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PCBs stimulate laccase production and activity in Pleurotus
ostreatus thus promoting their removal
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Abstract Pleurotus ostreatus degrades polychlorinated
biphenyls (PCBs) with an increase of laccase activity. Lac-
cases are well known for their detoxifying activity. We
show, using reverse transcription polymerase chain reaction
and a biochemical assay, that reduction in PCBs (di, tri,
tetra, and penta) levels are correlated with an increase in
laccase activity. P. ostreatus cultures were obtained from 0
to 30 days in the presence or absence of 7,100 mg/L PCBs
(from transformer oil) and a surfactant. After each selected
time cultures were withdrawn and remaining PCBs were
determined, a maximal removal percentage of PCBs was
obtained at 20 (63.5+2.0) and 30 days (63.8+4.6) post-
induction. Also, the activity of the enzyme was analyzed
and it was found to increase at 10 (6.9-fold) and 20 (6.77-
fold) days post-induction in the presence of PCBs, as deter-
mined by its activity. Taken together, these data suggest that
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PCBs induce laccase expression and that laccase catalyzes
PCBs removal.

Introduction

Polychlorinated biphenyls (PCBs) are persistent organic
pollutants that were used as dielectric and coolant fluids in
transformers and electric motors in the twentieth century.
Even if their production and use was banned more than three
decades ago, yet 10,000 tons of PCBs persist in the envi-
ronment (Singer et al. 2000).

PCBs bioaccumulate in individuals and biomagnify in
the food chain (Crinnion 2011). In Mexico, there are exten-
sive polluted areas and large amounts of contaminated used
transformer oil in storage that require remediation (Rojas-
Avelizapa et al. 1999). Bioremedation efficiency of PCBs
depends on the nature and extent of contamination. It has
been observed that the addition of biphenyl as an inducer
and biosurfactants in soil and sediments improve the level of
di- and trichlorinated congeners removal (Vasil'eva and
Strizhakova 2007). Although the addition of carbon com-
pounds enhances the degradation of PCBs removal patterns,
these are significantly different between soils and sedi-
ments: soil microorganisms remove more PCBs than the
microorganisms present in the sediments, especially PCBs
with >4 chlorine atoms (Luo et al. 2008).

Various physicochemical methods to degrade PCBs
(Ericson 1999) are available; however, it is necessary to
explore economic alternatives technically feasible and envi-
ronmentally friendly. Therefore, some microorganisms that
degrade these pollutants, especially bacteria and fungi have
been studied (Moeder et al. 2005; Rodrigues et al. 2000).
The white rot fungi (WRF) have shown ability to degrade
PCBs: studies with Coriolopsis polyzona, Phanerochaete
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chrysosporium, Pleurotus ostreatus, and Trametes versi-
color have proven that WRF can remove PCBs in vivo,
with little specificity of congeners and no correlation be-
tween removal rate and degree of chlorination; ligninolytic
enzymes such as as laccases, versatile peroxidase, and man-
ganese peroxidase may be involved (Pointing 2001). Al-
though it is known that extracts from WRF or their
laccases catalyze the degradation of hydroxylated PCBs,
little is known about the in vivo mechanisms of PCBs
degradation (Jiang et al. 2008; Fujihiro et al. 2009). Diverse
studies have shown that laccases from WRF degrade isolat-
ed PCBs congeners (Dietrich et al. 1995) or PCBs in com-
mercial mixes such as Delor 103, Delor 106, and Arochlors
1242, 1254, and 1260 (Moeder et al. 2005; Novotny et al.
1997; Yadav et al. 1995) with some limitation since the
higher the chlorinated level the more difficult is the degra-
dation. Most of these studies were carried out with low
PCBs concentration (1-2,000 ppm).

In this study we determined the correlation of P. ostreatus
laccase activity as confirmed by its transcript expression
with the removal of high concentrations (7,100 ppm) of
PCBs from Arochlor 1242 in liquid culture. Also, the cor-
relation of PCBs removal ability from P. ostreatus laccases
and chlorination level was evaluated.

Materials and methods

Fungal cultures P. ostreatus (ATCC 38540) was used for this
study: the mycelium was grown at 27°C in Erlemeyer flasks
containing minimum medium for basidiomycetes (Guillén-
Navarro et al. 1998) which composition was (in g/L) glucose
5, yeast extract 5, pH 5.5, and agitated at 200 rpm for 7 days.
For the production of laccase, 1 mL of mycelia homogenized
(corresponding to 24 mg of dry mass) was harvested and
inoculated into a 40-mL of liquid SM medium containing (in
g/L) glucose 5, yeast extract 5, wheat straw extract 2.5, CuSOy4
0.15, MnSO, 0.05, and pH was adjusted to 6. The cultures
were incubated under the same conditions mentioned above,
and after 7 days of culture, PCBs (10,000 mg/L) as transform-
er oil, containing 71% of Arochlor 1242, with a composition
of—5.8% penta-, 36.3% tetra-, 46.4% tri-, and 11.5%
dichlorinated biphenyls and Tween 80 (3,500 mg/L) were
added to each flask and then incubated as long as indicated.
In order to monitor any basal laccase activity, two controls
were established: (a) without PCBs and (b) abiotic (the culture
was sterilized after 7 days of incubation then the PCBs were
added); these were also incubated under the same conditions.
At least two replicates for each treatment were analyzed
for biomass determination, laccase enzymatic activity, reverse
transcription-polymerase chain reaction (RT-PCR) assays, and
the removal of PCBs at 10, 20, and 30 days post-induction.
All reagents were purchased from Sigma-Aldrich, USA.
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Biomass Assessment of biomass was performed by deter-
mining the mycelium dry mass. For this, the mycelium was
filtered and washed with hexane—acetone (10:6, v/v) three
times and then dried at 50°C to constant mass.

