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Abstract Pleurotus ostreatus showed atypical laccase pro-
duction in submerged vs. solid-state fermentation. Cultures
grown in submerged fermentation produced laccase at
13,000 U 1!, with a biomass production of 5.6 g 1! and
four laccase isoforms. However, cultures grown in solid-
state fermentation had a much lower laccase activity of
2,430 U 1", biomass production of 4.5 g 1!, and three
laccase isoforms. These results show that P ostreatus
performs much better in submerged fermentation than in
solid-state fermentation. This is the first report that shows
such atypical behavior in the production of extracellular
laccases by fungi.
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Introduction

Laccases (p-diphenol: oxygen oxidoreductase; EC 1.10.3.2)
are enzymes that oxidize phenolic compounds and are
produced by plants, bacteria, insects, and fungal species
such as the white-rot fungus Pleurotus ostreatus. These
enzymes can be used for various biotechnological and
environmental applications. Solid-state fermentation (SSF)
represents the growth of microorganisms in the absence or
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near-absence of free water (Viniegra-Gonzalez et al. 2003;
Holker et al. 2004). It has been reported that SSF is a better
system than submerged fermentation (SMF) for producing
enzymes including laccases. Ramirez et al. (2003) found
that laccase production by P. ostreatus grown on wheat
bran and vinasse in SSF was twice as high (20 U 1) and
with a greater number (three) of isoforms than those
cultures grown in SMF (two). The production of laccase
by a wild strain of Aspergillus niger and by two trans-
formants (C28eco3 and C28eco3—13) with the laccase gene
IV from Trametes versicolors was studied in SMF and SSF
using different concentrations of glucose and maltodextrin
(Téllez-Jurado et al. 2005). Laccase titers were higher when
glucose was used as a carbon source. However, repression
of laccase production was evident for SMF upon increasing
glucose from 10 to 50 g 1. In contrast, the production of
the highest laccase activity for strain C28eco3 (362 U 17"
and C28eco3—13 (592 U 1"") was shown when 50 g 1! of
glucose was used as a carbon source in SSF. Cultures of A4.
niger have been used to study the production of several
enzymes in SSF and SMF. It has been reported that
pectinase (Antier et al. 1993), esterase (Asther et al.
2002), invertase (Romero-Gomez et al. 2000), pectin lyase
(Acuna-Argiielles et al. 1995), and tannase (Aguilar et al.
2001) activities were higher in cultures grown in SSF than
those cultures grown in SMF. Similarly, the production by
A. niger of B-fructofuranosidase (Ashokkumar and Guna-
sekaran 2002), exopectinase (Diaz-Godinez et al. 2001),
endopectinase (Acufia-Argiielles et al. 1995), and poly-
galacturonase (Maldonado and Strasser de Saad 1998) was
higher in SSF than in SMF. Enzyme production by 4. niger
and Penicillium citrinum in SSF using culture media
embedded in an inert support (i.e., polyurethane foam)
was increased, as compared to that in SSF on a biodegrad-
able support (i.e., coffee pulp, sugar cane bagasse or maize
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Fig. 1 Growth (a) and glucose consumption (b) of P. ostreatus in
SMF (square) and in SSF (circle). The error bars represent the
standard deviation of three separated replicates of each experiment

straw) and to that in SMF (Zhu et al. 1996; Diaz-Godinez et
al. 2001). It has been reported that the higher pectinase titer
in SSF than in SMF might be due to (a) a lower level of
pectinase degradation as the result of low protease
production and (b) a higher amount of biomass produced
under SSF conditions (Diaz-Godinez et al. 2001; Viniegra-
Gonzalez et al. 2003).

Téllez-Téllez et al. (2005) and Palmieri et al. (2003)
reported that the number and type of laccase isoforms
produced depend on the fungal species, culture medium,
and growth conditions. In the present research, production
of laccase and the number of laccase isoforms made by
P. ostreatus grown in SSF and in SMF were evaluated. A
number of unexpected results were observed, including the
relative production of laccase in SSF vs. SMF and different
numbers of isoforms made under the two conditions.

