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Abstract Fomes sclerodermeus produces manganese
peroxidase (MnP) and laccase as part of its ligninolytic
system. A Doehlert experimental design was applied in
order to find the optimum conditions for MnP and
laccase production. The factors studied were Cu’",
Mn?" and asparagine. The present model and data
analysis allowed us not only to define optimal media for
production of both laccase and MnP, but also to show
the combined effects between the factors. MnP was
strongly influenced by Mn?", which acts as an inducer.
Under these conditions Cu®" negatively affected MnP
activity. At 13 days of growth 0.75 U ml™! were pro-
duced in the optimized culture medium supplemented
with 1 mM MnSO, and 4 g 1! asparagine. The laccase
titer under optimized conditions reached maximum
values at 16 days of growth: 13.5 U ml™" in the presence
of 0.2 mM CuSOy4, 0.4 mM MnSO,4 and 6 g 1! aspar-
agine. Mn>" promoted production of both enzymes.
There were important interactions among the nutrients
evaluated, the most significant being those between
Cu’" and asparagine.

Keywords Fomes sclerodermeus - Laccase - Manganese
peroxidase - Statistical experimental design

Introduction

Lignin, the most abundant aromatic polymer on earth,
can be depolymerized and mineralized efficiently only by
wood-decomposing members of the basidiomycetes,
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particularly those that cause white rot in wood [18].
These organisms have a ligninase complex (LC) that is
composed of at least three enzymes: lignin peroxidase
(LiP) (E.C:1.11.1.14) [40], manganese-dependent per-
oxidase (MnP) (E.C:1.11.1.13) [10] and laccase
(E.C:1.10.3.2). LiP is a heme protein with a high oxi-
dation potential, and can oxidize phenolic and non-
phenolic substrates [1,25]. MnP and LiP have been
extensively studied in Phanerochaete chrysosporium and
this organism was proposed as a model of ligninolytic
fungi [34]. MnP was considered unable to oxidize non-
phenolic lignin substrates, but its capacity to depoly-
merize synthetic [42] or natural [12] lignins in vitro, and
the coupling mechanism between lipid peroxidation and
destruction of a non-phenolic -O-4-linked lignin model
compound have been shown [16]. The laccase enzyme
belongs to a family of multicopper oxidases, which
preferentially oxidize phenolic lignin dimers [20]. Lac-
case oxidizes model lignin compounds if appropriate
primary substrates such as 2.2’-azino-bis(3-ethylbenz-
thiazoline-6-sulfonic acid) (ABTS), violuric acid [35] or
1-hydroxybenzotriazole are present [4]. Under these
conditions laccase can oxidize substrates that are
restrictive to LiP production, such as veratryl alcohol [4]
or polycyclic aromatic hydrocarbons [13].

Rarely are these three enzymes present in the same
organism, and different combinations of them can
operate. The LC is frequently produced during second-
ary metabolism but different species have particular re-
sponses to nutrients. In P. chrysosporium, LiP and MnP
activities are completely suppressed under conditions of
excess nitrogen and carbon [19,30]. On the other hand,
Bjerkandera adusta is a nitrogen-deregulated organism
producing high MnP activities under high nitrogen con-
centrations [14]. Mn?" is another metabolite implicated
in LC regulation and has a triple role: (1) as an essential
cofactor for the proper functioning of the MnP pro-
tein—Mn>" is oxidized to Mn>*, which in turn oxidizes
the substrates [11]; (2) as a regulator of MnP expression
by activating transcription of the mnp gene [5] and, (3) as
an inhibitor of the production of veratryl alcohol, which



is highly correlated with LiP titers [24]. It has been
demonstrated that MnP and laccase could act synergis-
tically in lignin degradation [9]. Therefore, organisms
able to produce high amounts of both enzymes are
interesting in view of their potential importance in pro-
cesses like bioremediation [41], biobleaching of pulp
paper [2,17], or degradation and detoxification of re-
calcitrant substances [31].