Laccase activity measurement Laccase activity was deter-
mined by using 0.5 mmol/L ABTS [2,2-azinobis (3-ethyl
benzthiazoline-6-sulphonate)], in sodium acetate buffer
(pH 4.5) and an appropriate volume of the culture superna-
tant in a range between 10-50 pL. The oxidation of ABTS
was monitored spectrophotometrically at 436 nm (Tinoco et
al. 2001). One unit of laccase activity is defined as 1 umol
of ABTS oxidized per minute.

Extraction of PCBs The biomass was filtered and washed
with hexane, the washes of mycelium were added to filtrate
for quantitative PCBs determination. The PCBs were
extracted from culture broth by adding 120 mL of hexane—
acetone (10:6, v/v); the organic phase was extracted with
5 mL of concentrated H,SO, and washed twice with water.
The organic phase was transferred to vials where anhydrous
sodium sulfate was added to dry the sample. The sample
was filtered through a 0.22-pum Millipore membrane and
purified on a Florisil cartridge (Ericson 1999). The resulting
extract was concentrated to dryness in a rotary evaporator,
and then the concentrate was dissolved in hexane. The
extraction efficiency was 95% (Novotny et al. 1997). An
Agilent model 6890 N gas chromatograph equipped with a
5973 mass selective detector and Agilent HP-5MS (GC/MS)
capillary column was used for PCBs quantification. Con-
ditions used were: initial oven temperature 70°C for 2 min,
followed by an increase to 150°C at 25 K/min, after to
200°C at 3 K/min, and to 280°C at 8 K/min and an isocratic
period of 10 min. Helium was used as the carrier gas at
18 psi pressure and 1.9 mL/min flow. The injector was kept
at constant pressure and 250°C temperature, while the tem-
perature of the detector was 270°C. The injection volume
was | pL in the splitless mode. 1,3,5-trichorobenzene and
Arochlor 1242 were used as internal and calibration stand-
ards, respectively.

