Indian Journal of Biotechnology
Vol. 18, January 2019, pp 42-51

Laccase gene silencing negatively effects growth and development in
Pleurotus ostreatus
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In this study we describe the effects of Pleurotus ostreatus transformants that have been silenced for laccase genes.
Using the RNAI strategy, transformants with different levels of phenotypic alteration were obtained with respect to their
oxidation capacity of 2,6-dimethoxyphenol (DMP). The analysis of laccase activity on DMP allowed us to select
transformants with severe, medium and light phenotypic alteration in comparison to the PoB strain. The measurements of
the average growth rate of the transformants with severe phenotypic alteration suggested that laccase expression could play
a role in the vegetative growth of P. ostreatus. It was observed that both in solid and liquid cultures, PoB and the
transformants express mRNA for lacc10, although the transformants with medium and severe phenotypic alteration present a
decrease in intensity, especially in solid culture. This suggests that the product of this gene is responsible for the
development of the mycelium and probably participates in the production of biomass in solid culture and also could be
related to the decrease in the intensity of the constant isoenzyme observed in both culture systems.
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Introduction

Pleurotus ostreatus is a saprotrophic fungus, in its
natural environment this fungus grows on branches
and trunks of fallen or decaying trees and even on the
ground on rotten roots'. The fungus is an edible
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COITee pulp ana oOwner agro-inausurial resiaues. It
has been suggested that this is possible because
this fungus produces an enzymatic complex that is
responsible for the degradation of the lignin of
these natural substrates. This enzymatic complex is
primarily composed of lignin peroxidase, manganese
peroxidase and laccase’. P. ostreatus has been converted
into a fungus of biotechnological interest due to its
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ability to produce laccase enzymes, which have
multiple applications at the biotechnological’ and
environmental levels®; thus, at present, there are many
studies regarding these enzymes. The role played by
the laccases in the different organisms in which they
i igated, i.e., the role of

monmoronm ~ come | Dacteria’. In the case
oI TUNg], 1t nas oeen obsérvea mat the laccases have a
variety of functions. In ascomycetes, it has been
suggested that laccases participate in the biosynthesis
of melanin in conidia®, in pigmentation of cleistothecial
primordia’ and pathogenesis'’. Furthermore, in
basidiomycetes, it has been suggested that the
laccases participate in mycelial development in
Agaricus bisporus', in the development of primordia
and the synthesis of melanin in the fruit body of
Lentinula edodes and even in the Dbasidiome
morphogenesis'>"*. In the white rot basidiomycete
Pycnoporus cinnabarinus, the production of a single
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laccase isozyme and traces of a peroxidase that is
neither LiP nor MnP was identified. Therefore, the
degradation of lignin by this fungus is attributed
almost exclusively to laccases'®. It was also reported
that the characteristic red pigment produced by
P. cinnabarinus is formed by the oxidation of the
3-hydroxyanthranilic acid (3-HAA) precursor to
cinnabaric acid during the formation of the fruiting
body, in a reaction catalyzed by laccase'”. Generally,
laccases have been attributed a significant role in the
degradation of lignin in white rot fungi'®. However,
the most important fungus that degrades lignin,
Phanerochaete chrysosporium, does not produce any
typical laccases but rather produces an enzyme with
ferroxidase activity'’.

Despite these findings, the physiological function
of laccases in Pleurotus has been scarcely studied;
several authors have suggested that these proteins
participate in mycelial development'®, sporulation'’,
and in fruiting body development™. Conversely, a
high percentage of altered transcriptional responses in
laccase genes has been observed during its culture in
the presence of an extract of wheat straw, which
suggests that the laccases are sensitive to phenolic
compounds and sugars present in the inducer
extract’’. In addition, this could indicate a possible
function of laccases in the assimilation of lignin
as a complex carbon source in its natural habitat.
However, almost all of the in vitro studies intended to
produce laccase enzymes have used glucose as a
carbon source in the cultures, in addition to variation
of other factors, which is not in keeping with the
assessments made previously regarding their role in
the assimilation of a complex carbon source. This
suggests that laccase’s physiological participation
could be different.

Pezzella® performed transcriptional analysis of
nine laccase genes in P. ostreatus to attempt to
unravel the physiological role played by the different
laccase isoenzymes produced in this fungus. These
researcher’s results showed a complex picture of
transcriptional responses exhibited by the laccase
genes analyzed; therefore, the authors suggested that
the genetic manipulation of fungal systems to silence
laccases would be useful to further disentangle the
enigma concerning the function of laccase enzymes.

