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This study was conducted to investigate whether a laccase from a white-rot fungus isolated from
Mediterranean forest litters was able to oxidise widespread pollutants such as polycyclic aromatic
hydrocarbons (PAH). Six different isoforms from the constitutive laccase of Marasmius quercophilus strain19
were revealed using isoelectric focusing. In vitro studies showed that these laccase isoforms were able to
transform anthracene and benzo(a)pyrene while naphthalene and phenantrene were not oxidised. This
result on PAH transformation is linked to the ionisation potential (IP) of PAH: the laccases under study are
able to oxidise PAH with IP <7.55 eV. 2,2’-azino-bis-3-ehtylbenzothiazoline-6-sulfonicacid (ABTS) and
hydroxybenzotriazole (HBT), were also used as mediators: percentages of anthracene and benzo(a)pyrene
transformation were higher when ABTS was used and when mediators were pre-oxidised with laccases
whatever the mediator used. Moreover, after an eight or fifteen-day culture of strain 19 with anthracene, the
percentage of disappearance was 73 and 79% respectively. This study also highlights the fact that ABTS or one
of its oxidised form, ABTS radical cation (ABTS"), can be respectively oxidised or reduced through abiotic
reactions. Thus, ABTS, because of its electrochemical characteristics, can hardly be considered as a relevant
substrate to measure laccase activities in complex environments such as soils or litters where various abiotic
reactions are likely to occur.

1. Introduction

Mediterranean forests are mainly composed of schlerophyllous
species such as Quercus ilex L. because of climate conditions
characterised by draught in summer. Thus particularly high amount
of various phenolic compounds can be found in forest litters in this
area (Racon et al, 1988). Under these drastic conditions, certain
microbial species -mainly white-rot fungi- are able to transform
phenols, which are recalcitrant molecules, via phenoloxidases such as
laccases. For instance, Marasmius quercophilus is a white-rot basidio-
mycete which extensively colonises evergreen-oak litter and produces
several laccases (Farnet et al., 2000, 2004). These blue copper oxidases
are indeed polymorphic: different isoforms of laccases can be
produced depending on environmental conditions and on fungal
species (Palmieri et al., 2000, 2003; Baldrian, 2003). Thus Mediterra-
nean forest litters may be considered as a source of laccase diversity
because of their specific chemical composition.

Furthermore, in the Mediterranean area, anthropogenic pressure is
particularly high and do not favour the ecosystem functioning. Various
organic pollutants can greatly affect organic matter turn-over in soils or
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litters: for instance, polycyclic aromatic hydrocarbons can drastically
alter microbial activities (Hamdi et al,, 2006; Eom et al,, 2007). These
widespread pollutants are recalcitrant to biotransformation because of
their aromatic and condensed structure leading to a very low solubility
(Muhit et al., 2008). Laccases produced by white-rot fungi have been
widely used in various detoxification processes since they oxidise
aromatic pollutants such as chlorophenols, PAH or dyes (Bezalel et al.,
1996; Potin et al., 2004; Zhang et al., 2008). Moreover, the effects of
mediators on oxidation potential of laccase have also been extensively
investigated: these molecules are commonly used in laccase reaction
since they can enlarge laccase substrate range. Mediators are oxidised by
laccases and then oxidise other compounds in a non-specific reaction.
Although synthetic mediators, such as 2,2’-azino-bis-3-ehtylbenzothia-
zoline-6-sulfonicacid (ABTS) and hydroxybenzotriazole (HBT), are
usually used as models, other studies have focused on natural phenolic
compounds as mediators since it can provide information about their
potential role in natural environments (Calcaterra et al., 2008).

In this work we wanted to investigate the oxidation potential of
laccase functional diversity towards PAH. Tools which can rapidly
discriminate the various laccase isoforms are still lacking. Based on a
previous work (Farnet et al., 2000), isoelectric focusing (IEF) appeared to
be a promising method. Here, we used this technique to investigate
laccase diversity of a M. quercophilus strain and to characterise these
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isoforms reactivity towards different substrates such as ABTS which can
also be used as a mediator. The potential of PAH oxidation of these
isoforms has indeed been investigated with or without mediators (ABTS
or HBT) in order to assess the role of such diversity in natural ecosystem
contaminated with these pollutants. Moreover this study has also focused
on the importance of mediator pre-oxidation to test whether pre-
oxidation by laccases favour PAH oxidation yields.

