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Biobleaching of hardwood unbleached kraft pulp (UKP) by Phanerochaete chrysosporium and Trametes
versicolor was studied in the solid-state fermentation system with different culture media. In this fermentation
system with low-nitrogen and high-carbon culture medium, pulp brightness increased by 15 and 30 points after
5 days of treatment with 7. versicolor and P. chrysosporium, respectively, and the pulp kappa number decreased
with increasing brightness. A comparison of manganese peroxidase (MnP), lignin peroxidase (LiP), and
laccase activities assayed by using fungus-treated pulp and the filtrate after homogenizing the fungus-treated
pulp in buffer solution indicated that enzymes secreted from fungi were adsorbed onto the UKP and that assays
of these enzyme activities should be carried out with the treated pulp. Time course studies of brightness
increase and MnP activity during treatment with P. chrysosporium suggested that it was difficult to correlate
them on the basis of data obtained on a certain day of incubation, because the MnP activity fluctuated
dramatically during the treatment time. When brightness increase and cumulative MnP, LiP, and laccase
activities were determined, a linear relationship between brightness increase and cumulative MnP activity was
found in the solid-state fermentation system with both P. chrysosporium and T. versicolor. This result suggests

that MnP is involved in brightening of UKP by white rot fungi.

Residual lignin in kraft pulp is highly modified by alkaline
condensation reactions during pulping and gives the pulp a
characteristic dark-brown color. This residual lignin is com-
mercially removed by bleaching with chlorine-based chemicals.
It has been reported that chlorinated products derived from
lignin during these bleaching procedures are mutagenic (1, 31).
They also cause a waste treatment problem because of their
toxicity and dark color. Therefore, environmental concerns
have led us to seek alternative ways to eliminate, or at least
reduce, the use of chlorine-based chemicals in bleaching.

Because lignin biodegradation by Phanerochaete chrysospo-
rium and Trametes versicolor has been intensively studied (3, 5,
11, 14, 29), much research has been carried out in an attempt
to delignify and brighten unbleached kraft pulp (UKP) by
these fungi. Kirk and Yang were the first to recognize that P.
chrysosporium could partially delignify softwood UKP (16). It
was also reported that hardwood UKP treated with 7. versi-
color showed an increase in brightness and a corresponding
decrease in residual lignin concentration (17, 25). Nishida et al.
showed that the white rot fungus IZU-154, which degrades
wood lignin more extensively and selectively than do P. chryso-
sporium and T. versicolor (23), delignifies hardwood and softwood
UKPs and increases pulp brightness significantly. In addition, the
use of chlorine-based chemicals and the pollution load of waste
liquor in bleaching of UKP were significantly reduced by the
biobleaching process, which combined a IZU-154 treatment and
chemical bleaching (7, 8, 21).

However, the delignification rate in the biobleaching process
is somewhat lower than that in the chemical bleaching process.
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To overcome this drawback of the fungal treatment, we have
attempted to determine the enzymologic basis of fungal delig-
nification. P. chrysosporium and T. versicolor produce laccase,
lignin peroxidase (LiP), and manganese peroxidase (MnP) (4,
10, 12, 18, 33, 34), and it has been suggested that these enzymes
are involved in the oxidative breakdown of lignin. Perez and
Jeffries showed that increased synthetic lignin mineralization
correlates with increased LiP activity, not with increased MnP
or laccase activity (28), and LiP has been reported to bleach
UKP (2, 6) and to facilitate subsequent chemical bleaching
(24). However, there are some reports in which the role of LiP
in lignin biodegradation is questioned. Paice et al. reported
that LiP activity is not detected during biobleaching of UKP by
T. versicolor (26), and there are several lignin-degrading fungi
that secrete MnP and laccase but not LiP (9, 19, 22, 30). MnP
was found to depolymerize synthetic lignin (35) and has been
shown to be present at substantial levels during biobleaching
with T. versicolor (26). Furthermore, Paice et al. showed that
MnP is produced by bleaching cultures of T. versicolor and that
the peak production of the enzyme occurs at the same time as
the maximum rate of fungal bleaching (26). Kondo et al.
showed that cell-free, membrane-filtered components in the in
vitro biobleaching system are capable of delignifying UKP and
that a positive correlation between the level of MnP and
brightening of the pulp was observed (18). However, the ex-
tensive increase in brightness observed in the fungus-treated
pulp was not found with MnP alone (26).