One strategy that is considered to be a powerful
tool to identify the function of genes in a wide variety
of eukaryotic organisms, including fungi, is employing a
mechanism of genetic regulation through the use of
interfering RNA (RNAi). The RNAIi is a mechanism

of post-transcriptional gene silencing that result in
degradation of the produced RNA messenger,
attenuating the expression of the target gene. Through
silencing of the genes coding for the enzymes of
interest, the role of these enzymes in the physiology
of the organisms can be verified according to the
hypothesis that “the function of a gene can be directly
tested in experiments in which a gain or loss of
activity can be predicted by the presence or absence
of a functional gene””. Among the main advantages
of using RNAI in functional genetics research is that it
can be applied to the analysis of the function of
multigenic families, such as the genes encoding
laccases in P. ostreatus™. In a study conducted by
Salame et al (2010), the silencing of the sequence
target mnp3 in P. ostreatus, induced a strong silencing
of mnp3 and mnp9 and also reduced the transcription
of mnp4 without substantially affecting the expression
of other members of the family. RNAI also allows for
the analysis of genes whose elimination is lethal,
since it attenuates the expression of specific genes
at distinct levels, which can maintain organism
viability”. This feature can be used to select
transformants with phenotypic variations, the analysis
of which can provide information related to the
function of the target gene™.

In this work, we used the strategy of RNAI to obtain
transformants with distinct levels of attenuation of
laccase genes expression. Next, we evaluated the
phenotypes obtained with respect to their laccase activity
and their effect on mycelial growth to try to corroborate
the involvement of the laccases in the early stages of
fungus development, and the effect on laccase activity
on the development of the transformants when they are
grown in solid and in liquid media.

Materials and Methods

Strain

P. ostreatus strain PoB was obtained from the
institutional collection of edible mushrooms of the
Autonomous University of Chapingo, Mexico. The
strain was received as dikaryotic mycelium and it is
wild-type. The conservation of the P. ostreatus strain
was performed on malt-extract agar medium (BD
Bioxon®) at 25°C in Petri dishes of 90 mm diameter
for 10 days and then it was stored at 4°C.

Plasmid

The plasmid pRNAi-LAC?’ was developed from
the plasmid pGpdPki-RNAi**. The plasmid pRNAi-
LAC contains the promoter gdh of the Aspergillus



44 INDIAN J BIOTECHNOL, JANUARY 2019

nidulans gene, the terminator of the cycl of the
Saccharomyces cerevisiae gene and the gene for
resistance to phleomycin (ble) is used as the selection
marker. In addition, this vector contains the genes
promoters gpd and pki of A. nidulans and A. niger,
respectively, placed in opposite directions and facing
each other such that transcription from each promoter
generates a double RNA strand complementary to a
fragment of the gene inserted between them. For this
purpose, the plasmid has two Ncol restriction sites,
into which was inserted a DNA fragment of 317 bp
(5’-ATGTCGTGGCCCCTCAAAATGCGGGGCTC

GCCCACTCCCGATAGACACTCATCAATGGCAT
AGGTCGCTACGCTGGGGGTCCTACTTCCCCTC
TGGCCGTCATCAACGTCGAAAGCGGCAAGCG

ATATCGTTTCCGACTCATCTCCATGTCTTGCG

ACCCCAATTACACGTTCTCGATCGACGGTCAC
ACTTTGCCGGTTATTGAAGCAGATGCAGTCAA
TATTGTGCCCCTTGACGGTATGTTTCATATAC

TGACAACACAAACACATTCTGAATCATCTTGA
TGTAGTGGATAGTAT-3’), the analysis of which
with BLAST was found to correspond to 77% identity
to the pox4 gene laccase exon 10 between position
1491-1808 (Accession FM202670) of P. ostreatus
ATCC no. MYA-2306 (Fig. 1 and 2).

Culture Media
The culture medium used for the fungal transformation
consisted of five Erlenmeyer flasks each with 25 mL

of YMG medium® (per litre: 4 g yeast extract, 10 g
malt extract and 4 g glucose) for the propagation of
approximately 0.05 g of mycelium, previously
homogenized with an electric mixer (Aerolatte™) for
5 min. The cultures were incubated at 25°C at 120
rpm for 60 hours. This experiment was performed in
triplicate. The evaluation and screening of transformants
for laccase activity was carried out in 60 mm diameter
Petri dishes with 10 mL of YMG agar containing 0.5 M
2,6-dimethoxyphenol (Sigma Aldrich®) (YMG-agar-
DMP). This experiment was performed in triplicate.

For the evaluation of the silencing of laccase genes,
the culture was carried out in both solid and liquid
cultures. The solid culture was carried out in 90 mm
diameter Petri dishes containing 25 mL of YMG agar.
For the liquid culture, Erlenmeyer flasks were used
with 25 mL of YMG. The cultures were incubated at
25°C for 7 days in darkness. Both experiments were
performed in sextuplicate. Three replicates were used
to obtain the total RNA and the other three replicates
were used to estimate the produced biomass.