2. Materials and methods
2.1. Isolation of the strain

Strain 19 of M. quercophilus was isolated from a part of the site of La
Gardiole de Rians, Var, France (1 ha) using the rhizomorphic form of the
fungus (Farnet et al., 1999). A fungal cap culture was firstly grown on a
malt extract agar medium (MEA), (malt extract, (Bio Mérieux, France):
20 g L™ agar (Bio Mérieux, France): 20 g L™ 1) supplied post-autoclaving
with chloramphenicol, (Sigma, France): 50 mg L. Secondly, the pure
mycelial culture obtained was used to inoculate an agar medium con-
taining whole wheat flour (Bio Mérieux, France: 20 g L™!) which favours
rhizomorph production. Then one rhizomorph was used to inoculate a
MEA plate to obtain a pure dicaryotic culture.

2.2. Culture conditions and partial purification of laccase

Precultures were performed in 200 mL Erlenmeyer flasks with 50 mL
of malt extract liquid medium (MEL) containing malt extract (20 g L'1)
and CuSO, (5 g L™1). They were inoculated with a plug (1 cm diameter)
from a fungal culture grown on MEA and incubated at 25 °C in darkness
for 4 days. These precultures were used to inoculate two 3 L-Erlenmeyer-
flasks with 400 mL of MEL. Cultures were incubated at 25 °C for 5 days in
darkness under shaking at 200 rpm.

Enzyme activity was measured by following the oxidation of sy-
ringaldazine [N,N’-bis-(3,5-dimethoxy-4-hydroxybenzylidene)hydra-
zine] to quinone (€M=65000 M' cm™') at 525 nm in acetate buffer
0.1 M, pH 4.0 on a spectrophotometer Kontron Uvikon 860. One unit (U)
of laccase activity is defined as the amount of enzyme that oxidises
1 pmol of the substrate/min. Sampling (two replicates) was performed
from the third to the seventh day of culture. The reaction mixture
contained 500 pL of the medium, 10 pL of syringaldazine (0.6% in me-
thanol) and 2.5 mL of acetate buffer (two replicates for each sampling).
Cultures were filtered on a glass microfibre filter GF/D, 2.7 pm (Whatman,
England). The filtered medium was concentrated using dialysis tubes
(Cellu Sep, VWR, France) rated at 10 MW (10 kDa) cut-off. A total volume
of 100 mL was obtained. The concentrated filtered medium was loaded on
an ion-exchange Mono Q in fast performance liquid chromatography
(FPLC) equilibrated with phosphate buffer 0.1 M pH 6.0. Laccase was
eluted with a step gradient (0.2 M, 0.4 M, 2 M NaCl) for 30 min at a flow
rate of 1 mL min~ .. Laccase activity was measured as described above to
detect fractions containing laccase. Laccase purity was checked on a PAGE
(polyacrylamide gel electrophoresis) carried out according to Laemmli
(1970) using 4% stacking gel and 7.5% separating gel at 220 V with the
Mini-Protean II electrophoresis cell (Biorad) and protein was stained
using the Coomassie Blue standard method.

2.3. Isoelectric focusing of the purified laccase

Isoelectric focusing was performed using the Biorad Rotofor pre-
parative IEF Cell. The sample was prepared as follow: 10 mL of the
purified enzyme solution were added to 1 mL of Bio-Lyte 3/10 ampholytes
(Biorad) and distilled water q.s.p. 50 mL to obtain a pH gradient from 3 to
10. Isoelectric focusing was performed for 3 h at 200 V till the pH gradient
gets stable (voltage about 360 V). 2 mL-fractions were collected under
vacuum and the pH was immediately measured for each fraction. Laccase
activity was also measured for each fraction using syringaldazine as a
substrate as described above.

2.4. Determination of V,,, and K, for each laccase isoelectric isoforms

ABTS and 2,6 dimethoxyphenol (DMP) were used as substrates to
determine the Vi, and K, which were calculated using the Lineweaver-
Burk transformation of Michaelis-Menten equation. The concentrations
ranged from 0.5 to 50 pM and from 0.2 to 10 pM for ABTS and DMP
respectively in acetate buffer 0.1 M pH 4.5.