Extraction of RNA and DNA For RNA and DNA extraction,
mycelium of P. ostreatus ATCC 38540 was grown in medi-
um above mentioned, washed and filtered with deionized
water, glucose solution and RNaseZap® (Ambion, Inc). For
total RNA extraction, samples were transferred to a 1.5-mL
Eppendorf tube and stored at —80°C until use. Total RNA
was extracted according to the TRIZOL (Invitrogen) proto-
col, briefly the mycelium was kept frozen by adding liquid
nitrogen to a baked mortar, and it was rapidly ground with
the pestle. Once completely ground, about 300 uL of an
Eppendorf tube was filled and 1 mL of TRIZOL (Invitro-
gen) was added. Tubes were vortexed and phases separated
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LCCK-mRNA TTTACATGGGACTCATGCTGCCATCGGGCCCACTGGCAACATGTACATCGTCAACGAGGA
Pox2 -mRNA TTTGCATGGGGCTCATGCTGCCATTGGGCCCGCTGGCAACATGTATATCGTCAACGAGGA
Pox1-mRNA TTTACATGGGACTCATGCTGCCATTGGGCCCACTGGCGACATGTACATCGTCAACGAGGA
*khkk hhkkdhhkk *hkhkhkdkhkhkhkhkdhkhdk *hkhkdhkd dhkhkhdk dhkhkkhkhkhkdk khkhkhkhkkhkhkkhkhkkhkhkk
LCCK-mRNA CGTCTCTCCTGATGGATTCGCTCGTTCGGCGETTGTCGCTCGCTCGGTGCCCGCTACAGA
Pox2-mRNA CGTCTCTCCTGATGGTTTCGCTCGTTCGGCTGTTGTCGCTCGCTCAGTGCCCGCCACAGA
Pox1-mRNA CGTCTCTCCTGACGGCTTCACTCGTTCGGCTGTCGTCGCTCGCTCTGACCCCACCACARA
*hkkhkhkkhkhkhkdhkhkhkddx *k *hkk *hkhkdkhkkhkhkhkddx **x Fhkkhkkhkrkhkhkkk * *k* * **k*k *
LCCK-mRNA TCCGACGCCTGCGACAGTATCCATTCCTGGCGTTCTCGTTCAAGGAAACAAGGGCGATAA
Pox2-mRNA TCCGACGCCTGCGACAGCATCTATTCCTGGCGTTCTCGTTCAAGGAAACAAGGGCGATAA
Pox1-mRNA TGGGACGTCGGAGACGC- - - - - - TTACCGGTGTCCTCGTGCAAGGAAACAAGGGCGACAA
* *kk*x * * **k%x Kk *k kk kk *khkhkkhkk *hkhkkhkhkkkhkkhkhkhkkhkhkkhkhkk kk
LCCK-mRNA CTTCCAGCTGAACGTCGTCAATCAATTGTCGGACACGACCATGTTGAAGACGACCAGTAT
Pox2-mRNA CTTCCAGCTGAATGTTGTTAATCAACTGTCAGACACGACTATGTTGAAGACGACTAGTAT
Pox1-mRNA CTTCCAGCTGAACGTTCTCAATCAACTGTCGGACACGACTATGTTGAAGACCACTAGTAT
*kkkkkkkkhkhkkhkk*x *% * khkhkkkkhkk kkhkkk khkhkkhkhkkhkkhkk *hkkhkhkkhkkhkhkkhkkhkhkk kk khkkkk
LCCK-mRNA CCATTGGCACGGTTTCTTCCAAGCCGGATCTTCGTGGGCTGATGGTCCCGCTTTCGTGAC
Pox2 -mRNA CCATTGGCACGGTTTCTTCCAAGCCGGATCTTCGTGGGCAGATGGCCCCGCTTTCGTGAC
Pox1-mRNA CCATTGGCATGGCTTCTTTCAATCCGGTTCTACGTGGGCAGATGGACCCGCGTTCGTGAA
*hkhkhkkhkhkhkdkx *k *hhkdhkhkk *hkk khhkkhkk khhkk dhkhkkhkkhkhkk dhkhkkk khkkkhkk khkkkkkk
LCCK-mRNA CCAATGCCCCGTCGCCTCTGGGGATAGTTTCCTGTACAATTTCAATGTCCCAGACCAAGC
Pox2-mRNA CCAATGCCCCGTCGCCTCTGGGGATAGTTTCCTGTACAATTTCAATGTCCCGGACCAAGC
Pox1-mRNA TCAATGCCCCATCGCCTCGGGGAACAGCTTCCTATATGACTTCAACGTCCCCGACCAAGC
*hkkhkhkkhkhhkddx *hxkhkhkhkdkkx *x*k * ¥k *khkkkk **% * khkkkk khkkhkhkk *Ahkhkkkhkkkk
LCCK-mRNA TGGAACGTTTTGGTATCACTCGCATCTTTCCACCCAATATTGTGACGGCCTCAGAGGACC
Pox2-mRNA TGGAACGTTTTGGTATCACTCGCATCTTTCCACCCAATATTGCGACGGCCTCAGAGGGCC
Pox1-mRNA TGGCACGTTCTGETACCATTCGCATCTTTCCACCCAGTATTGTGATGGTCTTAGAGGACC
*khkk khkkkhk *hkkhkhkk *k IAhkhkkhkhkhkkhkhkhkhkhkhkkhkkhkhkk *khkkhkk kk kk *kk khkkkk k%
LCCK-mRNA ATTCGTGGTATACGACCCCTCGGATCCGCACTTGAGTTTATACGATATTGACAACGCCGA
Pox2-mRNA ATTTGTGGTATACGATCCCTCGGATCCGCACTTAAGTTTATATGACATTGACAACGCTGA
Pox1-mRNA ATTCATAGTATACGACCCCTCCGATCCCCACCTGTCCTTGTATGACGTTGACAACGCCGA
* k% * khkkkkhkkhkkk *kkhkhkkk *khkhkkhkk *kk X *k **k k% kkhkkkkhkhkkhkkkk **%
LCCK-mRNA CACGGTCATTACGCTTGAGGATTGGTATCATATCGTGGCTCCCCAAAACGCGGCAATCCC
Pox2 -mRNA CACGGTCATTACGCTTGAGGATTGGTACCATATCGTGGCCCCTCAAAACGCGGCGATCCC
Pox1-mRNA CACCATCATTACACTTGAAGATTGGTACCATGTTGTGGCCCCTCAGAATGCAGTGCTTCC
* %k % *hkhkhkkhkhk *hkdhhkk *hkhkkhkkhkhkdhkk d*hkk Kk *hkkkk *k *k *k kk * * k%
LCCK-mRNA AACTCCGGATAGTACCCTCATCAATGGTAAAGGTCGTTATGCCGGGGGCCCTACCTCTCC
Pox2-mRNA CACCCCAGATAGTACCCTCATCAATGCTAAAGGTCGTTACGCCGGGGGCCCTACTTCCCC
Pox1-mRNA TACTGCTGATAGTACACTCATCAATGGCAAAGGTCGCTTCGCTGGGGGGCCTACTTCCGC
* % * khkkhkhkhkkhkhkk *Ahkhkhkdkhkhkhkhkkhkk *hkkhkhkkhkhkk *x *k Kkhkkhkkk khkkkk k% *
LCCK-mRNA TTTGTCCATCATCAACGTCGAAAGCAACAAGCGCTATCGTTTCAGACTTGTCTCAATGTC
Pox2-mRNA TTTGGCTATCATCAACGTCGAAAGCAACAAGCGCTATCGTTTCAGACTTGTCTCAATGTC
Pox1-mRNA TTTGGCCGTCATCAACGTCGAAAGCAACAAGCGATATCGTTTCAGACTTATCTCGATGTC
*kk*x * R RS S S S S ESEEEEEEEEEEEEEEEIEEEEEEEEEEEESEEE IS EEIEEEESS
LCCK-mRNA TTGTGACCCCAATTTCACGTTCTCGATCGACGETCACTCTTTGCTCGTCATTGAAGCAGA
Pox2-mRNA TTGTGACCCCAATTTCACGTTCTCGATCGACGGTCACTCTTTGCTCGTCATTGAAGCAGA
Pox1-mRNA TTGCGACCCCAATTTCACGTTCTCGATCGACGGTCACTCTTTGCAGGTCATCGAGGCAGA

