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Bjerkandera sp. strain BOS55, a newly isolated wild-type white rot fungus, produced lignin peroxidase (LiP)
in nitrogen (N)-sufficient glucose-peptone medium, whereas no LiP was detectable in N-limited medium. The
production of LiP was induced by the peptide-containing components of this medium and also by soy bean
protein. Furthermore, the production of manganese-dependent peroxidase was stimulated by organic N
sources, although lower production was also evident in N-limited medium. Further research showed that the
induction of LiP depended on the combination of pH and the type of N source. An amino acid mixture and
ammonium induced LiP only at either pH 6 or 7.3, respectively. Peptone induced LiP activity at all pH values
tested; however, the highest activity was observed at pH 7.3. The results presented here indicate that
Bjerkandera spp. are distinct from the model white rot fungus, Phanerochaete chrysosporium, which produces
ligninolytic peroxidases in response to N limitation.

Only a few groups of microorganisms are capable of
degrading complex lignin polymers, and they are best exem-
plified by the white rot fungi, which cause the greatest
degree of mineralization. The degradation of lignin by these
fungi has aroused interest in its potential applications, such
as biopulping (5) and removal of environmental pollutants
(16, 17).
The white rot fungus Phanerochaete chrysosporium has

been used extensively as a model organism to study the
physiological requirements for lignin biodegradation (ligni-
nolysis) (23). The extracellular machinery involved in lignin
and xenobiotic degradation by P. chrysosporium is com-
posed of lignin peroxidases (LiPs) and manganese-depen-
dent peroxidases (MnPs), as well as H202-producing oxi-
dases (23).

In liquid cultures of P. chrysosporium, lignin is degraded
only during secondary (idiophasic) metabolism (5, 23), which
is triggered by limitation of N (21, 25), C, or S (20).
Likewise, P. chrysosporium has been found to produce
ligninolytic peroxidases only in response to nutrient deple-
tion (13, 19, 38). Ligninolysis and ligninolytic peroxidase
production in P. chiysosponum are suppressed and delayed
by high concentrations of N (5, 13, 15, 21, 25, 35). The fact
that this fungus is ligninolytic while starving means that it
produces only small amounts of LiP for commercial appli-
cations (29). The results obtained in defined cultures of P.
chrysosporium have been widely accepted as the paradigm
for the physiology of ligninolysis among most white rot fungi
(234). However, lignin mineralization by some white rot fungi
([1 C]-lignin to GO2), e.g., Pleurotus ostreatus (18, 27),
Lentinus edodes (27), and an unidentified coprophilous ba-
sidiomycete (18), is not repressed by high N concentrations.
With some mutants ofP. chrysosporium, e.g., INA-12 (6, 36)
and PSBL-1 (29, 40), the LiP production was even stimu-
lated by N. Others have observed that in unsubmerged
cultures of wild-type P. chrysosporium, immobilized on
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pieces of polyurethane foam, the level of LiP activity in-
creased at very high ammonium concentrations (7, 12).

Results from the screening of many white rot fungi by
using the N-limited BIII medium (39) indicate that many
white rot fungi have no detectable LiP activity (2, 9, 28, 41).
Curiously, some of these LiP-negative white rot fungi do
possess the LiP genes (22, 37). One such fungus, Bjerkan-
dera adusta, only produces LiP in a rich glucose-peptone
medium (22), whereas almost no LiP activity was observed
in N-limited BIII media (9, 22, 41).
The objective of this study was to determine which

component(s) of the glucose-peptone medium was responsi-
ble for inducing the production of LiP and other ligninolytic
enzymes in Bjerkandera sp. strain BOS55. This strain, which
was isolated from decaying wood buried in the litter layer of
a beech forest, is an outstanding degrader of polycyclic
aromatic hydrocarbons (16). Aside from LiP, the fungus
produces MnP (9) and a novel manganese-independent per-
oxidase (MIP) (10).

