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Abstract A PCR-based method for the quantitative de-
tection of Lentinus edodes and Trametes versicolor, two
ligninolytic fungi applied for wastewater treatment and
bioremediation, was developed. Genomic DNA was used
to optimize a PCR method targeting the conserved copper-
binding sequence of laccase genes. The method allowed
the quantitative detection and differentiation of these fungi
in single and defined-mixed cultures after fractionation of
the PCR products by electrophoresis in agarose gels. Am-
plified products of about 150 bp for L. edodes, and about
200 bp for T. versicolor were purified and cloned. The PCR
method showed a linear detection response in the 1.0 μg–
1 ng range. The same method was tested with genomic
DNA from a third fungus (Phanerochaete chrysosporium),
yielding a fragment of about 400 bp. Southern-blot and
DNA sequence analysis indicated that a specific PCR prod-
uct was amplified from each genome, and that these corre-
sponded to sequences of laccase genes. This PCR protocol
permits the detection and differentiation of three lignino-
lytic fungi by amplifying DNA fragments of different sizes
using a single pair of primers, without further enzymatic
restriction of the PCR products. This method has potential
use in the monitoring, evaluation, and improvement of fun-
gal cultures used in wastewater treatment processes.

Introduction

The use of ligninolytic fungi for treatment of effluents
with recalcitrant organic matter and xenobiotics has
received considerable attention in the last 15 years. For
instance, the pulp and paper industry, which discharges
effluents rich in lignin derivatives and other poly-phenol
contaminants, has led the search for new microbial con-
sortia capable of resisting and transforming these com-
pounds in monitored systems (Estrada-Vázquez et al.
1998; Ortega-Clemente et al. 2004; Poggi-Varaldo 1994,
1995). The morphological similarities of ligninolytic fungi,
and the lack of methods for assessment and analysis of
fungal biomass in defined-mixed cultures in bioreactors,
necessitates development of alternative methods of bio-
mass monitoring.

Laccase is one of the major enzymes involved in delig-
nification (Leonowicz et al. 1999;Mayer and Staples 2002).
This enzyme oxidizes phenolic compounds in an oxygen-
dependent process requiring neither manganese ions nor
H2O2 (Regalado et al. 1999; Robles et al. 2000). Laboratory
scale bioreactors efficient in lignin- and color-removal de-
veloped by our research group, use two white-rot fungi
known to produce laccase: Lentinus edodes and Trametes
versicolor (Ortega Clemente et al. 2004; Ramirez-Canseco
et al. 2000). However, complete characterization of the
reactors, and proper understanding of biochemical perfor-
mance, requires appropriate monitoring of the defined-
mixed culture used.

PCR facilitates research to assess the genetic diversity
of fungal populations using ribosomal DNA (Brown et al.
1993; Larena et al. 1999; Lecomte et al. 2000; Jasalavich
et al. 2000). However, these methods sometimes require
further steps of analysis of PCR products, such as dena-
turing gradient gel electrophoresis (DGGE) or restriction
fragment length polymorphism (RFLP) analysis. Although
detection by rDNA sequences is most commonly used,
there are reports of the identification of fungi through genes
such as ligninase H8 and glyceraldehyde-3-phosphate de-
hydrogenase (Johnston and Aust 1994; Kreuzinger et al.
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1996). In this paper we report a PCR-based protocol tar-
getting the laccase gene, detecting white-rot fungi in pure
and defined-mixed cultures without the need for further
analysis of the PCR products.