2.5. High Performance Liquid Chromatograph (HPLC) analysis of PAH
transformation

HPLC system was equipped with a C18 Reverse Phase column (Merck,
4.6x250 mm) in the following gradient system: solvent A, water/trifluoro
acetic acid 0.1%/acetonitrile 90/10 v/v, solvent B water/trifluoro acetic acid
0.1%/acetonitrile 95/5 v/v, gradient=>5 to 15 min, A 100% to B 100%; 15 to
25 min B 100% (flow rate 1 mL min™'). The PAH transformation was
realised using the mixture of the six isoforms of laccase since a weak
activity was obtained for some isoforms. The reaction mixture (5 mL)
contained ABTS or HBT 1 mM, PAH 250 mg L™! and 5 U of laccase in
acetate buffer 0.1 M pH 4.5 and 10% acetone. The reaction mixtures were
incubated at 30 °C for 6 h in the dark. A 4-hour preliminary ABTS-
oxidation was also performed using the same conditions and the PAH
solution in acetone was added after the pre-oxidation of the mediator. An
extraction with 5 mL of diethyl ether was performed for each reaction
mixture prior to injection. The organic phase was evaporated and the
products of extraction were dissolved in 1 mL of acetonitrile (30 pL
injected). The PAH used were: naphtalene, anthracene, phenanthrene and
benzo(a)pyrene. All the PAH were purchased from Sigma. The same
reactions were performed without mediators. Controls were also realised
using only ABTS or HBT with laccase and using ABTS or HBT with the PAH
but without laccase. To test ABTS oxidation via benzo(a)pyrene oxidation
products, a control with benzo(a)pyrene and ABTS in a sealed flask
saturated with nitrogen was also performed. All these controls were
incubated at 30 °C for 6 h. P-hydroxybenzoic acid was used as reference in
each injection. 9,10-anthraquinone was also injected in order to confirm
the identification of the single oxidative product obtained after
anthracene oxidation. Peaks were identified based on matching retention
time and UV spectra at 254 nm with those of anthracene and
anthraquinone standards.

2.6. Cultures of M. quercophilus with anthracene

Cultures, previously inoculated with 10 mL of preculture of strain
19, were performed for 8 or 15 days of culture on a rotary shaker
(200 rpm) at 25 °C in 1 L-Erlenmeyer flasks with 200 mL of MEL
including 50 mg of anthracene. Laccase activities were measured
everyday from day 4 with syringaldazine as the substrate as described
above. Different control cultures without mycelium were performed:
control cultures after autoclaving to assess anthracene evaporation
during sterilisation and control cultures incubated in the same
conditions and for both times of incubation. Each experiment was
performed in three replicates. Cultures were filtered and the
mycelium as well as the supernatant was extracted three times with
the 200 mL of dichloromethane. The solvent was then evaporated and
the solid extract solubilised in 1 mL of acetone. 30 pL of dilution 1073
were injected in the HPLC system. A calibration curve was also
performed for anthracene concentrations ranging from 10 pM to
60 pM. Results were expressed as percentages of anthracene
disappearance.

2.7. Statistical analysis

The non-parametric U-test of Mann-Whitney was used to separate
significantly different means (P<0.05) of remaining anthracene under
the different experimental conditions. These analyses were performed
using SPSS 11.0 statistical software (SPSS Inc., Chicago, IL).



