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RESUMEN

Como la produccion de lacasa fungica depende de al-
gunos componentes que la inducen, hemos estudiado el
efecto del etanol, la paja de trigo y el sulfato de cobre de
forma independiente y combinada sobre la actividad volu-
métrica de la lacasa de Pycnoporus sanguineus.

La paja de trigo y el sulfato de cobre han dado los mejores
resultados, mostrando un efecto sinérgico en el décimo
tercer dia de incubacion (la actividad lacasa fue 3 y 4,5
veces mayor que la actividad obtenida con cada uno de
ellos por separado). Por el contrario, el etanol afecté nega-
tivamente a la produccién de lacasa.

La lacasa producida por Pycnoporus sanguineus mantie-
ne su estabilidad en un amplio intervalo de temperatura;
estabilidad que depende también del pH. Eligiendo un pH
adecuado, el nivel y la estabilidad de la actividad lacasa
se mantienen satisfactoriamente a temperaturas entre 25y
70°C, lo que diversificaria el uso industrial de esta lacasa.

Palabras claves: inductores, lacasas, Pycnoporus san-
guineus, estabilidad, efecto sinérgico

SUMMARY

As the fungal laccase production depends on some com-
ponents which induce it, we have examined the indepen-
dent effects of ethanol, wheat straw and copper sulphate
and their combinations on the volumetric laccase activity
of Pycnoporus sanguineus.

Wheat straw and copper sulphate gave the best results
showing a synergic effect after 13 days of incubation (lac-
case activity was 3 and 4.5 times greater than the activ-
ity generated when they were used alone). Ethanol on the
contrary, was found to have a negative effect on laccase
production.

The laccase produced by the fungus Pycnoporus sanguin-
eus maintains a good stability in a wide range of tempera-
tures; a stability which also depends on the pH. By choos-
ing the adequate pH, the level and stability of the laccase
activity are satisfactory in a range of temperatures from 25
to 70°C, which would allow the diversification of laccase
use in industrial applications.

Keywords: inductors, laccases, Pycnoporus sanguineus,
stability, synergic effect

RESUM

Donat que la produccié de lacasa fungica depén d’alguns
components que la indueixen, s’estudia I'efecte de I'eta-
nol, la palla de blat i el sulfat de coure de forma indepen-
dent i combinada sobre 'activitat volumétrica de la lacasa
de Pycnoporus sanguineus.

La palla de blat i el sulfat de coure donen els millors resul-
tats, mostrant un efecte sinergic en el tretzé dia d’incuba-
cio (I’activitat lacasa és 3 i 4,5 cops superior que I'activitat
obtinguda amb cadascun d’ells per separat). Per contra,
I’etanol afecta negativament a la produccié de lacasa.

La lacasa produida per Pycnoporus sanguineus manté la
seva estabilitat en un ampli interval de temperatura; esta-
bilitat que depén també del pH. Elegint un pH adequat, el
nivell i 'estabilitat de I’activitat lacasa es mantenen satis-
factoriament a temperatures entre 25 i 70°C, el que diver-
sificaria I'Us industrial d’aquesta lacasa.

Mots clau: inductors, lacases, Pycnoporus sanguineus,
estabilitat, efecte sinergic
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1. INTRODUCTION

White-rot fungi are known for their ability to degrade lig-
nin as well as a wide range of organic pollutants includ-
ing chlorophenols, polycyclic aromatic hydrocarbons and
industrial dyes [1]. In lignin degradation laccases are, in
most cases, an important part within the non-specific lig-
ninolytic system by which these microorganisms are able
to degrade this polymer completely [2-4]. Laccases are
copper-containing glycoproteins involved in a number of
natural pathogenic, pigmentation and lignin degradation
processes[5]. Moreover, they are able to catalyse the oxi-
dation of various aromatic compounds such as mono-, di-,
and polyphenols, aminophenols and diamines by reducing
molecular oxygen to water [6]. Furthermore, the fact that
laccases require only oxygen to act as catalysts and can
readily oxidize phenolic compounds, makes them attrac-
tive for biotechnological applications [7-10], including pulp
bleaching [11-13].

