
for its implementation. Therefore, a sustainable and
environmentally acceptable method for the remedia-
tion of these wastewaters is urgently needed.

Microbial degradation of pesticides is considered
to be the most important process for their irreversible
environmental removal (Karpouzas and Singh 2006).
It is well established that white rot fungi (WRF) are
able to degrade a wide range of organic pollutants
(Asgher et al. 2008). They are saprotrophic fungi
capable of degrading lignin, using a non-specific and
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extracellular enzymatic system called lignin miner-
alizing enzyme (LME) system comprising: two
glycosylated heme-containing peroxidases, lignin
peroxidase (LiP) and Mn dependent peroxidase
(MnP), and a copper-containing phenoloxidase, lac-
case (Lac) (Hatakka 1994; Wesenberg et al. 2003).
The low specificity and the extracellular nature of the
LME system of WREF resulted in their application in
several industrial processes but also as bioremedia-
tion agents for prevention of environmental pollution
(Pointing 2001; Gao et al. 2010).

Amongst the WREF tested for their biodegradation
capabilities Phanerochaete chrysosporium, Pleurotus
ostreatus and Trametes versicolor have showed great
promise for the bioremediation of pesticide polluted
matrices. Different P. chrysosporium strains were able
to rapidly degrade the herbicide diuron (Fratila-
Apachitei et al. 1999) or the recalcitrant organochlo-
rine insecticide lindane (Mougin et al. 1996). Fragoeiro
and Magan (2005) demonstrated that P. chrysosporium
and T. versicolor were able to rapidly degrade a
mixture of simazine, dieldrin and trifluralin under
osmotic stress. In a similar study, Jauregui et al. (2003)
showed that P. ostreatus was amongst the most
efficient WRF in the degradation of organophosphorus
pesticides. In several of the above studies, the direct
involvement of the LME system in the degradation of
the pesticides was shown (Fratila-Apachitei et al. 1999;
Castillo et al. 2001). On the contrary, several studies
with WRF have suggested that enzymes other than
LMEs were responsible for the degradation of pesti-
cides (Kullman and Matsumura 1996; Mougin et al.
1997). Apart from WREF, Aspergilus. niger has also
shown high degrading potential against several pesti-
cides including organophosphates (Liu et al. 2001),
pyrethroids (Liang et al. 2005) and organochlorines
(Bhalerao and Puranik 2007).

Our study aimed (1) to investigate the degrading
potential of three WRF (P. chrysosporium, P. ostreatus,
T. versicolor) and A. niger for the degradation of
fungicides and insecticides contained in wastewaters
produced by the fruit packaging industry and (2) to
identify the potential involvement of LMEs in the
degradation of the pesticides by the WRF. The degra-
dation of the selected pesticides was tested in soil extract
medium (SEM) and straw extract medium (StEM)
which mimic the natural habitat of A. niger and WRF,
respectively. This study will form the basis for the
further utilization of these fungi, grown on appropriate



Biodegradation (2011) 22:215-228

217

substrates, in biofiltration systems for the treatment of
wastewaters from the fruit packaging industry.

Materials and methods
Fungi

The fungal strains used were purchased by DSMZ
(Deutsche Sammlung von Mikroorganismen und
Zellkultuen GmbH) and were P. chrysosporium
active culture DSMZ 6909, P. ostreatus active culture
DSMZ 1020, T. versicolor active culture DSMZ
11309 and A. niger active culture DSMZ 11167.
WREF were routinely grown in malt extract agar (LAB
M, UK) at 25°C, while the A. niger strain was grown
in potato dextrose agar (LAB M, UK) at 25°C.

Media

Pesticide degradation by the selected fungi was
studied in: a soil extract medium (SEM) and a straw
extract medium (StEM). Both media were selected in
accordance to life cycle attributes and ecology of the
selected fungi. Thus, the WRF were expected to grow
better in the StEM, while the soil-borne fungi
A. niger was expected to be favored in SEM.

Soil from a field of the National Agricultural
Research Foundation of Greece in Larissa was used
for the preparation of SEM as described before
(Karpouzas et al. 2000). The soil was characterized
as sandy loam (sand 64%, clay 11%, loam, 25%) with
pH 6.5 and organic matter content 1.2% and total N
content of 0.56%. The pH of the SEM prepared was
6.2 £ 0.2. Wheat straw from a local farm was used for
the preparation of StEM. Straw had a pH of 5.9, organic
carbon content of 45.6% and total N content of 0.19%.
Briefly, 100 g of chopped straw were mixed with 1 1 of
deionized water and sterilized at 120°C for 30 min.
After cooling, the sterilized mixture was centrifuged at
10,000 rpm for 10 min and the clear supernatant was
collected, sterilized again and maintained at 4°C until
used. The pH of the StEM was 5.5 £ 0.2.