The estimation of the growth rate average (GRA)
was carried out in 90 mm diameter Petri dishes
containing 25 mL of YMG agar. This experiment was
performed in triplicate. The inoculum for all culture
conditions was one disk (8 mm diameter) of
mycelium taken from the edge of a freshly grown
colony, positioned in the centre of the Petri dish

Pleurotus ostreatus pox4 gene for phenol oxidase, culture collection ATCC:MYA-2306, exons 1- 20

Sequence ID: FM202670.1 Length: 3191 Number of Matches: 1

Range 1: 1499 to 1794 GenBank Graphics
Score Expect Identities Gaps Strand
171 bits(92) le-38 231/299(77%) 6/299(2%) Plus/Plus

Query 1 ATGTCGTGGCCCCTCAAAATGCGGGGCTCGCCCACTCCCGATAG - ACACTCATCAATGGC 59

LLLLLLEELLLLE THLELL

PULLLEEELEEE L EE L ELLLLLL]

Sbjct 1499 ATGTCGTGGCCCCACAAAATGGACCAATC - CCTACTCCCGACAGCACGCTTATCAATGGA 1557

Query 60
IR IRl

ATAGGTCGCTACGCTGGGGGTCCTACTTCCCCTCTGGCCGTCATCAACGTCGA- -AAGCG 117

| 1]
sbjct 1558 TTGGGCCGCTATGCTGGTGGACCCACGTCTCCACTAGCTGTAGTC - -CGTGTACTTTGGG 1615

Query 118  GCAAGCGATATCGTTTCCGACTCATCTCCATGTCTTGCGACCCCAATTACACGTTCTCGA 177
X O O AN O o N A AR e AN
Sbjct 1616 GTTTGAGATATCGCTTCCGATTAGTATCTTTATCGTGCGACCCCAACTGGACGTTCTCGA 1675
Query 178  TCGACGGTCACACTTTGCCGGTTATT ATGCAGTCAATATTGTGCCCCTTGACG 237
LI 1l IIlIIlIIIIIl IIIIIIIIIIII [N
Sbjct 1676 TCGACGGCCACAAGCTCCTGGTTATTGAAGC TGATGCAGTCAATGTCCAACCTGTTGAAG 1735
Query 238 suucnr(A ATACTGACAACACAAACACATTCTGAATCATCTTGATGTAGTGGATAG 296
LTI IIIIlIII|IlIII|lIIIIIIIIIIIIlIlIIIIIIIIlIIIlIIII
sbjct 1736 GTATGTTTCATATACTGACAACA TTCTGAATCATCTTGATGTAGTGGATAG 1794

FM202670.1:1452..1770 Pleurotus ostreatus pox4 gene for phenol oxidase, culture collection ATCC:MYA-2306, exons 1-20

1460  [1480 1500  [1.520  [1540  [1.560  [1.580 1,600

1620  [1640  [1660 1680  [1700 1720 ~ [1740 1760

Sequence

BLAST Results for: Nucleotide Sequence (317 letters)
o I mho-n

Query_33475
T NN )@ & [ [T (- ]

Fig. 1 — Alignment of the DNA sequence used (317 bp) in the sequence databases.
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Fig. 2 — Plasmid pRNAi-LAC.

and randomly positioned when an Erlenmeyer flask
was used.

Fungal Transformation

The mycelium cultivated in the YMG medium was
made competent by treatment with lytic enzymes and
the process is described below: The mycelium was
centrifuged and resuspended in the YMG medium
after adding 0.6 M of sucrose (Meyer” reagents) as
osmotic stabilizer, and lytic enzymes of Trichoderma
harzianum (with p-glucanase, cellulase, protease,
and chitinase) (Sigma Aldrich®™) were added at a
concentration of 10 mg/mL and allowed to incubate
for 1.5-2.0 h at 32°C with gentle shaking.

This process weakens the cell wall facilitating the
transformation by electroporation. The treated mycelium
was washed three times by centrifugation-resuspension
in milli-Q water and were eventually resuspended in
milli-Q water. Immediately thereafter electroporation
was conducted using the conditions described by
Peng®, except that in this study 2.2-2.8 kV/cm field
strength and 100-500 Ohms resistance was used, in
0.2 cm electrode cuvettes, using a Gene PulserXcell™
Electroporation Systems (Bio-Rad®).

To obtain transformants, 40 pL of mycelial
suspension (protoplast 1x107) was mixed with 300 ng
of the plasmid pRNAi-LAC and as a control 40 puL of
mycelial suspension (protoplast 1x107) was mixed
with 300 ng of the plasmid without the insert (PoB2)
followed by the electroporation. Additionally, protoplasts
without plasmid were also electroporated and used as
a control for the effect of the electroporation (PoB1).
In addition, protoplasts not subjected to electroporation
were used as a control for the digestion with lytic
enzymes (PoBsine). This experiment was carried
out in triplicate. Immediately after electroporation,
800 pl of 0.6 M sucrose, as an osmotic stabilizer, was
added to every replicate of the mycelial suspension,

and the mixtures were placed on ice. Subsequently,
the regeneration of the mycelium in Erlenmeyer flasks
with YMG medium at 25°C at 120 rpm for 4-7 days
was performed. The regenerated strains were isolated
and were individually grown on plates with YMG-
agar medium and then were used in the evaluation.

