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The discovery and engineering of oxidoreductases with 
improved stability, catalytic activity, and targeted substrate 
specificity are highly desirable for industrial biotechnology. 

Pulping and bleaching are mainly performed under alkaline 
conditions and the waste generated is alkaline. Peroxidases and 
laccases of white-rot fungi usually have very acidic pI, and de-
pending on the substrate in the assay, they have acidic optimum 
pH, e.g. laccases in the range of 2.2-6.0, with some exceptions 
[18]. Thus discovery of any fungal oxidoreductases active at 
neutral, near pH 7, or at alkaline conditions would be advanta-
geous for further genetic engineering. 

Polymeric dyes such as Poly R-478 have been successfully 
used in initial screening set-ups of basidiomycetes for lignin-
modifying enzymes, e.g. to find efficient fungi for the degrada-
tion of polycyclic aromatic compounds on wood containing 
agar plates [20], or degradation patterns on wood chips [21]. 
Assays using polymeric dyes as substrates are easy to miniatur-
ize and they allow handling of large number of samples. In this 
work two dyes, Azure B and Reactive Black 5, indicating LiP 
[22] and VP activities, respectively, as well as different assay 
conditions were used to create a representative set of data on 
enzyme activities of selected fungi. White-rot fungi greatly 
differ in their ability to degrade lignin [2, 21, 23] and produce 
different lignin-modifying oxidative enzymes [24]. Recent 
genome studies have revealed that there are remarkable differ-
ences in the numbers and profiles of respective genes [12, 25, 
26] but this data does not tell which enzymes the fungi express, 
and thus in many cases efficient screening methodologies are 
needed in parallel to the information from sequenced whole 
genomes. In order to find novel efficient oxidoreductases with 
suitable properties for industrial purposes we studied culture 
supernatants and extracts of white-rot and litter-decomposing 
basidiomycetous fungi grown on several carbon sources. Four 
differing cultivation media were used to increase the expres-
sion profiles of enzymes. To further ensure the discovery of all 
produced enzymes, we assayed enzyme activities also at neu-
tral pH in addition to the conventional acidic conditions. We 
also miniaturized and optimized a pattern of enzyme activity 
assays in order to allow higher throughput in screening and use 
of pipetting robots, and thus to improve the efficiency of 
screening and reliability of the data created. A large variety of 
new fungal species and strains for the production of lignin-
modifying peroxidases and laccases with large pH activity 
range and high industrial potential was described. 

2. MATERIALS AND METHOD S 

2.1. Fungal Strains 

The 53 fungal strains (Table 1) representing different 
taxonomical positions were obtained from the Fungal Bio-
technology Culture Collection (FBCC), University of Hel-
sinki, Finland. The fungi are grouped according to their or-
der and family [26-28]. The selection criteria for part of the 
chosen fungal strains were good lignin degrading ability 
when grown on spruce wood blocks and rapid growth on 
different agar plate tests [21]. The well-known white-rot 
fungi Phanerochaete chrysosporium ME446 (ATCC4541), 
Ceriporiopsis subvermispora CZ-3 (ATCC96608) and Phle-
bia radiata 79 (ATCC64658) were used as references. Fungi 
belonging to the order Agaricales are mostly litter-decompo-

sing fungi. Table 1 also shows those fungi the genomes of 
which are sequenced and the data publicly available [12, 29-
33]. The fungi were maintained on 2% (w/v) malt extract 
(Biokar) agar plates. 

2.2. Culture Conditions 

We used three liquid culture media and one solid medium 
suitable for lignin-modifying enzyme production and especially 
for peroxidase production. The media were a) low nitrogen (2 
mM) asparagine-dimethyl succinate-medium (M), containing 
0.5% (w/v) glucose, pH 4.5 [23], b) peptone medium (P) with 
yeast extract 0.2% (w/v), peptone 0.5% (w/v), glucose 2% 
(w/v), 7 mM KH2PO4, 2 mM MgSO4 and 100 µM MnSO4, pH 
5 (modified from [34]), c) soy medium (S) with 2% (w/v) soy 
briquettes (Mildola Ltd, Kirkkonummi, Finland), water, pH 
adjusted to 5, and d) solid oat husk (Rapion Tuote Inc., Fin-
land) medium (O) with water supplementation [35]. For the 
production of inocula fungi were cultivated in 2% (w/v) malt 
extract medium and the mycelium with the medium was ho-
mogenized in a Waring blender four times 10 sec in 30 sec 
intervals. For enzyme production, 100 ml flasks with 15 ml 
liquid medium per flask were inoculated with 3% (v/v) of ho-
mogenized mycelium and the fungi were cultivated stationary 
at 25ºC for 7, 14 and 21 days. 

Liquid cultures were filtered through Miracloth (Millipore, 
Germany). Samples from solid state cultivations were extracted in 
a ratio liquid: solids = 6:1 (4 g milled, to pass 2 mm sieve, oat 
husks humified by 8 ml water and extracted by 16 ml 0.05 M 
sodium phosphate buffer, pH 6.5) as described previously [35]. 
The culture filtrates and extracts were centrifuged for 2 min 
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order to enhance the specificity of the laccase assay, culture su-
pernatants were treated by catalase to remove excess H2O2, essen-
tial for peroxidase function. Catalase (Sigma) 30 U/ml was mixed 
with culture supernatants and incubated at room temperature for 
15 min. This treatment was considered efficient enough since 
according to the manufacturer 1 U of this catalase decomposes 
1.0 µmol of H2O2 per min, while wood-rotting fungi produce 0.5 
to 2.0 µM H2O2 �>�����@���� �$�I�W�H�U�� �V�X�E�V�H�T�X�H�Q�W�� �F�H�Q�W�U�L�I�X�J�D�W�L�R�Q�� ������ ���O�� �R�I��
supernatant was used for enzyme screening. 

