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Low molecular-weight compounds, structurally related to lignin, increase the production of laccase,
lignin peroxidase, manganese dependent peroxidase, and feed-back type enzymes such as glucose oxi-
dase, cellobioso-quinone oxidoreductase, and glyoxal oxidase in the culture of the white rot fungus
Phlebia radiata growing on different carbon sources.
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INTRODUCTION

Many diverse microbes, including anaerobic and aerobic bacteria, and fungi degrade
cellulose. The bulk of cellulose, however, is not accessible to the degradative
enzymes until its coating of the natural plastic lignin is not removed [9]. Lignin is by
far the most abundant aromatic substance present in the biosphere. It is a phenyl-
propanoid polymer composed of nonhydrolyzable C—C and C-O-C bonds. The aro-
matic rings are substituted with no, one, or two methoxyl groups while the interunit
linkages lack stereoregularity [48].

The most widely studied white-rot wood destroying fungi, belonging primarily to
the Basidiomycetes, are characterized by their ability to mineralize all the structural
components of wood [9, 29]. Aromatic carboxylic acids, such as vanillic, syringic,
isovanillic and veratric acids, are released in considerable amounts during white-rot
decay in wood [7]. Some of these lignin monomers are also produced by Phlebia
radiata as a secondary metabolite during the synthesis from glucose [46]. Veratryl
alcohol produced by many white-rot species has been postulated to be a low-molec-
ular mediator which can be involved in lignin depolymerization as an agent [14].

Most of the research directed to understand the biochemistry of lignin degradation
has carried out with Phanerochaete chrysosporium. In lignin degradation and pro-
duction of lignin modifying enzymes, Phlebia radiata shows many similarities to
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Ph. chrysosporium. It proved to be a more effective degrader of '“C (ring) labeled
poplar lignin than Phanerochaete and other strains belonging to the white-rot group
[15, 16].

Enzymatic disruption of the lignin barrier is an aerobic process in which all acting
enzymes can be divided into three groups. The first one comprises enzymes attack-
ing the lignin directly. In this process, extracellular phenoloxidases are involved,
including lignin peroxidase (LiP; EC 1.11.1.14), manganese-dependent peroxidase
(MnP; EC 1.11.1.13), laccase (LAC; EC 1.10.3.2), horseradish like peroxidase (HLP;
EC 1.11.1.7), as well as intracellular dioxygenases such as protocatechuate 3,4-
dioxygenase (P34D; EC 1.13.11.3), 1,2,4-trihydroxybenzene 1,2-dioxygenase
(TBH12D), and catechol 1,2-dioxygenase (C12D; EC 1.13.11.1). The second group
of enzymes includes superoxide dismutase (SOD; EC 1.15.1.1) and glyoxal oxidase
(GLO; EC 1.2.3.5). These enzymes cooperate with the first group of enzymes but
never attack lignin on their own. The third group consists of glucose 1-oxidase
(GOD; EC 1.1.3.4), aryl alcohol oxidase (AAO; EC 1.1.3.7, e.g., veratric alcohol
oxidase-VAO), pyranose 2-oxidase (P20; EC 1.1.3.10), cellobiose: quinone oxidore-
ductase (CBH; EC 1.1.5.1), and cellobiose dehydrogenase (CDH; EC 1.1.99.18)
[35]. This latter group is often called “feed-back™ type as these enzymes play a key
role in combining metabolic chains of carbohydrates and lignin biodeterioration in
wood.

This report constitutes a supplement of the first part of investigation [47] in which
the authors detected the transformation of specifically-labeled '“C in the different
position of veratric acid, methanol, and formaldehyde by Phlebia radiata growing on
the media with different carbon sources. The report also discusses the production of
ligninase, Mn-peroxidase, laccase and the three kind of extracellular H,O, producing
enzymes such as glucose oxidase (GOD or P20), glyoxal oxidase, and cellobiose-
quinone oxidoreductase during fungal cultivation.