Evaluation and Screening of Transformants

A phenotypic analysis was performed in triplicate
measuring the oxidation halo of DMP produced on
the solid medium by the pRNAi-LAC transformants
and the parental strain followed by the selection of
transformants with different levels of DMP oxidation.
The genotypic analysis was performed with confirmation
of the integration of the constructs into the selected
genome strains by PCR using the primers Pgdp and
Ppki, followed by an analysis of the obtained
sequences to confirm the presence of the plasmid
pRNAIi-LAC.

A culture test was performed to observe the
oxidation halo and determine the number of
isoenzymes present in the parental strain (PoB), the
control of the transformation (PoB2), the control of the
electroporation (PoB1) and of the control of digestion
(PoBsine). The following experiments were carried out
using only the selected transformants and the parental
strain PoB.

Evaluation of Laccase Genes Expressed in Solid and Liquid
Cultures

Total RNA extraction, reverse transcription and
PCR. The biomass obtained in both cultures was
processed to obtain total RNA, using a RNeasy plant
mini kit (QIAGEN®) according to the manufacturer’s
protocol. The genomic DNA was removed from the
RNA samples using DNAse I (Thermo Scientific®).
The integrity of the RNA samples was verified
by visualization on ethidium bromide stained
agarose gels and their concentration was determined
spectrophotometrically using the smartspect plus
spectrophotometer (Bio-Rad”™). For the synthesis of
the first strand complementary DNA (cDNA) the
revert aid H minus first strand cDNA synthesis kit
(Thermo Scientific®) was used with 3 pg of total
RNA as template. To perform the PCR amplification,
2 ul of the product of the cDNA synthesis was used as
a template for PCR with 200 uM of dNTPs mix, 2 uM
MgCl,, and 0.1 U of Tag DNA polymerase in KCI
buffer (Thermo Scientific®) and 0.4 uM of each pair
of oligonucleotides in a 50 pl total volume. The pairs
of primers that we used to evaluate the expression of
the laccase genes are those corresponding to the
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Fig 3 — Isoenzymes and oxidation halo presented by the controls:
(PoB) parental strain, (PoBsine) control of the digestion with lytic
enzymes, (PoBl) control of the effect of the electroporation
without plasmid, (PoB2) control of the transformation with the
plasmid without the insert.

laccl, lacc2, lace3, lacc4, lacc6, lace7, lace8, lacclO,
lacc12 and actin genes reported by Pezzella™.

The PCR was performed on a T100 thermal cycler
(BioRad®™) with the following conditions for the pairs
of laccase primers: 95°C for 4 min and
30 cycles at 95°C for 1 min, 55°C for 1 min, 72°C for
1 min followed by 72°C for 7 min; the actin gene
(constitutive expression gene) was used as control,
the same conditions were used, but instead of using
55°C for the ringing step, 58°C was used for 1 min.
The result of the amplifications was visualized on
agarose gels using 1X TAE, stained in a solution of
ethidium bromide with a final concentration of
0.5 pg/L. The DNA in the gels was visualized in a
DigiDoc-it photo-documenter (UVP"™). GeneRuler™
100 bp DNA Ladder (Thermo Scientific”) was used
as molecular weight marker. The normalized intensity
of the amplicons obtained was obtained using the
ImagelJ program, which is a public domain digital image
processing program programmed in Java developed at
the National Institutes of Health. With the program, data
of relative intensity are obtained and by dividing the
relative intensity of each mRNA and each strain
between the respective relative intensity of actin, the
value of the normalized intensity was obtained.

Estimating the Average Growth Rate

To estimate the average growth rate (AGR)
of the transformants with respect to the control
strain PoB in the solid culture, cultures were carried
out in 90 mm diameter Petri dishes with YMG agar.
Every 24 h and during a period of 7 days, the
diameter of each colony was measured vertically and
horizontally (longest and shortest diameter) to
calculate an average diameter, using a digital vernier.
This experiment was performed in triplicate. The
radial growth of each strain was fitted to a linear
equation. The value of the ordinate at the origin (b)
was established in the diameter of the fragment
inoculated (8 mm) and where the GRA represents the
slope (m) of the line.

Obtaining Enzymatic Extracts and Biomass in the Solid and
Liquid Cultures

To obtain the enzymatic extract (EE) from the solid
culture, the procedure was as follows: the mycelium
was removed with the aid of a platinum handle, the
resulting medium (mycelium free) was cut into
approximately 1x1 cm® cubes and placed in a 125 mL
flask, and 25 mL of 0.5 M pH 6.5 phosphate buffer
was added to the flask. To obtain the EE of the liquid
culture, this was filtered, retaining the biomass produced
with the aid of a Buchner flask. The resulting
enzymatic extracts were used for both obtaining the
number of laccase isoenzymes and the laccase activity.
The obtained biomass was quantified as dry weight
(oven drying at 40°C, and subsequently recording its
weight).

