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Transformation of veratric (3,4-dimethoxybenzoic) acid by the white rot fungus Phlebia radiata was studied
to elucidate the role of ligninolytic, reductive, and demeth(ox)ylating enzymes. Under both air and a 100% 02

atmosphere, with nitrogen limitation and glucose as a carbon source, reducing activity resulted in the
accumulation of veratryl alcohol in the medium. When the fungus was cultivated under air, veratric acid
caused a rapid increase in laccase (benzenediol:oxygen oxidoreductase; EC 1.10.3.2) production, which
indicated that veratric acid was first demethylated, thus providing phenolic compounds for laccase. After a

rapid decline in laccase activity, elevated lignin peroxidase (ligninase) activity and manganese-dependent
peroxidase production were detected simultaneously with extracellular release of methanol. This indicated
apparent demethoxylation. When the fungus was cultivated under a continuous 100% 02 flow and in the
presence of veratric acid, laccase production was markedly repressed, whereas production of lignin peroxidase
and degradation of veratryl compounds were clearly enhanced. In all cultures, the increases in lignin
peroxidase titers were directly related to veratryl alcohol accumulation. Evolution of "4CO2 from 3-0"4CH3-
and 4-0"4CH3-labeled veratric acids showed that the position of the methoxyl substituent in the aromatic ring
only slightly affected demeth(ox)ylation activity. In both cases, more than 60% of the total "'C was converted
to "4CO2 under air in 4 weeks, and oxygen flux increased the degradation rate of the "4C-labeled veratric acids
just as it did with unlabeled cultures.

The occurrence of veratryl (3,4-dimethoxybenzyl) com-
pounds is often associated with the expression of ligninolytic
activities in white rot fungi. In particular, the role of veratryl
alcohol in the regulation of lignin biodegradation has been
the subject of intensive study (6, 24, 25, 35). Veratryl alcohol
is synthesized and excreted by at least the following four
lignin-degrading white rot fungi: Phanerochaete chrysos-
porium (28), Pycnoporus cinnabarinus (16), Coriolus (Tram-
etes) versicolor (22), and Phlebia radiata (21). Addition of
veratryl alcohol stimulates the development of lignin perox-
idase (ligninase) production both in Phanerochaete chrysos-
porium (8, 25) and in Phlebia radiata (15). Veratryl alcohol is
oxidized by lignin peroxidase in an H202-dependent cataly-
sis reaction (37) to veratraldehyde and other products (13,
34). During lignin biodegradation, this compound may also
act as an electron transfer mediator through radical cation
formation (14).
For more than 20 years, the metabolism of veratric acid

(3,4-dimethoxybenzoic acid) has been investigated in vari-
ous white rot fungi, including Fomes fomentarius (19),
Polyporus (Polystictus, Coriolus, Trametes) versicolor (19,
38), Polystictus (Trametes) sanguineus (10, 29), Phanero-
chaete chrysosporium (12), and Pycnoporus cinnabarinus
(16). Aromatic carboxylic acids, such as vanillic, syringic,
isovanillic, and veratric acids, are released in considerable
amounts during white rot decay in wood (7). However, the
excretion of veratric acid or its transformation from other
aromatic compounds by wood-rotting fungi has not been
reported, although Shimada et al. (36) proposed recently that
this compound may be an intermediate in the biosynthesis of
veratryl alcohol.

* Corresponding author.

Veratric acid, as well as other aromatic carboxylic acids,
is probably not a suitable substrate or electron donor for
lignin peroxidase (33). However, white rot fungi transform
veratric acid by a variety of reactions, including reduction
(10, 16, 29, 33, 38), demeth(ox)ylation (12, 16, 19, 29),
decarboxylation (16), aromatic ring cleavage (16, 33), and
quinone formation (16, 33), all of which are also important in
lignin biodegradation by these fungi.

In studies of lignin demeth(ox)ylation mechanisms, which
were suggested by Frick and Crawford (9), veratric acid has
been used as a simple model compound. With Pycnoporus
cinnabarinus, which produces laccase (phenol oxidase) but
not lignin peroxidase, both demethylated and decarboxy-
lated products derived from veratric acid were detected (16).
The nature of the carbon source in the medium directed the
degradation so that glucose enhanced the reduction of ver-
atric acid, whereas cellulose yielded demethylated and de-
carboxylated products (16).

Experiments with vanillic (4-hydroxy-3-methoxybenzoic)
acid and Sporotrichum pulverulentum (Phanerochaete chry-
sosporium) (2, 3) led to the identification of several enzymes
which catalyze reduction, demethylation, decarboxylation,
and aromatic ring cleavage. An intracellular NAD(P)H-
dependent quinone reductase (5) and a decarboxylating
enzyme (4) were also characterized.
The white rot fungus Phlebia radiata efficiently degrades

[U-14C]lignin of poplar wood to '4CO2 under a 100% oxygen
atmosphere. Addition of an extra carbon source, cellulose or
glucose, enhances the degradation of ['4C-ring]lignin of
poplar by up to 65% (18). Of the array of extracellular
lignin-modifying enzymes produced by Phlebia radiata,
three lignin peroxidases (31), one manganese-dependent
peroxidase (Mn-peroxidase) (17), and one laccase type of
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phenol oxidase (31) have recently been purified and charac-
terized.
However, very little is known about the routes adopted by

this fungus for the metabolism of aromatic compounds. In
this paper, we show that veratric acid has a stimulating effect
on the production of these extracellular enzymes by Phlebia
radiata. Depending on the transformation route for veratric
acid, the reductive and demeth(ox)ylating enzyme activities
which we observed are also described.