Materials and methods

Strains and culture conditions

Escherichia coli DH5α (Woodcock et al. 1989) was used
for DNA cloning and manipulation. DH5α was grown at
37°C in solid or liquid Luria-Bertoni (LB) medium
(pH 7.0); 50 μg/ml ampicillin was used when required.
L. edodes CDBB-H-985, T. versicolor CDBB-H-1051, and
Phanerochaete chrysosporium CDBB-H-298 were obtained
from the CINVESTAV-IPN Collection. Fungi were grown
on potato dextrose agar or 2% malt extract (ME) agar plates
and 1-cm diameter dried circles with mycelia were excised.
For T. versicolor and L. edodes single cultures, 100 ml 3%
ME (pH 4.7) was inoculated with five mycelia circles and
incubated at 100 rpm, for 7–10 days at 28°C. For P.
chrysosporium single culture, 100 ml yeast extract-peptone-
glucose broth (pH 4.5–4.8) was inoculated with five mycelia
circles and shaken at 150 rpm, for 4 days at 39°C. Mycelia
were homogenized and 15 ml was used to inoculate 100 ml
selective mycologic medium (MM) for T. versicolor, and
100 ml Kirk medium (KM) pH 4.5 for L. edodes and P.
chrysosporium. Flasks were incubated at 100 rpm for
12 days at 28°C, except for P. chrysosporium (39°C).
Defined-mixed cultures of T. versicolor and L. edodes were
grown in 3% ME, MM and KM, and incubated at 100 rpm
for 13 days at 28°C. On day 1, 0.205 g dry weight mycelium
of each fungus was added to 100 ml medium. Samples were
taken on the 1st, 4th, 7th, 10th and 13th day of incubation.

Preparation of mycelia for DNA extraction

Mycelia of pure and defined-mixed cultures were rinsed
with deionized water and filtered. Wet mycelium was dried
for 30 min between filter papers and placed overnight into a
hermetically sealed vessel containing CaCl2. Dry myce-
lium was frozen using liquid nitrogen, ground, transferred
to 1.5 ml polypropylene tubes, and stored in a dried atmo-
sphere at −70°C.

Genomic DNA extraction and purification

DNA was extracted using an adaptation of procedures re-
ported by Ashktorab and Cohen (1992) and Challen et al.
(1995): 1 ml extraction buffer (EB; 0.4 M KCl, 50 mM
EDTA pH 8.0, 1% v/v Triton X-100) was added to 208 mg
ground T. versicolor, 66 mg L. edodes or 79 mg P. chry-
sosporium. Mycelia (400 mg) from defined-mixed cultures
were mixed with 200 mg P. chrysosporium and ground.
EB (1 ml) was added to 200 mg of the mixture. Tubes were

vortexed and incubated 30 min at 70°C, mixing every
5 min, and centrifuged for 15 min, at 20,817 g, 20°C; 0.8 ml
of the supernatant was transferred to a fresh tube, and 8 μl
RNase A (10 mg/ml) was added and incubated for 30 min at
room temperature. DNA was extracted using phenol-chlo-
roform and dissolved in TE buffer (pH 8). Samples were
stored at −70°C.

PCR amplification of genomic DNA

The 50 μl PCR reaction mixture contained: 1× PCR buffer,
0.5 μM forward (5′-CAC TGG CAT GGG TTC TTC
CAG-3′) and reverse (5′-ATG GCT GTG GTA CCA GAA
AGT-3′) primers, 4.0 mM MgCl2, 0.05 μg genomic DNA
template, and 1.25 U Taq DNA polymerase (Gibco-BRL,
Rockville, Md.). The PCR program consisted of 2 min
preheating at 95°C, 35 cycles of 30 s denaturing at 95°C,
30 s annealing at 55°C, 30 s extension at 72°C, and a final
extension of 5 min at 72°C. Amplified products were an-
alyzed in 2.5% agarose gels stained with ethidium bro-
mide. Sensitivity, and the linear range of detection, were
determined by amplification using genomic DNA of each
fungus, starting with 1.0 μg and serial 1:10 dilutions down
to 1.0 fg. PCR products were quantified using Kodak 1D
Image Analysis Software v3.0.2 (Eastman Kodak, Roch-
ester, N.Y.). Net intensity data from three independent
assays for each DNA were adjusted to linearity using the
shareware program Curve Expert v1.34 (http://www.
curveexpert.webhop.biz/ and Microsoft Excel (Microsoft,
Seattle, Wash.).

