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Abstract

Our previous results have demonstrated that Phanerochaete flavido-alba decoloration, dephenolization and detoxification of olive oil
mill wastewater (OMW) were associated with changes in the ligninolytic major exoenzymes accumulated in the cultures. This paper
describes the effect of the two main OMW components (monomeric aromatic compounds and a major brownish polymeric pigment), on
extracellular P. flavido-alba ligninolytic enzymes. Laccase was the sole ligninolytic enzyme detected in cultures containing monomeric
aromatic compounds. Laccase and an acidic manganese-dependent peroxidase (MnPA, pI6 2.8) were accumulated in cultures with OMW
or polymeric pigment. Also, modified manganese-dependent peroxidases were observed mainly in OMW-supplemented cultures. Laccase
was more stable to the effect of OMW toxic components and was accumulated in monomeric aromatic-supplemented cultures, suggesting
a more important role than manganese-dependent peroxidases in OMW detoxification. Alternatively, MnPA accumulated in cultures
containing the polymeric pigment seems to be more essential than laccase for degradation of this recalcitrant macromolecule by P. flavido-
alba. 3 2002 Federation of European Microbiological Societies. Published by Elsevier Science B.V. All rights reserved.
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1. Introduction

Traditional biological methods used to treat industrial
wastewaters cannot be applied to olive oil mill wastewater
(OMW) (for a review see [1]). This e¥uent is variable in
composition but is always antibacterial and phytotoxic,
because of its phenolic content. These phenolics are
present in the residue as a monomeric aromatics mix
and as a polymerized heterogeneous pigment, which is
responsible for the recalcitrant brownish color of OMW.
The white rot fungi ligninolytic system includes lignin

peroxidase (LiP), manganese peroxidase (MnP) and lac-
case (Lac). This enzymatic system is unspeci¢c and is
able to degrade a wide spectrum of aromatic pollutants
causing environmental problems [2].
Among the ligninolytic systems those containing MnP

and Lac are the most common [3]. Di¡erent compounds
are described as inducers or mediators of these enzymes
[4,5].

In a previous publication we reported that Phanero-
chaete £avido-alba is able to decolor OMW with a con-
comitant decrease in phenolic content and toxicity [6,7]. In
de¢ned culture media P. £avido-alba produces two types
of manganese peroxidase, MnPA and MnPB [8], LiP [9]
and Lac [10]. We have also described the induction of Lac
and the accumulation of unusual acidic MnP isoforms in
decolored OMW cultures [11].
In this paper the results of extracellular and mycelial-

bound ligninolytic enzymes during the degradation of
OMW by P. £avido-alba are reported. The selective accu-
mulation of ligninolytic enzyme isoforms was associated
with the major aromatic components of OMW, mono-
meric aromatic compounds and polymeric pigment.

2. Materials and methods

2.1. Microorganism and culture conditions

P. £avido-alba FPL 106507 was inoculated into 250-ml
Erlenmeyer £asks containing 16 ml of nitrogen-limited
culture medium with 40 ppm MnII, according to Ben
Hamman et al. [7]. After incubation for 48 h at 30‡C,
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static cultures were £ushed daily with 100% O2 (3 l min31

for 1 min).
Autoclaved solutions of OMW, polymeric pigment and

monomeric aromatics (see below) were added to 5-day-old
cultures (10 cultures per solution). Two sets of control
cultures were prepared: P. £avido-alba cultures with no
other addition and with the addition of the solvent used
in the monomeric aromatic solution preparation. OMW
and OMW major pigment were prepared as described else-
where [7]. The qualitative phenolic composition of OMW,
as described by Balice and Cera [12], was reproduced as in
previous studies [13]. The mixture of monomeric aromatics
(Sigma) was dissolved in N,N-dimethyl formamide^water
(3:7 v/v), and added to the cultures to a ¢nal concentra-
tion of 0.83 M, as described elsewhere [14].

2.2. Enzymatic activity assays

The activity of both the extracellular and mycelial-
bound enzymes was assayed. Extracellular Lac, MnP
and LiP activities were determined as in Niku-Paavola et
al. [15], Paszczynski et al. [16] and Tien and Kirk [17].
Extracellular enzyme activity was expressed in nmol
min31 substrate oxidized per ml. Mycelial-bound enzy-
matic activity was determined in broken-mycelium suspen-
sions in 50 mM sodium malonate bu¡er (pH 4.5), ob-
tained according to Pe¤rie¤ and Gold [18]. The reaction
mixtures were kept for 1 h at 30‡C and activity was ex-
pressed as nmol of substrate oxidized per mg mycelium
per hour. MnP was assayed as 2,6-dimethoxyphenol oxi-
dation (0.2 mM in 0.2 mM manganese sulfate), according
to Pe¤rie¤ and Gold [18]. LiP and Lac substrates were the
same as in the extracellular LiP and Lac assays.

