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Abstract Manganese-containing superoxide dismutase (Mn-
SOD) is one of the most important superoxide dismutases
found in many eukaryotes and bacteria. In this study, the
full-length cDNA of mitochondrial manganese superoxide
dismutase from Pleurotus ostreatus (PoMn-SOD) was obtain-
ed. It contained 776 nucleotides with an open reading frame
(ORF) of 663 bp, encoding 220 amino acid residues. The
deduced amino acid sequence showed high identity with the
sequences of other basidiomycetousMn-SODs from Trametes
versicolor (71 %) to Laccaria bicolor (77 %). Quantitative
real-time PCR (RT-PCR) analysis revealed that PoMn-SOD
gene transcripts were abundant in the stage of young fruit
bodies and mature fruit bodies. The up-regulation of the
PoMn-SOD gene suggested that it was developmental regu-
lated and could play an important role in antagonizing
environmental stresses. In addition, another isoform of
Mn-SOD was detected by a non-denaturing polyacryl-
amide gel electrophoresis (PAGE) approach and the
highest total Mn-SOD activity (203.9 U/mg) was ob-
served in the stage of mature fruit bodies. These data
could provide important reference for functional study of the
PoMn-SOD gene and may benefit biotechnological produc-
tion of Mn-SOD in the future.

Keywords Pleurotus ostreatus . Manganese-containing
superoxide dismutase . Bioinformatics analysis . Homology
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Introduction

Pleurotus ostreatus (Jacq.:Fr.) kummer is the second largest
commercially cultivated edible mushroom in the world.
Under appropriate conditions, the mycelia of P. ostreatus in
cultivating substrates will develop into primordia and subse-
quently into mature fruit bodies (Sánchez 2010). During
these developmental stages, cells of P. ostreatus require
a large amount of ATP, which results in the intense reduction
of oxygen.

Oxidative stress is the adverse effect of oxidants on phys-
iological function and occurs when abnormally high levels of
reactive oxygen species (ROS) are generated during oxygen
metabolism (Liu et al. 2012). Aberrant production of ROS,
including superoxide anion (O2

−), hydroxyl radical (·OH), and
hydrogen peroxide (H2O2) normally generated by normal cell
metabolism and chemical or environmental stresses, can cause
oxidative damage to many cellular components such as lipids,
protein, and DNA, which will lead to cell death (Dong et al.
2009; Holley et al. 2011). Superoxide dismutase (SOD) is the
primary ROS detoxifying enzyme in cells that catalyzes the
dismutation of superoxide radicals to hydrogen peroxide and
molecular oxygen. According to the metal embedded at the
active site of this enzyme, it can be divided into copper-
and zinc-containing superoxide dismutase (Cu/Zn-SOD),
iron-containing superoxide dismutase (Fe-SOD), and
manganese-containing superoxide dismutase (Mn-SOD)
(Wang et al. 2010). Cu/Zn-SODs are mostly found in eukary-
otes and rarely in bacteria (Wang et al. 2010). Fe-SODs are
present in prokaryotes and within chloroplasts of some plants
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(Hadji Sfaxi et al. 2012). Mn-SODs exist in the mitochondria
and/or cytoplasm of many species, typically as tetramers and
dimers, respectively (Iranzo 2011). Mitochondria Mn-SODs
are firstly synthesized as a precursor protein in cytoplasm and
then imported into the mitochondrial matrix after cleavage of
its signal peptide (Ekanayake et al. 2006). The mitochondrial
matrix is the major site producing cellular energy and the main
source for single-electron reduction of O2 to produce O2

−.
Therefore, Mn-SODs are thought to be a major scavenger of
ROS in the mitochondrial matrix (Lin et al. 2009). This is vital
for healthy aerobic life, and lack of this enzyme is lethal
(Miriyala et al. 2011; Holley et al. 2012).

Since Ravindranath and Fridovich (1975) first isolatedMn-
SOD from Saccharomyces cerevisiae, more and more fungal
Mn-SODs have been documented. For instance, elimination
of the Mn-SOD gene from the genome of Saccharomyces
cerevisiae resulted in rapid death in the stationary phase and
increased susceptibility to oxidative stress (Longo et al. 1999;
O’Brien et al. 2004). Knock-out Mn-SOD Candida albicans
and Schizosaccharomyces pombe increased the sensitivity to
various stresses compared to wild-type strains (Jeong et al.
2001; Hwang et al. 2003). Mn-SOD over-expression in
Beauveria bassiana significantly increased the virulence to
Spodoptera litura larvae and enhanced tolerance to the stress
of chemical oxidation and UV-B irradiation (Xie et al. 2010).
Additionally, over-expression of Mn-SOD in yeast led to a
longer chronological life span (Harris et al. 2003). Up to now,
we know little about Mn-SOD from the oyster mushroom.

In our previous work, a 310 bp 3′ cDNA fragment of
mitochondrial manganese superoxide dismutase gene from
P. ostreatus (PoMn-SOD) was obtained with a differential
screening method (Yin et al. 2012). In this study, we report
the full-length cloning, characterization and expression anal-
ysis of the PoMn-SOD gene. We also investigate the total Mn-
SOD activity of cell-free extracts in P. ostreatus.