MATERIALS AND METHODS

Organism and cultural conditions

Phlebia radiata Fr no79 [ATCC 64658] was isolated at the Department of
Microbiology, University of Helsinki [16] and maintained on 2% (w/v) malt agar
slants. The preparation of inoculum was carried out in accordance with [16]. After 6
days of growing at 28 °C the mycelial mats were broken in a Warning Blender to give
a homogenized inoculum suspension. After inoculation with 4% (v/v) of the
homogenate, 100 ml conical flasks — each containing 10 ml of ADMS-LN medium
with 1% (w/v) glucose or 4% (w/v) glucose or 1% (w/v) cellobiose or 1% (w/v) of
Avicell as a carbon source — were incubated in a stationary manner at 28 °C. Veratric
or vanillic or ferulic acids in the concentration of 1 mM were added to each inocu-
lated flask on the 3rd day of its growth. The flasks were then cultivated in a station-
ary manner at 28 °C for the next 7 days.
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Determination of enzyme activities

Enzyme activities were measured using a Shimadzu 160A UV-VIS programmable
spectrophotometer. Culture fluids of parallel sample flasks (2—-3 flasks) were sepa-
rately filtered through Whatman No. 4 filter paper. Ligninase activity was determined
following the oxidation of veratryl alcohol to veratraldehyde at 310 nm at 37 °C pH
3.0 [50].

Laccase activity was determined with syringaldazine (4-hydroxy-3,5-dimethoxy-
benzaldehyde azine) using a modified method [32] of Ander and Eriksson [2].
Laccase and lignin peroxidase activity are expressed in katals (mol s™!). Manganese-
dependent peroxidase (Mn-peroxidase) activity was assayed by means of the phenol-
red method [12] modified by omitting the NaOH supplement and measuring the
absorbance change at 520 nm for 5 minutes at 30 °C [37]. Mn-peroxidase activity is
expressed in Asyg,, min! 1. Cellobiose: quinone oxidoreductase activity was deter-
mined by measuring reduction of 3,5-di-tert-butyl-o-benzoquinone at 420 nm in the
presence of cellobiose [3]. One enzyme unit was defined as the amount of enzyme
that reduced 1 pmol quinone per minute at pH 4.5 and 25 °C. Glucose oxidase was
determined directly in liquids by means of the methods described by Lloyd and
Whelan [36] with our own modification as in [43]. One unit of the enzyme was
defined as the amount that oxidizes 1 pmol B-D-glucose to D-gluconic acid min' at
37 °C and pH 5.0. Glyoxal oxidase activity was measured according to [27] by mod-
ified peroxidase-coupled assay with phenol red as the peroxidase substrate as in [42].
One enzyme unit was defined as the amount that produces 1 pmol H,O, min! at pH
6.0 and 25 °C.

Chemicals

Reference compounds 3,4-dimethoxybenzoic acid (veratric acid), 4-hydroxy-3-
methoxycinnamic acid (ferulic acid) were obtained from Fluka (Buchs, Switzerland);
4-hydroxy-3-methoxybenzoic acid (vanillic acid) and methylglyoxal (acetyl-
formaldehyde) were obtained from Sigma (St. Louis, USA); 3,4-dimethoxybenzyl
alcohol (veratryl alcohol), 3,5-di-tert-butyl-o-benzoquinone and syringaldazine (4-
hydroxy-3,5-dimethoxybenzaldehyde azine) were obtained from Aldrich
(Milwaukee, Wisconsin USA); phenol red was obtained from Merck (Darmstadt,
FRG).

RESULTS AND DISCUSSION

The wood degrading fungi are highly specialized in the utilization of their substrate
wood. In most cases, the white-rot fungi remove lignin, cellulose, and hemicellulose
simultaneously, perhaps implying that the enzymatic degradation of different wood
components is interconnected. In spite of the recent progress in lignin biodegradation
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Fig. 1. Production of laccase by Phlebia radiata (a) in control condition; (b) after addition of 1 mM vanil-
lic acid; (c) 1 mM veratric acid, and (d) 1 mM ferulic acid on the media with 1% glucose (0 — 0); 4%
glucose (@ —®); 1% cellobiose (A —A) and 1% cellulose ((]—[J) as the only carbon source

research, more information is still needed especially (i) on the succession of enzymes
or factors involved in the degradation of macromolecular native or isolated lignin,
and (ii) on the relative importance of individual ligninolytic enzymes in the whole
degradation process [15]. White-rot fungi to which Phlebia radiata belongs produce
extracellular lignin-modifying enzymes, the best characterized of which are laccase,
LiP and MnP.

