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Lignocellulose degradation and activities related to lignin degradation were studied in the solid-state
fermentation of cotton stalks by comparing two white rot fungi, Pleurotus ostreatus and Phanerochaete
chrysosporium. P. chrysosporium grew vigorously, resulting in rapid, nonselective degradation of 55% of the
organic components of the cotton stalks within 15 days. In contrast, P. ostreatus grew more slowly with obvious
selectivity for lignin degradation and resulting in the degradation of only 20% of the organic matter after 30
days of incubation. The kinetics of '*C-lignin mineralization exhibited similar differences. In cultures of P.
chrysosporium, mineralization ceased after 18 days, resulting in the release of 12% of the total radioactivity as
14CO,. In P. ostreatus, on the other hand, 17% of the total radioactivity was released in a steady rate
throughout a period of 60 days of incubation. Laccase activity was only detected in water extracts of the P.
ostreatus fermentation. No lignin peroxidase activity was detected in either the water extract or liquid cultures
of this fungus. 2-Keto-4-thiomethyl butyric acid cleavage to ethylene correlated to lignin degradation in both
fungi. A study of fungal activity under solid-state conditions, in contrast to those done under defined liquid

culture, may help to better understand the mechanisms involved in lignocellulose degradation.

Lignin is the second most abundant biopolymer in nature.
The complex structure of lignocellulose prevents the eco-
nomical use of plant polysaccharides or the potential use of
lignin derivatives as chemical feedstocks (10) or ruminant
feed (32, 43). Recently, great effort has been invested
towards an understanding of lignin biodegradation mecha-
nisms (11, 13, 31). The most effective lignin biodegraders are
the white rot fungi, belonging to the Basidiomycetes. The
most widely studied of these is Phanerochaete chryso-
sporium (11, 13, 16, 22). Studies have been focused on the
physiology, enzymology, and molecular genetics of the
biodegradation process. It appears that a key enzyme for
polymer fragmentation by P. chrysosporium is lignin perox-
idase (11, 13, 15).

The edible mushroom Pleurotus ostreatus has been shown
to degrade lignin (1, 32, 43). However, efforts to detect lignin
peroxidase activity or lignin peroxidase genes in P. ostreatus
under several culture conditions have been unsuccessful (20,
38, 42). Sannia et al. (38) suggested that a lignin metabolism
significantly different from that reported for other white rot
fungi may exist in at least some species of fungi. P. ostreatus
has been found to produce laccase, a copper-containing
phenol oxidase (32, 37). Laccase (EC 1.14.18.1) is an extra-
cellular phenol oxidase produced by basidiomycetes and has
a role in lignin biodegradation (15, 25, 38). It was shown to
cause some oxidative degradation of lignin and to catalyze
the polymerization of small phenolic molecules arising from
this degradation (5, 15).

P. ostreatus is generally cultivated on wheat straw. Platt
et al. (32) suggested the use of cotton stalks as a substrate,
cotton being an important field crop worldwide. The amount
of cotton stalks in India, for example, is 10 million tons per
year (3), of which S tons/ha remain in the field and must be
ploughed under the soil surface. In addition to wasting a
potential bioresource, this treatment may lead to an increase
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in cotton diseases and pests, as well as to difficulties in
cultivation due to slow decomposition in the soil.

Agricultural wastes containing lignocellulose can be up-
graded by solid-state fermentation with white rot fungi.
Solid-state fermentation requires less energy input than
liquid fermentation, making its potential application of inter-
est. Moreover, lignin degradation is affected by the culture
conditions, among which aeration is highly important (35,
43). Leisola et al. (23) suggested that the sensitivity of lignin
degradation by P. chrysosporium to oxygen makes it imper-
ative that the culture not be oxygen limited prior to moni-
toring other parameters. Solid-state fermentation conforms
to this preliminary demand.

The present report describes a comparative study of the
two white rot fungi P. chrysosporium and P. ostreatus as
regards their physiology and lignocellulose degradation dur-
ing solid-state fermentation.