3. Results and discussion

After laccase purification from M. quercophilus cultures on MEL
one band on SDS-PAGE (data not shown) was obtained with a
molecular weight of 60 kDa as described previously (Farnet et al.,
2008). Isoelectric focusing from the partially purified laccase obtained
here shows six isoforms (called isoform 1 to 6) with the following pH;:
2.90, 3.05, 3.25, 3.55, 4 and 4.8. The diversity of the laccase isoforms
highlighted here is consistent with previous studies (Palmieri et al.,
2003; Stajic et al., 2006). A previous study on this species of
basidiomycete (Farnet et al., 2000) revealed three isoforms with
different pH; (4, 4.2 and 4.4) from the constitutive isoform and four
others (4.75, 4.85, 4.95 and 5.1) from an isoform induced with p-
hydroxybenzoic acid. This M. quercophilus strain (strain 17) was
also isolated from an evergreen oak litter in La Gardiole de Rians
(Var, France). However, the present result confirmed that isoelectric
focusing can thus be considered as a simple method to describe more
precisely enzymatic isoform variations at an intraspecific level.
Furthermore, this methodology gives information about the amino
acid composition of the protein studied: variations in pH; indicate that
the amino acids of the isoforms and thus the protein sequences are
different. These differences may influence the biochemical enzyme
characteristics, which we partially described by calculating the V,,, and
K, values of these different isoforms using ABTS and 2,6DMP as
substrates (Table 1). For all the isoforms (except isoform 5), the K,
measured with 2,6 DMP was higher than that with ABTS and V,,, was
always higher with ABTS as the substrate. Thus the affinity of isoforms
1, 2, 3, 4 and 6 for ABTS was stronger than that for 2,6 DMP. Although
certain biochemical characteristics, such as molecular weight or
optimal pH of activity, are almost the same for many fungal laccases,
laccase affinity for susbtrates is variable. For instance a weak laccase
affinity for ABTS has been observed in previous studies: Pozdnyakova
et al. (2006) found a higher affinity for 2,6 DMP than for ABTS with a
laccase produced by Pleurotus ostreatus. On the other hand, Mich-
niewics et al. (2006) have found that laccase isoforms from Cerrena
unicolor have a higher affinity for ABTS. In further studies, a greater
amount of each laccase isoform should be obtained in order to
describe more precisely the respective role of each enzyme in
xenobiotic oxidation. For instance, their different affinities for ABTS
may favour or not PAH transformation yield and thus their respective
contribution to global laccase activity may have an effect on PAH
oxidation efficiency.

Because most of aromatic pollutants can be dissolved only in
organic solvents, the effects of such solvents on laccase activity were
assessed in a previous study (Farnet et al., 2008). The authors have
shown that the laccases produced by M. quercophilus were still active
in 10% acetone. Therefore, these conditions were used in the present
study. Here, only anthracene and benzo(a)pyrene were oxidised by
laccase (Table 2) with or without mediator (ABTS or HBT). This result
may be explained by the fact that in naphthalene and phenanthrene,
electronic delocalisation is observable in two or three condensed
cycles respectively while anthracene or benzo(a)pyrene cycles do not
exhibit this characteristic. This structural characteristic may make

Table 1

Vm and Ky, (using ABTS and 2,6-DMP) and specific activity of the different laccase
isoforms of the constitutive laccase of Marasmius quercophilus found after isoelectric
focusing

PH;
2.99 3.06 3.24 3.55 4 4.78
ABTS Km 0.78 0.667 0.755 0.521 0.378 0.136
Vin 761 7.593 8.025 6.94 4.82 3.017
2,6 DMP Km 0.911 0.988 113 0.813 0.12 0.285
Vin 4.766 4.372 3.462 2 0.81 1.037
Specific activity 1.504 0.623 0.296 0.161 0.057 0.141

Table 2
Ionisation potential and solubility in water of different PAH and oxidation of these
compounds with Marasmius quercophilus laccase

PAH lonisation potential Solubility in water® Oxidation
(V) (mg L) with M.

quercophilus
laccase

Naphtalene 8.1° 0.3 =

Phenanthrene 819" 1 -

Chrysene 7.8° 0.0018 ND

Anthracene 7.43° 0.045 +

Benzo(a)pyrene 7.23° 0.0016 +

ND: Non-determined.

@ Bernal-Martinez et al. (2007).
b Roseen et al. (1995).

¢ Hammel et al. (1986).

impossible the use of laccases for phenanthrene and naphtalene
oxidation. This electronic delocalisation is indeed directly linked to the
ionisation potential of a molecule. The ionisation potential of
naphtalene and phenanthrene are higher than that of anthracene:
respectively 8.1, 8.19 and 7.43 eV. Hammel et al. (1986) have shown
that lignine peroxidase from Phanerochaete chrysosporium was able to
oxidise only PAH with an ionisation potential <~7.55 eV such as pyrene
(IP=7.5 eV). Field et al. (1996) have found the same results with
lignine- and manganese-peroxidases from Bjerkandera sp. Thus, when
ionisation potentials are available, they can be used to forecast the
ability of a laccase to oxidise a molecule. For instance, M. quercophilus
laccase is probably unable to oxidise chrysene (IP=7.8 eV). In further
studies, it would be valuable to determine the IP value above which
oxidation by the M. quercophilus laccase will be impossible, by testing
laccase oxidation of several molecules with IP ranging from 7.5 to 8 eV.