Obtaining the Number of Laccase Isoenzymes by Zymography

To observe the number of isoenzymes present
produced by the transformants strains and PoB, their
activity was detected in vitro using 10 pg of protein
from each EE in zymograms based on the modified
SDS-PAGE technique of Laemmli®'. The separating
gel contained 12% acrylamide and 2.7% bis-
acrylamide. The packaging gel contained 4%
acrylamide and 2.7% bis-acrylamide. Samples of
enzyme extracts were run on 0.75 mm thick gels at
150 V in a mini-PROTEAN tetra cell (BioRad®)
electrophoresis system for 1-2 h. After the run, the
gels were washed with distilled and deionized water
for 1-1.5 h, with water change every 15 min to
remove the SDS and re-nature the proteins. Finally,
the gels were incubated for 12 h at room temperature
in 50 mL of 2 mM DMP in 0.1 M pH 6.5 phosphate
bufter.
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Laccase Assay

The laccase enzymatic activity present in the EEs
was determined with the following reaction mixture:
800 pl of 2 mM DMP in 0.1 M pH 6.5 phosphate
buffer and 200 pl EE. The product was measured
following a reaction kinetics for 1 min at 39°C at
468 nm on a smartspect plus spectrophotometer
(BioRad"™). The enzymatic activity was expressed as
international units (IU), where 1 IU is defined as the
amount of enzyme that catalyses the transformation of
1 uM of the substrate into product per minute. To
obtain the specific activity, the total protein produced
was measured by the Bradford method?”.

Statistical Analysis

All growth rate averages, biomass and specific
laccase activity measurements were analyzed using a
one-way ANOVA test (o = 0.05) to determine the
statistical significance of the differences. Next,
differences between the transformants and the PoB
strain were evaluated using the Dunnet's test
(P < 0.05). For this analysis, the XLSTAT Excel
complement was used.

Results and Discussion

Fungal Transformation

Twenty-seven pRNAi-LAC transformants were
obtained. The analysis of laccase activity on DMP
allowed us to select transformants with severe,
medium and light phenotypic alterations in comparison
to the PoB strain. Most of the transformants presented
an oxidation halo similar to that of the PoB strain, and
among them, T7 was randomly chosen and considered
to be a transformant with a light phenotypic alteration.
T21 was selected because it showed a minor oxidation
halo compared with both the PoB strain and the T21
transformant and was considered as a transformant
with a medium phenotypic alteration. T27 was the
only transformant that produced a halo of light
oxidation, and T26 was the only transformant that
presented with almost no oxidation halo, and both
were considered to be transformants with severe
phenotypic alteration. In the following experiments,
we used the PoB strain as the reference. The oxidation
halos produced after 48 hours by the PoB strain and
the selected transformants selected are shown in
Figure 3.

Evaluation of the Silencing of Laccase Genes

From the analysis of laccase expression, we
obtained RT-PCR products with the laccase gene
primers mentioned before with amplicons between

approximately 50 and 100 bp expected. In Figure 4
shows the amplicons obtained for the five strains and
the nine primers as well as the amplicons obtained for
actin. The PoB mRNA had a higher intensity of
expression for the laccl, lacc2, lacc4, lacc8, laccl0,
and laccl? genes in solid culture (Fig. 4a). The
transformants expressed the mRNA for the nine
primer pairs tested in the solid culture, although the
mRNA intensity of the lacc7 gene was very low in all
strains, except for the intensity shown for T27. The
expression of the mRNA for the genes laccl, lacc3,
lacc4 and lacc6, with respect to the control PoB, does
not present a pattern that suggests a decrease
according to the level of involvement of the
transformants. Except for T27, mRNA expression for
the laccl0 gene decreased significantly according to
the degree of involvement of the transformants.
Meanwhile, in liquid culture (Fig. 4b), the mRNA was
expressed in PoB for almost all laccase genes with the
exception of the lacc7 gene, whose intensity is almost
null. The mRNA expression for lacc2, lacc8, lacclO
and laccl2 was observed in the liquid culture for all
strains, but in the cases of lacc4 and lacc6, an
important decrease in its expression was observed in
the T21 and T26 transformants.