MATERIALS AND METHODS

Fungi. The following fungal strains were used in this
study: P. ostreatus Florida f6 (6), P. chrysosporium BKM,
and Sclerotium rolfsii Sacc. ATCC 26325.

Substrate. Cut cotton plants (stalks) were obtained in
September 1989 from a cotton field after defoliation and
harvest of the cotton fibers. The cotton stalks were dried in
a 60°C oven and then ground to pass a 2-mm-pore-size
screen in a Wiley mill. Table 1 summarizes the composition
of the untreated substrate composed of cotton stalks and
sorghum seeds. Lignin and cellulose contents in the cotton
stalks were similar to those in hardwoods (28, 35), while the
C/N ratio in the cotton stalks was much lower.

Preparation of labeled lignin. [**C-lignin]lignocellulose was
prepared by the method of Crawford and Crawford (8) with
the following modifications. Freshly cut, 40-cm-long cotton
branches with three leaves remaining were put in a solution
of 100 ppm 8-hydroxyquinoline and kept under alternating
light and dark periods for 10 days. The treatment with



1122 KEREM ET AL.

TABLE 1. Composition of untreated cotton stalk substrate?

Concn (% [wt/wt]

Component of dry substrate)
Soluble gIUCOSE .....cuuieeiiniiniiiniiniiiniiininncinnens 1.0 = 0.05
Total soluble SUEArs .........ccoevienienieniiniinieniininnee 3.8 +0.03
Crude protein.......cccoeeeveniieneniieuniieneneeeneeeennnenns 6.5 +0.2
TrUE PIOtEin ...covvvniinniinniiiiiiiei e eaneees 2.3 +0.01
Cellulose ........ 47 +3
Lignin...... 2+2
Fibers... 68 =3
Ash............ 6.4 + 0.1

(071 ¢ 14 o TN 40

“ The substrate was composed of 2% (wt/wt) dry sorghum seeds mixed with
cotton stalks.

8-hydroxyquinoline has been included to prevent bacterial
contamination of the stems, thus prolonging the incubation
period. Aqueous L-[U-'*C]phenylalanine (Amersham Inter-
national, Buckinghamshire, England) was fed as a precursor
for lignin biosynthesis. At the end of the incubation period,
the leaves were discarded and the branches were homoge-
nized in a pepsin-HCI solution (pH 2) and incubated for two
20-h periods (36); then a series of Soxhlet extractions were
performed, as described by Crawford (10) and by Colberg
and Young (7). The resultant lignocellulose showed a spe-
cific activity of 22 x 10° dpm/mg, as determined by the
acetyl bromide method of Johnson et al. (17) and by the
method of Morrison (27). The *C-labeled lignocellulose was
treated with NaOH as described by Colberg and Young (7),
and 68% of the whole labeling was solubilized by this
procedure, in agreement with the results (7, 9) for a Douglas
fir preparation.