It is known that the production of laccase is affected by
many fermentation factors such as medium composition,
carbon and nitrogen sources and their concentrations [14],
pH and temperature [15]. Furthermore, many compounds
have been widely used to stimulate laccase production.
Scientists have used different laccase inductors with dif-
ferent fungi. For instance, Koroljova-Skorobogat’ko et
al. [16] found that syringaldazine was an efficient induc-
tor of laccase in Coriolus hirsutus. Eggert et al. [17] found
that 2,5-xylidine was one of the most effective inducers
for the production of laccase from Pycnoporus cinnaba-
rinus without modifying the isoenzyme pattern of the en-
zyme. For the same Pycnoporus specie, Herpoél et al. [18]
showed that ferulic acid was also an effective inductor.
Later, Lomascolo et al. [19] using the same fungus, found
that ethanol increased laccase activity up to nine-fold,
compared to acid ferulic-induced cultures. For Trametes
sp AH28-2, Xiao et al. [20] tested several laccase induc-
tors with the following sequence of effectiveness: 2,5
xylidine>guaiacol>ferulic acid. On the contrary, for Tram-
etes pubescens, Galhaup et al. [21] found a different order:
guaiacol>ferulic acid>2,5-xylidine. From the latest results,
it can be concluded that the intensity of the inductor effect
on laccase activity strongly depends on the fungi that are
being studied.

Besides, one strain of the basidiomycete Pycnoporus
sanguineus has been found that produces extracellular
laccases among its major ligninolytic enzymes [22]. An
important characteristic of this strain is that it produces
laccases could capable of enduring temperatures of 60-75
°C for more than 1 hour. This can be very useful for some
industrial purposes [23-24] such as pulp bleaching (which
is usually done at temperatures of around 80 °C), where
the need for an excessive number of intermediate cooling
and heating steps is a serious disadvantage.

For the Pycnoporus sanguineus species, there are only
a few works available which study the effect of laccase
inductors [22-25], and none of those consider the simul-
taneous use of various substances to find a hypothetical
synergic effect.

Based on the foregoing and the promising prospect of
using a laccase which endures high temperatures for in-
dustrial applications, this work aims to study the effect of
various inductors (individually and in combination) on the
increment of laccase activity in submerged cultures of P,
sanguineus.

2. MATERIALS AND METHODS

2.1. Chemicals.
2,2°-Azino-bis-3-ethylbenzthiazoline-6-sulphonate (ABTS)
was purchased from Roche (Madrid, Spain) and Tween 80
from Panreac Quimica (Barcelona, Spain). All other chemi-
cals were reagent-grade and obtained from Merck (Barce-
lona, Spain) or Sigma-Aldrich (Madrid, Spain).

2.2. Organism, maintenance and growth conditions.
The basidiomycete Pycnoporus sanguineus (B-84) was
obtained from the IUFM collection (Instituto Jaime Ferran
de Microbiologia-CIB). The fungus culture was grown on
malt extract agar slants (2 % malt extract, 2 % Bacto Agar)
at 28 °C for 10 days and stored at 4 °C.

A plug (1 cm?) of fungus was transferred from the slants
to the middle of a Petri dish containing malt extract agar
medium and grown at 28 °C for 7 days.

Fungal spores for inoculation of liquid cultures were ob-
tained by washing Petri dishes covered with the fungus
with 10 ml of a solution containing 8 g sodium chloride
and 1 ml of Tween 80 per litre, and filtering the supernatant
through gauze in order to remove the fungus mycelium.
The spore concentration in the liquid was determined by
counting them in a Neubauter chamber.