MATERIALS AND METHODS

Fungus and inoculum. Phlebia radiata Fr. strain 79 (=
ATCC 64658) was isolated at the Department of Microbiol-
ogy, University of Helsinki, Helsinki, Finland (18). The
inoculum was prepared by growing the fungus on 2% (wt/
vol) malt agar plates at 28°C for 14 days, after which small
agar pieces (ca. 0.5 cm2) were cut out and transferred to
low-nitrogen (2.0 mM nitrogen) ADMS medium (18). Fol-
lowing growth of the 50-ml cultures in 250-ml flasks at 28°C
for 7 days, the resulting mycelial mats were broken with a
Waring blender to give a homogenized inoculum suspension.
Aromatic compounds. Veratric acid (3,4-dimethoxyben-

zoic acid), veratraldehyde (3,4-dimethoxybenzaldehyde),
and veratryl alcohol (3,4-dimethoxybenzyl alcohol) were
obtained from Fluka. Vanillyl (4-hydroxy-3-methoxybenzyl)
alcohol and vanillic (4-hydroxy-3-methoxybenzoic) acid
were obtained from Fluka, and vanillin (4-hydroxy-3-meth-
oxybenzaldehyde) was obtained from E. Merck AG. Isova-
nillyl (3-hydroxy-4-methoxybenzyl) alcohol and isovanillin
(3-hydroxy-4-methoxybenzaldehyde) were purchased from
Aldrich Chemical Co., Inc., and isovanillic (3-hydroxy-4-
methoxybenzoic) acid was obtained from Sigma Chemical
Co. Veratryl alcohol was distilled before use (24). The purity
of these compounds was confirmed by high-performance
liquid chromatography (HPLC) before they were used.

Cultivation with unlabeled veratric acid. In all experiments
low-nitrogen (2.0 mM N) ADMS medium (pH 4.5) (18)
supplemented with 56 mM (1%, wt/vol) glucose as the
carbon source was used. This medium was prepared at five
times the normal strength and was filter sterilized by using
Sterivex-GS filter units (pore size, 0.22 ILm; Millipore
Corp.). Conical flasks (100 ml) containing 10 ml of medium
were inoculated with 0.4% (vol/vol) homogenized mycelium.
Stationary cultures were grown at 28°C for 7 to 22 days
either under air or under a 100% 02 atmosphere. Oxygenated
cultures were grown by using the same gas distribution
system used for "'C-labeled cultures (18). Veratric acid (182
mg) was dissolved in 50 ml of 0.1 M NaOH; this preparation
was adjusted to pH 5.5 with 0.1 M HCl, diluted to 100 ml
with water to yield a 10 mM veratric acid solution, and filter
sterilized. Veratric acid was added after 48 h of cultivation to
a final concentration of 1.0 mM. A corresponding NaOH-
HCl solution (pH 5.5) was added to control flasks without
veratric acid.

Determination of enzyme activities. Enzyme activities were
measured by using a Shimadzu model 160A UV-visible
spectrum programmable spectrophotometer. Culture fluids
from parallel sample flasks (two to four flasks) were sepa-
rately filtered through Whatman no. 4 filter paper. Laccase
(phenol oxidase, benzenediol:oxygen oxidoreductase; EC
1.10.3.2) activity was determined with syringaldazine (4-
hydroxy-3,5-dimethoxybenzaldehyde azine; EGA-Chemie)
by using a modification of the method (27) of Ander and
Eriksson (1). The reaction mixture (1 ml) contained 100 [L of
crude sample in 0.1 M citrate-phosphate buffer (pH 5.0). The

reaction was initiated by adding 25 ,uM syringaldazine (dis-
solved in ethanol), and the change in A525 at 25°C was
recorded for 3 min. Oxidase (phenol oxidase) activity was
measured by monitoring the conversion of 2,2-azinodi-3-
ethylbenzothiazoline-6-sulfonic acid (Boehringer Mannheim
Biochemicals) (31) in 0.1 M sodium tartrate buffer (pH 3.0) at
25°C and 436 nm for 3 min. Lignin peroxidase activity was
determined by the veratryl alcohol oxidation method in the
presence of H202 (23). Reaction mixtures, which were
maintained at 37°C, contained 0.1 M sodium tartrate buffer
(pH 3.0), 0.4 mM veratryl alcohol, and 1.65 ml of culture
filtrate in a total volume of 3 ml. The reaction was initiated
by adding 0.2 mM H202, and the increase in A310 was
measured for 3 min. Laccase, oxidase, and lignin peroxidase
activities are expressed below in katals (moles per second).

Mn-peroxidase activity was assayed by using the phenol
red method (11), which was modified by omitting the NaOH
supplement and measuring the change in A520 for 5 min at
30°C. Reaction mixtures (1 ml) contained 25 mM lactate, 0.1
mM MnSO4, bovine serum albumin (1 mg/ml; Sigma), phe-
nol red (0.1 mg/ml; Merck), and 0.5 ml of culture filtrate in 20
mM sodium succinate buffer (pH 4.5). The reaction was
initiated by adding 0.1 mM H202. Mn-peroxidase activity is
expressed below in AA520 per minute per liter.
Methanol formation. The methanol concentrations in the