Fomes sclerodermeus BAFC 2752 is a South Ameri-
can white-rot fungus that is able to produce MnP and
laccase activities [27]. In the present work, the effect of
Cu’", asparagine and Mn”>" concentrations on the
production of these enzymes and their possible interac-
tions were studied.

Materials and methods
Organism

F. sclerodermeus, strain BAFC 2752 belongs to the culture collec-
tion of the Faculty of Exact and Natural Sciences, University of
Buenos Aires, Argentina.

Basal medium and culture conditions

The basal medium contained glucose, 15 g; MgSO,47H,0, 0.5 g;
KH,PO,, 0.5 g; K,HPO,, 0.6 g5 CuSO45H,0, 0.4 mg; MnCly:
4H,0, 0.09 mg; H;BO3, 0.07 mg; Na,Mo00O,42H,0, 0.02 mg; FeCls,
1 mg; ZnCl,, 3.5 mg; thiamine hydrochloride, 0.1 mg; asparagine
monohydrate, variable; and distilled water up to 1 1. The final pH
was adjusted to 6.4. Copper and manganese basal concentrations
were 1.6 pM and 4.5 pM, respectively. All chemicals were of ana-
lytical grade and were used without further purification.

Two 0.25 cm? agar plugs cut out from the margin of a 5-day-old
colony were transferred to 250-ml Erlenmeyer flasks containing
25 ml medium. Incubation was at 28°C under stationary condi-
tions. Cultures were harvested by vacuum filtration and mycelial
dry weights were determined after drying the mycelial mats at 80°C
to constant weight. The culture supernatants were used as enzyme
sources.

Enzyme assays

All enzyme activities were measured spectrophotometrically at
30°C. Laccase activity was determined by using 5 mM ABTS as a
substrate dissolved in 0.1 M sodium acetate buffer (pH 5) and the
appropriate volume of enzyme. The products of the reaction were
measured at 420 nm (e40=36 mM~' cm™") [3]. MnP was deter-
mined by using 0.01% phenol red as a substrate dissolved in
50 mM sodium dimethylsuccinate buffer (pH 4.5) and the appro-
priate volume of enzyme. The products of the reaction were mea-
sured at 610 nm (eg0=22 mM~! ecm™) [10]. The reaction was
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initiated by addition of hydrogen peroxide (0.1 mM final concen-
tration). One enzyme unit was defined as 1.0 umol product formed
per minute under the assay conditions.

Experimental design

A Dochlert uniform shell design was applied to study the effects of
Mn?* (added as MnSO,), Cu’?" (added as CuSO,) and asparagine
(N) on MnP and laccase production. The levels and sampling days
were selected according to preliminary studies [23,27]. Results were
analyzed using the software STATISTICA 5.1 (StatSoft, Tulsa,
Okla.). To study the effect of three independent variables, Doehlert
proposed an experimental design based on 13 combinations of the
three variables studied. The equally spaced values of each inde-
pendent variable and the combination between them were adopted
and coded following the Doehlert design [7]. The coded (in
brackets) and real values are shown in Table 1. Specific activity was
defined as the total volumetric activity in the flask per milligram of
dry mycelium. The responses measured were specific activities of
MnP and laccase (U mg™' mycelium) in culture supernatants at 8
and 12 days of growth. The values are the mean of triplicate cul-
tures. The processing of data was performed by direct curvilinear
regression, without any prior transformation. The observed values
were fitted to a full quadratic equation model with 10 coefficients

(Eq.1) [37]:
F=bo+bi1X + byX? + b3¥ + by Y +-bsZ+bZ>+br XY + bsXZ
where F is the variable response and b; the regression coefficients

given by the model; X, Y and Z, are the independent coded vari-
ables.