2.3. Pycnoporus sanguineus cultures with laccase in-
ductors.

A modified Kirk’s medium [14] was used in all experiments.
500 ml Erlenmeyer culture flasks were filled with 200 ml
volume of this modified medium and then sterilized. In half
of the flasks, an amount of 5 g of wheat straw (a potential
laccase inductor) was added under sterile conditions [26].
Then, all flasks were inoculated with 7.6 107 spores of P,
sanguineus [17] and incubated in an orbital shaker at 120
rpm. Based on previous results (not shown), the 6th day of
inoculation was chosen to add ethanol and/or copper sul-
phate, the other potential laccase inductors. Details of the
inductor addition are described in table 1. All tests were
done in duplicate. The volumetric laccase activity and total
protein content were determined in the extracellular fluid
on a daily basis over the 17 days of the study.

Table 1. Inductors added in each experiment.

Copper Sulphate

1 b
Experiments (%p/)? Ethanol (%v/v)

Flask 1 (without WS°) - -

Flask 2 (without WS) 0.005 -

Flask 3 (without WS) - 4.3

Flask 4 (without WS) 0.005 4.3
Flask 5 (with WS) - -
Flask 6 (with WS) 0.005 -
Flask 7 (with WS) - 4.3
Flask 8 (with WS) 0.005 4.3

Inductors concentration as it is described by (a) Collins
and Dobson [29] and (b) Lomascolo et al., [19]
(c) WS: wheat straw.
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2.4. Volumetric laccase activity.

Laccase activity was determined daily in all samples of
extracellular fluid from the fungal cultures, using ABTS
as substrate at pH 5 and 25°C [27]. The reaction mixture
consisted of 1:1 (v/v) culture fluid and substrate. One unit
of laccase activity was defined as the amount of enzyme
needed to obtain 1 pmol of product per minute under the
assay conditions. The results were given in relative form.

2.5. Protein assays.

The total protein content was determined on a daily basis
by using Kit no. 500-0006 from BioRad, which is based on
Bradford’s method. Bovine serum albumin was used as
the standard. The results were used to calculate the spe-
cific laccase activity, which is given in relative form.

2.6. Study of laccase stability

The enzymatic extracellular fluid that showed the maxi-
mum laccase activity was isolated from the fungus myce-
lium by filtration. In the resulting liquid, the laccase activity
was measured at different pH values within a range of pH
2.5 to pH 5.5, using citric acid-disodium hydrogen phos-
phate buffer (200 mM). After establishing the optimum pH
value, the laccase activity was determined at different tem-
peratures that ranged between 25 and 80°C. Then the en-
zyme stability was studied, measuring the laccase activity
every hour during three consecutive hours, and at different
combinations of pH (3 and 5) and temperature (25, 40, 50,
60 and 70°C).

2.7. Zymograms.

A 25 pl aliquot from the extracellular enzymatic liquid iso-
lated before was placed on activity gels to obtain the cor-
responding zymograms. Polyacrylamide gel electrophore-
sis was performed at an alkaline pH under non-denaturing
conditions in a Mini-Protean electrophoresis cell (BIO-RAD
Laboratories, Hercules, CA). The separating gel contained
12 % acrylamide and the buffer solution 375 mM Tris—HCI
(pH 8.8). The stacking gel contained 5 % acrylamide and
the buffer solution 125 mM Tris—HCI (pH 6.8). The elec-
trode buffer solution contained 25 mM Tris-HCI and 122
mM glycine (pH 8.8). Pre-stained molecular weight stan-
dards (Precision Plus Protein Standards, All Blue, from
BIO-RAD) were used. The gel had previously been equili-
brated in 100 mM acetate buffer at pH 5.0 at room tem-
perature for 15 minutes, washed with the same buffer and
stained with a solution of 2,6-dimethoxyphenol (10 mM) in
acetate buffer (100 mM, pH 5.0) as substrate [28] to deter-
mine laccase activity.