It was observed that both in solid and liquid
cultures, PoB and the transformants express mRNA
for laccl0, although T21, T26, and T27 present a
decrease in intensity, especially in solid culture. The
expression of mRNA for the lacc2, lacc8, and lacci2
genes has the highest intensities for the PoB control
and the transformants in both cultures, also, T27
expressed the nine mRNAs for laccase, although
some less intense than others. This has been an
unexpected behavior since T27 is one of the
transformants with severe phenotypic involvement. It
is probable that T27 is using a compensation
mechanism induced by the silencing. In this sense, a
reprogramming mechanism carried out by paralogous
genes, which are considered to have a backup
function, is proposed®. It has been found that the
laccase genes belong to a multigenic family®*. Thus,
it makes sense that this production of mRNA
corresponds to a natural response, although not all of

GO

Fig. 3 — Laccase activity obtained by the parental strain PoB and
by the transformants on DMP.
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Fig. 4 — Right: mRNA of genes for laccases. Left: normalized intensity data. a) solid and b) liquid cultures.

the mRNAs produced are functional, since the T27
strain showed a severe phenotypic change in its
ability of laccase production.

Average Growth Rate in Solid Culture

An analysis of the variance of the means of the
AGR obtained was performed. The results indicated
that there are significant differences between the AGR
means of the various strains (Fs;0 = 97.725, P <
0.0001). The Dunnett test was performed using the
PoB strain as the reference. The results showed that
there were significant differences between PoB vs
T27 and T26 (Fig. 5). The decrease in the expression
of the laccl0 gene could be related to the results
obtained in AGR. In this regard, Pezzella* reported
that the laccase produced from laccl0 seemed to play
a significant role in the vegetative growth. This could
be the reason why the transformants presented with
problems of development during the vegetative
growth of P. ostreatus, since the most strongly
affected transformants showed a slower average
growth rate compared to PoB, as shown by biomass
production in solid culture by the T21, T26 and T27
transformants with respect to PoB. It has been
suggested that in basidiomycetes, such as A. bisporus,

the laccases that were silenced, such as the product of
the laccl0 gene, participate in mycelial development'.
However, it is necessary to perform another type of
analysis to answer these questions.
Biomass and Enzymatic Production in the Solid and Liquid
Cultures

Figure 6 shows the biomass produced by the PoB
and the transformants in the solid and liquid cultures.
The ANOVA results indicate that there are significant
differences between the strains with respect to the
biomass obtained for both cultures (F410= 79.6941, P
<0.0001 and F4 0= 26.8504, P < 0.0001 for solid and
liquid cultures, respectively). Therefore, the Dunnett
test was performed to analyze such differences
between PoB and the transformants. For the solid
culture, it was observed that the transformants
T21, T26 and T27 showed significant differences
compare to PoB. In other words, there was an effect
in terms of the production of biomass in the
transformants with medium and severe phenotypic
alteration. In the liquid culture, no significant
differences were found between the biomass of the
T27 transformant with respect to PoB, while the T21,
T26 and T7 transformants produced a biomass
significantly higher than PoB.
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Fig. 5 —Average growth rate. Error bars are the standard error of
three independent experiments and (*) indicates significant
differences (Dunnett test p < 0.05).
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Fig. 6 — Biomass produced. Error bars are the standard error of
three independent experiments and (*) indicates significant
differences (Dunnett test p < 0.05).

Effect on Laccase Production

Figure 7 shows the effect on laccase production, as
can be seen; the liquid culture produced more laccase
activity than the solid culture. With respect to the
analysis of variance of the solid culture, the results
indicated that there were significant differences
between the strains considering the specific activity
obtained (F4;0 = 70.946, P < 0.0001). The Dunnett
test was performed using PoB as the reference. The
results show that there were significant differences
between PoB vs T21, T26 and T27. In a similar way,
the analysis of variance of the liquid culture indicated
that there were significant differences between the
strains with respect to the specific activity obtained
(Fs.10=241.344, P < 0.0001). Therefore, the post hoc
Dunnett test was again performed, and it was
determined that the T21, T26 and T27 transformants
showed significant differences compare to PoB.

It was observed in the case of liquid culture the
biomass produced by the transformants T21 and
T26, was greater than the produced by PoB, but

3.0 25

{ @ Solid e Liquid
25 { 20

) )
g E
= =
£ 20 =
E) 15 £
= * 2
3 13 z
1= 2
< } 5 103
3
g 10 . ° . ]
s } g
0.5 5 3
.
.
0.0 » 3 0
PoB 7 1 127 126

Fig. 7 — Specific laccase activity: a) solid and b) liquid cultures.
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Fig. 8 — Number of isoenzymes obtained by zymography: a)
solid and b) liquid cultures.

their enzymatic activity was lower. Based on a
transcriptional analysis, it was reported, that there is
not a proportional relationship between the amount
of laccase activity and the production of biomass®'.
This suggests that the laccases silenced in these
transformants do not have a primordial role in the
production of biomass for this strain of P. ostreatus in
liquid cultures. This finding can be the result of the
presence of other enzymes that are compensating for
the decrease in the production of laccase enzymes in
the transformants, to facilitate the assimilation of the
carbon source in the culture if the laccases are not
performing that function. For example, this fungus
also produces a versatile peroxidase (VP) encoded by
mnp4, which is one of the nine members of the MnP
gene family that forms part of the ligninolytic system
of P. ostreatus™.