Solid-state fermentation. Both fungi were grown in the
substrate described above. A typical preparation consisted
of 100 g of dry substrate in a polystyrene bag (50 by 50 cm)
moistened with 200 ml of deionized water (corresponding to
an oven-dry weight of 100 g on the basis of an experimentally
determined value of 65% moisture content of the final
substrate). The bags were sealed with cotton plugs to facil-
itate air transfer, autoclaved twice for 60 min each at 121°C,
and cooled prior to inoculation with 4 g (50% moisture) of
6-day sorghum spawn per bag (44). After inoculation, the
bags were incubated at 30°C for P. ostreatus and at 39°C for
P. chrysosporium. Two aeration treatments were applied
during solid-state fermentation by P. chrysosporium. In one,
the atmosphere in the incubator was enriched by a constant
flow of pure oxygen at a rate of 100 ml/min. A second
incubator served as the untreated control. Several times
during the fermentations (roughly every 3 days), three bags
were randomly chosen and used for the different assays. For
a study of [**C-lignin]lignocellulose mineralization, the fer-
mentation was performed in 3 g of wet substrate in a 20-ml
beaker, which was sterilized and inoculated proportionally
to the above procedure. Radioactive substrate with a total
activity of 66 x 10* dpm (30 + 0.1 mg of the preparation
described above) was added to each beaker, and the beakers
were then sealed in a 300-ml biometer flask (4) with two
gas-tight caps. P. ostreatus and S. rolfsii were incubated at
30°C; P. chrysosporium was incubated at 38°C. Each flask
was flushed every 2 days for 1 min with wet, sterile atmo-
spheric air. Radioactive CO, was trapped for 3 h prior to
aeration on a filter paper (2 by 10 cm) soaked with 0.5 ml of
7 N NaOH, and radioactivity was counted in Hionic-Fluor
(Packard Instruments, Downers Grove, Ill.) scintillation
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liquid. To determine water-soluble radioactivity, 10 ml of
water was added to each sample, and after a 1-h soak,
samples were centrifuged for 15 min at 20,000 X g. Super-
natant was counted as above.

Determination of CO, evolution. Duplicate 6-g (fresh
weight) samples of inoculated substrate were placed in
100-ml glass bottles equipped with a gas-tight cap, and the
bottles were sealed for 1 h. A 1-ml air sample was taken with
a syringe to determine evolved CO, concentration by gas
chromatography (GC; GC model 580 [Gow-Mac Instrumen-
tation Co.], equipped with a Porapak Q column and a
thermal conductivity detector). The results were expressed
as milliliters of CO, per gram (dry weight) of substrate per
hour.

Hydrolysis of FDA. Hydrolytic activity was measured by
using a modified Schnurer-Rosswall (39) method. Fluores-
cein diacetate (FDA) (Sigma Chemical Co., St. Louis, Mo.)
was dissolved in acetone (analytical grade) and stored as a
stock solution (2 mg ml™') at —20°C. Duplicate 6-g (fresh
weight) samples of inoculated substrate were dispersed in
100 ml of sterile 60 mM phosphate buffer solution (pH 7.6),
and FDA was added to a final concentration of 10 pg ml™.
The suspensions were incubated in 250-ml Erlenmeyer flasks
at 30°C on a rotary shaker (120 rpm). One-milliliter samples
were removed from the suspensions at 15-min intervals and
centrifuged for 1 min in a microcentrifuge (no. 2021; Heitich
Zentrefugen, Tuttlingen, Germany) to remove solid parti-
cles. The amount of free fluorescein was measured as A ,q,
and expressed as milligrams of fluorescein released from
FDA within 60 min of its addition to the fermentation
medium suspension.

KTBA. 2-Keto-4-thiomethyl butyric acid (KTBA) cleav-
age to ethylene was measured by using a modification of the
method of Pryor and Tang (34). KTBA was dissolved in
deionized water to a concentration of 0.4 mM. Duplicate 6-g
(fresh weight) inoculated substrate samples were dispersed
in 25 ml of the solution, which was agitated at the growth
temperature in 100-ml glass bottles sealed with a gas-tight
cap. One-milliliter air samples were taken at zero time and
after 2 h to determine the concentration of evolved ethylene
per hour by GC (with a GC model 3300; Varian, Palo Alto,
Calif.). The GC was equipped with a Porapak N column and
a flame ionization detector. Results were expressed as
milliliters of ethylene per gram (dry weight) of substrate per
hour.

Water extractions. Deionized water in 100-ml aliquots was
combined with 25 g * 10 mg (fresh weight) from each
individual bag in 250-ml Erlenmeyer flasks. The flasks were
rotated at 200 rpm to achieve homogeneous suspensions and
then centrifuged at 10,000 X g to separate water from
substrate. For a better separation, supernatant was vacuum
filtered through no. 1 frittered glass. Extracts were kept at
—20°C.