Pesticides
Analytical standards of CHL (O,O-diethyl O-3,5,

6-trichloro-2-pyridyl phosphorothioate, 99%, Chem-
Service, USA), TBZ (4-(1H-1,3-benzodiazol-2-yl)-

1,3-thiazole) OPP (ortho-phenylphenol), IMZ ((RS)-
1-(f-allyloxy-2 4-dichlorophenylethyl)imidazole, 99%
Riedel-de-Haén, Germany), DPA (diphenylamine,
99.9% Riedel-de-Haén, Germany) and TM (dimethyl
4.4'-(0-phenylene)bis(3-thioallophanate), 99.6%, Fluka,
Switzerland) were used in the degradation experi-
ments but also for analytical purposes. Apart from
the parent compounds, analytical standards of known
metabolic products of CHL and TM like 3,5,6-
tricholorpyridinol (TCP, 99%, Fluka, Switzerland)
and methyl 2-benzylimidazole carbamate (MBC,
99.2%, Fluka, Switzerland), respectively were used
for analytical purposes only. A stock solution of all
pesticides in methanol (10,000 mg 1™") was initially
prepared and used for obtaining a series of dilutions at
the range of 0.1-100 mg 17! which were used for the
construction of calibration curves for quantification of
pesticide concentrations in HPLC.

Pesticide degradation in StEM and SEM
by the selected fungi

An aliquot of the 10,000 mg 1" stock solution of the
pesticides in methanol was added in a sterilized Duran
bottle and was left to evaporate inside a laminar flow
hood under aseptic conditions. After complete evap-
oration, the residues were re-suspended in appropriate
amounts of SEM and StEM to obtain media contain-
ing 20 mg 17" of each of the pesticides tested. In order
to ensure complete and uniform dissolution pesticide-
containing media were placed in an ultrasonic water
bath for 30 min. Aliquots (30 ml) of StEM without
pesticide were added aseptically into sterilized conical
flasks (250 ml) and were immediately inoculated with
four agar plugs (1 cm i.d.) taken from the margins of
actively growing cultures of each of the studied fungi
grown in the appropriate agar media. This inoculation
procedure has been used routinely in several previous
studies assessing the degradation capacity of WRF
(Fragoeiro and Magan 2005; Rigas et al. 2005).
Immediately after, inoculation flasks were placed in a
shaking incubator at 60 rpm at 25°C and the fungi
were allowed to grow in the absence of the pesticides
for 3 days. After this period, all flasks were supple-
mented with 30 ml of StEM containing the pesticide
(20 mg 17"), thus obtaining a final pesticide concen-
tration of ca. 10 mg1~'. Due to the low water
solubility (1.4 mg 1_1) of CHL, StEM/SEM contain-
ing CHL (10 mg 17") were prepared as described
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above and were directly inoculated with the selected
fungi thus allowing the immediate contact of the fungi
with the insecticide. Subsequently, all flasks were
placed back in the shaking incubator. Immediately
after pesticide addition and at (2 h), 2, 5, 10, 15, 20
and 30 days, subsamples of the liquid media were
removed and used for pesticide analysis as is
described below. In parallel, the activity of MnP,
LiP and Lac was also determined at the same
sampling dates, in order to identify the possible
involvement of LMEs in pesticide degradation.

For each pesticide there were three replicates per
fungus grown in the presence of the pesticide. Three
enzymatic activity controls for each WRF where the
fungi were grown in the absence of the pesticides
were also prepared to identify if the presence of the
chemical alters the activity of LMEs. In addition,
triplicate abiotic controls which contained SEM/
StEM + pesticide but no fungi were also prepared
to investigate the contribution of abiotic processes in
the degradation of the pesticides.

Degradation of high pesticide concentrations
by T. versicolor in StEM

The ability of T. versicolor to degrade spillage-level
concentrations (50 mg 1_1) of the fungicides TBZ,
OPP, IMZ and DPA was tested. Such concentration
levels are expected to be found in wastewaters from
the fruit packaging industry or in natural water
resources contaminated with these wastewaters. Trip-
licate inoculated and non-inoculated StEM cultures
containing 50 mg 17! of each of the tested pesticides
were prepared and incubated as described before.
Immediately after pesticide addition and 2, 5, 10, 15,
20 and 30 days later samples were removed and used
for the determination of pesticide degradation by
HPLC analysis.

