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INTRODUCTION

Basidiomycetes, an infectious agent that causes
white rot, has a unique enzyme complex that can effi�
ciently degrade and mineralize lignin [1]. Currently, it
is thought that laccase, which belongs to the family of
copper�containing oxidases, is one of the key enzymes
of this complex (EC 1.10.3.2). The enzyme catalyzes
the reduction of molecular oxygen to water and the
concurrent oxidation of an electron donor without an
intermediate step of the peroxid formation [2].
Although laccases have been studied for more than
100 years, their biosynthetic mechanism is still of con�
siderable interest. There are many papers on how
nitrogen and carbon sources, as well as different
inducers, affect the laccase biosynthesis [3–5]. A vari�
ety of organic substances, mainly of phenolic and aro�
matic origin, as well as inorganic compounds, e.g.,
copper sulfate, are used as inducers. However, in most
studies on laccase synthesis, the principle aim was to
increase enzyme production instead of investigating
the biosynthetic process.

Currently, the main tools for studying biosynthesis
come from proteomics. These include 2D electro�
phoresis, mass spectrometry, and others. This
approach allows one to identify individual proteins,
which makes it possible to suggest their involvement in
a variety of biochemical processes [6, 7]. Nevertheless,
in the case of basidiomycota, the proteomic methods
are difficult to apply as far as there are no annotated
genomes available, which makes it difficulty to iden�
tify proteins. One alternative may be an approach
based on the comparative analysis of transcripts that
originated from fungi grown with or without the
inducer, which helps in the identification of differen�

tially expressed genes [8, 9]. The induction of the lac�
case biosynthesis with copper sulfate is a convenient
model for this purpose.

The aim of this work was to find suggested gene�can�
didates involved in the laccase biosynthesis in the basid�
iomycota Trametes hirsuta using the comparative analy�
sis of transcriptomes and current proteomic methods.

MATERIALS AND METHODS

Fungus. The basidiomycota Coriolus hirsutus
(Trametes hirsuta (Wulfen) Pilat, 1939), from the col�
lection of the Komarov Botanical Institute, Russian
Academy of Sciences (LEBIN), was kindly presented
by Dr. N.V. Psurtseva.

Fungus growing. The laccase producer T. hirsuta
was grown on GLP medium as described previously
[10]. The medium included 10.0 g/L glucose, 3.0 g/L
peptone, 0.6 g/L KH2PO4, 0.001 g/L ZnSO4� ⋅ 7H2O,
0.4 g/L K2HPO4, 0.0005 g/L FeSO4� ⋅ 7H2O, 0.05 g/L
MnSO4, and 0.5 g/L MgSO4� ⋅ 7H2O. For induction,
the cultivation medium was supplied with 0.25 g/L
CuSO4. The fungal mycelium was collected after
3 days of growth.

Measurement of laccase activity. The enzymatic activ�
ity was measured spectrophotometrically using the syrin�
galdazine as a substrate (Sigma, ε520 = 65000 M–1 cm–1)
solution buffered with 0.1 M Na�acetate (pH 4.5)
[11]. The amount of enzyme needed to oxidize 1 μM
of substrate in 1 mL of reaction mixture for 1 min was
assumed to be the unit of the activity.

Isolation of total RNA. Total RNA was purified from
the mycelium samples with the use of the QIAamp
RNA kit (QIAGEN, United States).
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cDNA synthesis. cDNA synthesis was accomplished
according to the SMART method as described [12].
The first chain synthesis was conducted in the pres�
ence of the SMART Oligo II primers, CDS primers
(Table 1), and 0.5 μg of total RNA. The reaction was
carried out in the 10 μL volume. The second cDNA
chain was synthesized using 1 μL of the previous reac�
tion mixture (fivefold dilution), which contained the
first cDNA chain and the SMART PCR primers IIA
(Table 1). Amplification was accomplished under the
following conditions: 95°C for 10 s, 65.5°C for 20 s,
and 72°C for 3 min for 21 cycles. Next, cDNA samples
were digested with RsaI as recommended by the man�
ufacturer (Promega, United States).