The anthracene oxidative product obtained with M. quercophilus
was 9,10-anthraquinone as revealed by the HPLC elution profile
(Fig. 1). No traces of other oxidation products were detected with
HPLC. 9,10-anthraquinone was also injected in order to confirm the
identification of the single product obtained and both the UV scan and
the elution profile corroborate our results. No benzo(a)pyrene oxi-
dation products were detected, although this molecule was actually
transformed as revealed by the strong decrease in benzo(a)pyrene
amount when laccase was used with ABTS (66%, average of three
experiments, standard deviation under 2%). Most studies on PAH
transformation with laccase have not clearly identified oxidation
products: authors have mainly depicted PAH concentration decrease
(Cho et al., 2002; Dodor et al., 2004; Potin et al., 2004; Rodriguez et al.,
2004, Valentin et al., 2006). Lau et al. (2003), using spent mushroom
compost, have found that PAH transformation led to an increase in
phtalate concentration. However, this result was not specifically
correlated to PAH transformation since phtalates were also extracted
from the compost and the authors suggested that it was, in this case,
associated with lignocellulose transformation. Hu et al. (2007) have
shown the production of quinones (1,6-benzo(a)pyrene quinone, 3,6-
benzo(a)pyrene quinone and 6,12-benzo(a)pyrene quinone) as well as
different non-identified products. Quinone production for both
anthracene and benzo(a)pyrene has been linked to nucleophilic
attacks and further non-enzymatic arrangements of the molecule,
leading to quinones (Collins et al., 1996).

In our reaction mixtures where ABTS was oxidised by laccase,
absorption values increase mainly at 425 nm and to a lesser extent
from 600 to 800 nm (Fig. 2). When anthracene was added to the
reaction mixture, the absorption value observed at 425 nm strongly
decreased as well as those from 600 to 800 nm. The reaction mixture,
which was green because of the ABTS radical cation formed
(Bourbonnais et al., 1998), turned to an almost transparent mixture.
This result shows that anthracene oxidation via ABTS actually oc-
curred simultaneously with ABTS reduction. Furthermore, the
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Fig. 1. Elution profile at 254 nm of the reaction mixture with anthracene and the
constitutive laccase of Marasmius quercophilus after extraction and solubilisation in
acetone with UV scan of 9,10-anthraquinone and anthracene respectively (a and b).

remaining anthracene percentages were significantly weakest when
ABTS or HBT were previously oxidised as shown in Fig. 3 (respectively
20 and 45%). Laccases can use both mediators and anthracene as
substrates although mediators are considered to be better substrates
than anthracene. Thus pre-oxidation of mediators may limit competi-
tion between the two molecules and favour anthracene abiotic
oxidation with the oxidised form of the mediator (in the case of
ABTS, a radical cation as previously described). With benzo(a)pyrene,
ABTS reacted differently: the radical cation did not disappear when
benzo(a)pyrene was added to the medium. Furthermore, in the

Anthracene

Wavelength (nm)

Fig. 2. Spectral scan of the reaction mixture during anthracene oxidation with the
constitutive laccase of Marasmius quercophilus: ABTS alone (- - -), ABTS and laccase (—),
ABTS, laccase and anthracene (- - -). The arrows indicate the peaks corresponding to
ABTS, to the oxidise form of ABTS and to anthracene.

reaction control with both ABTS and benzo(a)pyrene, the ABTS radical
cation was produced even though no enzyme was added to the re-
action mixture. This is probably due to the products of benzo(a)pyrene
oxidation with O,: this PAH has a particularly low IP leading to abiotic
oxidation such as photooxidation or oxidation via O, as previously
described (Mill et al., 1981; Miller and Olejnik, 2000). To check this
hypothesis, the same experiment (benzo(a)pyrene plus ABTS) was
performed in an atmosphere saturated with nitrogen. In this case no
ABTS oxidation was observable which is most probably due to the
absence of benzo(a)pyrene oxidation by oxygen.