DNA cloning, manipulation and purification

Enzymes for DNA modification were from Gibco-BRL.
PCR products amplified from genomic DNA were frac-
tionated in preparative agarose gels. Bands of interest were
recovered and ligated into the SmaI site of pDL19 plas-
mid (Das 1990) using a cycle restriction-ligation protocol
(Lund et al. 1996). The presence of an insert of about
200 bp for T. versicolor and 400 bp for P. chrysosporium
candidates, was determined by KpnI and BamHI digestion.
For L. edodes, BamHI and SstI were used to probe for a
150 bp insert.

DNA sequencing

pDL19 derivatives pDL19-TvC5, pDL19-LeC5 and
pDL19-PcC4ch were sequenced using a BigDye Termi-
nator Kit v2.0 (Applied Biosystems, Foster City, Calif.).
Reactions were analyzed using a Perkin Elmer ABI-PRISM
Model 310 (Perkin-Elmer/Applied Biosystems). The final
sequence was analysed and assembled using Vector NTI
v5.5 (InforMax, Frederick, Md.). Similarity searches were
performed using the BLAST program (Altschul et al. 1997).
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Synthesis of labeled probes

Biotin-labelled genomic and plasmid probes were syn-
thesized by PCR in 50 μl reactions containing: 1× PCR
buffer, 0.2 mM each of dATP, dGTP, dTTP and Biotin-14-
dCTP-14 (KPL, Gaithersburg, Md.; cat. no. 60-01-00),
0.5 μM of each primer, 0.05 μg genomic DNA or 0.016 ng
plasmid DNA, and 1.25 U Taq polymerase (Gibco BRL,
11615-028). Probe labeling was tested by slot-blot assay on
Hybond N+ membranes (RPN 203B; Amersham, Piscat-
away, N.J.), using a KPL Southern hybridization kit (53-30-
00). The β-lactamase probe was the 1,117 bp BglII fragment
from pDL19. An AlkPhos Direct kit was used to cross-link
the probe to alkaline phosphatase (Amersham, RPN 3680).

Southern-blot assay

All incubations and washes in the protocol were at 55°C.
Slot-blot assays were performed using genomic and plas-
mid probes specific for each fungus: 5 μg plasmid or 40 μg
genomic DNA were applied to a Hybond N+ membrane
using a Hybri-slot filtration manifold (Gibco-BRL, 21052–
014). DNA was UV cross-linked to the membrane for
10 min using a UVP M-20E transilluminator. Assays were
performed with a KPL Southern hybridization kit (53-30-
00) using biotinylated probes at a concentration of 50 ng/
ml in blocking solution. The detection reaction was
developed for 10 min using 3 ml LumiGLO (KPL) solu-
tion. Signal was recorded by 5–10 min exposures to film
(Kodak, 601–1597). Southern blots using the β-lactamase
probe were performed on same type of membranes using
CDP-Star detection reagent and an AlkPhos Direct kit
(Amersham, RPN3682 and RPN3680); 5 ng labeled probe
was used per milliliter of hybridization buffer. Signal was
detected by autoradiography after approximately 1 min.

GenBank accession numbers

The GenBank accession numbers of the sequences de-
scribed are AY204502 for L. edodes; AY204503 for T.
versicolor, and AY221632 for P. chrysosporium.

Results

DNA extraction, PCR amplification and
restriction analysis

The PCR method developed here was based on a pre-
viously reported protocol designed to amplify laccase se-
quences inL. edodes andT. versicolor (D’Souza et al. 1996).
The primer sequences used for this study corresponded
to the first two consensus copper-binding regions in the
N-terminal domains of laccases from white-rot fungi. This
protocol was tested using genomic DNA, yielding two
products of about 150 and 200 bp for L. edodes, and 200 bp
for T. versicolor, as previously reported (Fig. 1; lanes 3, 5).

We wanted to use these PCR products in a test to detect the
presence of each fungus and quantify the variation of bio-
mass in bioreactors. Since two of the PCR products were of
similar size (Fig. 1), we searched for a restriction enzyme
site in the reported sequence of the L. edodes 217 bp prod-
uct (D’Souza et al. 1996) that could cut this fragment into
two pieces, thus distinguishing it from the T. versicolor
PCR product.