Subtraction of cDNA libraries. For the subtraction
of cDNA libraries, suppression subtraction hybridiza�
tion (SSH) was used in two directions, i.e., Cu+ vs.
Cu– and Cu– vs. Cu+, where Cu+ stands for a fungus
sample grown in the presence of the inducer (Cu ions),
while Cu– refers to a sample grown in the absence of
that. For each direction, two control populations were
constructed by ligation of cDNA with two different sup�
pressive adapters, Adapter 1 and Adapter 2R (Table 1).
The control populations were annealed separately
with 30�fold excess of cDNA without adapters (desig�
nated as driver cDNA) in a series of DNA denatur�
ation/renaturation. After the first round of hybridiza�
tion, the two samples were mixed together and hybrid�
ized in the same volume. The subtracted cDNA
libraries were amplified in two rounds. The primary
amplification of each subtracted cDNA (Cu+ and Cu–)
was carried out with the Primer 1 (Table 1) under the
following conditions: 95°C for 10 s, 65°C for 30 s, and
72°C for 1.5 min, for 27 cycles. The secondary ampli�
fication of each subtracted cDNA sample (Cu+ and
Cu–) was carried out with a primer pair of Nested
primer 1 and Nested primer 2R (Table 1) under the
following conditions: 95°C for 10 s, 68°C for 30 s, and
72°C for 1.5 min, for 10 cycles. Next, each subtracted

cDNA sample was subjected to mirror�oriented selec�
tion (MOS) using the MOS PCR primer (Table 1)
under the following conditions: 95°C for 10 s, 62°C
for 30 s, 72°C for 1.5 min for 22 cycles.

Massive parallel sequencing. Four subtracted cDNA
samples (Cu+ and Cu–, both obtained before and
after MOS) were sequenced on the same lane of the
Illumina HiSeq SR 100 machine according to the
manufacturer’s instruction.

Transcript assembly. Transcripts were assembled
using of Trinity software.

Transcript analysis. Transcripts were analyzed as
described previously [13]. We took advantage of the
EXPASY bioinformatics portal (http://www.expasy.
org) to translate nucleotide sequences in three reading
frames in both directions. Furthermore, using the
BLASTp search engine (http//blast.ncbi.nlm.nih.
gov/Blast.cgi), we searched for gene products in the
NCBI databases. The functional Gene Ontology
(GO) annotation was carried out using Blast2go soft�
ware (http://www.blast2go.org/).

RESULTS AND DISCUSSION

As was shown by the preliminary studies, the lac�
case activity in T. hirsuta samples was detectable after
3 days of cultivation, when grown submerged in GLP
or GLP+Cu2+ media. Notably, when grown in GLP
medium supplied with inducer, the laccase activity
increased by 25�fold, up to 0.33 ME. Based on these
results, we used 3�day�old fungal mycelium to analyze
transcripts.

Total RNA was isolated from samples grown both
without induction and in the presence of cuprum ions.
The quantity and quality of total RNA was confirmed
by the electrophoresis in the agarose gel. Figure 1
shows that bands corresponding to ribosomal RNA are

Table 1. Primers used in this study

Primer/adapter Nucleotide sequence

SMART Oligo IIA 5'�AAGCAGTGGTATCAACGCAGAGTACGCrGrGrG�3'

SMART CDS primer IIA 5'�AAGCAGTGGTATCAACGCAGAGTA�d(T)30�3'

SMART PCR primer IIA 5'�AAGCAGTGGTATCAACGCAGAGT�3'

Adapter 1 5'�CTAATACGACTCACTATAGGGCTCGAGCGGCCGCCCGGGCAGGT�3' 
3'�GGCCCGTCCA�5'

PCR primer 1 5'�CTAATACGACTCACTATAGGGC�3'

Nested primer 1 5'�TCGAGCGGCCGCCCGGGCAGGT�3'

Adapter 2R 5'�CTAATACGACTCACTATAGGGCAGCGTGGTCGCGGCCGAGGT�3' 
3'�GCCGGCTCCA�5'

Nested primer 2R 5'�AGCGTGGTCGCGGCCGAGGT�3'

MOS PCR primer 5'�GGTCGCGGCCGAGGT�3'
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sharp and clearly seen, which makes the RNA samples
suitable for the further study.

According to the genome projects database
(http://genome.jgi.doe.gov), around 600 fungal
genomes and transcriptomes are in progress of
sequencing. Amongst them, however, basidiomycota
account for less than 60 projects. Moreover, there is no
single completed genome which is responsible for the
white rot of wood.

Since the basidiomycota genomes are large (from
21 Mb Pleurotus ostreatus to 90 Mb Pluteus cervinus),
and a number of transcripts is potentially high, we used
a new approach based on association of subtraction
hybridization with subsequent massive parallel cDNA
sequencing.