3. RESULTS AND DISCUSSION

3.1. Effect of the different inductors on Pycnoporus
sanguineus laccase activity

We examined the influence of various inductors (copper
sulphate, wheat straw and ethanol) on laccase production
by P. sanguineus. Figure 1 shows the volumetric laccase
activity results, as determined in extracellular fluid from the
fungus on a daily basis. It can be observed that the lac-
case activity found for all experiments with wheat straw
(figure 1B) was always considerably higher, after the 4th
day of incubation, than that obtained in a medium without
straw (figure 1A). On the other hand, in most experiments
without straw, maximum laccase activity was reached on
the 8th day of incubation, while in the experiments with

straw, laccase activity almost always peaked later, around
the 13th day of incubation. Therefore, it seems clear that
wheat straw has a very strong influence on laccase activ-
ity, although it delays its peak.

Regarding the other inductors, only the experiment with
copper sulphate showed a higher laccase activity com-
pared to the control, with or without the addition of wheat
straw. On the contrary, the experiment containing ethanol,
or ethanol plus copper sulphate, didn’t increase laccase
activity. In fact, these tests even showed a slight decrease
in comparison to the control.

From the mycelium dried weight results at the end of the
experiments (table 2), it can be explained that ethanol
could be a toxic compound for P. sanguineus at the tested
concentration, since the fungus’ growth is inhibited when
ethanol, or ethanol plus copper sulphate, are used in the
medium. Lomascolo et al. [19] also found an initial inhibi-
tion of fungal growth by ethanol using . However, in that
experiment, a 155- fold increase in lacasse activity, com-
paring ethanol-induced cultures with non-induced cul-
tures, was found after some days had passed. The latter
behavior was not found in our case. It can be concluded
that ethanol could be a fungal inhibitor during the first days
of its addition and that its inhibition reversibility will de-
pend on the fungi used.

In the conditions assayed, only copper sulphate and
wheat straw act as laccase inductors with P. sanguineus.
In comparison with the maximum laccase activity obtained
without inductor (480 U/l), the addition of copper sulphate
and wheat straw to the medium yields a 1.5- fold and 2.5-
fold increase in laccase activity, respectively. The induction
capacity of copper sulphate had previously been proved
by Collins and Dobson [29] using Trametes versicolor. The
fact that laccase induction by copper occurs at transcrip-
tional level has been demonstrated for Trametes versicolor
[29] and Pleorotus ostreatus [30] among others. For P. os-
treatus a differential regulation has been found [30] and the
role of metal responsive elements has been studied [31].
Pérez-Leblic et al. [26] demonstrated that wheat straw is
also an efficient laccase inductor using Pleurotus eryngii.
When the simultaneous effect of both laccase inductors is
studied, it must be pointed out that the maximum laccase
activity reached (3250 U/l on day 13 in Fig 1B) doesn’t
correspond to the sum of the maximum laccase activities
where wheat straw and copper sulphate act independently
(1090 U/l on day 13 in Fig 1B and 720 U/l on day 8 in
Fig 1A respectively). This sum amounts to approximately
55% of the laccase activity which could be reached with
the simultaneous use of both inductors. Moreover, if the
comparison is made with the results of the 13th day (com-
paring activities of different days is inappropriate), this
percentage is even lower (38%). These facts highlight the
important synergic effect of said inductors.

In order to know the laccase enrichment in the enzymatic
fluids produced by P. sanguineus, the total protein con-
tent was analyzed and the specific laccase activity vs. time
was plotted (Figure 2). In experiments with wheat straw,
the specific laccase activity wasn’t assayed. Wheat straw,
with a significant content of polyphenols, interferes with
the Bradford’s method, based on the reaction of pheno-
lic groups of the proteins. As can be seen, P. sanguineus
produced the extracellular liquid most enriched in laccase
on the 8th day of incubation, when copper sulphate was
added as inductor. These results concur with those of
volumetric laccase activity, where the same experiment
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reached the highest laccase activity on the same day of
incubation.

Fig. 1. Variation of the volumetric laccase activ-
ity of Pycnoporus sanguineus at different times using:
(a) ethanol (ET) and copper sulphate (CS) as induc-
tors, and (b) ethanol (ET), copper sulphate (CS) and
wheat straw (WS) as inductors. C is the control

Table 2. Results of mycelium dry weight
at the end of the experiments.