Glucose determination. Glucose concentration in the water
extracts was determined with Glucostat reagent (PGO en-
zymes; Sigma) in accord with the manufacturer’s directions.
Preboiled extract served as the background determination
for each sample. Total extractable sugars were determined
with an anthrone reagent (40), using glucose as a standard.

Protein determination. Protein concentration in the water
extracts was determined with Coomassie blue 250 reagent by
the method of Sedmac and Grossberg (41). Crude protein in
the untreated substrate was determined by the Kjeldahl
method, using a Kjeltec 1030 (Tecator, Hogands, Sweden).
True protein in the untreated substrate was determined with
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FIG. 1. Fungal activities on cotton stalks during solid-state fer-
mentation. (a) Respiration. (b) FDA hydrolysis. @, P. ostreatus; B,
P. chrysosporium grown under atmospheric air; O, P. chryso-
sporium grown under an O,-enriched atmosphere. Bars represent
standard errors.

jen]

a high-pressure liquid chromatography amino acid analyzer
(model LS 1811; Biotronik Ltd.) after acid hydrolysis.

Enzyme assays. Laccase (EC 1.10.3.2) was assayed with
the substrate 2,6-dimethoxyphenol in 0.1 M phosphate buffer
(pH 6.0). The reaction was stopped after 10 min with
dimethyl sulfoxide, and absorbance was recorded at 468 nm.
The results are shown in units based on an assay with
commercial laccase (Sigma). Carboxymethyl cellulase (EC
3.2.1.4) was assayed with the substrate carboxymethyl cel-
lulose (32).

Substrate analysis. The dry weight of the rotted substrate
was determined after drying in a 60°C oven. The dried
sample was used for a determination of cellulose and acid-
insoluble (Klason) lignin by the Goering-Van Soest method
(14) and for ash determinations. Organic matter loss in the
degradation process was calculated by comparing ash con-
tent in the rotted and dried substrates.

RESULTS

Fungal activities (related to growth). A time course study
was performed to compare solid-state fermentation by P.
chrysosporium with that by P. ostreatus on cotton stalks.
Respiration and esterase activities (as measured by FDA
hydrolysis) were monitored to evaluate fungal growth and
colonization. The respiration rate of P. ostreatus increased
during the first 6 days of incubation, reaching a constant rate
of 270 ul of CO, per g per h (Fig. la). Much higher
respiration rates were recorded in P. chrysosporium for both
aeration treatments, reaching a maximum of 1,600 pl of CO,
per g per h on day 3 and then decreasing to 500 ul of CO, per
g per h on day 12. CO, evolution rates remained at low levels
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FIG. 2. (a) Protein content in water extract of fungus-substrate
bulks. (b) Cellulases in the water extract expressed as milligrams of
glucose hydrolyzed from carboxymethyl cellulose. (c) Glucose in
the water extract. Bars represent standard errors. See legend to Fig.
1 for explanation of symbols.

during the last 8 days of the experiment. In the beginning,
esterase activity increased faster in P. chrysosporium fer-
mentation than in P. ostreatus fermentation. However, after
18 days, the two fungi leveled off at similar activity levels
(Fig. 1b). Respiration and esterase activities did not follow
the same trends. P. chrysosporium respiration dropped
sharply, while FDA hydrolysis remained at a high constant
level throughout the fermentation period under both aeration
treatments. This could result from the stability of extracel-
lular enzymes or leakage from fungal cells. During P. ostrea-
tus fermentation, respiration and FDA hydrolysis leveled off
after 6 and 18 days, respectively.