Degradation of pesticide mixtures by 7. versicolor
in StEM

The degrading ability of 7. versicolor was tested in
StEM where the pesticides (50 mg 1~ each) were
added as mixtures according to their use in practice.
Thus, one mixture comprised TBZ, OPP and IMZ
commonly used for the postharvest treatment of citrus
fruits. The second mixture comprised of TM and DPA
which are used in the postharvest treatment of pome
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fruits. Triplicate inoculated and non-inoculated StEM
cultures containing the pesticides in mixtures were
prepared, inoculated and incubated as described above.
Immediately after pesticide addition and at 5, 10, 15,
20 and 30 days later subsamples were removed and
pesticide residues were determined by HPLC.

Pesticide extraction

Regarding CHL and DPA, 1 and 0.5 ml of the liquid
medium, respectively was mixed with 2 and 1 ml of
methanol or a mixture of acetonitrile:methanol (80:20
v:v), respectively and vortexed (30 s). The mixtures
were subsequently passed through a 0.45 um syringe
filter (Sartorius Stedim Biotech GmbH) and the
filtrates were used for HPLC analysis. Regarding
TBZ, OPP and IMZ residues an aliquot (0.5 ml) of
the liquid medium was centrifuged at 14,500 rpm for
15 min. Subsequently, 0.4 ml of the clear supernatant
was mixed with 0.8 ml of methanol, vortexed,
centrifuged as above and the clear supernatant was
used for HPLC analysis.

The residues of TM and its transformation product
MBC were determined in 1 ml of liquid medium
which was mixed with 4 ml of ethyl acetate (Merck,
Germany). The mixture was vortexed (30 s) and 3 ml
from the organic phase were removed and evaporated
to complete dryness in a rotary evaporator. The residue
was resuspended in 1 ml of a 50:50 (v:v) of acetoni-
trile:water which were used for HPLC analysis.

Pesticide analysis

Residues of all pesticides were determined in an HPLC-
UV system equipped with a RP-C18 (150 mm x
4.6 mm id.) Nucleosil® column (Macherey-Nagel
GmbH, Germany). In all cases the mobile phase flow
rate was set at 1 ml min~'. Recovery tests for all
pesticides in the selected media were performed at three
fortification levels 20, 2, and 0.2 mg 1!, Extraction
recoveries for CHL, TBZ, IMZ, DPA, OPP and TM in
StEM were 75-84%, 90-98%, 92-99%, 86-90%,
95-98% and 87-90%, respectively. Similarly, extrac-
tion recoveries of the same pesticides in SEM were
77-84%, 89-91%, 87-93%, 94-97%, 91-96% and
92-94%, respectively.

CHL and its hydrolysis product TCP were detected
at 300 nm. A gradient pump program was utilized
with acetonitrile (pump A) and 20:80 (v:v)
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methanol:water + 0.5 ml 17! of acetic acid (pump B).
The gradient program followed started with solvent A
at 20% for up to 1 min and increased to 80% within the
next 5 min where it was maintained for the next 4 min.
Subsequently solvent A decreased back to its initial
20% until the end of the run (20 min). Retention times
for TCP and CHL were 6.4 and 9.9 min, respectively.

For TBZ and OPP, UV detection was achieved at
254 nm, with a mobile phase of 39:60.5:0.5 (v:v:v)
acetonitrile:water:30% NHj; solution. Retention times
for TBZ and OPP were approximately 4.3 and 13.1 min,
respectively. Regarding IMZ, UV detection was
achieved at 204 nm with a mobile phase of 80:20
(v:v) methanol:25% NHj; solution and its retention time
was approximately 4.1 min. DPA UV detection was
achieved at 210 nm with a mobile phase of 40:50:10
(v:v:v) acetonitrile: water:methanol and a retention time
of 16.3 min. Finally, TM and its transformation product
MBC were detected at 270 nm, with a mobile phase of
70:30 (v:v) water:acetonitrile + 0.01% orthophos-
phoric acid. The retention time of TM and MBC were
10 and 1.9 min, respectively.