On the other hand, there was a higher level of
production of laccase activity in liquid cultures versus
solid cultures. It has been reported that in solid
cultures there is a down regulation of laccases genes’
expression but the elements responsible for these
responses are unknown. Figure 8 shows the number of
isoenzymes obtained in solid (a) liquid cultures and
(b) according to the molecular weight marker, an
isoenzyme located at approximately 36-37 kDa was
observed in both cultures and all of the strains (PoB
and transformants). In the solid culture, an isoenzyme
of approximately 25 kDa was produced, while in the
liquid culture, a larger isoenzyme was produced
measuring approximately 55 kDa. A decrease in the
intensity of the constant isoenzyme was observed in
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both culture systems. The second isoenzyme present
in the solid culture from PoB disappeared in all of the
transformants, while the larger isoenzyme observed in
the liquid culture from the PoB was attenuated in the
T7 and T21 transformants and disappeared in the T27
and T26 transformants.

These results can be correlated with the attenuation
observed on the transcript laccl0, in the transformants
with medium and severe phenotypic alteration. It has
been suggested that the high transcriptional response
of laccl0 gene is very important to the induction of
extracellular enzymatic activity’>. Also, there could
also be a relationship between the isoenzyme located
at approximately 25 kDa and this gene; however, to
confirm this, more data must be obtained about the
produced isoenzyme, such a purification of that
protein and obtaining its amino acid sequence. It
would also be interesting to carry out the cultivation
of the transformants in wheat straw to further observe
the role of laccase enzymes in the morphology and
development of the Pleurotus ostreatus.

Acknowledgements

This research was supported by the SEP-CONACyT
basic science background for the “Physiological
implication of gene inactivation of laccases in Pleurotus
ostreatus PoB on morphogenesis and utilization
of complex carbon sources” No. 167759. This work
was also supported by a graduate fellowship from
CONACyT (208531) received by Anahi Armas
Tizapantzi.

References

1 Herrera T & Ulloa M, El reino de los hongos Micologia
basica y aplicada, 2da.ed, (UNAM-Fondo de Cultura
Econdmica México) 1998, 52-55.

2 Salame T M, Yarden O & Hadar Y, Pleurotus ostreatus
manganese-dependent  peroxidase  silencing  impairs
decolourization of Orange 11, Microbial Biotechnol, 3 (2010)
93-106.

3 Arora D S & Sharma R K, Ligninolytic fungal laccases and
their biotechnological applications, App! Biochem Biotechol,
160 (2010) 1760-1788.

4  Viswanath B, Rajesh B, Janardhan A, Kumar A P &
Narasimha G, Fungal laccases and their applications in
bioremediation, Enzyme Res, 2014 (2014) 1-21.

5 Nasrin Z, Yoshikawa M, Nakamura Y, Begum S, Nakaba S
et al, Overexpression of a fungal laccase gene induces
nondehiscent anthers and morphological changes in flowers
of transgenic tobacco, J Wood Sci, 56 (2010) 460-469.

6  Hattori M, Komatsu S, Noda H & Matsumoto Y, Proteome
analysis of watery saliva secreted by green rice leathopper,
Nephotettix cincticeps, PloS One, 10 (2015) 1-18.

7  Endo K, Hayashi Y, Hibi T, Hosono K, Beppu T et al,
Enzymological characterization of EpoA, a laccase-like

10

11

12

13

14

15

16

17

18

19

20

21

22

23

phenol oxidase produced by Streptomyces
J Biochem, 133 (2003) 671-677.

Sapmak A, Boyce K J, Andrianopoulos A & Vanittanakom
N, The bprB gene encodes a laccase required for dhn-
melanin synthesis in conidia of Talaromyces (Penicillium)
marneffei, PloS One, 10 (2015) e0122728.

Hermann T E, Kurtz M B & Champe S P, Laccase localized
in hulle cells and cleistothecial primordia of Aspergillus
nidulans, J Bacteriol, 154 (1983) 955-964.

Bar-Nun N & Mayer A M, Cucurbitacins protect cucumber
tissue against infection by Botrytis cinereal, Phytochemistry,
29 (1990) 787-791.

Wood D A, Inactivation of extracellular laccase during
fruiting of Agaricus bisporus, Microbiol, 17 (1980)
339-345.

Ohga S & Royse D J, Transcriptional regulation of laccase
and cellulase genes during growth and fruiting of Lentinula
edodes on supplemented sawdust, FEMS Microbiol Lett, 201
(2001) 111-115.