In silico analysis indicated that a Pst I restriction site was
present in the larger of the two L. edodes sequences, at
position 112. This would cut this DNA molecule in two
fragments of 107 bp and 110 bp. The Pst I site was not
present in the T. versicolor 200 bp PCR product. Digestion
of the PCR products with Pst I would thus produce three
fragments for L. edodes: 150, 110 and 107 bp. Fragments
of this size can be easily separated by electrophoresis and
the amount of DNA in the bands measured by densitom-
etry. However, the PCR product amplified from L. edodes
DNA was not cut by Pst I (Fig. 1; lane 4), while a DNA
control was digested under same conditions (Fig. 1, lane 2).
Because Pst I digestion did not help to distinguish be-
tween L. edodes and T. versicolor PCR products, we de-
cided to develop a suitable PCR protocol.

Optimization of the PCR protocol

To optimize the PCR protocol, different MgCl2 concentra-
tions (1–9 mM), annealing temperatures (49, 52, 54, 55,
and 58°C), and number of PCR cycles (20, 30 and 40) were

Fig. 1 Electrophoresis of PCR products in 2% agarose gel. Lanes:
M 25 bp DNA ladder; 1, 2 plasmid containing a unique PstI site; 3, 4
Lentinus edodes; 5, 6 Trametes versicolor. DNA in lanes 2, 4, and 6
was digested with PstI
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assayed. Since the PCR products we expected had a size of
less than 500 bp, we changed the length of each PCR
segment (denaturing, annealing, and extension) to 30 s. All
these changes reduced the PCR program from 4.3 h to less
than 2 h. We applied our optimal PCR protocol to single
samples or mixtures of purified genomic DNA, obtaining,
without any further enzymatic digestion, a major product of
about 150 bp for L. edodes (Fig. 2, lane 1), 200 bp for T.
versicolor (Fig. 2, lane 2), and 400 bp when genomic DNA
of P. chrysosporium, a different ligninolytic fungus, was
used (Fig. 2, lane 3). The same products were obtained
when genomic DNA of L. edodes and T. versicolor were
mixed and used as template (Fig. 2, lane 4), and also when
genomic DNA of the three fungi were used as template
(Fig. 2, lane 5).

The sensitivity and linear range of detection of the PCR
protocol on genomic DNAwere determined as described in
Materials and methods. When DNA of L. edodes was used,
the 150 bp PCR product was detected down to 1 ng
template (Fig. 3a), the 200 bp product was detected at 10 pg
T. versicolor template (Fig. 3b), and the 400 bp product
was detected at 0.1 ng P. chrysosporium template under
the same conditions (Fig. 3c). For L. edodes, the linear
range of detection was between 0.1 μg and 1.0 ng (R2 =
0.98); for T. versicolor between 1 μg and 0.01 ng (R2 =
0.97), and for P. chrysosporium between 0.1 μg and 0.1 ng
(R2 =0.93). The lower detection threshold of 10 pg in
the case of T. versicolor, versus 1 ng in L. edodes, sug-
gested a higher primer binding affinity for T. versicolor
genomic DNA. We performed a competition PCR with

DNA of L. edodes and T. versicolor. This assay showed
more PCR product from T. versicolor, even in the presence
of a 10-fold excess of genomic DNA of L. edodes (data
not shown).

Detection of L. edodes and T. versicolor by PCR in
defined-mixed cultures

Two independent experiments of defined-mixed cultures of
L. edodes and T. versicolor were carried out in three dif-
ferent liquid media. DNA was extracted from mycelia of
cultures grown in KM, ME and MM. Samples were taken
on days 1, 4, 7, 10 and 13. Purified DNAwas quantified and
subjected to PCR amplification. Analysis of the results
showed that, although each medium were inoculated
quantitatively with same amount of mycelium of each
fungus, the 200 bp T. versicolor product was predomi-
nantly detected (Fig. 4), while the 150 bp L. edodes PCR
product was less abundant. The 400 bp P. chrysosporium
DNA band, used as a DNA extraction control, was seen as
a faint band close to the 400 bp DNA marker (Fig. 4). The
similar amount of PCR products obtained in each medi-
um did not show any significant change in the relative pro-
portion of the two fungi in culture during the 13 days of
incubation.