Soluble protein and fungal activities related to lignocellulose
degradation. The initial concentration of water-soluble pro-
tein in cotton stalks was 0.8 mg/g (dry weight). This concen-
tration did not change throughout the growth of P. ostreatus,
while in both P. chrysosporium treatments extractable pro-
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FIG. 3. Lignin degradation-related activities. (a) Laccase activ-
ity in water extract expressed as units based on commercial laccase.
(b) Ethylene cleaved from KTBA by fungi on the cotton stalk
substrate. Bars represent standard errors. See legend to Fig. 1 for
explanation of symbols.

tein levels reached 1 mg/g (dry weight) within the first 3 days
of incubation (Fig. 2a). In P. chrysosporium, an increase in
the water-extractable protein concentration was also ob-
served after day 15, probably because of cell lysis or the
release of proteins adsorbed to the cotton stalk fibers.
Cellulase activity in a water extract of the P. chrysosporium
treatment increased during the first 3 days (Fig. 2b) and then
decreased slightly to a steady level of 1.5 mg of glucose per
g of substrate until day 15. At this time, higher cellulase
activity was observed. A different trend was observed in the
P. ostreatus treatment, in which cellulase activity gradually
increased until day 8 and then leveled off. Determination of
glucose concentration in the same extracts (Fig. 2c) showed
a sharp increase of glucose in the P. chrysosporium fermen-
tations for the first 3 days and then a decrease to undetect-
able levels on day 15. In the P. ostreatus fermentation,
soluble glucose concentrations increased slightly over the
first 4 days, stabilizing at 3 mg per g of substrate until the end
of the fermentation.

Laccase activity was only detected in the P. ostreatus
treatment (Fig. 3a). Activity increased rapidly from days 2 to
6 and then decreased until day 18 to a quarter of the original
activity per gram of substrate. Lignin peroxidase activity
could not be detected in water extracts of the fermentation
products of either fungus. Efforts to detect lignin peroxidase
secretion by P. ostreatus in a liquid medium under condi-
tions favoring lignin degradation failed.

KTBA degradation to ethylene was studied on the colo-
nized cotton stalk samples. No activity was observed during
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FIG. 4. (a) Kinetics of cotton stalk degradation, (b) cellulose
degradation, and (c) delignification during fungal solid-state fermen-
tation. @, P. ostreatus; B, P. chrysosporium grown under atmo-
spheric air; O, P. chrysosporium grown under an O,-enriched
atmosphere. Bars represent standard errors.

the first 3 days under either P. chrysosporium aeration
treatment. Most of the activity was detected between days 6
and 15 (Fig. 3b). A different trend was observed in the P.
ostreatus treatment (Fig. 3b). A steady increase was found
until day 18 and activity remained high until the end of the
fermentation period, at which time it was 2.5-fold that of the
peak activity of P. chrysosporium.

Lignocellulose degradation. Growth of P. chrysosporium
on cotton stalks resulted in the disappearance of 55% of the
initial organic matter within 15 days of fermentation, under
both aeration conditions (Fig. 4a). Klason lignin loss was
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FIG. 5. Conversion of !*C-lignin to *CO, during solid-state
fermentation of cotton stalks by P. ostreatus (®), P. chrysosporium
(M), and S. rolfsii (A). Each biometer flask contained 1 g of
unlabeled substrate plus about 30 mg (66 x 10* dpm) of substrate
containing *C-lignin. Bars represent standard errors.

rapid from days 3 to 12 and then slowed and essentially
stopped on day 15. Cellulose degradation followed a similar
pattern, resulting in a 70% decrease of the initial amount
(Fig. 4b and c). Differences in degradation rates of lignin and
cellulose were apparent between the two aeration treatments
from days 9 to 15 of fermentation. From then on, degrada-
tion stopped and lignin and cellulose contents remained
constant.

Growth of P. ostreatus resulted in the disappearance of
only 20% of the original organic matter (Fig. 4a) at a
degradation rate of 0.7% per day throughout the fermenta-
tion period. Lignin loss amounted to 45% of the original
amount (Fig. 4b), being degraded steadily from day 6 to the
end of the experiment. Loss of cellulose from the fermented
cotton stalks was lower than that of lignin (Fig. 4b and c).
Only 30% of the cellulose was degraded during the 30-day
period. Initial lignin and cellulose contents in cotton stalks
are presented in Table 1.