2.3. Enzyme characterization

Extracellular enzymes in concentrated extracellular £u-
ids were characterized by SDS^PAGE and isoelectric fo-
cusing (IEF). The mycelia were discharged after ¢ltration
and the extracellular £uids from each set of cultures were
pooled. 60-ml aliquots of extracellular £uid were concen-
trated by ultra¢ltration, semi-puri¢ed through an anion
exchange column and further concentrated up to 1500-
fold as described by Pe¤rez et al. [11]. SDS^PAGE and
IEF gels were revealed for protein, MnP and Lac activity
as described elsewhere [11].

3. Results and discussion

3.1. Enzymatic activities

Extracellular (in culture £uids) and mycelial-bound en-
zymatic activities were determined. After the addition of
the OMW, monomeric aromatics or polymeric pigment
substrates (Fig. 1), the time course of both MnP and

Lac activity changed in a substrate-dependent manner.
After the addition of either OMW or polymeric pigment,
MnP activity was lower than in the controls cultured with-
out substrate (Fig. 1A). The solvent used in the mono-
meric aromatics solution was too toxic: MnP activity
was not detected either in the cultures with aromatics
added or in the cultures with the solvent used in the ar-
omatic solution preparation. The accumulation of Lac ac-
tivity (Fig. 1B) increased after the addition of either sub-
strate. No extracellular LiP activity was detected.
Very low activity was detected for mycelial-bound LiP

(lower than 2.0 nmol mg31 h31), MnP (lower than 2.5
nmol mg31 h31) and Lac (lower than 3.0 nmol mg31

h31). Two days after the addition of monomeric aromatics
or polymeric pigment into the cultures (when maximum
decoloration occurs) [7] we observed di¡erent e¡ects on
mycelial-bound Lac and LiP: monomeric aromatics en-
hanced the mycelial-bound activities of the three enzymes
but pigment increased MnP activity alone. The di¡erent
e¡ect of monomeric aromatics and polymeric pigment on
mycelial-bound enzymatic activities suggests a di¡erential
e¡ect of both OMW components on fungal metabolism in
the hyphal vicinity. The low enzyme activities hindered
our e¡orts to characterize these changes.

Fig. 1. Extracellular enzymatic activities of P. £avido-alba cultures. Con-
trol cultures (dashed line), cultures with OMW (O), cultures with poly-
meric pigment (a), cultures with monomeric aromatic compounds (solid
line), cultures with N,N-dimethyl formamide^water) (F). Arrows: day of
substrate addition. Values are means of triplicate cultures.
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3.2. Enzymatic characterization

SDS^PAGE and IEF gels revealed that extracellular
enzyme loss occurred on the addition of the substrates
(Figs. 2 and 3). This enzyme loss is probably due to the
precipitation of the proteins because no other additional
bands were detected in the SDS^PAGE gels and there was
a decrease in the protein content. Fig. 2A shows the pro-
tein pro¢les of the two sets of controls on day 5 (lanes 4
and 5). Immediately after the addition of OMW, pigment
or monomer aromatic compounds, very weak and di¡use
bands could be seen in the molecular mass ranges of the
MnPs (Fig. 2A, lanes 1^3), at about 55 kDa for MnPA
and 44 kDa for MnPB. Thus, monomeric aromatics mix
and polymeric pigment, the major components of OMW,
modi¢ed the extracellular protein pro¢le in P. £avido-alba
cultures in a similar way to whole OMW.

In the concentrated extracellular £uids from cultures
with OMW, P. £avido-alba MnPs had di¡erent pIs from
those from OMW-free cultures : after IEF an unresolved
smear of MnP (referred to as MnPI) with an interme-
diate pI was detected (Fig. 3-I, panel A, lanes 1 and 2).
Similar modi¢cations in MnP enzymes were observed in
the cultures with polymeric pigment (Fig. 3-I, panel A,
lane 3).
Lac activity was detected in IEF gels, in that cultures

with the substrates (Fig. 3). No apparent modi¢cations
were observed in the Lac band in SDS^PAGE gels imme-
diately after the addition of substrates (Fig. 2A, lanes
1^3). This result suggests that Lac is more stable than
MnP against the inactivating e¡ects of the three sub-
strates.
In summary, OMW inactivated both the extracellular

MnPs and Lac produced by P. £avido-alba and there
was a decrease in the protein content in the extracellular
£uid. IEF and SDS^PAGE showed that MnP seems to be
more sensitive than Lac to the inactivating e¡ect of OMW.
The inactivation of these enzymes by OMW can be attrib-
uted to its aromatic content, both as a polymeric pigment
and as monomeric aromatics.
We have described the antibacterial e¡ect of OMW phe-

nolics in a previous publication [19] and furthermore Cow-
an [20] has reported that the antimicrobial capacity of
phenolics and polyphenolics derives from their capacity
to inactivate extracellular enzymes. Thus we might hy-
pothesize that the antimicrobial e¡ect of OMW could
also be due to such enzyme inactivation.
To demonstrate that P. £avido-alba MnPIs are modi¢ed

derivatives of typical MnPs we performed an experiment
in which OMW was added to semi-puri¢ed MnP solutions
[11]. Fig. 4 shows that OMW modi¢ed the extracellular
proteins in MnP solutions, yielding MnPs with altered pIs.
Once OMW and pigment decoloration reached about