Laccase, first discovered by a Yoshida in 1883 [56], is an enzyme which is
involved in lignin demethylation [31], in subsequent decomposition of lignin macro-
molecule [39], in Ca—Cp cleavage of phenolic lignin substructure [23] as well as in
the aromatic ring cleveage [24]. The influence of further addition of aromatic sub-
stances such as vanillic, veratric and ferulic acids on the synthesis of cellulase com-
plex system by Ph. radiata [45] and also on the lignolytic enzymes production on
ADMS-LN medium (2 mM-N; 56 mM glucose) [44] was studied. In both cases the
distinct influence of terminated activities under used inducers were observed.

Fraser et al. [11] found that the hyphae of the wood-rotting Coriolus versicolor
Basidiomycete in culture are surrounded by a layer of mucilage. In conditions of
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excess carbon source such a glucose, sucrose, or cellobiose, the secretion of poly-
saccharides increases and is released into the culture medium. They also found that
in this condition, natural immobilization of laccase was observed; perhaps also that
of other enzymes on this hyphael mucilage layer. This immobilization effect may be
compared to enzyme activity in a solid-phase or nonaqueous environment.

Ph. radiata growing on ADMS-LN medium with different carbon sources such as
glucose (1 or 4%), cellobiose (1%), and cellulose (1% of Avicell) showed very clear
odds in the degradation of veratric acid labeled on different functional group isotopes
[47]. Figure 1 shows the change of laccase activity on the same media. As it was
shown the laccase activity on glucoses media was observed on the 2nd day after
induction of Ph. radiata cultures by 1 mM veratric acid (Fig. 1¢). Similar effect was
detected after using vanillic and ferulic acids (Fig. 1b, d). In all cases the laccases
activities were highest on the medium with cellobiose (almost twice as on the con-
trol ADMS-LN with 1% glucose) while some of them increased with time. The effect
of inhibition by higher glucose concentration (4%) was also observed.

Lignin peroxidase, which is induced by veratryl alcohol as well as by carbon and
nitrogen-starvation conditions [50], catalyses several oxidations in the alkyl side
chains of lignin-related compounds [29], Ca—Cf cleavage in the side chains of lignin
sub-units [18], oxidation of benzyl alcohols to aldehydes or ketones [50], intradiol
cleavage of phenylglycol structures, and hydroxylation of benzolic methylene groups
[38, 49]. This enzyme also showed specific demethoxylating and ring cleaving activ-
ity [28, 51]. Figure 2 presents the synthesis of lignin peroxidase during the cultiva-
tion of Ph. radiata. The maxima of its activities were observed between the 7th to
9th day of its growth. The highest value was obtained on the basal ADMS medium
with 1% of glucose under all used inducers. Distinct inhibition by 4% glucose in case
of vanillate and ferulate but not so much in case of veratrate was observed. Cello-
biose and cellulose had also repressing effect on the ligninase activity.

Another enzyme which can act in lignin degradation process is Mn-peroxidase. It
was found in the extracellular growth fluid of P. chrysosporium [21, 30], Trametes
versicolor [53] and Phlebia radiata [17, 22]. It contains a single protoheme IX with
high-spin ferric iron and functions by oxidizing Mn?* to Mn3*" which, in turn, oxi-
dizes phenols to phenoxy radicals [12]. Like laccase, Mn peroxidases appear to func-
tion as phenol oxidizing enzymes. In addition, it may also be involved in H,0O, pro-
duction in the process of glutathione, dithiothreitol, or NADPH oxidation [5, 41].
Figure 3 presents the results of the induction of Ph. radiata MnP by vanillic, vera-
tric, and ferulic acids on media with different carbon sources. In all cases, in com-
parison to the control condition, including cellobiose medium, where a strong inhi-
bition is observed, little stimulation of the enzyme production can be observed. The
maximum of MnP can be observed between the 6th to 8th day of its growth, which
is slightly earlier than in case of ligninases (Figs 2, 3).