Materials and methods

Strains and culture conditions

Pleurotus ostreatus Pd739 was provided by Laboratory of
Food Microbiology, Huazhong Agricultural University, and
maintained on potato dextrose agar (PDA, Difco, USA) slant
at room temperature. Mycelium and fruit bodies were pro-
duced as previously described (Joh et al. 2007). Samples from
four different developmental stages including vegetative
mycelia, primordia (2–3 mm in diameter), young fruiting bod-
ies (no gill formed), and mature fruiting bodies (gills formed
and spores dispersed) were harvested and stored at −70 °C
(Ma et al. 2007). Escherichia coli DH5α (Takara, Dalian,
China) was cultured in Luria-Bertani medium (LB, Difco,
USA) at 37 °C for standard bacterial cloning.

Full-length cDNA and genomic DNA cloning

Total RNAwas extracted with RNAiso™ Plus (Takara, Dalian,
China), and then reverse transcribed into the first-strand
cDNA using SMART™ RACE cDNA Amplification Kit
(Clontech, American). The 5′ cDNA of PoMn-SOD was
amplified using the specific primer MS-R5 (Table 1) com-
bined with the universal primer (UPM in Table 1) in a 50 μl
reaction system. The thermal cycling conditions were as fol-
lows: 94 °C for 10min followed by 35 cycles at 94 °C for 30 s,
58 °C for 30 s, and 72 °C for 1 min, with a final extension at
72 °C for 10 min (Yin et al. 2014). The PCR product was
purified with AxyPrep™ DNA Gel Extraction Kit (Axygene,
Hangzhou, China), then cloned into pMD®18-T (Takara,
Dalian, China) and transformed into Escherichia coli DH5α
by heat shock. cDNA inserts isolated from positive clones
were sequenced (Invitrogen, Shanghai, China). The full-
length cDNA was cloned into E. coli DH5α using a pair of
gene-specific primers, MS-FS andMS-FA (Table 1), designed
from the full-length PoMn-SOD cDNA sequence obtained by
joining the fragments of 5′ and 3′ ends with DNAMAN 6.0.

Genomic DNA was extracted with CTAB method (Ma
et al. 2007), and used to amplify the PoMn-SOD genomic
sequence using gene-specific primers MS-FS and MS-FA
(Table 1). Fifty-microliter reaction mixtures were used in the
PCR reaction and the conditions were as follows: 94 °C for
10 min followed by 35 cycles at 94 °C for 30 s, 56 °C for 30 s,
and 72 °C for 1 min, with a final extension at 72 °C for 10 min
(Yin et al. 2014). The PCR products were cloned into
pMD®18-T and transformed into E. coli DH5α for
sequencing.

Bioinformatics analysis

Sequence similarity analysis was conducted using BLAST
from NCBI (http://www.ncbi.nlm.nih.gov/BLAST/). Open
reading frame (ORF) was found using NEW GENSCAN
(http://genes.mit.edu/GENSCAN.html). Mitochondrion
transit peptide and subcellular localization were predicted
using TargetP V1.1 (www.cbs.dtu.dk/services/TargetP/) and
PSORT Prediction (http://psort.hgc.jp/form.html).
Asparagine-linked glycosylation sites were determined by
NetNGlyc 1.0 (http://www.cbs.dtu.dk/services/NetNGlyc).
Protein motifs were identified using MOTIF Search (http://
www.genome.jp/tools/motif/) and the Conserved Domain
Database from NCBI (http://www.ncbi.nlm.nih.gov/
Structure/cdd/wrpsb.cgi). Theoretical isoelectric point and
molecular weight were predicted using Compute PI/MW
(http://expasy.org/tools/protparam.html). Multi-sequence
alignment was generated using CLUSTALX and phylogenetic
analysis was performed using MEGA 5.0. Homology model-
ing was performed using the Discovery studio 2.5. Protein
secondary structure was predicted using the SOPMA
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secondary structure prediction method (http://npsa-pbil.ibcp.
fr/cgi-bin/npsa_automat.pl?page=npsa_sopma.html). The
protein hydropathy profile was determined by ProtScale
(http://web.expasy.org/protscale/).

Quantitative RT-PCR expression analysis

The first strand cDNA was synthesized from total RNA of
vegetative mycelia, primordia, young fruit bodies, and mature
fruit bodies using PrimeScript RT Reagent Kit with gDNA
Eraser (Takara, Dalian, China). For ascertaining the expression
levels of the PoMn-SOD gene in different stages, quantitative
real-time PCR was performed on the ABI ViiA7 Real-Time
PCR System (Applied Biosystems, Foster City, CA, USA)
using α-tubulin gene as endogenous control. Specific primers
for α-tubulin gene (Table 1) and Mn-SOD gene (Table 1) has
been synthesized (Invitrogen, Shanghai, China). RT-PCR was
performed using SYBR Premix Ex Taq™ (Takara, Dalian,
China) according to the manufacturer’s instructions. Twenty-
microliter reaction mixtures were used in the RT-PCR reaction
and conditions were as follows: 95 °C for 30 s followed by
40 cycles at 95 °C for 5 s and 60 °C for 31 s. Each RT-PCR
reaction was carried out with three replicates, and the data from
the samples were analyzed with the RelativeManager Software
(Applied Biosystems, Foster City, CA, USA) to estimate tran-
script levels of each sample using the 2-△△Ct method.