14C-lignin mineralization. '*C-lignin from cotton plants
was used to evaluate lignin mineralization during solid-state
fermentation. The labeled lignin was mixed with ground
cotton stalks and then inoculated with various basidio-
mycetes. **CO, was collected to estimate lignin degradation
during fermentation. S. rolfsii, a non-lignin-degrading fun-
gus, was used to verify labeling specificity. Only 0.25% of
the total *C was released as *CO, during fermentation, and
another 0.25% was found in the water extract of the solid
fermentation product after 23 days. In the solid-state fermen-
tation of P. chrysosporium, the rate of *CO, released
increased from days 4 to 7, reaching a constant rate of 1%
per day, which was maintained until day 13. The rate then
slowed to day 22, at which point no additional *CO, was
released (Fig. 5). A total of 12% of the original labeling was
released during the experiment by P. chrysosporium as
14CO0, (Fig. 5). When P. ostreatus was grown on the same
substrate, *CO, release started on day 7. A constant release
rate of 0.3% per day was observed from days 9 to 60 (data
shown only up to day 27 [Fig. 5]). A total of 17% of the
original labeling was released as *CO, during the 60 days of
fermentation. Water extracts of P. chrysosporium fermenta-
tion products after 25 days and of those of P. ostreatus after
45 days contained 9.1 and 9.2% of the original labelling,
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respectively. At these time points accumulated 'CO, re-
leased by the two fungi was 12%.

DISCUSSION

This study compares solid-state fermentation of cotton
stalks by the two lignin-degrading fungi P. chrysosporium
and P. ostreatus. Most of the research describing ligninolytic
systems to date has been performed in liquid defined media
(13). The works of Datta et al. (11) and Leisola et al. (23)
emphasize the importance of working in solid-state condi-
tions. P. chrysosporium ligninolytic systems have mainly
been studied in a 100% O, atmosphere. Here no obvious or
distinct differences were observed between O,-enriched and
atmospheric air aeration treatments. This could be a result of
differences in oxygen transfer in solid substrate versus
stationary liquid culture rather than being due to the partial
pressure of oxygen. In solid-state fermentation, oxygen is
therefore not a limiting factor for lignin degradation, which is
in agreement with observations by Leisola et al. (23) and
Ander et al. (2). Nor was the respiration rate affected by O,
enrichment, supporting the conclusion that oxygen is not a
limiting factor for growth in this system.

The more intensive and vigorous growth of P. chryso-
sporium was expressed by much higher respiration rates and
FDA hydrolysis levels than those found in P. ostreatus, as
well as by visual observation of mycelial biomass. These
activities reached their maxima from days 3 to 9 of solid-
state fermentation by the former, while maximal levels were
obtained only after 10 to 18 days of fermentation by P.
ostreatus.

Cellulase activity levels in water extracts of the fermenta-
tion products provided insight into the lignocellulose biodeg-
radation process, partially explaining the higher selectivity
for lignin degradation observed with P. ostreatus. High
cellulase activity was evident from the first days of fermen-
tation by P. chrysosporium, resulting in rapid cellulose
degradation as well as high levels of free glucose (Fig. 2 and
4). Cellulases have a very high substrate affinity, which may
reduce their extractability (29). From day 18 on, most of the
cellulose had been degraded, resulting in the release of high
cellulase activity.

When lignin degradation-related activities were measured,
KTBA cleavage during P. ostreatus fermentation was found
to correlate with both the period and rates of lignin degra-
dation. However, at this stage we cannot verify whether this
is purely an enzymatic activity or a chemical activity result-
ing from the generation of free radicals during lignin biodeg-
radation (19). This activity was much higher in P. ostreatus
than in P. chrysosporium. Laccase, a lignin degradation-
related enzyme (32), was found only in P. ostreatus and was
apparent mainly during colonization, with lower levels being
detectable after 16 to 18 days.