MATERIALS AND METHODS

Microorganism. Bjerkandera sp. strain BOS55 was iso-
lated from forest soil samples with a selective medium
containing hemp (Cannabis sativa L.) stem wood, guaiacol,
and benomyl (9). The fungus was maintained on malt extract
agar plates (per liter: 15.0 g of agar, 3.5 g of malt extract, and
5.0 g of glucose) at 4°C, from which they were transferred to
new malt extract agar plates and incubated at 30°C for 4 to 6
days before use in experiments in this study. In all cases,
single 6-mm-diameter mycelium-agar plugs (obtained along a
uniform circumference) from the plates were used as the
inocula.
Media. The standard basal medium used in the experi-

ments was N limited (2.2 mM NH4+-N; added as diammo-
nium tartrate) BIII mineral medium (39), with 10 g of glucose
liter-' as the primary substrate and 2 mg of thiamine liter-'
in a 20 mM 2,2-dimethylsuccinate (pH 4.5) buffer. Different
media were prepared with extra N from various sources and



APPL. ENVIRON. MICROBIOL.

set at several pH values. The extra N sources used were a

mixture of 20 L-amino acids (Ala, Arg, Asn, Asp, Cys, Gly,
Glu, Gln, His, Ile, Leu, Lys, Met, Phe, Pro, Ser, Thr, Trp,
Tyr, and Val), peptone, yeast extract, soybean protein,
diammonium tartrate, or a combination of these. The media
with the mixture of L-amino acids contained a final concen-

tration of 0.25 g of each amino acid liter-1. The media were

adjusted to pH values of 4.5, 6.0, or 7.3 by NaOH addition.
The glucose-peptone medium used in the experiments was

modified from that of Kimura et al. (22) and contained (per
liter) 10 g of glucose, 5 g of peptone, 2 g of yeast extract, 1
g of KH2PO4, and 0.5 g of MgSO4. 7H20 (pH 4.5).

All media were filter sterilized (Schleicher & Schuell FP
030/3; pore size, 0.2 ,um).

Culture conditions. Aliquots (5 ml) of media were placed in
loosely capped 250-ml serum bottles. The bottles were

incubated statically under an air atmosphere at 30°C in
complete darkness. The 250-ml serum bottles used for CO2
evolution measurements, on the contrary, were sealed with
gas-impermeable rubber septa. The headspaces of the cul-
tures were aseptically flushed with air at the time of inocu-
lation and after each gas sampling.
Enzyme assays. LiP activity was assayed with veratryl

alcohol as described by Tien and Kirk (39) but was corrected
for veratryl alcohol oxidase activity (i.e., activity in the
absence of H202). MnP activity was measured by a method
modified from that of Pasczynski et al. (30). The reaction
mixture contained 50 mM sodium malonate (pH 4.5), 1 mM
2,6-dimethoxyphenol, 1 mM MnSO4, and up to 600 pl of
culture broth in a total volume of 1 ml. The reaction was
initiated by adding 0.4mM H202, and MnP was corrected for
laccase activity and for MIP activity. MIP activity was
measured by a method modified from that of de Jong et al.
(10). The reaction mixture contained 50 mM sodium mal-
onate (pH 4.5), 1 mM 2,6-dimethoxyphenol, 1 mM EDTA,
and up to 550 pl of culture broth in a total volume of 1 ml.
The reaction was initiated by the addition of 0.4 mM H202.
Carbon dioxide analysis. Carbon dioxide evolution was

determined in the headspace by gas chromatography with a

Packard 427 (Palo Alto, Calif.) apparatus fitted with a thermal
conductivity detector (140°C). The column (Hayesep Q;
Chrompack, Middelburg, The Netherlands) was maintained
at 110°C, and helium was used as a carrier gas (30 ml min-1).
The injection port was maintained at 110°C. The injection
volume was 100 ,ul.