In this study, to clarify the role of MnP, LiP, and laccase in
biobleaching, we examined the relationship between the
brightening of UKP and the activities of these enzymes pro-
duced by P. chrysosporium and T. versicolor in a solid-state
fermentation system with different culture media. By a new
approach in which the enzyme assay was carried out with
fungus-treated pulp instead of with the extracted enzyme from
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TABLE 1. Composition of culture media

Amt of component in:

Component

LN-HC LN-LC HN-HC HN-LC
Ammonium tartrate (g) 0.2 0.2 2.0 2.0
Glucose (g) 20.0 2.0 20.0 2.0
KH,PO, (g) 1.0 1.0 1.0 1.0
NaH,PO, (g) 0.2 0.2 0.2 0.2
MgSO, - TH,O (g) 0.5 0.5 0.5 0.5
Dimethyl succinate (g) 1.46 1.46 1.46 1.46
Thiamine hydrochloride (ig) 100 100 100 100
CaCl, (pg) 100 100 100 100
FeSO, - TH,0 (n.g) 100 100 100 100
ZnSO, - TH,0 (pg) 10 10 10 10
CuSO, - SH,0 (ng) 20 20 20 20
MnSO, - 4H,0 (pg) 10 10 10 10
Distilled water (liters) 1.0 1.0 1.0 1.0

the fungus-treated pulp and cumulative enzyme activity was
determined, we showed that MnP is the most important en-
zyme in biobleaching of UKP by P. chrysosporium and T. ver-
sicolor.

MATERIALS AND METHODS

Microorganisms. P. chrysosporium ME-446 and T. (Coriolus) versicolor IFO-
30340 were used in this study. The fungi were maintained on potato dextrose
agar (Difco Laboratories) slants.

Biobleaching of kraft pulp. To delignify and brighten the hardwood UKP with
white rot fungi, two treatment systems were used.

Biobleaching in the solid-state fermentation system was performed as follows.
PDA plates were inoculated with each white rot fungus and incubated for 5 to 7
days at 30°C. Five disks punched from the grown edge of the mycelium were
homogenized for 30 s with 50 ml of PMY medium (3.0% glucose, 1.0% peptone,
1.0% malt extract, 0.4% yeast extract) and then put in a 500-ml Erlenmeyer flask
with 150 ml of PMY medium and shaken at 200 rpm to give a mycelium
suspension culture. After 3 days, 50 ml of the culture was homogenized once
again and then further precultured in a 500-ml Erlenmeyer flask with 250 ml of
PMY medium on a rotary shaker (200 rpm) for 5 days at 30°C. The precultured
mycelium of white rot fungus was separated from the PMY medium and then
aseptically added to a 300-ml Erlenmeyer flask containing 10 g of hardwood UKP
(brightness, 29.0%; kappa no., 15.5) and 40 ml of culture medium (Table 1). In
this system, the pulp consistency corresponded to about 20%. The UKPs were
then incubated statically at 30°C.

Biobleaching in the liquid-state fermentation system was performed as follows.
As mentioned above, the precultured mycelium of white rot fungus was sepa-
rated from the PMY medium and then added to a 100-ml Erlenmeyer flask
containing 200 mg of hardwood UKP and 20 ml of culture medium (the pulp
consistency corresponded to 1%). The flasks were shaken at 200 rpm and 30°C.