Materials and methods

Organism and culture conditions

P ostreatus (ATCC 32783) was used. A liquid medium
previously optimized for producing laccases by this fungus
in SMF was prepared containing (in gram per liter):

glucose, 10; yeast extract, 5; KH,PO4, 0.6; MgSO4—
7H20, 05, KzHPO4, 04, CHSO4*5H20, 025, FeSO47
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7H,0, 0.05; MnSO4—H,0, 0.05; ZnSO4—7H,0, 0.001. The
pH was adjusted to 6.0 using 0.1 M NaOH. All cultures
were inoculated with three mycelial plugs (4 mm diam)
taken from the periphery of a colony grown on PDA at
25 °C for 7 days. The cultures were incubated at 25 °C for
25 days on a rotary shaker at 120 rpm. SSF was carried out
in a flask of 250 ml containing 1 g of polyurethane foam of
low density (PUF; 17 kg m ) cubes (0.5%0.5x0.5; Diaz-
Godinez et al. 2001) as an inert support impregnated with
30 ml of sterile culture medium. Previously, the cubes were
washed twice with distilled water, oven-dried at 60 °C for
24 h, and then autoclaved at 120 °C for 15 min. SMF was
undertaken in flasks of 250 ml containing 30 ml of culture
medium.

Enzymatic extract and biomass evaluation

The enzymatic extract (EE) of cultures grown under SMF
conditions was obtained by filtration using filter paper
(Whatman No. 4) and that of cultures grown under SSF
conditions was obtained by using a Millipore filter (0.45 pum)
and a syringe of 50 ml. The cubes were washed three times
with distilled water to remove any remains of EE and then
oven-dried at 60 °C for 24 h. In both fermentation systems,
the biomass (X) was determined as difference of weight
(gram per liter; Diaz-Godinez et al. 2001). Alternatively,
30 ml of the EE that showed the highest activity of laccase
under SMF conditions was added to 1 g of unused PUF,
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Fig. 2 Laccase (a) and protease (b) production by P. ostreatus in
SMF (square) and SSF in (circle). The error bars represent the
standard deviation of three separated replicates of each experiment
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Table 1 Laccase production in SMF and SSF

System Emax (UTH Eqpec (U mg™" protein) Yy (Ug ' X) PUI'nY gP(Uh' g ' X
SMF 13,000 (456-h fermentation time) 162 2,363 28.5 51.9

SSF 2,430 (312-h fermentation time) 30 540 7.8 17.8

incubated for 1 h at room temperature, and then washed and
oven-dried as indicated above. Nitrogen content was
determined in such an oven-dried PUF and in an unused
PUF using the Kjeldhal method, which showed that there
was no immobilization of enzymes in the support.

Evolution of biomass X=X(f) was done using the
Velhurst—Pearl or logistic equation:

dX X

—=u|l——|X 1

dt ”[ Xmax] m
where f is the maximal specific growth rate, and X« is

the maximal (or equilibrium) biomass level achieved when
dX/dt=0 for X>0. The solution of Eq. | is as follows;

KXmax
1 4 Ce

where, C=(Xpax—X0)/Xo, and X=X, the initial biomass
value.

Estimation of kinetic parameters in the above equations
was performed using a non-linear least square-fitting
program “Solver” (Excel, Microsoft; Diaz-Godinez et al.
2001; Viniegra-Gonzalez et al. 2003). Yg/x is the yield of
enzyme per unit of biomass produced, estimated as the
relation between maximal laccase activity (Eqax) and Xpax-
Enzymatic productivity (P) was evaluated by using the time
of E..x. The specific rate of enzymatic production was
calculated by the equation: gP = [(u) (Yz/x)])-

X =

Fig. 3 Zymogram patterns of
laccase activity of P. ostreatus
in SMF (a) and SSF (b)

Enzyme assays

Laccase activity was determined by changes in the absor-
bance at 468 nm, using 2,6-dimethoxyphenol (DMP) as
substrate. The assay mixture contained 950 pl substrate
(2 mM DMP in 0.1 M phosphate buffer at pH 6.0) and
50 pl EE, which were incubated at 40 °C for 1 min (Téllez-
Téllez et al. 2005). Protease activity was measured by
changes in the absorbance at 280 nm, produced by the
release of aromatic amino acids, using casein as substrate
(Kunitz 1947). One enzymatic unit (U) of laccase or
protease activity is defined as the amount of enzyme,
which gives an increase of 1 U of absorbance per minute in
the reaction mixture. The activity was expressed in unit per
liter of EE. The laccase specific activity (Egpec) i reported
as unit per milligram of extracellular protein (unit per
milligram protein) estimated as the relation between
maximal laccase activity (En.x) and the extracellular
protein content observed at the same time. The total
extracellular protein was measured in the EE by the
Bradford (1976) method using bovine serum albumin as
standard. Laccase activity was detected through zymograms
using DMP as substrate, by the modified sodium dodecyl
sulfate polyacrylamide gel electrophoresis technique
(Laemmli 1970). Gel composition, running conditions,
and handling of the gel after running were performed as
previously reported (Téllez-Téllez et al. 2005).
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Results