culture fluids were analyzed by using a model 3800 gas
chromatograph (DANI S.P.A.) equipped with a flame ion-
ization detector and a model D2000 integrator (Hitachi). The
glass column (2 mm [inside diameter] by 2 m) used was
packed with Carbopak C-0.3% Carbowax-0.1% H3PO4
(60/80 mesh; Supelco). N2 was used as the carrier gas. At the
beginning the column temperature was 70°C; the tempera-
ture was increased to 150°C after 1 min. The retention time
of methanol was 0.6 min. The area response of the eluted
methanol peak was determined by using an external standard
method and analysis grade methanol (Merck). Culture fil-
trates were clarified by using Acro LC-13 membrane filter
units (pore size, 0.2 p.m; Gelman Sciences, Inc.) prior to
injection (2 1LI).
Sample treatment for HPLC analysis. Pooled culture fluids

were extracted three times with an identical sample volume
(4 to 20 ml) of HPLC-grade dichloromethane (Rathburn) and
dried over Na2SO4 for 1 h. After filtration through Whatman
no. 2 filter paper, extracts were evaporated to dryness under
a vacuum at 35°C, and the resulting residue was dissolved in
1 ml of HPLC-grade acetonitrile (Rathburn). Samples were
filtered (pore size, 0.2 ,um) prior to analysis.
HPLC analysis. HPLC was carried out by using a model

1090M liquid chromatograph (Hewlett-Packard Co.) equipped
with an automated variable-volume injector, a diode array
UV-visible spectrum detector, and a model 1046A fluores-
cence detector, all of which were controlled by HP ChemSta-
tion (Hewlett-Packard). The reversed-phase column was a
Novapak-C18 column (3.9 mm [inside diameter] by 15 cm;
Waters Associates, Inc.). All analyses were run with gradient
elution by using HPLC-grade acetonitrile (Rathburn) and 1.0
mM H3PO4 (pH 3.2). The gradient was partially linear,
acetonitrile (vol/vol) increasing as follows: 11% (0 min), 25%
(5 min), 25% (6 min), 40% (8 min), 60% (11 min), and 60% (15
min). The analysis time was 15 min, the flow rate was 0.75
ml/min, the temperature was 40°C, and the injection volume
was 10 p.l. Chromatograms at two UV wavelengths (280 and
254 nm) and at one fluorescence channel (excitation at 238 nm
and emission at 340 nm) were monitored for each run. The
integrated peaks were collected, and their spectra were de-
termined. Authentic aromatic compounds were used as ref-
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erences, and their retention times, UV spectra, and fluores-
cence responses were compared with those of sample peaks
to aid identification. Eluted, identified compounds were quan-
tified by using the external standard method.

Cultivation with 14C-labeled veratric acids. Both 3-014CH3-
and 4-014CH3-labeled veratric acids (specific activities, 5.1
x 107 and 9.0 x 107 Bq/mg, respectively) were obtained from
Konrad Haider, Institut fur Pflanzenernahrung und Boden-
kunde, Bundesforschungsanstalt fur Landwirtschaft, Braun-
schweig, Federal Republic of Germany. Culture flasks (10 ml
of medium per 100 ml) containing ca. 850 Bq per flask were
incubated either under synthetic air (20% 02) or under 100%
02 by using the gas distribution system described by
Hatakka and Uusi-Rauva (18). Evolved 14C02 was trapped
and analyzed as described previously (16, 18).

RESULTS
Reduction of veratric acid. Reduction reactions were de-

tected in Phlebia radiata cultures immediately following the
addition of veratric acid on day 3 of cultivation. Figure lb
shows that reduction of veratric acid under an air atmo-
sphere yielded veratraldehyde and veratryl alcohol. The
supply of veratric acid was totally depleted after 5 days.
Traces of products other than veratryl compounds were
found only occasionally. Conversion of veratric acid to
veratraldehyde and to veratryl alcohol was almost stoicheio-
metric under air, and the total amount of veratryl com-
pounds decreased only 20 mol% during 3 weeks of cultiva-
tion.
Under an oxygen atmosphere, both reduction and degra-

dation of veratric acid proceeded very rapidly, and 90 mol%
of all veratryl compounds were consumed within 7 days (Fig.
2b). During the following 2 weeks, only small amounts of
veratryl alcohol and veratraldehyde were detected. This
rapid exhaustion of veratric acid may have been due in part
to the strong degradation of veratryl alcohol by lignin
peroxidase (Fig. 2a) (see below) and in part to the uptake of
veratryl compounds or intermediates by the fungal hyphae.

In control flasks without veratric acid, Phlebia radiata
produced small amounts of veratryl alcohol (Table 1). Oxy-
gen flux clearly stimulated veratryl alcohol production up to
18 ,uM. Also, small amounts of veratraldehyde were de-
tected in the controls, presumably arising from the action of
lignin peroxidase. No veratric acid was detected in controls
maintained under air or oxygen.