Enzymatic activity measurements

Laccase (Lac) activity was determined spectro-
photometrically at 425 nm by oxidation of ABTS
(2,2-aminobis(3-ethylbenzothiazoline-6-sulphonic acid)
(Bourbonnais and Paice 1990). The activity of man-
ganese-peroxidase (MnP) was determined spectropho-
tometrically at 590 nm by oxidative coupling of
MBTH (3-methyl-2-benzothiazoline hydrazone) and
DMAB (3-dimethylaminobenzoic acid) (Ngo and
Lenhoff 1980). Finally, lignin peroxidase (LiP) activ-
ity was determined at 310 nm by monitoring the
oxidation of veratryl alcohol (Tien and Kirk 1988). For
Lac and Lip activity measurements 0.8 ml of the liquid
fungal cultures was utilized, whereas 0.66 ml was used
for MnP activity determination.

Statistical analysis

Data from the enzymatic activity were subject to
repeated measures ANOVA to identify effects of the
main factors (time and pesticide) and their interac-
tions. In cases were significant interactions were
observed the LSD test (0.05) was used to identify
significant differences between treatments within
time.

Results
Pesticide degradation in soil extract medium

Diphenylamine (DPA) (Fig. 1a), ortho-phenylphenol
(OPP) (Fig. 1b) and thiophanate methyl (TM)
(Fig. Ic) were almost completely degraded by
T. versicolor and P. ostreatus within the first 2 days
after pesticide addition (dapa). P. chrysosporium and
A. niger showed a slower degradation for DPA
(Fig. 1a) and TM (Fig. 1lc) with ca. 75-85% and
100% loss, respectively at 15 dapa. The same two
fungi failed to completely degrade OPP (Fig. 1b). A
markedly slower degradation of DPA and TM (ca. 50
and 80% at 30 dapa) and a negligible degradation of
OPP was noted in the non-inoculated cultures. The
initial rapid degradation of TM coincided with the
early formation of MBC with maximum concentra-
tions detected in the cultures of P. chrysosporium
(4.1 mg 17"y at 15 dapa and the lowest in the non-
inoculated cultures (1.8 mg 171) (Fig. 1d).

A rapid loss of chlorpyrifos (CHL) was evident
within the first 2 dapa with more than 50% loss observed
in all fungal cultures (Fig. le). Thereafter, degradation
was negligible. A markedly slower degradation was
observed in the non-inoculated control cultures. Degra-
dation of CHL led to a slow build up of TCP which did
not exceed 1 mg 17" in any of the fungal cultures.

None of the tested fungi was able to degrade
thiabendazole (TBZ) and imazalil (IMZ) in SEM
during the incubation (data not shown).

Enzymatic activity in soil extract medium

No LiP activity was detected in any of the fungal
cultures in both media (SEM and StEM). On the
contrary, MnP and Lac activity were detected in the
cultures of all WRF tested. Significantly higher Lac
(Fig. 2a) and MnP (Fig. 2b) activity (P < 0.05) were
detected in the T. versicolor cultures which had been
amended with DPA compared to the non-amended
fungal cultures from day 2 onwards. P. ostreatus
cultures amended with DPA also showed significantly
higher Lac activity (P < 0.05) compared to the non-
amended controls at the beginning (2 and 5 dapa) of
the incubation (Fig. 2a), whereas stimulated MnP
activity was observed in the non-amended cultures of
P. ostreatus at the end of the study (20 and 30 dapa)
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Fig. 1 Degradation of
DPA (a), OPP (b), TM (c),
formation of its metabolite
MBC (d), and degradation
of CHL (e) in SEM
inoculated with Pleurotus
ostreatus (®),
Phanerochaete
chrysosporium (H),
Trametes verscicolor (A),

Aspergillus niger (@) and in
non-inoculated control (x).
For CHL the formation of
its hydrolysis product TCP
is also presented (open
symbols). Error bars
represent the standard
deviation of the means

Pesticide concentration (mg L)

Time (days)

(Fig. 2b). P. chrysosporium showed no Lac activity
and little MnP activity throughout the incubation
regardless of pesticide presence. In accordance with
DPA, significantly higher Lac activity (P < 0.05) was
detected in the OPP-amended cultures of P. ostreatus,
which lasted for the first 15 days of the incubation
(Fig. 2¢), while MnP was not responsive to the
presence of OPP (Fig. 2d).