Results and discussion

Preliminary studies of MnP and laccase activities in
F. sclerodermeus showed that this fungus is able to
produce both enzymes in medium with either high or
low concentrations of asparagine. In addition, it pro-
duces a fast decolorization of Azure-B and Poly R-478
on agar plates [27]. In this work, F. sclerodermeus pro-
duced MnP and laccase under all the conditions studied
(Table 2). The concentrations of Cu®>*, Mn>" and N
influenced growth as well as MnP and laccase activities
(specific and volumetric). Only data obtained in the
12-day-old cultures were analyzed and shown because
they were higher in both activities compared to values at
the 8th day.

Different combinations of Cu?’", Mn?’" and N
affected growth. Similar results have been reported in
Pleurotus sajor-caju and Lentinula edodes, where Mn* ™ at
concentrations of 0.55 mM and above had an inhibitory
effect on fungal growth, which was 100% and 58%

Table 1 The real and coded

Values

(in parentheses) values adopted ~ Variable

for the independent variables
CuSO4 (mM)
MnSO4(mM)
Asparagine

monohydrate (g 17"

0 (~1), 0.05 (=0.5), 0.1 (0), 0.15 (0.5), 0.2 (1)

0.4 (=0.866), 0.5 (=0.577), 0.6 (—0.289), 0.7 (0), 0.8 (0.289),
0.9 (0.577), 1 (0.866)

4 (~0.816), 5(0), 6 (0.816)
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Table 2 Volumetric and specific (sp) activities and mycelial dry weight in Fomes sclerodermeus at 12 days of growth in liquid static

cultures. N Asparagine, MnP manganese-dependent peroxidase

Run N Mn?* cu?? MnP Laccase Dry weight MnP (sp) Laccase ﬁsp)
g 17! mM mM mU ml™! mU ml™! mg mU mg_] mU mg~
1 5 0.7 0.1 85.20 4,640 72.7 29.30 1,595.75
2 5 0.7 0.2 81.11 6,150 72.65 2791 2,116.63
3 5 1 0.15 113.19 5,436 62.4 45.35 2,177.80
4 6 0.8 0.15 214.87 9,489 79.7 67.40 2,976.68
5 5 0.7 0 212.60 2,508 84.5 62.89 742.25
6 5 0.4 0.05 19.14 3,295 82.5 5.80 998.67
7 5 1 0.05 147.70 6,748 67.2 54.94 2,510.25
8 5 0.4 0.15 20.88 5,986 67.8 7.69 2,207.28
9 4 0.6 0.05 99.98 3,867 88.95 28.10 1,086.88
10 6 0.8 0.05 137.71 2,581 90.05 38.23 716.45
11 4 0.6 0.15 24.68 5,343 67.8 9.10 1,970.28
12 6 0.5 0.1 77.79 5,752 73.95 26.29 1,323.30
13 4 0.9 0.1 98.96 7,402 71.3 34.69 2,595.38

respectively, compared to unsupplemented cultures [6,8].
For F. sclerodermeus only some mild negative effects were
recorded. The increase from 0.4 to 0.8 mM Mn”" (runs 8
and 10) produced a higher dry weight (25%), although an
increase from 0.4 to 1 mM Mn®" but in a different
nutrient combination (runs 6 and 7) caused an inhibitory
effect (18%). These results showed that Mn?" alone did
not cause an inhibitory or enhanced effect on growth, but
that there might be interactions between the nutrients
that account for the differences in dry weight. When the
effect on MnP and laccase was analyzed, the responses
(negative or positive effect) were more variable, and
greater than those observed on growth. The volumetric
MnP activity was enhanced with high Mn?* concentra-
tions. Runs 6 and 7 showed that an increase of Mn*"
from 0.4 to 1 mM corresponded to an 8-fold increase in
the MnP production, these values representing the lowest
and the highest production respectively. The highest
laccase production was found at the highest Cu®* con-
centrations.

The second-order polynomial equation

Because of the physiological effect that the nutrients
had on growth, and to avoid interference of possible
biomass-dependent activities, it was necessary to cal-
culate the activities per milligram of mycelium as the
response variables. It has been demonstrated in Tele-
phora terrestris that secretion of laccase is biomass
dependent [15].