Assay? Mycelium dry weight (g)
without inductors 0.44
with copper sulphate 0.43
with ethanol 0.16
with copper sulphate and ethanol 0.10

(a). Without wheat straw.

Inductar —8—C5

y

01 23 4 5 6 7 8 910112131415 1617

Time [days)

Fig. 2 Variation of the specific laccase activity of Pycno-
porus sanguineus at different times, using as inductors
ethanol (ET) and copper sulphate (CS). C is the control

3.2. Stability study of the extracellular enzymatic fluid
produced from P. sanguineus

The extracellular enzymatic fluid which showed the highest
laccase activity, resulting from the experiment with wheat
straw and copper sulphate, was isolated from the fungus
mycelium and its volumetric laccase activity variation was
studied at different pH and temperature values (figure 3).
It can be observed from figure 3A) that the enzymatic fluid
reached the highest volumetric laccase activity at pH 3.
Similar results were found by Rancano et al. [32] for lac-

asse produced by Trametes versicolor. At higher pH, the
value gradually decreased until, at pH 5.5, only 20% of the
maximum laccase activity remained. On the other hand,
figure 3B) demonstrates that, in the range of 25-70°C, the
higher the temperature, the greater the volumetric laccase
activity.

Stability studies of the enzymatic fluid at pH 3 and 5 and at
temperatures in the range of 25-70°C are plotted in figure
4. The value pH 3 was chosen because it had proved to
be the optimum pH in the aforementioned study; although
the selection of pH 5 could be more interesting for some
industrial applications. It can be observed that at moder-
ate temperatures (25 to 40°C) the volumetric laccase ac-
tivity remained relatively constant, for at least three hours,
and even in the most unfavourable conditions within the
temperature range (40°C, pH 3) the remaining laccase ac-
tivity was close to 80%. Although the differences in lac-
case stability at this range of temperatures are not very
important, the lowest temperature (25°C) favours laccase
stability. The highest initial volumetric laccase activity was
shown at pH 3, which subsequently declined slightly more
quickly than at pH 5.

A well-known characteristic of this strain P. sanguineus
is its endurance at moderate to high temperatures. This
property implies that the enzymes which it secretes could
also endure these conditions. The evolution of volumetric
laccase activity at temperatures in the range of 50-70°C
is quite different, depending on the pH. In those testing
conditions with the highest acid content (pH 3), volumetric
laccase activity rapidly decreases and, at 50°C, is reduced
to half its initial value in about one hour. If the temperature
is raised to 60 or 70°C, volumetric laccase activity after
one hour has either become residual or disappeared com-
pletely. A similar behaviour was observed by Silva [33] for
lacasse from Trametes sp. |-62. However, once pH is in-
creased from 3 (the value that gave the highest initial lac-
case activity) to 5, the volumetric laccase activity shows
an entirely different behaviour. At 50 or 60°C, it virtually
maintains its initial value for the first hour and, three hours
later, 83% of volumetric laccase activity is still conserved.
Even at 70°C, 71% of the activity is maintained at the end
of the first hour, which implies a high enzymatic stability for
those applications that do not require longer treatments.
These differences in the stability of laccase activity due
to pH and temperature, could mean that those conditions
which produce the highest initial volumetric laccase activ-
ity (pH 3 and 70°C), are not as convenient if the enzymatic
reaction must go on for a certain length of time. To further
clarify which are the optimal performance conditions the
average volumetric laccase activity has been calculated,
for each combination of pH and temperature, for one and
three-hour periods respectively (table 3). In a one-hour
period, the average volumetric laccase activity reaches a
maximum (3506 UA/ml) at pH 3 and 40°C, although satis-
factory values are also maintained at higher temperatures
(around 3000 UA/mI). It might be that laccase treatment
requires certain conditions of pH or temperature. This is
the case of enzymatic pulp biobleaching, which is pref-
erably carried out at temperatures around 80°C, to avoid
excessive intermediate steps of heating and cooling. Be-
cause of this, and if the laccase treatment is maintained
for one hour, pH 5 guarantees higher laccase activity at
temperatures above 50°C. Below this temperature, pH 3
is more effective.