2.3. Enzyme Activity Assays 

2.3.1. Microplate Assay 

Laccase, lignin peroxidase (LiP), manganese peroxidase 
(MnP), and Mn-dependent (VP-Mn) and Mn-independent 
versatile peroxidase (VP-Ind) activities were determined from 
fungal culture supernatants and extracts. For the optimization 
of the miniaturized assays in 96-well plates commercial 
Trametes versicolor laccase from Sigma-Aldrich, Bjerkandera 
adusta versatile peroxidase (VP) from Jenabios (Germany) 
and Phlebia sp. (formerly Nematoloma frowardii, see [37]) 
�0�Q�3�� �I�U�R�P�� �-�H�Q�D�E�L�R�V�� �Z�H�U�H�� �X�V�H�G���� �6�X�S�H�U�Q�D�W�D�Q�W�V�� �������� ���O���� �Z�H�U�H��
manually pipetted to flat bottom 96-well plates (Nunc, USA), 
except for the assay of MnP where UV transparent 96-well 
plates (Falcon, USA) were used. 

Biomek FX Automated liquid handling robot (Beckman 
�&�R�X�O�W�H�U���� �Z�D�V�� �X�V�H�G�� �W�R�� �W�U�D�Q�V�I�H�U�� �������� ���O�� �E�X�I�I�H�U�� �W�R�� �S�H�U�R�[�L�G�D�V�H��
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PM170798, Hygrophoropsis aurantiaca K192, Trametes 
pubescens T65iB, and Agrocybe praecox TM70.84 were also 
noteworthy as producers of laccases with activity at neutral 
pH. However, these types of laccases seem not to be com-
mon compared to the large variety of fungal laccases, e.g. 
ascomycetes laccases such as Myceliophthora thermophila 
laccases, which are much studied and also commercialized. 
Generally laccases of white-rot fungi have a high redox po-
tential [18], ranging from 730 to 790 mV [57], which allows 
them to oxidize a much wider range of substrates than low- 
and medium-redox potential laccases. This property makes 
them valuable in many applications such as paper pulp 
bleaching, and therefore basidiomycete laccases that are cat-
alytically active at neutral pH may have advantages in these 
applications. Some fungi apparently showed high activities 
in both neutral and very acidic pH. It remains to be studied if 
they represent same or different isoenzymes. 

4.3. Efficiency of Automatic Screening 

The use of four different media two of which (soy and 
peptone) were unusual for the search and expression of lig-
nin-modifying oxidoreductases further improved the proba-
bility for finding new activities. Especially soy medium ap-
peared to be very efficient in supporting the expression of 
laccases and lignin-modifying peroxidases by basidiomycetes. 
The compound(s) in soy flour which elicit the production of 
enzymes could not be revealed when the fungal peroxy- 
genases were studied [58, 59]. Our screening of fungi result-
ed in several promising candidates for the production of LiP, 
and novel fungi possessing VP activities were also found. 
Our results confirmed that MnP is the most common lignin-
modifying peroxidase, since only a few fungi did not express 
this enzyme in any conditions. We could also identify poten-
tial fungi producing neutral peroxidases having good activity 
at pH 7. Laccase was expressed by most fungi studied, and 
apparently they were high redox potential laccases with acid-
ic pH optima, which is typical for white-rot basidiomycetous 
fungi. Interestingly, few fungi expressed laccases that were 
highly active at neutral conditions (pH 7). 

The available sequence data of fungal whole genomes is 
rapidly increasing and many comparative investigations have 
recently been published [12, 25, 26, 60]. It is now possible to 
see what kind and how many class II peroxidase and laccase 
gene models are present in each sequenced fungal genome. 
However, we cannot yet reliably predict the characteristics of 
enzymes such as the pH ranges where the enzymes are ac-
tive. The heterologous production of active class II peroxi-
dases, LiPs, VPs and MnPs, which are heme proteins, is of-
ten difficult and has resulted in low yields and only the ex-
pression of apoprotein without heme group in both bacterial 
(e.g. Escherichia coli) [61] and eukaryotic (e.g. Aspergillus 
spp.) [62] expression systems. This makes the studies on the 
expression of lignin-modifying heme peroxidases very tedi-
ous and fungal genes cannot be easily expressed in a large 
extent. Traditional screening of enzyme activities is therefore 
important, but requires improvements in assay throughput. 
Altogether, we obtained oxidoreductase profiles for 53 fungi, 
and monitored 180 variables per each fungus. Automated 
screening allowed us to screen many activities and assay 
conditions from relatively small supernatant or extract vol-
umes. Without pipetting robot the number of different vari-

ants had been much lower. When adopting our miniaturized 
assays, the methods were at first validated using commercial 
enzymes, and thus, the results can be considered robust and 
reliable. Robot assisted screening using miniaturized activity 
assays proved to be a very fruitful approach in the present 
work. 

5. CONCLUSION 

MnPs and laccases were most commonly produced in our 
screening comprising 53 wood-rotting white-rot and litter-
decomposing basidiomycetes. The production of LiP and 
VP, both Mn-dependent and Mn-independent, appeared to be 
rather rare among the species, and could be detected in 27% 
of the samples studied. LiP was detected only in certain cul-
tivation media depending on the fungus, whereas MnPs and 
laccases were readily detected on several media. In this 
screening we found laccases and MnPs which were stable 
and active at pH 7. It is noteworthy that LiP and VP activities 
were detected only when measured at acidic conditions  
(pH 3). With the aid of automatization and miniaturization it 
was possible to screen a large number of variants from a 
small amount of liquid samples. The results were in good 
agreement with available whole genome studies. 
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