These investigations using ABTS as a mediator highlight the fact
that this molecule can hardly be considered as a relevant substrate for
laccases under particular experiments. For instance, when laccase
activities are detected in soils, many abiotic parameters are likely
to cause abiotic oxidation of ABTS or reduction of ABTS radical cations
since these molecules are very reactive. In soils contaminated with
PAH, abiotic reactions due to PAH may occur, leading to a mis-
interpretation of in situ results. Thus in environmental studies, and
moreover in contaminated soils, these parameters must be taken into
account when measuring laccase activities. ABTS can hardly be a
relevant choice as a substrate for laccases because the electrochemical
characteristics make ABTS very reactive towards many molecules.

HBT is not an efficient mediator when used with the M. quercophilus
laccase under study. This is supported by the fact that HBT redox
potential, E° is higher than that of ABTS (1080 and 475 V/NHE
respectively as described by Baiocco et al., 2003) and oxidation with
laccase is always favoured when substrates have low E° since electrons
are transferred from the substrate to the laccase active site. Pickard et al.
(1999) have also found that HBT was a less efficient mediator than ABTS
in anthracene oxidation.

In order to quantify anthracene disappearance in M. quercophilus
culture, both culture medium and mycelium were extracted (the
mycelium was extracted to check whether any adsorption occurred).
Furthermore, we took into account anthracene loss after sterilisation,
which was 7.5% (+0.8%), to calculate percentage of anthracene
disappearance in M. quercophilus culture. These percentages were 73
and 79% (standard deviation under 1.5) after 8 and 15-day incubation
time respectively. Anthracene oxidation was mainly due to laccase
activity alone since neither manganese peroxidase nor lignine
peroxidase activities were detected in the culture medium (data not
shown). This result corroborates those found in a previous study
(Farnet et al., 2004), with another M. quercophilus strain, where no
peroxidise activities were detected. Here, the percentage of anthra-
cene disappearance was quite similar after 8- and 15-day incubation
time (73 and 79%). This result may be explained by a peak of laccase
production: laccase activity was indeed measured throughout the
culture and showed that he highest activity (8 U L™!) was observed
after 7 days of culture. Then, laccase activity progressively decreased
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Fig. 3. Anthracene oxidation with the constitutive laccase of Marasmius quercophilus,
with or without mediators (ABTS and HBT) and with or without a preoxidation of ABTS
and HBT (PREOX_ABTS, PREOX_HBT). Results are expressed as percentages of remaining
anthracene detected with HPLC (average of three experiments). Stars indicate
significant differences (P<0.05) between means of percentage of remaining anthracene
with or without pre-oxidation of the mediator used.



and after 15 days of culture it was 3 U L™'. The weak solubility of
anthracene in water did not affect laccase oxidation of this molecule
by decreasing its bioavailability. While acetone was added to the
reaction mixture with the purified laccase to favour solubilisation, no
solvent was used in fungal cultures to prevent toxic effects of the
solvent on the mycelial growth.

The present study highlights the importance of fungal extracellular
oxidative enzyme in pollutant degradation. Steffen et al. (2007) have
shown the role of various species of litter decomposing fungi in high
molecular mass PAH transformation in soil. This transformation was
indeed enhanced by fungi (such as Stropharia spp.) while autochtho-
nous microorganisms had a weaker transformation potential (average
transformation percentage of 80 and 20 respectively). Furthermore,
our study gives evidence of infraspecies laccase diversity which was
assessed using isoelectric focusing. This result corroborates those
found in previous studies on laccase gene diversity in a forest soil (Luis
etal., 2004) and thus, further studies should concentrate in correlating
both protein and gene functional diversity. Moreover, it would be
valuable to perform in situ extraction of laccases from litter in order to
identify, after protein sequencing, the fungi which actually produced
laccases in forest litter.

Moreover, this in vitro study has shown that measuring oxidative
activities can lead to misinterpretations depending on the conditions
used since PAH are responsible for abiotic reactions towards laccase
substrate. In a previous study (Farnet et al., 2008), we have shown that
abiotic oxidation or reduction may occur on the laccase substrate with
different metal ions. Thus, in complex environments such as soils or
litters where many molecules can interact with the enzyme substrate,
results on laccase activities and other phenoloxidases should be con-
sidered with caution. Further studies should concentrate in determin-
ing a laccase substrate which oxidation leads to a stable product to
limit at least abiotic reduction.
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