Production of laccase. Phenol oxidase activities were de-
termined by using two substrates, syringaldazine for the
laccase assay and 2,2-azinodi-3-ethylbenzothiazoline-6-sul-
fonic acid for the oxidase assay (see above). Although the
oxidase assay was more sensitive and gave almost five times
higher values than the laccase assay (Fig. la), identical
activity curves were obtained with both methods, indicating
that syringaldazine and 2,2-azinodi-3-ethylbenzothiazoline-
6-sulfonic acid were probably oxidized by the same en-

zymes.
Figure la shows that under air the addition of veratric acid

was followed by a rapid increase in phenol oxidase activity.
The level of oxidase activity increased to 9,000 nkat/liter in
3 days, whereas the level of laccase activity simultaneously
reached 1,900 nkat/liter. After this, both activities rapidly
decreased, and no phenol oxidase activity was detected after
10 days (i.e., 7 days following the addition of veratric acid).
Production of a laccase type of phenol oxidase was clearly
associated with veratric acid metabolism, since in control
cultures laccase and oxidase values remained comparatively
low (Table 1).
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FIG. 1. Phlebia radiata cultivated under air: production of extra-
cellular ligninolytic enzymes (a), conversion of 1.0 mM veratric acid
(b), and production of methanol (c). (a) Symbols: *, lignin peroxi-
dase; &. Mn-peroxidase; @* laccase; 0. oxidase. (b) Symbols:
U, veratric acid; A, veratraldehyde; *e veratryl alcohol. For
conversion of 1.0 mM veratric acid and production of methanol,
values are expressed in moles percent ([moles of compound detect-
ed/moles of veratric acid added that were recovered] x 100). d,
Days.

In Phlebia radiata cultures incubated under oxygen, phe-
nol oxidase activity was not similarly stimulated (Fig. 2a).
Indeed, in 24 h laccase production increased to only one-

tenth of the levels obtained under an air atmosphere (Fig. la
and 2a), and activity completely disappeared within 2 days.
In control flasks (Table 1) suppression of phenol oxidase
activity by oxygen was not so apparent.

Production of lignin peroxidase. Following the effective
reduction of veratric acid via veratraldehyde to veratryl
alcohol, the level of lignin peroxidase activity increased to
almost 1,000 nkat/liter in cultures grown under air or oxygen
(Fig. 1 and 2). In both cases, the same pattern was observed;
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FIG. 2. Phlebia radiata cultivated under 100% oxygen: activities
of extracellular ligninolytic enzymes (a) and conversion of 1.0 mM
veratric acid (b). For an explanation of the symbols see the legend to
Fig. 1. d, Days.

when ca. 80 mol% of added veratric acid was converted to
veratryl alcohol, lignin peroxidase activity began to in-
crease. Under an oxygen atmosphere, this increase contin-
ued, reaching maximum levels (2,800 nkat/liter) after 7 days
(Fig. 2a). Simultaneously, a strong depletion of veratryl
alcohol occurred (Fig. 2b). However, the amount of vera-

traldehyde formed by the action of lignin peroxidase was

TABLE 1. Accumulation of veratryl compounds and the
production of ligninolytic enzymes by cultures of Phlebia

radiata grown on basic medium without veratric acid

Cultivation Growth
atmo- time
sphere (days)

Accumulation
of:

Vera- Vera-
tryl tralde-

alcohol hyde
(.M)" (4LM)''

Activity of:

Lignin
peroxi-
dase
(nkat/
liter)

Mn-per-
oxidase
(AA520/
min per

liter)

Laccase
(nkat/
liter)

Air 3 0 0.1 23 30 26 51
4 2.8 0.3 221 28 5 115
12 8.6 1.7 185 31 4 27

Oxygen 3 7.6 2.5 80 8 61 955
8 13.6 1.4 137 35 0 58
18 18.0 1.7 97 34 0 46

" Concentration as determined by HPLC.

much less than expected, given the veratryl alcohol concen-
tration, indicating that other products were also formed.
Traces of lactone and quinone types of compounds (13, 34)
were detected by HPLC, although in relatively low amounts.
Under an air atmosphere, lignin peroxidase activity

peaked twice during 3 weeks of cultivation (Fig. la). After
reduction of veratric acid to veratryl alcohol to a level
corresponding to 80 mol%, lignin peroxidase activity was
detected. Enzyme levels began to decrease when the con-
centration of veratraldehyde exceeded that of veratryl alco-
hol (more than 50 mol% on day 8) (Fig. lb). Veratraldehyde
accumulated in the medium, although lignin peroxidase
activity was no longer detectable on days 10 to 12. Subse-
quently, reduction of veratraldehyde occurred, and, simul-
taneously with the increase in veratryl alcohol levels, the
level of lignin peroxidase activity increased to more than
2,500 nkat/liter; after this, enzyme levels again rapidly
declined (Fig. la and b). In the course of this second lignin
peroxidase stimulation cycle the concentration of veratral-
dehyde did not increase above the veratryl alcohol concen-
tration. Under air, the total concentration of veratryl com-
pounds remained high (>80 mol%) even after 22 days (Fig.
lb), and lignin peroxidase yielded mostly veratraldehyde
(i.e., only traces of other products were detected).

Production of Mn-peroxidase. Mn-peroxidase activity ap-
peared synchronously with lignin peroxidase activity and
showed a similar cycle pattern under both culture conditions
used kFig. la and 2a). The levels of activity remained
relatively low because of the assay method used (see above).
The phenol red oxidation assay was apparently not sensitive
enough to detect minor differences in enzyme levels.

Demeth(ox)ylation of veratric acid. Only trace amounts
(<1.0 mol%) of phenolic intermediates were found extracel-
lularly following the addition of veratric acid. Two of these
compounds were identified as vanillic acid and vanillin.
However, the strong stimulation of laccase activity under air
suggested that these compounds were present in higher
concentrations (Fig. la). Strong production of laccase prob-
ably resulted in the conversion of the phenolic compounds
immediately following formation by postulated demeth(ox)-
ylating enzymes. Since no isovanillyl compounds were de-
tected, demethylation appeared to take place preferentially
at position 4. Demethylation may also have occurred intra-
cellularly as a result of fungal uptake of veratryl or interme-
diate compounds.