No significant differences (P > 0.05) in Lac
(Fig. 2e) and MnP (Fig. 2f) activity was observed
in the TM-amended cultures of 7. versicolor and
P. ostreatus compared to the corresponding non-
amended cultures. On the other hand, in the presence
of CHL a significantly higher Lac (Fig. 2g) and MnP
(Fig. 2h) activity (P < 0.05) was measured in the
T. versicolor cultures compared to the non-amended
cultures from day 10 onwards. The presence of TM
and CHL in the P. chrysosporium cultures caused a
significant reduction in MnP activity compared to the
corresponding non-amended cultures from 5 up to
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15 dapa (Fig. 2f) and throughout the incubation
(Fig. 2h), respectively.

No significant differences in the MnP and Lac
activity were evident in the fungal cultures in the
presence of IMZ and TBZ (data not shown).

Pesticide degradation in straw extract medium

Diphenylamine (DPA) (Fig. 3a), ortho-phenylphenol
(OPP) (Fig. 3b) and thiophanate methyl (TM) (Fig. 3c)
were rapidly degraded by T. versicolor and P. ostreatus
within the first 2 h after inoculation. DPA was also
rapidly degraded by P. chrysosporium and A. niger with
a complete loss observed within 5 and 2 dapa, respec-
tively (Fig. 3a). On the contrary, P. chrysosporium
showed a lower degrading ability for OPP (Fig. 3b) and
TM (Fig. 3c) with 70 and 95% degradation, respectively
observed at 15 dapa. The slower degradation among all
fungal cultures for OPP (Fig. 3b) and TM (Fig. 3c) was
evident in the A. niger cultures, which was comparable
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Fig. 2 The enzymatic activity of Lac (a, ¢, e, g) and MnP
(b, d, £, h) in SEM cultures of the white rot fungi (WRF) which
were amended or not amended with DPA (a, b); OPP (¢, d);
TM (e, f) and CHL (g, h). The error bars represent the standard

to the reduced degradation observed in the non-inocu-
lated cultures. The major metabolite of TM, MBC was
detected in all fungal cultures (Fig. 3d) and its early
formation coincided with the rapid degradation of TM.
Maximum concentrations of MBC were observed in the

deviation of the means. Bars designated with an asterisk
indicate a statistically significant difference in the enzymatic
activity between pesticide-amended and non-amended cultures
(control) for the same fungus within each sampling time

cultures of P. ostreatus (3.2 mg 171) at 2 dapa, whereas
a slower formation of MBC was evident in the non-
inoculated cultures.

Degradation of chlorpyrifos (CHL) followed the
same pattern as in SEM in all fungal cultures with a
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Fig. 3 Degradation of

DPA (a), OPP (b), TM (c),
formation of its metabolite
MBC (d), and degradation
of CHL (e) and IMZ (f) in
StEM inoculated with
Pleurotus ostreatus (®),
Phanerochaete
chrysosporium (H),
Trametes verscicolor (A),

Aspergillus niger (@) and in

non-inoculated control (x).
For CHL (¢) the formation
of its hydrolysis product
TCP is also presented (open
symbols). Error bars
represent the standard
deviation of the means

Pesticide concentration (mg L")

rapid loss (ca. 80%) by 2 dapa and a slow degradation
thereafter (Fig. 3e). However, the slowest degradation
was observed in the non-inoculated cultures. The
metabolite of CHL, TCP was gradually formed and
reached the highest concentration in the cultures of
T. versicolor (5.2 mg 17" at 30 dapa, while no TCP
was detected in the non-inoculated cultures (Fig. 3e).

Similarly to SEM, thiabendazole (TBZ) was not
degraded in StEM by any of the fungi tested (data not
shown). However, imazalil (IMZ) was fully degraded
by the WRF within 10 dapa, while A. niger degraded
less than 50% of the initial amount by the end of the
incubation (Fig. 3f). Minor degradation was observed
in the non-inoculated cultures.

Enzymatic activity in straw extract medium

Significantly higher Lac activity (P < 0.05) was
detected in the DPA—amended cultures of P. ostreatus
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Time (days)

compared to the corresponding non-amended cul-
tures at 2, 10 and 15 dapa, (Fig. 4a). Significantly
higher MnP activity (P < 0.05) was evident in the
DPA-amended cultures of 7. versicolor and P. chry-
sosporium compared to the corresponding control
cultures at 0, 2, 30 dapa and at 2 and 5 dapa,
respectively (Fig. 4b). Similarly to DPA, the presence
of OPP in the cultures of T. versicolor and P. ostreatus
stimulated Lac (Fig. 4c) and MnP (Fig. 4d) activity
(P < 0.05) compared to the corresponding non-OPP
amended cultures at the beginning of the incubation
(0 and 2 dapa). This stimulation of Lac activity
persisted for up to 15 dapain the T. versicolor cultures.
On the contrary, OPP significantly reduced (P < 0.05)
MnP activity in the P. chrysosporium cultures from day
2 onwards (Fig. 4d).