Enzyme assays. In the solid-state fermentation system, the fungus-treated pulp
(but not the extracted enzyme from the treated pulp) was added to the reaction
mixtures containing substrates, the mixtures were homogenized, and the enzyme
activities were determined at 37°C as described below. In the liquid-state fer-
mentation system, the homogenized whole culture containing broth, mycelia, and
treated pulp was added to the reaction mixtures. Laccase activity was measured
by monitoring the oxidation of 2,2'-azinobis(3-ethylbenzthiazoline-6-sulfonic
acid) (ABTS) at 415 nm (36). The reaction mixture contained 0.5 mM ABTS and
0.1 M sodium acetate buffer (pH 5.0). MnP activity was measured by monitoring
the oxidation of ABTS at 415 nm (27). The reaction mixture contained 7.8 mM
ABTS, 0.1 mM MnSO,, 50 mM sodium lactate, 0.1 mM H,0,, and 20 mM
sodium succinate buffer (pH 4.5). LiP activity was measured by monitoring the
oxidation of veratryl alcohol at 310 nm (20). The reaction mixture contained 10
mM veratryl alcohol, 0.1 mM H,O,, and 20 mM sodium succinate buffer (pH
3.0). One unit of enzyme activity is defined as the amount of enzyme that
increases the absorbance by 0.1 unit/min under the above conditions, and enzyme
activity was expressed in units per gram of treated pulp.

Pulp properties. After incubation with fungi, pulp samples were washed with
water and pulp sheets were prepared with a Buchner funnel (diameter, 11 mm)
and air dried. Brightness was determined with a colorimeter (model CR-300;
Minolta, Tokyo, Japan). The values determined with the colorimeter were mul-
tiplied by a coefficient to adjust them to International Standards Organization
(procedure 5269) brightness values. The kappa number is defined as the amount
(in milliliters) of a 0.1 N KMnO, solution consumed by 1 g of moisture-free pulp
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FIG. 1. Time courses of the brightness increase of UKP treated with P.
chrysosporium in the solid-state fermentation system with four different culture
media. Symbols: @, LN-HC medium; O, LN-LC medium; m, HN-HC medium;
[J, HN-LC medium.

under standard conditions (Standard T 236 of the Technical Association of the
Pulp and Paper Industry, Atlanta, Ga.).

RESULTS

Biobleaching of kraft pulp by P. chrysosporium and T. versi-
color. The hardwood UKP was inoculated with P. chrysospo-
rium in the solid-state fermentation system with four different
culture media (listed in Table 1) and incubated for 6 days.
Figure 1 shows increases in brightness after treatment with P.
chrysosporium. Marked increases were obtained after 1 day of
incubation, and obvious differences in the rate of brightening
were observed among four different culture media. The great-
est brightness increase was obtained with an LN-HC culture
medium (Fig. 1). This was consistent with previous results of
lignin biodegradation by white rot fungi under low-nitrogen
culture conditions (13, 15). With an LN-HC culture medium,
brightness increased by 22 and 30 points after 3 and 5 days of
fungal treatment, respectively.

When pulp was treated with T. versicolor in the solid-state
fermentation system with an LN-HC culture medium, bright-
ness did not increase appreciably during the first 3 days of
incubation and then began to increase significantly (Fig. 2).
Throughout the scheduled fungal treatment period, the bright-
ness was increased 20 and 30 points for pulp treated with T.
versicolor and P. chrysosporium, respectively. The pulp kappa
numbers decreased with increasing brightness, and the kappa
numbers reached 7.8 and 5.8 for T. versicolor and P. chryso-
sporium, respectively (Fig. 2). Under the culture conditions
used here, P. chrysosporium has a higher potential for
biobleaching of UKP than does T. versicolor.

Figure 3 shows the relationship between increase in bright-
ness and decrease in kappa number during treatment with P.
chrysosporium and T. versicolor. The brightness increase ob-
tained by the fungal treatment was accompanied by a decrease
in kappa number. This result indicates that the brightness
increase was due to the degradation of residual lignin in UKP.
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FIG. 2. Time courses of the brightness increase and kappa number decrease
of UKP treated with white rot fungi in the solid-state fermentation system with
LN-HC culture medium. Symbols: @, P. chrysosporium, brightness increase; m, 7.
versicolor, brightness increase; O, P. chrysosporium, kappa number; [, T. versi-
color, kappa number.