Fig. 1 Laccase genes sequences alignment. Different laccase sequen-
ces from P, ostreatus were aligned to identify conserved regions where
primers were designed (highlighted in gray) for PCR analysis. LCCK,
POX2, and POXI correspond to laccase mRNA sequences with

AB089612, 749075, and Z34847 accession numbers, respectively.
Asterisks indicate identity while a dash under an asterisk indicates
the beginning of the next exon
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*khkhk Khkhkhkkhhhkhkhkhddhhhkhkhddddkhhkrdrdddhhrrrdhdhhrxx khkhkkk *k Khhkkkk

LCCK-mRNA TGCTGTCAACATTGTTCCCATCACCGTGGATAGTATTCAGATCTTCGCTGGCCAACGCTA
Pox2-mRNA TGCTGTCAACATTGTACCCATCACCGTGGATAGTATTCAGATCTTCGCTGGCCAACGCTA
Pox1-mRNA CGCTGTCAATATTGTGCCCATTGTCGTGGATAGTATTCARATCTTCGCAGGCCAACGCTA
*hkkhkkkhkhkkd, *hkkkkx *xkkx IR R RS S S S S S EE SRS IESEEEEEEMEEEEEEEEE RS

LCCK-mRNA CTCCTTCGTCTTGACTGCTGATCAAACCGTTGGCAACTACTGGATTCGCGCGAATCCTAA
Pox2-mRNA CTCCTTTGTCTTGACTGCTAATCAAGCCGTTGACAACTACTGGATTCGGGCGAACCCTAA
Pox1-mRNA TTCCTTCGTCTTGAATGCCAATCAGACTGTCGACAATTACTGGATTCGCGCAGATCCCAA
*kkkk* *khkkkhkkkk *kx * % k% * k*k*k * K*hkk *hkhkhkkhkkkhkkkhkk k% * k% k%

LCCK-mRNA CTTGGGATCGACTGGCTTCGATGETGCTATCAATTCCGCTATTCTTCGGTATGCTGGTGC
Pox2-mRNA CTTGGGATCAACTGGCTTCGTTGGTGETATCAATTCTGCCATTCTTCGATATGCTGGTGC
Pox1-mRNA CTTGGGATCGACTGGCTTCGATGGTGGTATCAATTCCGCTATCCTTCGGTATGCTGGTGC
*hkkhkhkkhkhkhkdkx *hkkhkhkhkdkhkkhdhd *Fhkdkhkhdhkdhkhkdkhdddx **x ** *hkhkkhd* *hkkhkhkkhkkkkkx

LCCK-mRNA CACTGAGGATGACCCCACCACAACCTCGTCGACGAGCACCCCATTGCTGGAGACCAACCT
Pox2-mRNA CACTGAGGATGACCCCACCACAACATCGTCGACGAGCACCCCGCTGCTGGAGACCAACCT
Pox1-mRNA CACTGAAGATGACCCTACCACGACTTCGTCGACGAGTACCCCCCTTGAGGAGACTAATCT
kkhkkhkkkhkk *hkkhkkhkhkkhkkk *khkkhkhkk* **k *hkhkkhkhkkhkkhkhkkhkkk *khkkk*k * *kkkkkk *k k%

LCCK-mRNA TGTTCCGCTTGAGAATCCTGGTGCTCCTGGCCCAGCCGTGCCTGGTGGAGCAGACATCAA
Pox2-mRNA CGTTCCGCTTGAGAATCCTGGCGCTCCAGGCCCACCTGTGCCTGGTGGAGCCGATATCAA
Pox1-mRNA TGTGCCACTTGAAAATCCTGGTGCTCCTGGTCCAGCTGTCCCTGGAGGCGCAGACATCAA
Kk kk khkhkkhkk *hkhkhkhkkhkhkk KAhkhkhkk kk khkk * kk khkkhkhkk *k *k kk khkkkk

LCCK-mRNA CATCAATCTCGCTATGGCCTTCGACTTCACTAACTTCGAATTGACTATCAACGGCGTTCC
Pox2-mRNA CATCAATCTCGCTATGGCCTTCGACTTCACAACCTTCGAATTAACCATCAACGGTGTTCC
Pox1-mRNA CATCAATCTCGCTATGGCCTTCGACGTTACTAACTTTGAACTGACCATCAACGGCTCCCC
*hkkhkhkkhkhkhkdhhkdhdhhkdhrhkdkhrdhhddx * %% % ***x *** % *% *d*hhhkkkx * %

LCCK-mRNA TTTCATCCCACCCACTGCCCCTGTCCTTCTTCAAATTCTCTCAGGAGCCTCCTCTGCTGC
Pox2-mRNA TTTCCTTCCACCAACTGCCCCTGTCCTTCTCCAGATTCTTTCAGGAGCGTCAACTGCTGC
Pox1-mRNA CTTCAAAGCGCCGACTGCTCCTGTTCTGCTCCAGATTCTGTCGGGTGCCACAACTGCCGC
* % % * kKk Kkhkkhkkk kkhkkkk *k *kk *kk *hkkkk *kk *k **k * *kkk k%