Chemicals. Mycological peptone (9.5% total nitrogen),
yeast extract (11.0% total nitrogen), and soybean protein
(14.7% total nitrogen) were obtained, respectively, from
Oxoid Ltd. (Basingstoke, Hampshire, England), Life Tech-
nologies Ltd. (Paisley, United Kingdom), and Purina Protein
Europe (Brussels, Belgium). The L-amino acids were ob-
tained from either Merck (Darmstadt, Germany) or Janssen
Chimica (Geel, Belgium). All other chemicals were commer-

cially available and were used without any further purifica-
tion.

RESULTS

The effect of various N supplements on the production of
ligninolytic enzymes (LiP, MnP, and MIP) and the metabolic
activity (as indicated by the CO2 production) after 5, 7, and
12 days are shown in Table 1. All of the N supplements
caused higher CO2 production. Extra glucose, instead of
extra N, did not stimulate the metabolic activity. The
activity of MnP and MIP was stimulated by organic forms of
N. The BIII, present in the basal medium, greatly stimulated

TABLE 1. Effects of various N supplements on the ligninolytic
enzyme activity and the CO2 production at pH 4.5

Day and Cumulative Activity (nmol min-' ml-')
mediuma CO2 (>mol) MnP MIP LiP

Day 5
B-g 120 8 113 34 11 ±1 0
B-G 116 22 74 27 12 2 0
B-g-N 143 12 220 27 25 5 0
B-g-S 647 77 849 42 49 5 11 ± 3
B-g-Y 395 48 542 76 25 6 6 ± 2
B-g-P 706 43 1,239 184 57 4 9 ± 2
B-g-P-Y 698 + 71 1,486 + 200 127 + 40 12 ± 2
g-Y 311 27 40 12 23 6 13 ± 2
g-P-Y 813 74 461 54 222 1 69 ± 11

Day 7
B-g 203 15 240 ± 37 16 ± 6 0
B-G 209 ± 32 149 ± 31 16 ± 1 0
B-g-N 335 ± 64 NDb ND 0
B-g-S 1,369 ± 30 998 ± 152 36 ± 2 26 ± 2
B-g-Y 815 ± 19 448 ± 88 13 ± 4 0
B-g-P 1,235 ± 56 630 ± 154 65 ± 6 41 ± 4
B-g-P-Y 1,371 + 42 882 ± 182 141 ± 13 68 ± 31
g-Y 608 ± 59 8 ± 7 15 ± 7 0
g-P-Y 1,390 ± 69 217 ± 21 150 ± 22 67 ± 10

Day 12
B-g 400 ± 8 192 ± 46 11 ± 3 0
B-G 417 ± 57 254 ± 18 13 ± 3 0
B-g-N 1,098 ± 57 ND ND 0
B-g-S 1,870 ± 46 306 ± 131 98 ± 17 63 ± 4
B-g-Y 1,409 ± 35 70 ± 10 6 ± 5 0
B-g-P 1,745 ± 76 223 ± 79 53 ± 1 29 ± 6
B-g-P-Y 1,923 ± 92 480 ± 104 108 ± 38 61 ± 20
g-Y 1,084±62 1±1 4±4 0
g-P-Y 1,739 ± 120 63 ± 30 41 ± 10 14 ± 4

a B, BIll plus 2.2 mM NH4+-N; g, 10 g of glucose per liter; G, 20 g of
glucose per liter; N, 34.0 mM NH4,-N; S, 5 g of soybean protein (52.5 mM N)
per liter; P, 5 g of peptone (34.0 mM N) per liter; Y, 2 g of yeast extract (15.7
mM N) per liter.

b ND, not determined.

the production of MnP, whereas the production of LiP was
only delayed by BIII. The LiP activity was induced by all of
the organic N sources (peptone, yeast extract, and soybean
protein). No LiP activity was detected in the culture fluids of
the basal medium and the basal media supplemented with
either extra diammonium tartrate (NH4+-N) or extra glucose
(Table 1).