Changes in brightness and enzyme activity during bio-
bleaching. In the solid-state fermentation system, the enzymes
secreted from fungi may be adsorbed onto the UKP. There-
fore, our first effort was focused on establishing the enzyme
assay systems. When the filtrate obtained after homogenizing
the fungus-treated pulp in buffer solution was used for MnP,
LiP, and laccase assays as the enzyme solution, LiP and laccase
were not detectable (Table 2). On the other hand, when
treated pulp, onto which enzymes might be adsorbed, was
added to the buffer solutions containing substrates, MnP ac-
tivity was increased 1.5-fold and LiP and laccase activities were
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FIG. 3. Relationships between brightness increase and kappa number de-
crease during treatment with P. chrysosporium and T. versicolor. The regression
equation is Y = —5 + 3.55X. The correlation coefficient is 0.973.
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TABLE 2. Comparison of enzyme activities assayed with fungus-

treated pulp and extracted solution during the treatment with P.

chrysosporium in the solid-state fermentation system with LN-HC
culture medium

Enzyme activity (U/g of pulp) in:

Enzyme

Fungus-treated Extracted
pulp solution
MnP 334 216
LiP 1.04 0
Laccase 0.62 0

also detected (Table 2). This clearly indicates that enzymes
secreted by fungi were adsorbed onto pulp during biobleaching
in the solid-state fermentation system and that assays of these
enzymes should be carried out with the treated pulp instead of
the extracted enzyme solution.

In our enzyme assay system, P. chrysosporium was observed
to produce laccase activity, which is ABTS-oxidizing activity
without addition of hydrogen peroxide. P. chrysosporium is not
supposed to produce laccase; therefore, it is possible that the
laccase activity observed with P. chrysosporium was caused by
MnP supported by low levels of endogenous Mn and hydrogen
peroxide produced by fungus. It was difficult to avoid the effect
of endogenous Mn and hydrogen peroxide produced by fungus
in our enzyme assay system; therefore, this ABTS-oxidizing
activity was regarded as laccase in this study.

Figure 4 shows changes in brightness and MnP activity ob-
served during treatment with P. chrysosporium. Brightness con-
tinuously increased after the first day of incubation, and MnP
activity dramatically fluctuated throughout the treatment. The
MnP activity markedly increased during the first 2 days of
incubation, decreased rapidly on day 3 of incubation, and in-
creased again thereafter. The time course studies of brightness
increases and changes in MnP activity were repeated, with
similar results. Therefore, it seems impossible to define the
relationship between the brightness increase and the enzyme
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FIG. 4. Changes in the MnP activity and brightness of UKP during treatment
with P. chrysosporium in the solid-state fermentation system with LN-HC culture
medium. Symbols: @, MnP activity; m, brightness.
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FIG. 5. Relationship between cumulative enzyme activity and brightness in-
crease during treatment with P. chrysosporium in the solid-state fermentation
system with four different culture media. Symbols: @, LN-HC medium; O,
LN-LC medium; m, HN-HC medium; O, HN-LC medium. (A) Cumulative MnP
activity. (B) Cumulative LiP activity. For panel A, the regression equation is Y =
—69.7 + 32.6 X and the correlation coefficient is 0.896. For panel B, the regres-
sion equation is Y = —3.58 + 0.896 X and the correlation coefficient is 0.907.

activity on the basis of data obtained on a certain day during
treatment, because the brightness of treated pulp results from
the cumulative daily brightening and the observed enzyme
activity is a transient activity at a certain point in time. There-
fore, the brightness increase and the cumulative enzyme activ-
ity were investigated to define the enzyme(s) related to
biobleaching of UKP.