LCCK-mRNA CTCGCTGCTTCCTTCTGGTAGTATTTACGCGCTGGAGCCTAATAAGGTTGTTGAAATCTC
Pox2-mRNA CTCGCTTCTTCCTTCTGGTAGCATTTACGAGCTGGAGGCTAACAAAGTTGTCGAAATCTC
Pox1-mRNA CTCACTTCTCCCTTCCGGCAGTATATACTCGCTAGAAGCCAACAAAGTTGTCGAGATCTC
*k*k k**k *k *kkkk **k **k ** **k*%x *k* k% * kk Kk Kkkhkkkk *k *kkk*k

LCCK-mRNA GATGCCTGCGCTGGCTGTCGGGGGACCCCATCCATTCCATCTCCACGGCCACACCTTCGA
Pox2-mRNA GATGCCTGCGCTGGCTGTTGGCGGGACCCCATCCATTCCATCTTCACGGCCACACTTTCGA
Pox1-mRNA CATACCCGCCTTAGCTGTTGGAGGACCGCATCCTTTCCATCTTCACGGACACACGTTCGA
**k X%k k% * khkkkk kk khkhkkhkk khkhkkhkk khkkhkhkhkhkhkk khkhkkk khkkkk kkkkk

LCCK-mRNA CGTTATTAGGAGTGCGGGTTCCACTACATACAACTTTGACACTCCTGCGCGCCGCGACGT
Pox2-mRNA TGTTATCAGGAGTGCCGGTTCTACGACGTACAACTTTGACACCCCTGCGCGCCGCGACGT
Pox1-mRNA CGTCATCAGGAGTGCGGGCTCTACTACGTATAACTTCGACACCCCTGCGCGACGCGATGT
Kk *k khkhkkhkhkhkkhkk *k kk *kk kk kk khkhkkhkk *hkkhkk *Ahkhkhkkhkhkkk khkkkhkk Kk

LCCK-mRNA AGTCAACACTGGCACTGGCGCGAACGACAACGTCACTATTCGCTTCGTGACCGACAACCC
Pox2-mRNA CGTCAACACTGGCACTGGCGCGAACGACAACGTCACTATTCGCTTCGTGACCGACAACCC
Pox1-mRNA TGTCAACACTGGAACTGACGCGAACCACAACGTTACTATCCGCTTTGTGACGGATAATCC

EEEEEEEEEEEIEEEEIEEEEEEEEEEEEEEEEEEEEEIESEEEEIESEEEIEE ISR

Fig. 1 (continued)

washed with 70% ethanol. Genomic DNA was isolated by
a method previously described (Raeder and Broda 1985)
with few modifications. Ground mycelium was placed in

by adding 200 puL of chloroform and centrifuged to obtain
aqueous phase. Total RNA was precipitated with 0.8 mL of
isopropanol, then reprecipitated with 100% ethanol and
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Table 1 Primers and expected

amplicons from Pleurotus Gene Primer Nucleotide sequence Amplification products (bp)
ostreatus
cDNA gDNA
Tubulin TubF1 5'-CCGTGAGGAATACCCTGACC-3' 261 316
TubR1 5'-CGCCGTATGTGGGTGTCGTG-3'
Laccase Plac-F1 5'-GTCAACGAGGACGTCTCTCC-3' 1309 2154
Plac-R1 5'-TAGTGACGTTGTCGTTCGCG-3'

gDNA genomic DNA

an Eppendorf tube, with 500 pL of HSD buffer (10 mmol/L
HEPES 4-(2-hydroxyethyl)-1-piperazine ethanesulfonic ac-
id, pH 6.9, 0.5 mmol/L sucrose, 20 mmol/LL. EDTA) and
mixed well. Then 50 puL of 10% SDS (sodium dodecyl
sulphate) were added and incubated at 65°C during
15 min, after this 500 uL of TED buffer (50 mmol/L Tris,
20 mmol/L EDTA, pH 8) were added. The mixture was
extracted with 600 uL of phenol—chloroform—isoamyl alco-
hol solution (25:24:1, by vol.). The aqueous phase was re-
extracted with a chloroform—isoamyl alcohol (24:1, v/v)
mixture, centrifuged, and the aqueous phase was precipitat-
ed with three sodium acetate pH 5.2 and two volumes of
cold ethanol (—20°C). After centrifugation, the pellet was
washed with 500-pL 70% ethanol and resuspended in TE
(10 mmol/L Tris-HCI, 1 mmol/L EDTA). RNA was removed
by incubating the DNA with 5-pL 20 mg/mL RNase A, for
30 min at 37°C. DNA was re-precipitated with ethanol,
washed with 70% ethanol, and resuspended in 50 puL of
sterile water.

Reverse transcription In order to compare the relative
abundance of the laccase transcript, RT-PCR analysis
was performed to make cDNA using Superscript II
(Invitrogen) according to manufacturer’s recommenda-
tions. Briefly, 8 pg of total RNA (RNA samples from
different culture times as indicated), 70 ng of Oligo(dT),
and 0.5 mmol/L dNTPs were added up to a final

260 -

Dry biomass (mg)
b} o
o W

D
[

0 5 10 15 20 25 30
Culture time (d)
Fig. 2 Dry biomass from P. ostreatus at different culturing times.