TM did not appear to significantly affect (P > 0.05)
Lac and MnP activity in the fungal cultures (Fig. 4e, f).
The only exception was observed in the T. versicolor
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Fig. 4 The enzymatic activity of Lac (a, c, e, g) and MnP (b, d,
f, h) in StEM cultures of the white rot fungi (WRF) which were
amended or not amended with DPA (a, b); OPP (¢, d); TM
(e, f) and CHL (g, h). Error bars represent the standard deviation

cultures, where the presence of TM significantly
reduced MnP activity (P < 0.05) from day 5 up to
day 15 compared to the MnP activity in the non-
amended fungal cultures (Fig. 3f).

CHL in the cultures of T. versicolor and P. ostreatus
significantly (P < 0.05) inhibited Lac (Fig. 4g) and

of the means. Bars designated with an asterisk indicate a
statistically significant difference in the enzymatic activity
between pesticide-amended and non-amended cultures (control)
for each fungus within each sampling time

MnP (Fig. 4h) activity for up to 5 dapa. On the
contrary, a significantly higher MnP activity (P <
0.05) was observed in the CHL-amended cultures of
T. versicolor at 10 and 15 dapa (Fig. 4f).

IMZ and TBZ did not induce changes in the MnP
and Lac activity (data not shown).
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Degradation of high pesticide concentrations
by T. versicolor

StEM appeared to favour pesticide degradation by the
WRF and T. versicolor showed the highest and broader
degrading efficiency thus its ability to degrade higher
pesticides concentration (50 mg 17") was assessed in
StEM. Indeed, T. versicolor completely degraded OPP
and DPA within 10 and 15 days, respectively (Fig. 5)
and degraded more than 50% of the initial amount of
TBZ and IMZ within 30 days. Degradation of all
pesticides was negligible in the non-inoculated control
cultures.

Degradation of fungicide mixtures
by T. versicolor

T. versicolor was also tested against mixtures of
fungicides which were prepared based on their
application practice. Thus TBZ, OPP and IMZ were
included in the first pesticide mixture, while DPA and
TM in the second. The fungus nearly fully degraded
OPP within 2 dapa, while negligible degradation of
TBZ and only partial of IMZ was evident during the
30 day incubation (Fig. 6a). On the other hand,
T. versicolor completely degraded DPA and TM by
day 5 (Fig. 6b). Negligible degradation of all fungi-
cides was observed in the non-inoculated controls.

40 A Ng____ & == =

30 1

20 A

Pesticide concentration (mg L)

0 2 5 10 15 20 30

Time (days)

Fig. 5 Degradation of high concentration levels (50 mg 17"
of OPP (A), DPA (@), IMZ (H) and TBZ (®) in StEM
inoculated (solid line, closed symbols) and non-inoculated
(dashed line, open symbols) with T. versicolor. Error bars
represent the standard deviation of the means
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Fig. 6 Degradation of mixtures of (a) OPP (A), TBZ (®) and
IMZ (H); and (b) DPA (@) and TM (x) in StEM inoculated
(solid line, closed symbols) and non-inoculated (dashed line,
open symbols) with T. versicolor. Error bars represent the
standard deviation of the means

Discussion

White-rot fungi were able to rapidly degrade most of
the pesticides tested including diphenylamine (DPA),
ortho-phenylphenol (OPP), chlorpyrifos (CHL), thi-
ophanate methyl (TM) and imazalil (IMZ) when
grown in StEM. On the contrary their degradation
efficiency was diminished when grown at SEM. In the
case of IMZ, WREF failed to degrade it in SEM, while
they managed to completely degrade it in StEM
(Fig. 3f). The highest degradation efficiency of WRF
in the StEM compared to SEM is in accordance with
their saprophytic nature which favors their prolific
growth onto N-poor ligninocellulosic materials like
straw (Fog 1988; Reddy 1993), compared to soil (Lang
et al. 1998). In addition, Tuomela et al. (2002) showed
that straw may serve as co-substrate, whereas soil may
repress lignin mineralization. P. chrysosporium was
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the WREF that presented the most pronounced reduc-
tion in degradation ability in SEM (Figs. 1, 3).
Previous studies have indicated a drastic reduction in
the degradation efficiency of P. chrysosporium when
inoculated in soil (Hickey et al. 1994), compared to
P. ostreatus (Martens and Zatrazil 1998; Baldrian et al.
2000) and T. versicolor (Mswaka and Magan 1999)
which were able to grow and degrade organic pollu-
tants in soil conditions.