Each cumulative MnP, cumulative LiP, and cumulative lac-
case activity was plotted against brightness increases during
treatment with P. chrysosporium in the solid-state fermentation
system (Fig. 5A and B and 6). There was a linear relationship
between cumulative MnP activity and brightness increase un-
der all four different culture conditions (Fig. 5A). The rela-
tionship between cumulative LiP activity and brightness in-
crease was also linear (Fig. 5B). Both correlation coefficients
were about 0.9, whereas the correlation coefficient for cumu-
lative laccase activity and brightness increase was about 0.6
(Fig. 6). These results suggest that MnP and LiP relate to
brightening of the UKP by P. chrysosporium but laccase does
not.

In the solid-state fermentation system with an LN-HC cul-
ture medium, 7. versicolor produced substantial levels of MnP
and laccase but not LiP. Therefore, the relationships between
the brightness increase and cumulative MnP activities during
treatment with P. chrysosporium and T. versicolor in the solid-
state fermentation system with an LN-HC culture medium
were examined. In this fermentation system, a linear relation-
ship was observed between the brightness increase and cumu-
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FIG. 6. Relationship between the cumulative laccase activity and brightness
increase during treatment with P. chrysosporium in the solid-state fermentation
system with four different culture media. Symbols: @, LN-HC medium; O,
LN-LC medium; m, HN-HC medium; [J, HN-LC medium. The correlation
coefficient is 0.639.

lative activity of MnP produced by the two fungi, indicating
that the cumulative MnP activity required to obtain a certain
level of brightness increase is the same for treatment with P.
chrysosporium and treatment with 7. versicolor (Fig. 7). This
result intensively supports the idea that MnP plays the most
important role in biobleaching of UKP by white rot fungi.
Further experiments were carried out with the liquid-state
fermentation system and an LN-HC culture medium to inves-
tigate the relationship between cumulative MnP activity and
brightness increase during treatment with P. chrysosporium and
T. versicolor. No significant increase in pulp brightness was
obtained, and only about a 5-point increase in brightness was
achieved by both fungi after 6 days of incubation (data not
shown). However, P. chrysosporium and T. versicolor in the

x10

15 o/C

10

Cumulative MnP activity (unit/g)

! 1 1
o 10 20 30

Brightness increase (point)

FIG. 7. Comparison of the relationship between the cumulative MnP activity
and brightness increase in the solid-state and liquid-state fermentation systems
with LN-HC culture medium. Symbols: @, P. chrysosporium, solid-state fermen-
tation system; m, 7. versicolor, solid-state fermentation system; O, P. chrysospo-
rium, liquid-state fermentation system; [, T. versicolor, liquid-state fermentation
system.
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liquid-state fermentation system produced the same levels of
MnP as were produced in the solid-state fermentation system
during 6 days of incubation. The cumulative activities of MnP
produced by P. chrysosporium and T. versicolor in the liquid-
state fermentation system were also plotted against the bright-
ness increase, as shown in Fig. 7. A linear relationship between
brightness increase and cumulative MnP activities was also
observed in this fermentation system. However, the slopes for
the two fermentation systems were very different, and the
brightness increase was much higher in the solid-state fermen-
tation than in the liquid-state fermentation at the same level of
cumulative MnP activity. This suggests that other important
factors besides the cumulative MnP activity are involved in
biobleaching of UKP by white rot fungi, one of which may be
the concentration of MnP and/or hydrogen peroxide in contact
with the UKP.

DISCUSSION

Most studies on the biobleaching of UKP by P. chrysospo-
rium and T. versicolor were carried out in the liquid-state fer-
mentation systems in which the pulp consistencies were about
1.5%. On the other hand, Nishida et al. have reported that the
biobleaching of UKP in the solid-state fermentation system
(pulp consistency, 20%) by the hyperligninolytic fungus IZU-
154 (23) afforded a marked brightness increase. Therefore, in
this study, the biobleaching of UKP by P. chrysosporium in the
solid-state fermentation system was measured with four differ-
ent culture media (LN-HC, LN-LC, HN-HC, and HN-LC).
The greatest brightness increase was obtained in a combination
of the solid-state fermentation system with the LN-HC culture
medium and P. chrysosporium. This result supports the previ-
ous reports that many lignin-degrading fungi perform better
under solid-state fermentation conditions than under sub-
merged conditions (32) and that the ligninolytic activity of
white rot fungi is greatest under nitrogen-limited culture con-
ditions (13, 15).