The uniform design of the experiment includes dif-
ferent concentrations and combinations of the nutrients
to be tested. To account for the effect of each nutrient,
the specific activity data were fitted to a full quadratic
equation (Eq. 1) including the variables and combina-
tions thereof, which could explain the effects observed.
This was the general form of the polynomial model for
three factors [37].

The 13 responses for each activity were adjusted to
the equation, and the coefficients are shown in Table 3.

Table 3 Regression coefficients given by the model and the
values for each equation

Coefficient MnP? Laccase®
C 26.44 1,830.25
Mn?* 24.23 495.49
(Mn>")? -4.36 383.11
Ccu?t -8.32 846.06
(Cu?>™)? 19.21 —-420.37
N 12.12 19.35
N2 7.32 —-252.25
N Mn?* -1.10 417.19
N Cu?* 41.60 1,158.75
Mn>* Cu®* -6.63 —-889.75
”? 0.91 0.86

aSpecific activity of MnP =26.44+24.23 Mn>*-4.36 (Mn>")*-
8.32Cu**  +19.21 (Cu®*")’+12.12 N +7.32 N>-1.INMn?*
+41.6NCu** —-6.63Mn** Cu?™*

bSpecific activity of laccase =1,830.25+495.49 Mn>" +383.11
(Mn?*)? +846.06 Cu®* —-420.37(Cu®*)? +19.35 N -252.25 N?
+417.19NMn** +1,158.75 NCu?> " -889.75 Mn** Cu?"*

A large estimate (either positive or negative) indicates
that a factor has a large impact on titer, while an
estimate close to zero means that a factor has little or
no effect [37].

The high values of 1, together with the significant
effects, provide strong evidence that the model accu-
rately reflects the process. The values of > for MnP and
laccase were 0.91 and 0.86, respectively. This means that
91% and 86% of the variability in specific activity ob-
served can be accounted for by the second-order poly-
nomial equation prediction. It was taken as evidence of
the applicability of the model within the range of vari-
ables included in this work. The present model and data
analysis allowed us not only to define optimal media
composition for both specific activity of MnP and lac-
case production, but it also showed the combined effects
among the three factors studied. These enzymes could be
related in their regulation as MnP and laccase are both
implicated in the process of lignin degradation. It was
shown that xenobiotics regulate mnp and laccase genes
in Ceriporiopsis subvermispora [39] and P. sajor-caju



[21,36], respectively. However, it remains to be deter-
mined if there is coordinate regulation of both enzymes

within the same organism.

Manganese peroxidase

Coeflicients for the regression equation are shown in
Table 3. The large value for Mn?>" concentration in
the linear term (24.23) illustrates the significant, posi-
tive effect of this mineral. This positive linear coeffi-
cient indicates that specific activity of MnP increased
with increasing concentration of Mn>", whereas the
negative quadratic coefficient of —4.36 indicates that
the specific activity of MnP had reached a maximum
and from this point the activity decreased. This showed
that Mn>" (from 0.4 to 1 mM) strongly increased the
production and registered a weak inhibitory or neutral
zone. The known white-rot fungus Phanerochaete sor-
dida produced MnP only in the presence of Mn>" and
showed the highest activity at 0.2 mM. Addition of
higher concentrations of Mn?" to the culture medium
did not produce a further increase in MnP levels [32].
Conversely, the MnP from Pleurotus eryngii was
completely repressed by Mn’" [22]. In all flasks, a

Fig. 1 Contour plots based on
the equations shown in Table 3
of specific activities of
manganese-dependent
peroxidase (MnP) (a) and
laccase (b). Cu®>* and Mn?™
concentrations are coded
according to Table 1. Shadowed
zones determine the conditions
that optimized the production
of each activity
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darkening of the mycelial pellets was observed, which
was probably due to precipitation of MnO, in cultures
with MnP activity, as observed in P. chrysosporium
[28]. The biodegradation of wood in nature is often
accompanied by black depositions. Nitrogen had a
positive linear effect, indicating an increase in specific
activity with N concentration. An inhibitory effect by
Cu’" was suggested by its negative linear effect. The
positive quadratic term indicates the existence of a
minimum for this specific activity. The more important
interactions were between Cu?’ and N; the positive
value indicated the synergistic effect. A negative or
antagonistic interaction between Cu®* and Mn’>" was
observed.