Trametes versicolor and P. ostreatus demon-
strated the highest degradation efficiency for all the
pesticides tested, while P. chrysosporium degraded
pesticides either at a slower rate (DPA, TM) or only
partially (OPP). Indeed, 7. versicolor and P. ostre-
atus completely degraded the phenolic pesticides
DPA, OPP and the benzimidazolic fungicide TM
within few hours in StEM. So far degradation
studies have focused on P. chrysosporium (Kullman
and Matsumura 1996; Mougin et al. 1996, 1997),
while fewer studies have investigated the biodegra-
dation potential of 7. versicolor (Hiratsuka et al.
2001) and P. ostreatus (Rigas et al. 2005).

Degradation of CHL by the tested fungi was rapid
during the first days of incubation and it was followed
by a gradual formation of TCP. This metabolic pattern
of CHL implies that its initial degradation proceeded
via an unknown intermediate metabolite which was
subsequently slowly hydrolyzed to TCP. The latter
compound was the only metabolite detected under our
analytical conditions. Early studies by Bumpus et al.
(1993) reported that P. chrysosporium mineralized
27.5% of CHL in liquid culture. The initial rapid
degradation of CHL and its negligible degradation
thereafter might indicate a potential toxic effect by the
gradual accumulation of TCP. Previous studies have
showed that TCP possess strong antimicrobial activ-
ities and its accumulation might lead to complete
inhibition of degradation of the parent compound
(Racke et al. 1990; Singh et al. 2003). The rapid
disappearance of CHL observed at the early stages of
the incubation in all fungal cultures might have been
also a result of its rapid adsorption on the fungal
mycelium. Previous studies with PAHs have suggested
that sorption onto the fungal mycelium is a significant
process for the dissipation of such lipophilic molecules
(Barclay et al. 1995). However, the fungal mycelium
was not adequately developed at the early stages of the
incubation (2-5 days) since agar plugs were added in a
medium already containing CHL, in contrast to the

other pesticides where a 3-day incubation period was
allowed before the fungal mycelium comes into
contact with the pesticide. Therefore, CHL sorption
onto fungal biomass is unlikely to have resulted in such
arapid dissipation of CHL in the fungal liquid cultures.
Further studies with autoclaved fungal mycelium
might provide conclusive evidence for this process.

Degradation of TM proceeded rapidly with rapid
formation of its common metabolite MBC in all fungal
cultures, while a slower formation of MBC was
evident in the non-inoculated cultures suggesting the
involvement fungi in this initial transformation. This is
in line with previous findings which reported that TM
is rapidly transformed in soil to MBC and that this
conversion is microbially driven (Fleeker et al. 1974).

The enzymatic activity of LMEs was measured in
the cultures of the WRF in order to investigate their
possible involvement in the degradation of the pesti-
cides tested. Activity of MnP and Lac were detected in
all cultures of T. versicolor and P. ostreatus which is in
accordance with previous studies with these two fungi
(Leatham and Kirk 1983; Waldner et al. 1988). No LiP
activity was detected in any of the fungal cultures
tested, although P. chrysosporium is well-known for
its ability to produce this extracellular enzyme (Tien
and Kirk 1988). Previous studies by Castillo et al.
(1997) have reported a problem with the measurement
of LiP activity in substrates rich in lignocellulosic
materials and it was attributed to the production of
phenolic substances which could act as substrates
for the oxidation of veratryl alcohol hampering LiP
detection.

The rapid degradation of the pesticides DPA and
OPP by T. versicolor and P. ostreatus coincided, in
most cases, with a significant increase in the activity
of Lac and MnP in both media. This finding strongly
suggests that the LMEs of T. versicolor and P. ostre-
atus are involved in the degradation of DPA and OPP
which are characterized by two phenolic rings in their
molecules. This is in line with the substrate affinities
of MnP and Lac which are known to oxidize phenol
rings of lignin (Hatakka 1994). The active involve-
ment of LMEs in the degradation of different
pesticides has been shown in previous studies. For
example, Pizzul et al. (2009) showed in vitro that
MnP induced the degradation of most of the 22
pesticides tested.