Peptone, yeast extract, and soybean protein are undefined
sources of organic N. Twenty L-amino acids were screened
for inducing LiP activity in the basal medium (pH 4.5), in
order to find a defined organic nitrogen source which can
induce LiP. Only L-asparagine induced LiP activity at pH 4.5
(results not shown). L-Hlstidine also induced LiP activity,
but only when the initial pH of the medium was uncorrected
(pH 6.0) and not when set at pH 4.5 (results not shown).
Apparently, both the type of N source and the pH effects
were very important.
The role of N supplements at different pH values on the

CO2 production and LiP activity was evaluated. The CO2
production was almost not influenced by the initial pH and
the kind ofN nutrient that was supplemented. The amount of
N, on the contrary, was of great importance for the CO2
production. The N-sufficient media supported distinctly
higher metabolic rates compared with those in the low-
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FIG. 1. Effects of various N sources at pH 6 supplemented to the

basal medium (2.2 mM NH4+-N) on the CO2 production: 0, no
supplement; 0, 34.0 mM NH4+-N; *, 5 g of peptone (34.0 mM N)
per liter; and A, 5 g of L-amino acid mixture (57.1 mM N) per liter.

ammonium N basal medium, as shown in Fig. 1 for pH 6,
confirming that the basal medium was N limited. Figure 2A
and B show that in the NH4+-N-containing media, LiP was
only detected in those with an initial pH of 7.3. The peak LiP
activity in the medium supplemented with 34.0 mM NH4+-N
occurred at day 5, while a lower peak occurred at day 8 in
the basal medium containing 2.2 mM NH4+-N. In the media
supplemented with peptone, the first and also highest LiP
activity peak was also observed in the pH 7.3 medium and
occurred at day 5. However, high levels of LiP activity were
also produced in the peptone media at lower pH values. In
the media supplemented with the mixture of twenty L-amino
acids, high LiP activity was only found in the medium with
an initial pH of 6.0. The LiP activity peak in this medium
occurred at day 5. The pH during the experiment is given in
Fig. 3. The pH, initially set at pH 6.0 and 7.3, gradually
declined, so that by day 10 the pH values in all treatments
were in the range of 4.5 to 5.5. However, on day 5, when LiP
activity first appeared, the pH had only declined by about 0.5
and 1.0 U in the media with starting pH values of 6.0 and 7.3,
respectively.
During the pH experiment, the production of MnP and

MIP was also monitored (results not shown). Again, it was
found that organic nitrogen sources stimulate the MnP and
MIP production. Very high stimulation of MnP production
occurred under those conditions that induced LiP produc-
tion, provided that the N sources were organic.

DISCUSSION

According to the present-day paradigm, white rot fungi
produce only ligninolytic enzymes in response to nutrient
limitation. The most-studied system is the triggering of LiP
production by N depletion (5, 23). However, Kimura et al.
(22) found that wild-type B. adusta produced LiP only in an

organic N-rich medium. In accordance with their results,
organic N-rich media induced LiP production in Bjerkandera
sp. strain BOS55. The LiP production could also be induced
by soybean protein and yeast extract, but not with high
NH4+-N at pH 4.5. From these results it can be concluded
that the production of LiP was induced by peptides and
proteins and not by the vitamins or by the minerals in the
glucose-peptone medium. These components also stimulated
the production of MnP and MIP, although some production
of MnP and MIP was observed in the basal medium. Extra
glucose did not stimulate CO2 production, whereas all of the
nutrient nitrogen supplements did; the growth therefore in
the basal medium was truly N limited. Under the N-limited
conditions of this study and other studies (9, 22, 41), no LiP
activity was found in Bjerkandera spp., indicating a distinct
regulation of LiP production in this genus compared with
that in Phanerochaete chrysosponium with respect to the
depletion of nitrogen nutrients.