The equation found for MnP was plotted as a
function of Mn?" and Cu®"; the N factor was fixed at
concentrations of 4, 5 and 6 g1™". At 4 g17' N, MnP
reached maximum values and the contour plot is
shown in Fig. la. At the other two concentrations
production was lower and the plots are not shown.
The zone with the highest MnP production is shad-
owed on the figure. It was evident that Mn?" was
necessary to obtain high MnP production, Cu”?" being
an inhibitor under these conditions. The highest titers
obtained were 82.5 mU mg ™.
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Laccase

Coeflicients for the regression equation are shown in
Table 3. The large value for Cu®" concentration in the
linear term (846.06) indicated the very significant effect
of this mineral. This showed that the specific activity
increased as Cu® " was increased. The negative quadratic
term showed the existence of a maximum of laccase
activity as function of Cu®?” concentration. Following
this point, Cu®?" had an inhibitory effect. Compounds
employed for laccase induction in other fungi, like
xylidine, and other aromatic compounds did not in-
crease the activity as Cu®>" did in this work [26,29]. The
linear coefficient for N is close to zero; the quadratic
term is negative, so there was a maximum for this
nutrient. These results showed that N had a small effect
on laccase activity. A similar result was shown in
P. sajor-caju [8]. The Mn?" concentration had a positive
linear effect, the specific activity of laccase increased as
Mn?" increased. Similar results have been reported for
other white-rot fungi [33,38]. Mn®" is present in virtu-
ally all woods, therefore the positive regulation by
Mn?* of both ligninolytic enzymes could be a strategy
for lignin degradation in vivo, suggesting a link in the
regulation of both enzymes. There were important
interactions among the three nutrients evaluated, the
highest value corresponded to the pair N and Cu?”"
(1158.75); this indicated that these nutrients acted syn-
ergistically to increase the specific activity.

The contour plot for laccase production is shown in
Fig. 1b. The criterion used for plotting laccase specific
activity was the same as that for MnP specific activity.
The highest production (shadowed zone) was found at
high N concentration (6 g17'; ~80 mM nitrogen). In
Pycnoporus sanguineus the optimum medium for laccase
production contained 2.4 mM nitrogen [29]. In contrast,
L. edodes showed enhancement of laccase production at
high nitrogen (26 mM) [6].

Predicted optimum

Culture media optimized for laccase and MnP produc-
tion were tested. For laccase production, the medium
was supplemented with 0.2 mM Cu’", 6 g1”! N and
0.4 mM Mn>*. A maximum titer of 13.5 U ml™' was
reached at 16 days of growth (Fig. 2). After 12 days the
specific activity was 4,050 +375 mU mg~', the equation
given by the model predicted a value of 3,383.26 mU
mg~'. In the case of MnP, the medium contained 1 mM
Mn?", 4g I”' N and 1.6 pM Cu?". The maximum
volumetric activity (0.75 U ml™"), as seen in Fig. 2, was
obtained at 13 days of growth, this value was similar to
that obtained in B. adusta (0.9-1.25 U ml™!) grown
under optimized conditions [23]. Taking into account
biomass, MnP specific activity at 12 days of growth was
90+ 5 mU mg~', while the predicted value was 99.63 U
mg~!. Therefore the model was able to describe the effect
of the nutrients studied on both activities within the
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Fig. 2 Time course of MnP and laccase activities in liquid static
cultures of Fomes sclerodermeus under the conditions optimized for
each activity. Mean of culture triplicates and SEM are shown

range of concentrations fixed for the three independent
variables that were the limits of applicability of the
model. It is possible to predict the response to any
combination of independent variables.

F. sclerodermeus produced high titers of both MnP
and laccase in media optimized using Doechlert experi-
mental design.
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