Slot-blot analysis of DNA

To test the genomic origin of the amplified PCR products,
a Southern-blot analysis was performed using Biotin-la-
beled probes. Genomic and plasmid DNA containing the
PCR fragment of each fungus were used to synthesize the
corresponding probes; 50 ng of genomic and plasmid
probes versus L. edodes were specific for detection of 5 μg
cloned DNA of this fungus (Fig. 5; lanes 1, 4). A similar
result was obtained for the anti-T. versicolor probes
(Fig. 5; lanes 3, 6); and the anti-P. chrysosporium probes
(Fig. 5; lanes 2, 5). We detected no signal when 50 ng of
each plasmid probe was used versus 40 μg genomic DNA.

DNA sequencing of cloned PCR fragments

Laccase PCR fragments were amplified and cloned. These
fragments were subjected to DNA sequencing using a set
of primers flanking the site of insertion. The 198 bp
sequence of T. versicolor (GenBank accession number
AY204503) contains two exons and one intron. It shares
94.4% identity with a laccase III gene sequence from T.
versicolor (AY081188), and 98.5% identity with the 199 bp
sequence reported previously (D’Souza et al. 1996). On the
other hand, our L. edodes sequence (AY204502) showed
55.8% identity with a reported laccase gene of L. edodes
(BD133566) and only 54.2% identity with the 217 bp se-
quence reported by D’Souza et al. (1996). Remarkably,
sequencing of the 151 bp product of L. edodes (AY204502)
revealed that this product contains three copies of the

Fig. 2 Electrophoresis in 2.5% agarose gel of PCR products using
single or mixed genomic DNAs as templates. Lanes: M 50 bp DNA
ladder; 1 L. edodes; 2 T. versicolor; 3 P. chrysosporium; 4 L. edodes +
T. versicolor; 5 L. edodes + T. versicolor + P. chrysosporium; C PCR
with no template

527



21 bp copper-binding sequence I and two copies of the
18 bp copper binding sequence II (Cano-Ramirez 2001).
The 378 bp sequence obtained for P. chrysosporium
(AY221632) showed 51% identity with the sequence of
the laccase III gene from T. versicolor (AY081188), and
48.1% identity with the sequence of L. edodes (BD133566).
The same type of analysis showed that this sequence had
55.1% identity with T. versicolor and 48.9% identity with
L. edodes sequences reported previously (D’Souza et al.
1996).

Discussion

PCR has proved useful in the amplification, cloning and
differential expression analysis of laccase genes from
ligninolytic fungi (D’Souza et al. 1996; Zhao and Kwan
1999). In this work we developed and optimized a PCR-
based method applicable to the quantitative detection and
differentiation of otherwise indistinguishable fungi used in
the removal of pollutants from wastewater. Genomic DNA
from L. edodes, T. versicolor and P. chrysosporium suitable
for PCR analysis was extracted from dried mycelia
following a simple mummification method using CaCl2.
The amplification conditions used allowed differentiation