Total organic matter loss by P. chrysosporium and P.
ostreatus at the end of the fermentation period was 55 and
20%, respectively. A difference in selective lignin degrada-
tion by the two fungi was observed. Kamra and Zadrazil (18)
defined the term ““process efficiency’” as the ratio between
residual lignin and residual organic matter. The ratio for P.
ostreatus fermentation from days 6 to 18 was 1.3, increasing
slowly to a steady value of 1.4 from day 25 until the end of
the fermentation period. A constant value of 1.0 was main-
tained throughout fermentation by P. chrysosporium.

A direct determination of lignin is problematic. Acid-
insoluble lignin content has been measured by the Goering-
Van Soest method (14), but no single lignin determination
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method has been found satisfactory to date (26). More
accurate determinations can be achieved by monitoring
radiolabeled lignin during biodegradation (8). However, one
should bear in mind that only newly synthesized lignin is
labeled. In our experimental system, solid-state fermenta-
tion of lignocellulose with added **C-lignin from cotton was
performed. The specificity of the labeling was confirmed by
monitoring solid-state fermentation of S. rolfsii, which can-
not degrade lignin: only 0.5% of the '¥C labeling was
released as either **CO, or water-soluble compounds.

During solid-state fermentation by P. chrysosporium, the
mineralization kinetics of the *C-lignin corresponded to that
of lignin degradation as measured by the Goering-Van Soest
method (14). Both activities ceased after 18 days of fermen-
tation. Different kinetics in both parameters was observed
for P. ostreatus, showing a slower rate and longer period of
lignin degradation. P. chrysosporium’s mineralization rate
from lignin to *CO, was 2.5 times faster than that of P.
ostreatus. The latter’s mineralization rate in this system was
similar to *C-ring-labeled dehydrogenative polymerizate
(DHP) mineralization rates in a liquid culture, as observed
for P. ostreatus by Platt et al. (33). The rate of mineralization
from '*C-lignin to **CO, was 7.6 and 6.5 times slower than
the rate of acid-insoluble lignin degradation by P. chryso-
sporium and P. ostreatus, respectively.

These observations show distinct differences in lignocel-
lulose biodegradation by the two fungi. There is a time-
dependent correlation between KTBA cleavage and lignin
biodegradation in both, though the timing is different. KTBA
cleavage activity points to the involvement of hydroxy (-OH)
and phenoxy (-$-OH) radicals in lignin degradation as was
suggested by Kutsuki and Gold (21). Faison and Kirk (12)
showed the existence of two excited oxygen species in the
growth medium of P. chrysosporium. They showed the
dependence of the lignin biodegradation mechanism in these
oxygen species, using catalase and superoxide dismutase.
The lack of lignin peroxidase activity in P. ostreatus cultures
suggests that other enzymes may be responsible for free
radical production by this fungus. Platt et al. (32) suggested
the initiative role of laccase in P. ostreatus lignin degrada-
tion, making lignin degradation by this fungus dependent on
the presence of laccase. Our results show higher laccase
activity at the beginning of the lignin degradation period,
subsequently decreasing to a steady level while lignin deg-
radation rates remain constant. Laccase could act by both
detoxifying compounds in the substrate (24) and oxidizing
phenolic groups as an initial enzyme involved in the cleavage
of side chains and aromatic rings of lignin phenolic moieties
(15). Dichomitus squalens was also shown to degrade lignin
while lacking lignin peroxidase (31). When it was grown in
liquid culture under conditions favoring lignin degradation,
high Mn-dependent peroxidase and laccase activities were
evident. On the other hand, Perez and Jeffries (30) have
shown that laccase and Mn-dependent peroxidase activities
of Phlebia brevispora are not correlated with DHP-lignin
degradation, while positive correlation was found with lignin
peroxidase activity. Other enzymes of an oxidizing nature,
such as the veratryl alcohol oxidases reported by Sannia et
al. (38) on day 20 of a liquid culture of P. ostreatus, may play
a role in lignin degradation.
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