P, ostreatus (ATCC 32783) was grown in both SMF and
SSF modes. As shown in Fig. la, growth in SSF began
earlier but reached a lower level (4.5 g I'") than growth in
SMF (5.5 g I'"). Also, p was higher in SSF (0.033 h™") than
in SMF (0.022 h™'). Figure 1b shows that glucose
consumption was more rapid in SSF than in SMF and
became exhausted at 290 h in SSF and at 430 h in SMF.
Production of laccase began earlier in SSF (Fig. 2a) but was
rather poor in SMF. The P value observed in SMF was
approximately 3.6-fold higher than in SSF. The activity
began in the stationary growth phase and reached a much
higher level. Details are shown in Table 1. The Eg,.. was
approximately fivefold higher in cultures grown in SMF
than in those cultures grown in SSF. The pH showed an
increase of only 0.5 U during growth, and protease was
only formed in SSF (Fig. 2b).

Zymograms shown in Fig. 3 revealed that cultures
grown in SMF showed up to four isoforms during the
course of the experiment. On the other hand, SSF cultures
grown showed one isoform in the lag phase, two or
possibly three isoforms in the exponential phase, and two
in the stationary phase.

Discussion

Growth curves were fitted by Eq. 1 with high correlation
coefficients (R*>0.98) showing that the model was ade-
quate for this process. Cultures grown in SMF had higher
biomass production, which might be due to oxygen and
space limitation inside of the polyurethane foam of SSF. On
the other hand, the 1 in SSF was somewhat higher than that
observed in SMF, which might be related to the fact that
solid substrates are the natural habitat of the fungus.

Since the ultimate consumption of carbon source was the
same in both fermentation systems, the difference in
biomass production is not related to the amount of
assimilated glucose. The culture medium acted as a buffer
in both fermentation systems, suggesting that the pH is not
responsible for differences in laccase and biomass produc-
tion observed in SMF and in SSF.

It has been reported that the number and type of laccase
isoforms produced by Pleurotus is species dependent
(Téllez-Téllez et al. 2005). Diaz-Godinez et al. (2001) and
Aguilar et al. (2001) reported that the undesirable produc-
tion of proteases by 4. niger was low in SSF and that the
breakdown of other enzymes by these proteases was high in
SMF. However, in our study with P. ostreatus, protease
activity was only observed in cultures grown in SSF.
Contrary to findings by others (Ramirez et al. 2003; Téllez-
Jurado et al. 2005), our culture showed higher growth and
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greater production of laccase in SMF than in SSF. Cultures
of A. niger showed a higher productivity and production of
several enzymes in SSF than in SMF (Antier et al. 1993;
Acufia-Argiielles et al. 1995; Maldonado and Strasser de
Saad 1998; Romero-Gomez et al. 2000; Aguilar et al. 2001;
Diaz-Godinez et al. 2001; Ashokkumar and Gunasekaran
2002; Asther et al. 2002; Viniegra-Gonzalez et al. 2003;
Holker et al. 2004). The zymograms showed that P
ostreatus had different laccases production patterns, which
depended on the culture conditions. The differences
observed in the production of laccases might be mainly
due to the presence of oxygen in the fermentation system.
The fact that SMF showed higher laccase production than
SSF might be a result of the stress caused by the little
amount of oxygen available in SMF. Similar laccases
production patterns have been reported in other studies.
Téllez-Téllez et al. (2005) observed that P. ostreatus
produced two laccase isoforms when it was grown on Petri
dishes. However, Tlecuitl-Beristain et al. (2008) reported that
P, ostreatus produced four laccase isoforms in SMF. Those
isoforms observed during the lag and exponential phases
might be related to the substrate degradation and those
shown in the stationary phase related to mushroom morpho-
genesis and pigmentation processes (Temp and Eggert 1999).
The zymogram patterns of laccases and laccases activity
observed by us indicate enzymatic stability during the
cultivation period and a high ¢P during the stationary phase
of the cultures grown in SMF. This absence of protease
activity in cultures grown in SMF probably is responsible for
the high laccase activity. However, further studies such as the
use of PUF of a bigger pore size in SSF and evaluation of the
effect of the oxygen concentration in SMF on the growth and
laccase production of the fungus will give us in the future a
better understanding of the atypical behavior of P. ostreatus
in SSF.
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