among these fungi through different DNA size products in
a convenient target amount range of 1.0 μg to 1 ng. Prod-
ucts of 151 bp for L. edodes, 198 bp for T. versicolor, and
378 bp for P. chrysosporium were obtained. Slot-blot anal-
ysis supported the notion that these PCR products were
actually amplified from the cognate genome. DNA se-
quencing of cloned fragments indicated that the 198 bp
PCR product contains two partial exons and one intron
and was amplified from a T. versicolor laccase gene. In the
case of P. chrysosporium, DNA sequencing and analysis
of the 378 bp product suggests that it could belong to a
laccase or a different gene harboring copper-binding re-
gions, similar to the first two consensus regions in the
N-terminal domains of laccases from white-rot fungi. Lac-
case expression has been reported for P. chrysosporium
(Mougin et al. 2000) and other members of the same genus
such as P. laevis (Bogan and Lamar 1996) and P. flavido-
alba (De la Rubia et al. 2002). It is remarkable that DNA
sequencing of the 151 bp product of L. edodes revealed
that this product contains five copies of the consensus
copper-binding domain of laccase (Cano-Ramirez 2001).
One possibility to explain the origin of this product is that
this molecule arose as an artifact during PCR amplifica-
tion. However, in silico analysis to predict dimers and
hairpin loops for each single primer, and duplexes between

Fig. 3a–c Electrophoresis in
2.5% agarose gels of PCR
products obtained using differ-
ent concentrations of genomic
DNA template. Lanes: M 50 bp
DNA ladder, 1 1.0 μg, 2 0.1 μg,
3 0.01 μg, 4 1.0 ng, 5 0.1 ng, 6
0.01 ng, 7 1.0 pg, 8 0.1 pg, 9
0.01 pg. a L. edodes, b T.
versicolor, c P. chrysosporium
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Fig. 4a–c Electrophoresis in
2.5% agarose gels of PCR
products amplified from ge-
nomic DNA isolated from L.
edodes and T. versicolor com-
bined culture in different media.
Lane numbers refer to days of
incubation; M 100 bp DNA
ladder, C PCR reaction without
template. a Malt extract (ME),
b Kirk medium (KM), c myco-
logic medium (MM)

Fig. 5 Slot-blot analysis of PCR products. Lanes: W Empty slots,
1–3 Plasmid (5 μg) containing the PCR insert probed with 50 ng
plasmid probe (5 min exposure), 4–6 plasmid (5 μg) containing the
PCR insert versus 50 ng genomic probe (5 min exposure), 7–9 each
genomic DNA (40 μg) versus 50 ng plasmid probe (20 h exposure),
10 26 ng anti-β lactamase DNA was used to probe 5 μg plasmid

containing the PCR inserts (1 min exposure). Lanes: 1, 4, 7 anti-L.
edodes probe; 2, 5, 8 anti-P. chrysosporium probe; 3, 6, 9 anti-T.
versicolor probe. Rows: + Corresponding labelled probe (6 ng), Le
L. edodes, Pc P. chrysosporium, Tv T. versicolor, − 5 μg pDL19
vector
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primers in the reaction, revealed no structure with a stable
free energy that could explain the formation of the 151 bp
product. Another possibility is that this molecule is am-
plified from a particular locus in the L. edodes genome.
This hypothesis is supported in part by the specific rec-
ognition this molecule showed in the detection of cloned
fragments in the slot-blot assay (Fig. 5, lanes 1–6). Un-
fortunately, under the conditions used in this work, we
were unable to detect any signal in the slot-blot analysis
of genomic DNA of these fungi (Fig. 5, lanes 7–9). To
the best of our knowledge, there are few reports on mo-
lecular biology applications for detection of basidiomyce-
tes in natural or artificial environments. Some studies use
restriction enzyme analysis for detection of P. chrysospo-
rium and other decay basidiomycetes (Jasalavich et al.
2000; Adair et al. 2002; Johnston and Aust 1994). There
are also studies based on amplification of internal tran-
scribed spacer (ITS) regions in nuclear ribosomal repeat
units (Gardes and Bruns 1993; Nugent and Saville 2004).
However, in the work of Gardes and Bruns (1993), the
primers used cross-reacted with plant DNA sequences,
whereas the pair of primers used by Nugent and Saville
(2004) did not detect ligninolytic fungi. A different mo-
lecular approach to detect ligninolytic genes such as lignin
and manganese peroxidase of white-rot fungi was un-
successful (Stuardo et al. 2004). Therefore, the current
study represents a first successful approach to easy and
rapid detection and differentiation of white-rot fungi in
mixed cultures.
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