Symbols—closed triangles, culture medium with transformer oil;
closed squares, culture medium in its absence

volume of 12 uL, the mixture was incubated at 65°C
for 5 min. Then 5x strand buffer and 0.1 mol/L DTT
(1,4-dithiothreitol) were added to adjust the final vol-
ume to 20 uL with sterile deionized water. The mixture
was incubated at 42°C for 2 min, and 1 pL of Super-
Script II RNase H-reverse transcriptase was added, to
continue incubation for 1 h at 42°C, at the end of the
reaction the retrotranscriptase was inactivated at 70°C
for 15 min.

PCR The oligonucleotide primers for laccase were designed
and based on the conserved regions of P. ostreatus lecK
gene for laccase and POX2 gene for diphenol oxidase
(Fig. 1), lately referred as POXC (Palmieri et al. 2000,
GenBank accession numbers: AB089612 and Z49075, re-
spectively). P. ostreatus (3-tubulin, was used as an internal
control, and primers were designed as well (GenBank ac-
cession number: AF106146; Table 1). In both cases, the
design was made to distinguish between RT-PCR and po-
tential genomic contaminant amplicon products, thus pri-
mers were designed to span regions in which predicted
introns had been identified. The 50 pLL PCR reaction vol-
ume contained 1 pL either (50-100 ng) genomic DNA or
synthesized cDNA as template, 0.2 mmol/L dNTP mixture,
x]1 PCR buffer (Invitrogen), 1.5 mmol/L MgCl,, 1 umol/L
F1 and R1 primers; F and R represent the forward and
reverse primers, respectively and 0.25 uL (5 U/uL) Tag-
polymerase (Invitrogen). Primers design was carried out

1200

1000

©
o
o

400

Lac Activity (UIL)

[N
[=3
k=3

0 10 20 30
Culture time (d)

Fig. 3 Laccase activity from P. ostreatus at different culture times.
Symbols—closed triangles, culture medium with transformer oil;
closed squares, culture medium without it
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A) +PCBs -PCBs
| | | |
bp L DNA 0 10 20 30 10 20 30 (d)
2036 N S
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g “H“ﬂﬁ_“ Laccase

(95 ]
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n

Relative units of laccase transcript
r
A

B-tubulin

0 5 10

20 25 30

Culture time (d)

Fig. 4 RT-PCR analyses of P. ostreatus laccase transcript levels. a
RNA from fungi grown in SM in the presence and absence of PCBs
and at the period of incubation times indicated were retrotranscribed
and PCR analyzed. Amplified fragments were resolved in a 1% aga-
rose gel stained with ethidium bromide, a representative gel is shown.
Molecular size markers (L) are indicated at the leff (above). b Relative
transcript abundance of P. ostreatus laccase. Symbols—closed

with the program Oligo version 4.1 (Primer analysis soft-
ware). For [3-tubulin, initial denaturation at 94°C for 3 min
was followed by 30 cycles of denaturation at 94°C for
I min, annealing at 56°C for 30 s, and elongation at 72°C
for 45 s and a final extension for 5 min at 72°C. For laccase,
the cycling conditions were; denaturation at 94°C for 3 min,
followed by 35 cycles of denaturation at 94°C for 1 min,
annealing at 57°C for 30 s, and elongation at 72°C for
2 min. The final extension was for 5 min at 72°C. The
reactions were carried out in a Techne TC312 Thermal
Cycler (USA). Amplified fragments were analyzed on 1%
agarose gel stained with ethidium bromide.

Table 2 Removal of

PCBs by Pleurotus Culture time (day)

Removal (%)

ostreatus
0 0
10 0
20 63.05+2.05
30 63.80+4.6

@ Springer

triangles, in presence of transformer oil (PCBs, 7,100 mg/L); closed
squares, in its absence; at three culture times. The relative transcript
abundance levels are plotted versus culture times (same as indicated for
RT-PCT assay). The intensity of the each band from gel A was deter-
mined by densitometry, relative intensity of laccase values were nor-
malized with (-tubulin. Each point is an average of two different
determinations (below)

Results and discussion

Presence of PCBs increases P. ostreatus biomass The study
was carried out during P. ostreatus growth to compare the
production of biomass in the presence and absence of PCBs
(transformer oil) in liquid medium at culture times indicated.
Biomass production is approximately 2-fold higher in the
presence of PCBs. The maximum dry biomass production
was 240 mg with PCBs and 110.34 mg without them at
30 days of culture (Fig. 2). We have previously observed
that SM supported good growth of the fungus (Gayosso-
Canales et al. 2011). Consequently, this medium was select-
ed to evaluate the concomitant production of biomass and
enzymatic activity in the presence and absence of PCBs.
The growth was better in the presence of PCBs than in their
absence suggesting that PCBs along with the surfactant
added improve the growth of fungus probably because the
surfactant increases bioavailability of PBCs, especially of
those congeners with large octanol-water partition coeffi-
cients (Moeder et al 2005) thus improving laccase enzyme
activity (Nikiforova et al. 2009). Also, it has been reported
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that surfactants may improve solubility of pollutants with
little or none solubility in water, even at concentrations
higher than their critical micelle concentration (Robinson
et al. 1996).