On the other hand, degradation of the fungicides
TM and IMZ proceeded without a significant increase
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in the activity of Lac and MnP in the fungal cultures
compared to the corresponding controls. These find-
ings indicate that the LMEs are not involved in the
degradation of these pesticides and probably other
enzymes are responsible. This is in line with several
previous studies which have not found any correla-
tion between pesticide degradation and LMEs. For
example, Hiratsuka et al. (2001) reported that
T. versicolor was able to degrade a range of
diphenyl-ether herbicides without the involvement
of LMEs. Instead, cytochorome P450 monoxygenases
were found to mediate the initially hydroxylation of
the herbicides.

Aspergillus niger was not as efficient as WRF in
the degradation of the pesticides tested. Thus A. niger
failed to degrade the fungicides OPP, IMZ, TBZ and
only slowly degraded DPA and TM. However,
A. niger degraded more than 80% of CHL within
5 days. Previous studies by Gopal (1996) showed
that A. niger was able to achieve more than 70%
degradation of CHL in liquid medium without any
formation of TCP. The reduced ability of A. niger to
degrade most of the pesticides tested even in SEM,
which represents a medium resembling its natural soil
habitat was not expected and could be attributed to a
direct toxicity effect by the fungicides. This is further
supported by the finding that A. niger showed a high
degradation efficiency for the insecticide CHL and
the antioxidant DPA but a reduced degradation
ability for all fungicides tested. The close phyloge-
netic association of Aspergillus with Penicillium,
which are the prime fungal pathogens targeted by the
fungicides tested, further reinforces the possibility of
a direct toxicity effect by the fungicides. Indeed,
Aspergillus and Penicillium belong to the ascomyce-
tous family Trichocomaceae and share common
morphological and ecophysiological characteristics
(Ogawa and Sugiyama 2000).

Further studies with the most efficient degrading
fungus 7. versicolor verified its high degrading
ability against spillage level concentrations
(50 mg 1”") of the phenolic pesticides OPP and
DPA, while it only partially degraded the fungicides
TBZ and IMZ when supplied at similarly high
concentration. The partial degradation of the high
concentration of IMZ (50 mg 17') by T. versicolor in
StEM is in contrast with its complete degradation, at
a lower concentration (10 mg 17'), by the same fungi
in the same medium. This discrepancy could be
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attributed to a potential toxicity effect of the high
fungicide concentration or any intermediates which
were produced during its degradation. TBZ was also
partially degraded by T. versicolor in StEM when
supplied at high concentration levels (50 mg 1™"). In
contrast, no TBZ degradation was evident in the
StEM cultures of T. versicolor when a low concen-
tration of the fungicide was tested (10 mg1~") or
when 50 mg 1~ of TBZ was supplied together with
IMZ and OPP. The reason for this discrepancy is
currently unknown.

Further studies investigated the ability of
T. versicolor to degrade mixtures of the fungicides
relevant to their combined uses in the fruit packaging
industry. T. versicolor degraded rapidly DPA and TM
which are both used in the postharvest treatment of
apples. Only few studies so far have investigated the
degrading potential of WRF against mixtures of
pesticides. For example Bending et al. (2002)
reported that WRF degraded >80% of terbuthylazine,
atrazine and diuron in liquid culture supplemented
with a mixture of these pesticides. More recently,
Fragoeiro and Magan (2005) showed that T. versi-
color and P. chrysosporium were able to degrade a
mixture of simazine, dieldrin and trifluralin in SEM.
Our findings suggest that 7. versicolor has a high
potential for the biopurification of wastewaters pro-
duced from the apple packaging industry. On the
contrary, T. versicolor failed to degrade TBZ and
only partially degraded IMZ but rapidly degraded
OPP. These fungicides are all used in the citrus fruits
packaging industry. The inability of T. versicolor to
efficiently degrade the high concentrations of TBZ
and IMZ is in accordance with the partial degradation
of these fungicides by the same fungus when they
were supplied individually and not in mixture. On-
going efforts have focused on the isolation of
bacterial populations able to rapidly degrade TBZ
and IMZ but also in the up-scaling of the fungal
biodegradation system towards the development of an
operative system for the depuration of wastewaters
from the fruit packaging industry.
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