Nagai M, Kawata M, Watanabe H, Ogawa M, Saito K et al,
Important role of fungal intracellular laccase for melanin
synthesis: Purification and characterization of an intracellular
laccase from Lentinula edodes fruit bodies, Microbiol, 149
(2003) 2455-2462.

Bermek H, Li K & Eriksson K E L, Laccase-less mutants of
the white-rot fungus Pycnoporus cinnabarinus cannot delignify
kraft pulp, J Biotechnol, 66 (1998) 117-124.

Temp U & Eggert C, Novel interaction between laccase and
cellobiose dehydrogenase during pigment synthesis in the
white rot fungi Pycnoporus cinnabarinus, Appl Environ
Microbiol, 65 (1999) 389-395.

Leonowicz A, Cho N, Luterek J, Wilkolazka A, Wojtas-
Wasilewska M et al, Fungal laccase: Properties and activity
on lignin, J Basic Microbiol, 41 (2001) 185-227

Larrondo L F, Salas L, Melo F, Vicuia R & Cullen D, A
novel extracellular multicopper oxidase from Phanerochaete
chrysosporium with ferroxidase activity, Appl Environ
Microbiol, 69 (2003) 6257-6263.

Das N, Sengupta S & Mukherjee M, Importance of laccase in
vegetative growth of Pleurotus florida, Appl Environ
Microbiol, 63 (1997) 4120-4122.

Chakraborty T K, Das N, Sengupta S & Mukherjee M,
Accumulation of a natural substrate of laccase in gills of
Pleurotus florida during sporulation, Curr Microbiol, 41
(2000) 167-171.

Lettera V, Piscitelli A, Leo G, Birolo L, Pezzella C et al,
Identification of a new member of Pleurotus ostreatus
laccase family from mature fruiting body, Fungal Biol, 114
(2010) 724-730.

Castanera R, Pérez G, Omarini A, Alfaro M, Pisabarro A G
et al, Transcriptional and enzymatic profiling of Pleurotus
ostreatus laccase genes in submerged and solid-state
fermentation cultures, Appl Environ Microbiol, 78 (2012)
4037-4045.

Pezzella C, Lettera V, Piscitelli A, Giardina P & Sannia G,
Transcriptional analysis of Pleurotus ostreatus laccase genes,
Appl Microbiol Biotechnol, 97 (2013) 705-717.

Bhadauria V, Banniza S, Wei Y & Peng Y L, Reverse
genetics for functional genomics of phytopathogenic fungi
and oomycetes, Comp Funct Genom, 09 (2009) 1-11.

griseus,



24

25

26

27

28

29

ARMAS-TIZAPANTZI et al: LACCASE GENE SILENCING PLEUROTUS OSTREATUS 51

Pezzella C, Autore F, Giardina P, Piscitelli A, Sannia G et al,
The Pleurotus ostreatus laccase multi-gene family: Isolation
and heterologous expression of new family members, Curr
Genet, 55 (2009) 45-57.

Nakayashiki H, Hanada S, Quoc NB, Kadotani N, Tosa Y
et al, RNA silencing as a tool for exploring gene function in
ascomycete fungi, Fungal Genet Biol, 42 (2005) 275-283.
Nakayashiki H & Nguyen QB, RNA interference: Roles in
fungal biology, Curr Opin Microbiol, 11 (2008) 494-502.
Quiroz A, Generation of the silencing vector for genes
coding for laccases of Pleurotus ostreatus, Master Thesis,
Autonomous University of Tlaxcala, Tlaxcala, 2014.

Marcial J, Identification of an aspartate protease produced
by Amylomyces rouxii, silencing of the gene encoding it and
effect on tyrosinase activity. PhD Thesis, Autonomous
Metropolitan University, Iztapalapa, 2011.

Rithl M, Majcherczyk A & Kies U, Leccl and LeceS
are the main laccases secreted in liquid cultures of

30

31

32

33

34

Coprinopsis cinerea strains, Antonie Leeuwenhoek, 103 (2013)
1029-1039.

Peng M, Lemke PA & Shaw J J, Improved conditions for
protoplast formation and transformation of Pleurotus
ostreatus, Appl Microbiol Biotechnol, 40 (1993) 101-106.
Laemmli U K, Cleavage of structural proteins during the assembly
of the head of bacteriophage T4, Nature, 227 (1970) 680-685.
Bradford M M, A rapid and sensitive method for the quantitation
of microgram quantities of protein utilizing the principle of
protein-dye binding, Anal Biochem, 72 (1976) 248-254.

Kafri R, Bar-Even A & Pilpel Y, Transcription control
reprogramming in genetic backup circuits, Nat Genet, 37
(2005) 295-299.

Salame T M, Knop D, Tal D, Levinson D, Yarden O et al,
Predominance of a versatile-peroxidase-encoding gene,
mnp4, as demonstrated by gene replacement via a gene
targeting system for Pleurotus ostreatus, Appl Environ
Microbiol, 78 (2012) 5341-5352.