60% (after 48 h incubation) MnPI and MnPA were de-
tected by IEF analysis in cultures with either OMW or
polymeric pigment (Fig. 3-II, panel A). After SDS^
PAGE of cultures with OMW the MnPB protein band
was not observed, but the band of MnPA and a band
showing an intermediate molecular mass (45^55 kDa)
were detected (Fig. 2B). In the cultures with monomeric
aromatics MnP bands were not be seen, either in IEF or in
SDS^PAGE gels. However, Lac activity was detected in
IEF gels of samples from control and aromatic-supple-
mented cultures. This result suggests that in P. £avido-
alba cultures, Lac (being more stable than MnP) partici-
pates more actively in the removal of phenolics from
OMW than MnP does.
At the end of the experiment MnP activity in the cul-

tures with polymeric pigment was mainly due to MnPA
(Fig. 3-III, panel A, lane 3). In those with OMW, MnP
activity was the result of MnPA, MnPB and MnPI (Fig.
3-III, panel A, lane 1).
In cultures with monomeric aromatics only one band

Fig. 2. SDS^PAGE of extracellular £uids from P. £avido-alba cultures
semi-puri¢ed by anion exchange chromatography. Cultures immediately
after the addition of substrates on day 5 (A), 48 h (B) and 120 h (C)
after substrate addition. Cultures with OMW (lane 1), polymeric pig-
ment (lane 2), aromatic compounds mix (lane 3), N,N-dimethyl formam-
ide^water (lane 4). Lane 5: control cultures. Lane S: standards.
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was detected after IEF. This band showed the electropho-
retic mobility of the puri¢ed Lac, which was also able to
oxidize 4-chloro-1-naphthol, the reagent used in MnP zy-
mograms (Fig. 3-III, panels C and D, lanes 5). As can be
observed, the Lac pI was slightly higher than the MnPA
pI, although both of them were unusually low. Lac was
the only ligninolytic enzyme detected in SDS^PAGE gels
and zymograms on IEF gels in cultures with monomeric
aromatics (Figs. 2C and 3-II, panel D and III, panel D).
From these results we may conclude that Lac is the main
ligninolytic enzyme responsible for the degradation of
OMW phenolics by P. £avido-alba. In fact, D’Annibale
et al. [21] propose Lentinula edodes Lac as being respon-
sible for OMW dephenolization.
Lac activity was detected in all samples throughout the

experiments (Figs. 2 and 3) and was more stable than
MnP against the inactivating e¡ects of OMW components.
Furthermore, both Lac activity and intensity, as detected
by zymograms, con¢rm our previous observation concern-

ing the induction of Lac by OMW components [11]. The
production of MnP by P. £avido-alba seems to be a¡ected
mainly by monomeric aromatics (Fig. 2C).
In summary, during P. £avido-alba decoloration, dephe-

nolization and detoxi¢cation, Lac plays an important role
in monomeric aromatic degradation, whilst MnP does not.
A selective accumulation of MnP (MnPA) is involved in
the polymeric pigment degradation along with Lac. The
MnPI observed in cultures to which OMW is added seems
to represent a modi¢ed derivative of the extracellular
MnPs accumulated in P. £avido-alba cultures. The accu-
mulation of Lac and an acidic MnPA in P. £avido-alba
cultures occurred upon the addition of either whole OMW
or its main components into the cultures.
The MnPA N-terminal amino acid sequence is typical of

white rot fungal MnPs, but the Lac N-terminal amino acid
sequence does not appear to be homologous with that
other fungal Lacs (unpublished data). P. £avido-alba Lac
has a higher molecular mass than other white rot fungal
Lacs [6]. MnPA has an unusually high molecular mass
(about 55.5 kDa) and a very low pI (6 2.8), which is
only comparable to Ceriporiopsis subvermispora MnP
[22]. The involvement of the Lac and MnP produced by
P. £avido-alba in the degradation of OMW has prompted
us to continue our research with this fungus in an attempt
to characterize the proteins.
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Fig. 4. IEF of concentrated OMW (lane 3), concentrated semi-puri¢ed
MnP solutions from control cultures (lane 1), and concentrated semi-pu-
ri¢ed MnP solutions from control cultures with OMW (lane 2) and
OMW (lane 3). Gel A: protein stain. Gel B: MnP activity stain.

Fig. 3. IEF of anion-exchange semi-puri¢ed extracellular P. £avido-alba culture £uids. Cultures immediately after the addition of substrates (I), and 48
h (II) and 120 h (III) after substrate addition. Gels A and C: MnP activity stain; gels B and D: Lac activity stain. Lanes 1: Control cultures; lanes 2:
cultures with OMW; lanes 3: cultures with polymeric pigment, lanes 4: cultures with N,N-dimethyl formamide^water; lanes 5: cultures with aromatic
compounds mix. No MnP bands were detected in aromatics mix added cultures on 48 h.
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