Since many studies have suggested that MnP, LiP, and lac-
case are involved in lignin biodegradation (2, 4, 6, 26, 28, 35),
the changes in brightness and in these enzyme activities were
investigated during a 6-day incubation period. In this study,
different culture media were used for biobleaching to define
the relationship between these enzyme activities and bright-
ness increase, because the obvious differences in brightness
increase under these culture conditions should be manifested
as differences in enzyme activities related to brightening of
UKP.

For these purposes, the extracellular enzymes have been
commonly prepared from the broth of cultures, excluding my-
celia and biobleached pulp, in the liquid-state fermentation
systems (26). Arbeloa et al. (2), however, reported that LiP was
adsorbed onto UKP and that 90% of the LiP activity disap-
peared immediately after the LiP contacted the hardwood
UKP, suggesting that it is difficult to estimate accurately the
enzyme activities secreted from fungi by using the enzyme
solution prepared from the broth as in the previous studies and
that activities of enzymes adsorbed onto pulp should be deter-
mined to define the relationship between the brightness in-
crease and the enzyme activity. The results shown in Table 2
clearly indicate that the assays of these enzyme activities in the
solid-state fermentation system should be carried out with the
treated pulp but not with extracted enzyme solution.

As shown in Fig. 4, the MnP activity dramatically fluctuated
while the brightness increased continuously during the treat-
ment, which raises the question of whether it is possible to
define the relationship between brightness increase and en-
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zyme activity based on the data on a certain day when the time
courses of both the brightness increase and enzyme activity
were determined. In our new approach, the relationship be-
tween the cumulative enzyme activity and brightness increase
was analyzed. The cumulative MnP activity and cumulative LiP
activity correlated markedly with the brightness increases in
the treatment with P. chrysosporium in the solid-state fermen-
tation system with four different culture media (Fig. 5). A
positive correlation was also observed between the brightness
increase and cumulative MnP activity in the treatments with 7.
versicolor and P. chrysosporium in the solid-state fermentation
system with the LN-HC culture medium (Fig. 7). It should be
noted that a linear relationship between brightness increase
and cumulative MnP activity can be obtained in four different
culture media with P. chrysosporium and in LN-HC medium
with T. versicolor, indicating that MnP is involved in the bright-
ening of UKP. LiP has been suggested as one of the lignin-
degrading enzymes (2, 6, 24, 28), and the results obtained here
suggest that this enzyme also contributes to brightening of
UKP during treatment with P. chrysosporium. On the other
hand, T. versicolor could brighten UKP, even though this fun-
gus did not produce LiP. It is not possible to clarify the func-
tion of LiP in the brightening of UKP from the results of this
study, and this should be a subject of future studies.

Kirk et al. used P. chrysosporium for biobleaching of soft-
wood UKP in a liquid-state fermentation system and reported
that the kappa number of 8-day-treated pulp was decreased by
60% after a subsequent alkali treatment (16). Paice et al.
reported that a 15-point increase in brightness was obtained
after a 5-day treatment with 7. versicolor in the liquid-state
fermentation system (25). On the other hand, brightness was
hardly increased by treatment with P. chrysosporium and T.
versicolor in the liquid-state fermentation system in our study.
This may be due to differences in several conditions such as a
component of the nutrients, the use of O, flashing, and the
strains of fungi used. Even though the pulp brightness was not
significantly increased in the liquid-state fermentation system,
the same level of cumulative MnP was produced by both P.
chrysosporium and T. versicolor in the solid-state and liquid-
state fermentation systems (Fig. 7). A possible explanation for
the difference in the brightness increase in the two fermenta-
tion systems is that the concentrations of MnP and hydrogen
peroxide are very different in the liquid-state and solid-state
fermentation systems. In the liquid-state fermentation system,
the enzyme and hydrogen peroxide were released into the
culture fluid, and their concentrations were diluted; conse-
quently, they became ineffective for brightness increases.
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