The discovery that extracellular H,0, is required for lignin degradation [4, 9, 35]
and that the process is accelerated in the presence of cellulose or its oligomers [1, 19,
20] prompted investigations into its origin. Various possibilities were considered.
First of all, the function of some cytosolic fungal enzymes was analyzed, e.g. alco-
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Fig. 4. Production of glucose oxidase by Phlebia radiata (a) in control condition; (b) after addition of 1
mM vanillic acid; (¢) 1 mM veratric acid, and (d) 1 mM ferulic acid on the media with 1% glucose
(©-0); 4% glucose (®—®); 1% cellobiose (A —A) and 1% cellulose ((J—[J) as the only carbon source

hol oxidase [6, 10], glucose-2-oxidase (pyranose 2-oxidase) [8, 52], glucose-1-oxi-
dase [25, 26], cellobiose-quinone oxidoreductase [54, 55], fatty acyl CoA oxidase
[13], and glyoxal oxidase [27]. Among all the enzymatic systems under investigation,
only CBQ [3], GOD [33, 34, 40], and glyoxal oxidase [27] can function both in the
cytoplasm and extracellularly. The production of these enzymes was presented in
Figs 4, 5, 6.

~oooo

Fig. 2. Production of lignin peroxidase by Phlebia radiata (a) in control condition; (b) after addition of

1 mM vanillic acid; (¢) 1 mM veratric acid, and (d) 1 mM ferulic acid on the media with 1% glucose

(O — 0); 4% glucose (®—®); 1% cellobiose (A—A) and 1% cellulose ((J—-[J) as the only carbon
source

Fig. 3. Production of manganese dependent peroxidase by Phlebia radiata (a) in control condition; (b)

after addition of 1 mM vanillic acid; (¢) | mM veratric acid, and (d) 1 mM ferulic acid on the media with

1% glucose (O—0); 4% glucose (®—®); 1% cellobiose (A—2) and 1% cellulose ((J—[J) as the only
carbon source
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Fig. 5. Production of cellobiose-quinone oxidase by Phlebia radiata (a) in control condition; (b) after addition
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Glucose oxidase activity was stimulated by all used aromatic substances, showing
the strongest activities on the medium with cellulose as a solid carbon source. The
peak of these activities was observed between the 6th and 8th day of their growth
(e.g. 3rd—4th day after the induction). Some differences can be observed in glucose
oxidase activity on cellobiose medium where this activities can occur very late, on
the 9th or the 10th day of the fungal growth (Fig. 4). The CBQ activity can be
observed in Ph. radiata cultures on the media with cellobiose, 4% glucose, and cel-
lulose (Fig. 5). Veratric acid used as inducer resulted in a peak on the 7th day of the
growth on cellobiose medium. On the 10th day a slight increase in CBQ activity was
observed. A similar effect on the cellulose medium was observed in case of vanillic
and ferulic acids used as inducers. Also, the peak of CBQ activity on cellobiose
medium under induction of vanillate and ferulate on the 7th—8th day was observed.
Additionally, in case of 4% glucose media induced by vanillate and ferulate on the
8th—9th day of the growth CBQ activity occurred. No activities on basal ADMS-LN
(1% glucose) were observed. Finally, the glyoxal oxidase activity, which was capa-
ble of using simple aldehyde, a-hydroxycarbonyl or a-dicarbonyl compounds as
substrates, was determined (Fig. 6). The activities manifested in trace amounts
between the 7th to 9th day of the Ph. radiata growth on all media and inducers. They
were observed at the same time as the ligninase activities (Figs 2, 6) and the evolu-
tion of *CO, from alifatic C5-carbon of ferulate [data not published].

On the basis of these tests carried out on Ph. radiata, it is possible to place tenta-
tively the fungus in the class of white rot fungi, which produce predominantly
inducible enzymes directly attacking lignin, such as laccase, LiP, and MnP, as well as
feed-back type enzymes, such as GOD, CBQ, and GLO in the degradation of lig-
ninocellulosics. The fungus may also act as a selective lignin degrader since the
majority of known selective lignin degraders belong to this group.
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