Figure lc shows the extracellular accumulation of metha-
nol from veratric acid by Phlebia radiata cultivated under
air. Methanol release followed laccase production and con-
tinued and even increased when laccase activity disappeared
(Fig. la and c). On the other hand, production of lignin
peroxidase and Mn-peroxidase appeared simultaneously
with methanol release. This pattern indicated that demethox-
ylation and methanol accumulation may have occurred in
part because of the action of these peroxidases. The total
amount of methanol released after 13 days (ca. 15 mg/liter;
450 FtM) accounted for 25 mol% of the initial amount of
veratric acid, assuming that demethoxylation occurred at
both position 3 and position 4. Since ca. 80 mol% of veratryl
compounds was present at that time (Fig. lb), this suggests
that both methoxyl groups were released. Thus, only a minor
part of the veratryl compounds was demethoxylated.

Degradation of 14C-methoxyl-labeled veratric acids to
14CO2 was almost independent of the position of the label
(Fig. 3 and 4). However, for the first 10 days of 14Co2
evolution, the four parallel flasks showed more difference
under air than under oxygen, and the oxygen level also
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FIG. 3. Evolution of '4C02 from 4-014CH3-labeled veratric acid

(a) and 3-0'4CH3-labeled veratric acid (b) by Phiebia radiata

cultivated under air. Symbols: *, mean of four flasks; A, mini-
mum value; *, maximum value. d, Day(s).

strongly influenced the rate of methoxyl removal. Under air,
more than 65 to 70% of the applied activity from both
4-014CH3- and 3-O14CH3-labeled veratric acids accumulated
as 14CO2, whereas under oxygen the extent of degradation
increased to almost 80% in 4 weeks (Table 2). In all cases an
insignificant part of the activity applied was associated with
the mycelium. Only slightly more 14CO2 was released from
veratric acid labeled at position 4 under both culture condi-
tions (Table 2).

Evolution of 14Co2 from both labeled veratric acids
reached the maximum level (5% of the total 14C per day) on
day 5 in cultures incubated under air (Fig. 3). In cultures
incubated under oxygen, demeth(ox)ylation began immedi-
ately, and the level of evolved 14Co2 (7 to 9% of the total 14C
per day) reached a maximum on day 2 (Fig. 4). The more
efficient degradation of veratric acid in cultures incubated
under oxygen was probably due to the strong production of
lignin peroxidase under these conditions (Fig. 2a). Never-
theless, the early and intense demeth(ox)ylation of veratric
acids in cultures incubated under oxygen (Fig. 4) must also
have proceeded by a different enzyme system, since sub-
stantial lignin peroxidase secretion started later (i.e., after 5
days of incubation) (Fig. 2a). Conversely, in cultures incu-
bated under air, production of laccase occurred simulta-
neously with 14CO2 evolution, and both parameters reached
maximum levels after 6 days of cultivation (Fig. la and 3).

DISCUSSION

Rapid reduction of veratric acid to veratraldehyde and
veratryl alcohol began immediately following addition of the
acid to cultures of Phlebia radiata and occurred in cultures
incubated under both air and oxygen atmospheres. In fact,
veratric acid was more rapidly reduced as well as consumed
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FIG. 4. Evolution of 14CO2 from 4-014CH3-labeled veratric acid
(a) and 3-04CH3-labeled veratric acid (b) by cultures of Phlebia
radiata maintained under a continuous 100% 02 flow. For an
explanation of the symbols see the legend to Fig. 3. d, Day(s).

in oxygenated cultures, implying that oxygen, perhaps indi-
rectly, stimulates production and/or activity of the reductive
enzymes and the enzymes which catalyze the transformation
of veratryl compounds. To date, an NADPH-dependent
veratraldehyde-reducing oxidoreductase has been described
in Polystictus (Coriolus) versicolor (38) and has been purified
from Phanerochaete chrysosporium (33). However, the ve-
ratric acid oxidoreductase, which is also NADPH depen-
dent, is either very labile (38) or difficult to purify (33),
suggesting that the enzyme may be associated with the cell
membrane and thus easily lost during purification.
Reduction of veratric acid has been demonstrated in

several lignin-degrading white rot fungi (10, 16, 29, 33, 38).
Vanillic acid is similarly reduced to vanillin and to vanillyl
alcohol by fungal cultures (3, 16, 19), and fungal reduction of
para-hydroxybenzoic acid has also been reported (16).
These results indicate that the NADPH-dependent aromatic
carboxylic acid and aromatic aldehyde oxidoreductases,

TABLE 2. Distribution of the 14C label from
[14C]methoxyl-labeled veratric acid in cultures of

Phlebia radiata after 27 days of cultivationa

14CO2 54C in
Atmosphere C label evolved (%) growth

liquor (%)

14C associ-
ated with
mycelium

(%)

14C
recovered

(%)

Air 4-014CH3 72.3 ± 5.6 16.4 + 4.8 2.3 + 0.8 91.1 + 1.7
3-014CH3 64.7 + 9.7 17.8 ± 1.9 1.9 + 0.3 84.4 + 7.9

Oxygen 4-014CH3 78.3 ± 0.9 13.7 + 1.5 1.8 + 0.1 93.8 ± 0.7
3-O14CH3 76.5 + 0.8 15.6 + 0.3 2.0 + 0.3 94.2 + 0.7

a Values are percentages of the activity applied and are means + standard
deviations for four flasks.

VOL. 56, 1990 2627



2628 LUNDELL ET AL.

such as veratric acid and veratraldehyde reductases, may
have a broad specificity toward simple aromatic, CQ,-carbon-
ylated compounds.