To identify gene candidates that could be involved
in the laccase biosynthetic pathway, total RNA was
used to create cDNA libraries. cDNA libraries
enriched by full�length sequences were prepared using
SMART technology. A primer for cDNA synthesis
had a poly(T) sequence with several interspersed C
and G nucleotides at its 3'�end. In this case, problems
associated with the sequencing of homopolymeric
regions using the 454 machine can be avoided. Fur�
thermore, in order to equalize transcript concentra�
tions, cDNA was normalized and depleted. These
procedures decreased the highly represented riboso�
mal RNA and tRNA transcripts. At the same time, the
representation of other transcripts was unchanged.
This in turn kept the abundance of rare transcripts at
the same level. Figure 2 shows the results of the nor�
malization and depletion of the cDNA libraries.

It should be noted that the RNA samples were of
high complexity and similarity because they were
derived from the same object, basidiomycota, grown

under different conditions (cuprum ions present or
absent). For this reason, to prepare cDNA, we used an
additional MOS procedure. Figure 3 shows a compar�
ison of cDNA samples obtained at different steps of
subtraction hybridization. One can see that MOS ele�
vates the abundance of transcripts of low�expressing
genes, while the abundance of rRNA and tRNA tran�
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Fig. 1. Electrophoresis of samples of total RNA grown on:
(1) Cu�supplied media; (2) media without Cu; (3) Cu�
supplied media, after purification; (4) media without Cu,
after purification. M designates 1�kb ladder.
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Fig. 2. Electrophoresis of cDNA samples. (1) SMART�
amplified cDNA, Cu+; (2) SMART�amplified cDNA,
Cu–; (3) RsaI digested cDNA, Cu+; (4) RsaI digested
cDNA, Cu–. M designates 1�kb ladder.
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Fig. 3. Electrophoresis of PCR products. (1) Primary
PCR, Cu+–subtraction; (2) primary PCR, Cu– subtrac�
tion; (3) secondary PCR, Cu+ subtraction; (4) secondary
PCR, Cu– subtraction; (5). MOS PCR, Cu+ subtraction;
(6) MOS PCR, Cu– subtraction; (7) no subtraction, Cu+;
(8) no subtraction, Cu–. M designates 1�kb ladder.
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scripts is decreased. Thus, the procedure leaves all
transcripts to be represented.

The next step was massive parallel sequencing of
cDNA samples obtained after subtraction hybridiza�
tion: two samples (Cu+ and Cu–) without MOS (no
MOS variant) and two samples (Cu+ and Cu–) with
additional MOS (MOS variant). This resulted in
98934807 reads (9823569560 nt), including
28248565 (Cu+) and 32272465 (Cu–) reads for the
samples obtained for the no MOS variant, as well as
15968049 (Cu+) and 22445728 (Cu–) reads for the
samples obtained for the MOS variant.

All reads were assembled de novo in contigs using
the Trinity package. For contig assembly, a set of reads
with the average of 180 nt, 30�fold overlap, was used.
The assembly resulted in 16088 and 14204 contigs for
Cu+ and Cu– samples, respectively, in the case of the
no MOS variant. At the same time, in the case of MOS
variant the numbers were 11732 and 11336 contigs for
Cu+ and Cu– samples, respectively.

The results of deep sequencing of the MOS samples
led to the identification of 409 unique transcripts that
originated from the Cu�induced fungal mycelium, as
well as 337 unique transcripts from the noninduced
fungus. Moreover, it was found that the levels of
expression of 233 transcripts from the Cu�induced
samples were elevated more than 100�fold compared
to the same transcripts from the noninduced samples.
Both the unique and high expression level transcripts.
were of considerable interest based on their subse�
quent functional annotations.

It should be noted that the relative expression level
of the unique transcripts fell in a broad range of values.
We found also that, in the case of the samples 1 and 3
(Cu+, no MOS variant; Cu+, MOS variant), the
expression levels were more than 1000 and 500 relative
units, respectively, while the expression levels were
slightly more than 100 units in the case of samples 2
and 4 (Cu–, no MOS variant; Cu–, MOS variant).

Table 2. Classification of transcripts with highest level of expression

GO classifier
Number of transcripts

1 (expression >1000) 2 (expression >100) 3 (expression >500) 4 (expression >100) 

Hypothetic proteins 9 3 6 4

Ribosomal proteins 2 – – –

Cellular respiration 2 1 1 1

Intracellular transport (ER�Golgi) 1 – 2 –

Translation – – 3 –

Molecular chaperons 2 2 – 1

Structural and accessory proteins 1 – 1 –

Endocytosis 2 – 1 1

Metabolic pathways (biosynthesis of 
lipids, proteins and carbohydrates)