PCBs modify the laccase activity While the laccase activity
(Fig. 3) was initially repressed with the PCBs addition as
compared with the control without PCBs, an increase of
enzyme activity was observed after five d of culture pre-
sumably due to the presence of transformer oil. Up to
30 days of treatment the enzyme activity was the same. This
suggests that, at least initially, the contaminant may have
caused a repressive effect, probably due to stress; however
after a short-time PCBs seem to increase the laccase activity.
The induction levels of laccase activity were 6.9-fold at
10 days and 6.77-fold at 20 days post-induction. It has been
shown that laccase activity increases in the presence of
CuSO4 and MnSO4 at 1 and 1-5 mmol/L, respectively in
P, ostreatus (Staji¢ et al. 2006), whereas other studies indi-
cate that 150 umol/L CuSQ, is enough to obtain a laccase
induction (Palmieri et al. 2000). In any case, the medium
used in the present work contained 0.94 mmol/L CuSQy,
and 0.33 mmol/L MnSQy, and it is known that all laccase
promoters contain metal responsive elements, which are
able to change protein interaction pattern upon metal addi-
tion, being copper one of them (Faraco et al. 2003). So, at
least initially, a laccase activity was expected.

Thus, CuSO,4, MnSQ,, and wheat straw extract were
added to increase the laccase activity; since previous studies
have reported that the addition of lignocellulosic residues
and the presence of metals improve the activity of this
enzyme (Ullah et al. 2000; Staji¢ et al. 2004).

Laccase activity is enhanced upon PCBs addition The pres-
ence of PCBs (as transformer oil) improved laccase activity
as determined by a chemical assay shown in Fig. 3. To
confirm this, relative abundance of laccase transcript was

Fig. 5 Recovery of PCB

examined using RT-PCR analysis. RNA was isolated from
0-, 10-, 20-, to 30-day cultures in SM medium. 3-tubulin
amplified products were used as reference. The expression
determined as relative abundance of laccase transcript was
normalized against the concentration of tubulin obtained
from RT-PCR was analyzed, the amplicons obtained corre-
sponded to expected length (Table 1). As a control, ampli-
fied genomic DNA was used to amplify PCR products to
distinguish them from RNA amplified products (Fig. 4a).
These data were quantified and normalized by tubulin ex-
pression and plotted as shown in Fig. 4b. Laccase transcript
level in the presence of PCBs was higher than that without
PCBs. This increase is mainly observed at 20 and 30 days of
culture, consistent with their corresponding laccase activity
levels. However, there is an inconsistency at 10 days where
there is as much laccase activity as that found at 20 days: the
transcript levels are lower, indicating either there is an
increase rate of laccase synthesis or that the biochemical
reaction is not specific.

Removal of PCBs Table 2 shows the removal percentage
of PCBs in the medium analyzed; 63.05 at 20 days
and 63.8 at 30 days post-treatment, corresponding to
33.3 and 18.9 ppm/mg when normalized by biomass.
Figure 5 shows the input, remaining percentage and its
corresponding abiotic control per congener identified in
the transformer oil after 20 days of culture. From Fig. 5,
one can observe that 2,4 and 3,3’ dichloro biphenyls were
completely removed; as well as 2,2',5/2,3',5/2,4,6 and
2,3,4 trichloro biphenyls. Furthermore, the congeners tet-
rachlorinated 2,2',4,5'/2,2',5,6/2,2',4,4'/2,3',5,5'/2,3',4",6/
2,2'3,4/3,3',4,5'/2,3",4',5, or 2,3,3",4/3,3',5,5', or 3,3',4,5'
were eliminated in a 65.88% as well as pentachloro
biphenyls 2,2',3,3",5, 2,2',3,4,5'/2,3,3',4',6, 2,3,3',4,4'/
2,3',4,4'5/2,2'4,4'5/2,2'3,5,5", or 2,2',3',4,5/2,3,3",4',6/
2,3,3',4,4', or 2,3',4,4',5/2,3',4,5',6 which were removed
completely.

Chlorination degree

congeners after 20 days of di tri tetra penta
. . 10.00
growth and classification
according to their chlorination 9.00
degree. f, time zero, ¢, point 8.00
taken at day 20, 5, abiotic :
abiotic control. Number 1-37 7.00 o
0120 abiotic
are referred to congeners >
. . 6.00 +
contained in Table 3 %
g 5.00
[
s 4.00-
3.00 -
2.00 4
1.00 4 m
0.00 AL m

123 45678 910111213141516171819202122232425262728 293031323334 353637

Congeners
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Table 3 Porcentage recovery of PCBs congeners at 20 days of biodegradation by Pleurotus ostreatus

Congener no.

Abundance (%)

Recovery abiotic (%)

Recovery (%)

Position of chlorine atoms on the biphenyl ring

Configuration

Dichlorinated biphenyls

1 3.01
2 0.64
3 1.28
4 6.63
Trichlorinated biphenyls
5 0.81
6 8.94
7 4.77
8 0.64
9 543
10 1.20
11 0.62
12 7.12
13 7.55
14 6.60
15 2.73
Tetrachlorinated biphenyls
16 1.10
17 0.39
18 4.14
19 3.16
20 2.56
21 3.85
22 2.90
23 4.06
24 0.80
25 1.92
26 4.07
27 4.28
28 3.07
Pentachlorinated biphenyls
29 0.48
30 1.02
31 0.57
32 0.46
33 0.65
34 0.36
35 1.11
36 0.69
37 0.42