In wild-type strains of P. chrysosporium, high levels of
complex N nutrients such as peptone, yeast extract, and
proteins do not cause drastic repressions in the ligninolytic
activity ([14C]lignin to 14CO2) (33, 34). In some cases, the
complex N nutrients stimulate the initial rate of lignin
mineralization compared with that in N-limited basal me-
dium (33, 34). Assuming that peroxidases were required for
the observed ligninolysis (24), P. chrysosporium probably
produces ligninolytic peroxidases in the presence of complex
organic N nutrients, as we and Kimura et al. (22) have found
for Bjerkandera spp. Dosoretz et al. (12) observed that
unsubmerged cultures of P. chtysosporium overproduced
LiP (800 nmol liter-l min-') in medium with very high
NH4+-N (45 mM) when the carbon became limiting, corre-
sponding to the moment when the fungus' own endogenous
nitrogen was being degraded. The complex organic nitrogen
supplements could have a role in imitating the conditions
that the fungus encounters during C limitation. To test this
hypothesis, future investigations should determine whether
amino acids and peptides released from the autolysis of cell
constituents can induce LiP production.
The production of LiP in Bjerkandera sp. strain BOS55

was pH dependent. At pH 4.5, asparagine was the only
L-amino acid that induced the production of LiP. Histidine
induced LiP production at pH 6.0 but not at pH 4.5. The pH
greatly influenced the LiP production in media supplemented
with NH4+-N, a mixture of amino acids, or peptone. In
contrast, the pH had no effect on the metabolic activity of
the fungus as evidenced from the CO2 production data.
Roche et al. (36) conducted research on the effect of pH and
13 mM L-asparagine on the LiP production by the mutant
strain P. chrysosporium INA-12. The highest LiP activity
was detected at pH 5.4. These findings suggest that LiP
activity induction in N-deregulated mutants of P. chryso-
sponum is also pH dependent.
The BIII mineral nutrient solution, present in the basal

medium, greatly stimulated the production of MnP. BIII
contains Mn(II), and thus increased concentrations of man-
ganese probably led to increased MnP production, as was
found previously with other white rot fungi (2, 4, 31). Some
researchers reported that small additions of manganese also
stimulate LiP production (4, 23); however, others report that
high manganese concentrations inhibited LiP production (2,
31). In this study it was observed that the production of LiP
was only delayed by the presence of BIII.
MnP production in Bjerkandera sp. strain BOS55 was

greatly stimulated in media containing peptone or the amino
acid mixture under those conditions that caused high pro-
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FIG. 2. Effects of various N sources (none [A], 34.0 mM NH4+-N [B], 5 g of peptone [34.0 mM N] per liter [C], and 5 g of L-amino acid

mixture [57.1 mM N] per liter [D]) supplemented to the basal medium (2.2 mM NH4+-N) on LiP production. The supplements were tested
with three different initial pH values of the media; pH 4.5 (-), pH 6.0 (0), and pH 7.3 (A).

ductions of LiP as well. A possible explanation is a parallel
regulation of the LiP and MnP production in response to
organic N. However, it is possible that the extra MnP
activity is only an artifact, since, LiP, together with veratryl
alcohol, is able to oxidize Mn(II) to Mn(III) in vitro (3, 32).
Veratryl alcohol is produced by Bjerkandera sp. strain
BOS55 (11).
Bjerkandera spp. are wild-type strains that produce LiP in

response to N-sufficient conditions. Since the growth is also
stimulated by N, upon further optimization it may be possi-
ble to obtain commercially interesting yields of the ligni-

nolytic enzymes. However, the importance of N stimula-
tion in nature is not clear, because the N content of most
wood is very low (14). Certain conditions in which the fungi
could have access to high levels of N could occur naturally.
Some N2-fixing bacteria are associated with the major de-
cay fungi in wood (1, 26). Cowling and Merrill (8) suggested
that nitrogen from in situ N2 fixation might supplement
the existing and meager N resources in wood available to
the fungi. Furthermore, lots of wood being decayed by white
rot fungi is buried in the nitrogen-rich litter layer of forest
soils.
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FIG. 3. The pH of the basal media supplemented with various
nutrient nitrogen sources that were initially set at 4.5, 6.0, or 7.3.
The supplements were none (. ), 34.0mM NH4+-N ( ), 5 g of
peptone per liter ( ), and 5 g of L-amino acid mixture per liter
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