Secretion of veratryl alcohol by Phlebic. radiata (in this
work up to 18 ,uM in cultures incubated under an oxygen
atmosphere) has also been reported previously (21). Our
more recent results show that veratryl alcohol is produced
de novo from glucose by this fungus. Veratryl alcohol
synthesis in Phlebia radiata presumably occurs through
phenylalanine as in Phanerochaete chrysosporium (35, 36),
comprising various reactions such as reductions, methyla-
tions, and C.-C, cleavage. It has been proposed that the
veratric acid and veratraldehyde oxidoreductases also par-
ticipate in the biosynthesis of veratryl alcohol (33, 36). Thus,
specific methyl transferases acting on positions 3 and 4 of the
aromatic ring during veratryl alcohol biosynthesis may also
reverse their activity and function as methyl-removing
agents (i.e., demethylases).

In this study, a relatively high concentration of glucose
(1%, wt/vol) was used as a carbon source in the medium.
Since glucose promotes the reduction of aromatic acids by
other white rot fungi (2, 3, 16) but represses decarboxylation
(16) and demethylation (2, 16), the strong reduction com-
pared with weak demethylation observed with Phlebia radi-
ata is partly explained by glucose repression.

Demeth(ox)ylation was monitored by following 14CO2
evolution from specifically '4C-methoxyl-labeled veratric
acids and by following formation of methanol from unlabeled
veratric acid. Both methods indicated that demeth(ox)yl-
ation occurred; this conclusion was supported by the appear-
ance of trace amounts of vanillyl compounds. Extracellular
methanol probably arose through the action of several
enzymes, including lignin peroxidase, Mn-peroxidase, and
laccase. However, the direct demethoxylation of veratryl
compounds by these enzymes has not been reported. Lignin
peroxidase yields methanol from methoxybenzenes and
P-0-4 dimeric compounds (6, 24), and Mn-peroxidase oxi-
dizes various phenolic compounds (6, 11). Laccase is capa-
ble of removing methoxyl groups from phenolic compounds
(1, 2, 6, 24, 26) that are preferentially hydroxylated at
position 4 and possess 3- or 5-methoxyls (26). Thus, veratric
acid may first be demethylated at position 4, possibly by the
action of a specific veratrate-O-demethylase (32). Evidence
for the existence of a similar enzyme that demethylates
specifically at position 4 has been obtained previously with
Pycnoporus cinnabarinus (16).
The strong, sharp stimulation of laccase (phenol oxidase)

production in the early phases of Phlebia radiata cultures,
which clearly resulted from veratric acid supplemention, is
not characteristic of white rot fungi. For example, in T.
versicolor, which is considered a typical laccase-producing
white rot fungus, laccase excretion starts relatively late and
continues for several days (26). However, the effect of
nitrogen limitation on the onset of fungal laccase production
has not been studied before. We have previously observed
this early production of laccase in low-nitrogen cultures of
Phlebia radiata supplemented with veratryl alcohol (20). In
the case of veratric acid especially, this enhancement of
laccase production may be a response to a relatively high
concentration (1.0 mM) of a moderately toxic component.
Laccase may act as a detoxifying enzyme, since oxidation
reactions catalyzed by laccase result in polymerized prod-
ucts (6, 24, 26), thereby leading to removal of toxic mono-
mers from the growth medium. Traces of unidentified qui-
none polymers were found in our experiments, especially in

cultures incubated under an air atmosphere, where increased
laccase activity was mostly evident.

In the presence of veratric acid, lignin peroxidase activity
was clearly enhanced in cultures incubated under both air
and oxygen atmospheres following the reduction of veratric
acid to veratryl alcohol. A similar effect of atmosphere on
enzyme activities was not evident without veratric acid. In
Phanerochaete chrysosporium the stimulation of lignin per-
oxidase by veratryl alcohol is thought to appear at the
synthesis stage (8, 23, 24), probably by induction of certain
lignin peroxidase isoenzymes (23). In this study, the stimu-
lation of lignin peroxidase production by Phlebia radiata
appeared primarily to be a consequence of a high concen-
tration of veratryl alcohol. In oxygenated cultures espe-
cially, veratryl alcohol was rapidly oxidized and consumed
by lignin peroxidase. In cultures of Phlebia radiata main-
tained under an air atmosphere, the major product was
veratraldehyde, whereas mostly other products were formed
in oxygenated flasks. Since traces of lactone and quinone
types of compounds (13, 34) were detected in oxygenated
cultures, most of the veratryl compounds were presumably
consumed through the concerted action of lignin peroxidase
and intracellular enzymes following fungal uptake of these
intermediates (33).

Veratric acid did not enhance the production of Mn-
peroxidase in the same way as veratryl alcohol did when it
was added to Phlebia radiata cultures (17, 30). Furthermore,
the strongly enhanced production of laccase and lignin
peroxidase caused by the addition of veratric acid may have
repressed the synthesis of Mn-peroxidase. The role of Mn-
peroxidase under these conditions is unclear; if the enzyme
is unable to act on veratric acid or intermediate products, it
may serve primarily as a producer of H,02 for lignin
peroxidase (6, 11, 24).
Under these culture conditions, transformation of veratric

acid in Phlebia radiata proceeded via reduction and demeth-
ylation to vigorous consumption by extracellular oxidizing
enzymes, such as lignin peroxidase and laccase. Some of the
enzymes that catalyze demeth(ox)ylation or reduction are
probably intracellular. These enzymes have been described
only in a few white rot fungi, and their participation in the
activities observed in this work are under further investiga-
tion.