A similar situation is found if the laccase treatment is to
be maintained for three hours. Again pH 3 and 40°C give
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the best volumetric laccase activity (3223 UA/ml), but after
three hours, the average laccase activity in the rest of the
conditions is considerably lower (from 2243 to 2693 UA/
ml). Again, at low temperatures (40°C or less), pH 3 pro-
duces higher volumetric laccase activity than pH 5, while
the opposite occurs at temperatures above 40°C.

Enzyme purification would prove valuable for further char-
acterization and to concentrate the laccase activity. How-
ever, it was not considered in this part of our work aimed
at improving pulp biobleaching, because an intermediate
purification step may remove compounds which act as
laccase mediators that catalyze the delignification with
high efficiency.

Fig. 3 Variation of the volumetric laccase activity in the extra-
cellular enzymatic fluid, induced with wheat straw and copper
sulphate at different values of pH (a) and temperature (b)

Fig. 4 Study of the effects of tempera-
ture on laccase activity at pH 3 and 5

Table 3. Laccase activity at different pHs and
temperatures after one and three hours.

Average volumetric

Tempera-  Average volumetric laccase laccase activity (UA/

ture (°C) activity (UA/ml) after 1 hour m) after 3 hour
pH3 pH5 pH3 pH5
25 2.636 1.200 2.536 1.231
40 3.506 2.108 3.223 2.055
50 3.240 2.400 2115 2.243
60 2.500 2.900 1.267 2.693
70 2.700 3.000 1.350 2.375

3.3. Laccase activity zymograms. Effect of different in-
ductors.

Figure 5A) shows the native gel electrophoresis results ob-
tained on the maximum laccase activity day for all experi-
ments, except for the experiment which used wheat straw
and copper sulphate together as inductors. The native gel
electrophoresis results of this last experiment are shown in
figure 5B) on different days of incubation.
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Fig. 5 Zymograms of laccase activity corresponding
to: (a) the day (in brackets) of maximum volumetric lac-
case activity found in each experiment, and (b) sev-
eral days in the maximum laccase induction (wheat
straw and copper sulphate). C: control; CS: cop-
per sulphate; WS: wheat straw and ET: Ethanol

As can be seen in figure 5A), all experiments which
reached their maximum volumetric laccase activity on the
7th day of incubation or later, showed a laccase size of
around 40 kDa. However, the laccase size was higher (60
kDa) in those experiments which peaked before the 7th
day of incubation. In the culture with copper sulphate and
ethanol, which reached its maximum laccase activity on
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day 7, both isoforms are detected, supporting the fact that
a larger size laccase is produced during the first days of
incubation and a smaller size one during the last days. This
result was also observed in a previous work with the same
strain [14]. It can also be seen that the weakest sign in
the native gel electrophoresis results was yielded by the
experiment which only used ethanol as inductor, and the
strongest one by all experiments which contained wheat
straw in their culture medium.

In figure 5B) it can be seen that all signs show more or less
the same intensity, but all are stronger that those found in
figure 5A). It is also observed in figure 5B), as in figure 5A),
that the signs found after the 7th day of incubation are the
strongest.

All these results are consistent with the above described
spectrophotometric measurements and support our deci-
sion to choose wheat straw and copper sulphate as the
best laccase inductors.

4. CONCLUSIONS

It was found that wheat straw and copper sulphate, when
used together, gave the best results and led to maximal
enzyme activity after 13 days of incubation. These induc-
tors showed a synergic effect, since the laccase activity
reached was higher than the sum of their activities when
they were used alone in the culture medium.

The laccase produced by the fungus Pycnoporus sanguin-
eus maintains stability at a wide range of temperatures
(from 25 °C to 70°C at an adequate pH), which would allow
the diversification of laccase use in industrial applications.
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