1 – 4 –

Proteolysis 2 – – –

Oxydases – – 1 –

DNA interaction 1 – – –

Transcription – 2 – –

Stress response 1 1 1 –

Exocytosis 1 – – –

Post�translational protein modifica�
tion

– – 1 1

Mediator proteins 1 – 1 –

Cell cycle – – 1 1

Glycosidases – 1 – –

Proteins with unknown functions 1 1 4 1

Noncoding transcripts 8 3 4 5

Total of unique transcripts 35 14 31 15
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The further analysis of the highly expressed (100–
to 1000�fold) unique DNA sequences was of special
interest. The sequences were used in a BLASTp search
for known proteins in the NCBI databases
(http://blast.ncbi.nlm.nih.gov/Blast.cgi). All identi�
fied proteins were divided in groups according to their
functional GO annotation. As follows from Table 2,
unique, highly expressed transcripts belong to differ�
ent GO categories, and include many transcripts that
encode for predicted proteins, as well as noncoding
transcripts. It cannot be excluded that the latter repre�
sent regulatory RNA molecules.

Thus, this study resulted in the discovery of unique
T. hirsuta transcripts with a highly increased level of
expression upon laccase induction. It is suggested that
the transcripts be transcribed from gene candidates
that encode the proteins involved in the laccase bio�
synthetic pathway. The results represent the basis for
the further study of these genes to determine their role
in the biosynthesis of laccase from basidiomycota
T. hirsuta.

REFERENCES

1. Taina, K., Lundell Miia, R., and Mäkelä Hildén, K.,
Lignin�modifying enzymes in filamentous basidio�
mycetes—ecological, functional and phylogenetic
review, J. Basic Microbiol., 2010, vol. 50, pp. 5–20.

2. Yaropolov, A.I., Skorobogat’ko, O.V., Vartanov, S.S.,
and Varfolomeev, S.D., Laccase: properties, catalytic
mechanism, and applicability, Appl. Biochem. Biotech�
nol., 1994, vol. 49, pp. 257–280.

3. Levin, L., Melignani, E., and Ramos, M., Effect of
nitrogen sources and vitamins on ligninolytic enzyme
production by some white�rot fungi: dye decolorization
by selected culture filtrates, Bioresour. Technol., 2010,
vol. 101, pp. 4554–4563.

4. Li Dong, J., Huai Zhang, R., and Huang, W., Influence
of culture conditions on laccase production and

isozyme patterns in the white�rot fungus Trametes gal�
lica, J. Basic Microbiol., 2005, vol. 45, pp. 190–198.

5. Piscitelli, A., Giardina, P., and Lettera, V., Induction
and transcriptional regulation of laccases in fungi, Curr.
Genomics, 2011, vol. 12, pp. 104–112.

6. Boqiang, Li, Wang, W., and Zong, Y., Exploring patho�
genic mechanisms of Botrytis cinerea secretome under
different ambient pH based on comparative proteomic
analysis, J. Proteome Res., 2012, vol. 11, pp. 4249–
4260.

7. Gonzalez�Fernandez, R., Prats, E., and Jorrin�Novo, V.,
Proteomics of plant pathogenic fungi, J. Biomed. Bio�
technol., 2010, vol. 2010, pp. 1–36. doi: 10.1155/
2010/932527

8. Diatchenko, L., Lau, Y., and Campbell, A., Suppres�
sion subtractive hybridization: a method for generating
differentially regulated or tissue�specific cDNA probes
and libraries, Proc. Natl Acad. Sci. USA, 1996, vol. 93,
pp. 6025–6030.

9. Diatchenko, L., Lukyanov, S., and Lau, Y.�F.C., Sup�
pression subtractive hybridization: a versatile method
for identifying differentially expressed genes, Method
Enzym., 1999, vol. 303, pp. 349–380.

10. Koroljova�Skorobogat’ko, O.V., Stepanova, E.V., and
Gavrilova, V.P., Purification and characterization of the
constitutive form of laccase from the basidiomycete
Coriolus hirsutus and effect of inducers on laccase syn�
thesis, Biotechnol. Appl. Biochem., 1998, vol. 28,
pp. 47–54.

11. Dantan�Gonzalez, E., Vite�Vallejo, O., and Mendez�
Sanchez, M., Production of two novel laccase isoforms
by a thermotolerant strain of Pycnoporus sanguineus
isolated from an oil�polluted tropical habitat, Int.
Microbiol., 2008, vol. 11, pp. 163–169.

12. Zhu, Y.Y., Machleder, E.M., and Chenchik, A.,
Reverse transcriptase template switching: a smart
approach for full�length cDNA library construction,
BioTechniques, 2001, vol. 30, pp. 892–897.

13. Mustafaev, O., FlowGene: Software for Comparative
Analysis of Transcripts, M., 2012.

Translated by A. Boutanaev