ACKNOWLEDGMENTS

We thank K. Haider (Institut fur Pflanzenernahrung und Boden-
kunde, Bundesforschungsanstalt fur Landwirtschaft, Braunsch-
weig, Federal Republic of Germany) for the '4C-labeled veratric
acids.

This work was supported by the Technology Development Center
of Finland (T.L.) and by the Academy of Finland (A.H.). Parts of
the investigation were carried out while A.L. and J.R. were on
research leave at the Department of Microbiology, University of
Helsinki, Helsinki, Finland, and were being supported by a grant
from the Academy of Finland.

LITERATURE CITED
1. Ander, P., and K.-E. Eriksson. 1976. The importance of phenol

oxidase activity in lignin degradation by the white-rot fungus
Sporotrichumn pulverulentum. Arch. Microbiol. 109:1-8.

2. Ander, P., K.-E. Eriksson, and H.-S. Yu. 1983. Vanillic acid
metabolism by Sporotrichum pulverulentum: evidence for
demethoxylation before ring-cleavage. Arch. Microbiol. 136:
1-6.

3. Ander, P., A. Hatakka, and K.-E. Eriksson. 1980. Vanillic acid
metabolism by the white-rot fungus Sporotrichum pulverulen-
tum. Arch. Microbiol. 125:189-202.

APPL. ENVIRON. MICROBIOL.



VERATRIC ACID METABOLISM BY PHLEBIA RADIATA

4. Buswell, J. A., K.-E. Eriksson, and B. Pettersson. 1981. Purifi-
cation and partial characterization of vanillate hydroxylase
(decarboxylating) from Sporotrichum pulverulentum. J. Chro-
matogr. 215:99-108.

5. Buswell, J. A., S. G. Hamp, and K.-E. Eriksson. 1979. Intracel-
lular quinone reduction in Sporotrichum pulverulentum by a

NAD(P)H:quinone oxidoreductase; possible role in vanillic acid
catabolism. FEBS Lett. 108:229-232.

6. Buswell, J. A., and E. Odier. 1987. Lignin biodegradation.
Critical Rev. Biotechnol. 6:1-60.

7. Chen, C.-I., and H.-M. Chang. 1985. Chemistry of lignin bio-
degradation, p. 535-556. In T. Higuchi (ed.), Biosynthesis and
biodegradation of wood components. Academic Press, Inc.,
New York.

8. Faison, B. D., T. K. Kirk, and R. L. Farrell. 1986. Role of
veratryl alcohol in regulating ligninase activity in Phanerocha-
ete chrysosporium. Appl. Environ. Microbiol. 52:251-254.

9. Frick, T. D., and R. L. Crawford. 1983. Mechanisms of micro-
bial demethylation of lignin model polymers, p. 143-152. In T.
Higuchi, H.-M. Chang, and T. K. Kirk (ed.), Recent advances
in lignin biodegradation research. UNI Publishing Co., Tokyo.

10. Fukuzumi, T., T. Hiyama, and K. Minami. 1965. Metabolic
products from aromatic compounds by the wood-rotting fungus,
"Polystictus sanguineus (Trametes sanguinea)." III. Reductive
transformation of veratric acid to veratraldehyde. J. Jpn. Wood
Res. Soc. 11:175-178.

11. Glenn, J. K., and M. H. Gold. 1985. Purification and character-
ization of an extracellular Mn(II)-dependent peroxidase from
the lignin-degrading basidiomycete, Phanerochaete chrysos-
porium. Arch. Biochem. Biophys. 242:329-341.

12. Gold, M. H., M. B. Mayfield, T. M. Cheng, K. Krisnangkura, M.
Shimada, A. Enoki, and J. K. Glenn. 1982. A Phanerochaete
chrysosporium mutant defective in lignin degradation as well as

several other secondary metabolic functions. Arch. Microbiol.
132:115-122.

13. Haemmerli, S. D., H. E. Schoemaker, H. W. H. Schmidt, and
M. S. A. Leisola. 1987. Oxidation of veratryl alcohol by the
lignin peroxidase of Phanerochaete chrysosporium. FEBS Lett.
220:149-154.

14. Harvey, P. J., H. E. Schoemaker, and J. M. Palmer. 1986.
Veratryl alcohol as a mediator and the role of radical cations in
lignin biodegradation by Phanerochaete chrysosporium. FEBS
Lett. 195:242-246.

15. Hatakka, A., A. Kantelinen, A. Tervila-Wilo, and L. Viikari.
1987. Production of ligninases by Phlebia radiata in agitated
conditions, p. 185-189. In E. Odier (ed.), Lignin enzymic and
microbial degradation. INRA Publications, Paris.

16. Hatakka, A. I. 1985. Degradation of veratric acid and other
lignin-related aromatic compounds by the white-rot fungus
Pycnoporus cinnabarinus. Arch. Microbiol. 141:22-28.

17. Hatakka, A. I., 0. K. Mohammadi, and T. K. Lundell. 1989. The
potential of white-rot fungi and their enzymes in the treatment
of lignocellulosic feed. Food Biotechnol. 3:45-58.

18. Hatakka, A. I., and A. K. Uusi-Rauva. 1983. Degradation of
14C-labeled poplar wood lignin by selected white-rot fungi. Eur.
J. Appl. Microbiol. Biotechnol. 17:235-242.