2.57+0.11
0.54
1.11+0.03
5.8+0.13

0.70+0.01
7.93+£0.27
4.15+0.21
0.53+£0.04
4.83+0.12
1.04+0.03
0.55+0.02
6.18+0.16
6.92+0.34
5.90+0.22
2.40+0.07

0.98+0.02
0.00
3.75£0.17
2.85+0.01
2.30+0.06
3.48+0.16
2.59+0.16
3.67+0.18
0.70+0.03
1.71+£0.09
3.71+£0.26
3.99+0.4
2.77+0.21

0.47
1.17
0.59
0.48
0.69
0.19
1.25
0.47
0.00

0.77+0.06
0
0
1.88+0.12

0
2.81+0.24
1.21+0.15
0
1.76+0.18
0
0
1.87+0.14
2.76+0.29
2.04+0.18
0.72+0.03

0

1.39+0.16
1.04+0.12
0.86+0.11
1.12+0.12
0

1.33+0.12
0

0.57+0.05
1.25+0.12
1.32+0.14
0.78+0.03

S O O O O o o <o

2,2

24 Planar
3,3/ Planar
2.4 Planar
2,25

2,4'5 Planar
2,4.4' Planar
2,35 Planar
3,44' Planar
2,4,6

2,34 Planar
24,5 Planar
2'3,4 Planar
2,34 Planar
2,33 Planar
2,3,3"5' Planar
2,3,4'.6

2,2'4,5'

2,2'5,6

2,2'4.4'

2,3'5,5' Planar
2,2'3,3'

2,3'.4'.6

2,3,4'.6

2,2'3,4

3,3'.4,5 Planar
2,3'.4"5 or 2,3,3' 4 Planar
3,3",5,5 or 3,3',4,5'

2,2'3,3",5 0r2,2',3,4,5'

2,3,3',4'.6 or 2,3,3',4,4'

2,3'44'5 Planar
2,2',4.4'5

2,2'3,55 or2,2',3'4,5

2,3,3'.4'.6

2,3,3'.44" or 2,3',4,4')5 Planar
2,3'.4,5'.6

2'3,4,5,5'

# Congeners absorbed in the abiotic control

P ostreatus has shown to be a good biodegradation
organism for different contaminants (Palmieri et al. 2005;
Rigas et al. 2005). The fungus was able to biodegrade totally
the dichlorinated 2 and 3, the trichlorinated 5, 8, 10, and 11,
the tetrachlorinated 16, 22, and 24, and the pentachlorinated

@ Springer

29-36 congeners, while it is impossible to determine tetra-
chlorinated 17 and pentachlorinated congeners enzymatic
degradation, as they are removed by the abiotic controls
(Table 3; Fig. 5). Our findings indicate that under our con-
ditions highly chlorinated biphenyls were efficiently removed
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and selectivity in PCB congener degradation was not observed
(Table 3) suggesting that P. ostreatus laccase degrades a wide
range of congeners. This could be explained, at least in part,
because surfactant improved congeners solubility, especially
of those that are less soluble, thereby facilitating their biodeg-
radation (Robinson et al. 1996; Paria 2008).

Some previous reports have shown a great resistance
of congeners with two chlorine atoms in para positions;
the ortho position is preferred for degradation including
non planar congeners, and the biodegradation decreases
with the increase of chlorination (Beaudette et al. 1998;
Kubatova et al. 2001).

The results in present study indicate that the biodeg-
radation of PCBs by P ostreatus under our culture
conditions tested and with the transformer oil type used
is independent of number and position of chlorine atoms
since both dichlorinated and pentachlorinated congeners,
planar and non-planar were degraded. Kamei et al.
(2006) also observed that Phanerochaete sp. shows a
specific biodegradation of PCBs affected by the mix of
congeners.

On the other hand, in several studies the capacity of
degradation of polycyclic aromatic hydrocarbons (PAHs)
has been associated to the production of laccase (Rodri-
guez et al. 2004). In our study, the contaminant removal
data strongly suggest that P. ostreatus laccase is in-
volved on the removal of highly chlorinated biphenyls
contained in transformer oil. This is in contrast to a
study where with the results reported in other papers,
where a very difficult biodegradation of tetrachlorinated
PCBs was reported when P. ostreatus was also used to
treat Delor 103 or Delor 106 (Moeder et al. 2005;
Novotny et al. 1997). However, these studies were not
performed in the presence of a surfactant.

Since laccase activity was confirmed by its specific tran-
script levels, the pollutant removal activity observed during
P, ostreatus growth is due to laccase activity at least under
our conditions. The removal activity observed is also con-
sistent with the transcript levels obtained since PCBs elim-
ination and lacccase transcript levels are the highest at 20
and 30 days.

In order to rule out the possibility of having other ligno-
lytic enzymes participating in PCBs removal, versatile per-
oxidase and manganese peroxidase activities were also
determined by chemical assays, however no significant lev-
els were obtained (data not shown); this strongly suggests
that the highly chlorinated PCBs removal was only due to
laccase activity. However, this does not preclude early in-
volvement of enzymes such as the versatile peroxidase
(Pozdnyakova et al. 2010) and cytochrome P450 (Kamei
et al. 2006), which might be involved in the oxidation of
PCBs prior to their degradation, as it has been demonstrated
for PAHs.

Furthermore, PCBs sequestration by lipid vesicles cannot
be ruled out as has been previously observed in Fusarium
solani studies with PAHs (Verdin et al. 2005).
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