19. Ishikawa, H., W. J. Schubert, and F. F. Nord. 1963. Investiga-
tions on lignin and lignification. The degradation by Polyporus
versicolor and Fomes fomentarius of aromatic compounds
structurally related to softwood lignin. Arch. Biochem. Bio-
phys. 100:140-149.

20. Kantelinen, A., A. Hatakka, and L. Viikari. 1989. Production of
lignin peroxidase and laccase by Phlebia radiata. Appl. Micro-
biol. Biotechnol. 31:234-239.

21. Kantelinen, A., R. Waldner, M.-L. Niku-Paavola, and M. S. A.
Leisola. 1988. Comparison of two lignin-degrading fungi: Phle-
bia radiata and Phanerochaete chrysosporium. Appl. Micro-
biol. Biotechnol. 28:193-198.

22. Kawai, S., T. Umezawa, and T. Higuchi. 1986. De novo synthe-
sis of veratryl alcohol by Coriolus versicolor. Wood Res.
73:18-21.

23. Kirk, T. K., S. Croan, M. Tien, K. E. Murtagh, and R. L.
Farrell. 1986. Production of multiple ligninases by Phanerocha-
ete chrysosporium: effect of selected growth conditions and use
of a mutant strain. Enzyme Microb. Technol. 8:27-32.

24. Kirk, T. K., and R. L. Farrell. 1987. Enzymatic "combustion":
the microbial degradation of lignin. Annu. Rev. Microbiol.
41:465-506.

25. Leisola, M. S. A., U. Thanei-Wyss, and A. Fiechter. 1985.
Strategies for production of high ligninase activities by Phaner-
ochaete chrysosporium. J. Biotechnol. 3:97-107.

26. Leonowicz, A., R. U. Edgehill, and J.-M. Bollag. 1984. The effect
of pH on the transformation of syringic and vanillic acids by the
laccases of Rhizoctonia praticola and Trametes versicolor.
Arch. Microbiol. 137:89-96.

27. Leonowicz, A., and K. Grzywnowicz. 1981. Quantitative estima-
tion of laccase forms in some white-rot fungi using syrin-
galdazine as a substrate. Enzyme Microb. Technol. 3:55-58.

28. Lundquist, K., and T. K. Kirk. 1978. De novo synthesis and
decomposition of veratryl alcohol by a lignin degrading basidi-
omycete. Phytochemistry 17:1676.

29. Minami, K., M. Tsuchiya, and T. Fukuzumi. 1965. Metabolic
products from aromatic compounds by the wood-rotting fungus
"Polystictus sangineus (Trametes sanguinea)." IV. Culturing
condition for reduction and demethoxylation of veratric acid. J.
Jpn. Wood Res. Soc. 11:179-183.

30. Niku-Paavola, M.-L., E. Karhunen, A. Kantelinen, L. Viikari, T.
Lundell, and A. Hatakka. 1990. The effect of culture conditions
on the production of lignin modifying enzymes by the white-rot
fungus Phlebia radiata. J. Biotechnol. 13:211-221.

31. Niku-Paavola, M.-L., E. Karhunen, M. Salola, and V. Raunio.
1988. Ligninolytic enzymes of the white-rot fungus Phlebia
radiata. Biochem. J. 254:977-984.

32. Paszczynski, A., and J. Trojanowski. 1977. An affinity-column
procedure for the purification of veratrate 0-demethylase from
fungi. Microbios 18:111-121.

33. Schoemaker, H. E., E. M. Meijer, M. S. A. Leisola, S. D.
Haemmerli, R. Waldner, D. Sanglard, and H. W. H. Schmidt.
1989. Oxidation and reduction in lignin biodegradation, p.
454-471. In N. G. Lewis and M. G. Paice (ed.), Plant cell wall
polymers: biogenesis and biodegradation. American Chemical
Society Symposium Series no. 399. American Chemical Soci-
ety, Washington, D.C.

34. Shimada, M., T. Hattori, T. Umezawa, T. Higuchi, and K.
Uzura. 1987. Regiospecific oxygenations during ring cleavage of
a secondary metabolite, 3,4-dimethoxybenzyl alcohol, cata-
lyzed by lignin peroxidase. FEBS Lett. 221:327-331.

35. Shimada, M., F. Nakatsubo, T. Higuchi, and T. K. Kirk. 1981.
Biosynthesis of the secondary metabolite veratryl alcohol in
relation to lignin degradation in Phanerochaete chrysosporium.
Arch. Microbiol. 129:321-324.

36. Shimada, M., A. Ohta, H. Kurosaka, T. Hattori, T. Higuchi, and
M. Takahashi. 1989. Roles of secondary metabolism of wood
rotting fungi in biodegradation of lignocellulosic materials, p.
412-425. In N. G. Lewis and M. G. Paice (ed.), Plant cell wall
polymers: biogenesis and biodegradation. American Chemical
Society Symposium Series no. 399. American Chemical Soci-
ety, Washington, D.C.

37. Tien, M., and T. K. Kirk. 1984. Lignin-degrading enzyme from
Phanerochaete chrysosporium: purification, characterization,
and catalytic properties of a unique H202-requiring oxygenase.
Proc. Natl. Acad. Sci. USA 81:2280-2284.

38. Zenk, M. H., and G. G. Gross. 1965. Reduktion von Veratrum-
saure zu Veratrylaldehyd und Veratrylalkohol durch zellfreie
Extrakte von Polystictus versicolor L. Z. Pflanzenphysiol. 53:
356-362.

VOL. 56, 1990 2629