Preparation of cell-free extracts

Cell-free extracts of vegetative mycelia, primordia, young fruit
bodies, and mature fruit bodies were prepared by mortar and
pestle in the presence of liquid N2. About 0.3-g cell lysates
were resuspended in 1 ml of Native Solution (50 mM phos-
phate buffer, pH 7.8, 0.1 mM EDTA). The homogenate was
sonicated (400 W, 20 s×3) in an ice bath, and then centrifuged
at 12,000×g for 20min at 4 °C. The supernatants were collected
as crude enzyme and used for biochemical assays. Protein
concentration was determined by the Bradford method with
BSA as a standard (Bradford 1976).

Non-denaturing polyacrylamide gel electrophoresis

Electrophoresis was carried out with 1.5 mm of 12 % poly-
acrylamide mini-slab gel in standard tris-glycine buffer
(pH 8.3) at room temperature according to a modified proce-
dure (Gabriel 1971). Twenty-microliter samples were loaded
into each well and then electrophoresed at 60 V through the
5 % stacking gel for 45 min and 120 V through the separating
gel for 120 min. After electrophoresis, a modified photochem-
ical method was used to locate SOD activities on gels
(Beauchamp and Fridovich 1971; Elstner and Heupel 1976).
The gel was first soaked in 25ml of 2.45mMNBT for 45min,
briefly washed, then soaked in the dark in 30 ml of 50 mM
potassium phosphate buffer (pH 7.8) containing 28 mM
TEMED and 0.028 mM riboflavin for another 30 min. The
gel was illuminated on a light box with an intensity of
30 μmol photons m−2 s−1 until activity bands were seen as
pale zones on the dark blue background. The gels were
scanned or photographed, and then kept in 50 mM phosphate
buffer in complete darkness.

Mn-SOD assay of cell-free extracts

To determine the Mn-SOD activity of cell-free extracts, Cu/
Zn-SOD and Mn-SOD Assay Kit with WST-1 (Beyotime
Institute of Biotechnology, Jiangsu, China) was applied.
Measurements were performed with a Thermo Multiskan
Mk3 (Thermo Fisher Scientific, USA) at 450 nm in 96-well
microtitre plates. In 1 unit of SOD, the 50% inhibition activity
of SOD was determined by diluting the sample to different
concentrations.

Results

Sequence analysis of PoMn-SOD gene

In our previous work, a 310 bp 3′ cDNA fragment of the
PoMn-SOD gene was isolated (Yin et al. 2012). By 5′ RACE

Table 1 Primers for PCR amplification in this study

Primer name Sequence (5′→3′) Description

MS-R5 AAGGGGTCCTGGTTGGGGGTCGTGGT Specific primer of PoMn-SOD gene for 5′ RACE PCR

UPM (long) CTAATACGACTCACTATAGGGCAAGCAGTGGTATC
AACGCAGAGT

Universal primer for 5′ RACE PCR

UPM (short) CTAATACGACTCACTATAGGGC

MS-FS ACTCATTCCCGTTCTACCAT Primers of PoMn-SOD gene for cDNA and genomic
DNA amplificationMS-FA CGCTGCTAAGTTCATCACAAG

RAPF GGTTTGAACGCTGCTGAG Primers of PoMn-SOD gene for quantitative real-time PCR
RAPR AGTTTGCCTCCGTCACCG

α-tubulinF CCGCTATCTCACCGTCGC Primers of α-tubulin gene for quantitative real-time PCR
α-tubulinR GTTCTTGGATGGCGGTCG
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PCR reaction, we obtained a 516 bp fragment with a gene-
specific primer MS-R5 after trimming the adaptors using
DNAMAN 6.0. Finally, we obtained a full-length PoMn-
SOD cDNA (GenBank Accession No. KF768153) consisting
of 776 nucleotides with an open reading frame (ORF) of
663 bp, a 5′ -UTR region of 30 bp, and a 3′ -UTR region of
83 bp containing the poly A tail. The ORF encodes a protein
of 220 amino acid residues including a mitochondrion transit
peptide (aa1-25) and two putative N-glycosylation sites locat-
ed at the amino acid residues 95–98 (−N-H-S-L-) and 137–
140 (−N-T-T-T-). The theoretical isoelectric point (pI) and
molecular weight (Mw) of the putative mature polypeptide
are 6.8 and 21.8 kDa, respectively. The deduced amino acid
sequence displays the characteristic primary structure of typ-
ical superoxide dismutase.

Multiple sequence alignment and phylogenetic analysis

Similarity analysis using the NCBI BLAST program showed
that the deduced amino acid sequence of PoMn-SOD possessed

homology with manganese superoxide dismutases from
Laccaria bicolor (77 %, XP_001878774), Coniophora
puteana (75 %, EIW74749), Stereum hirsutum (75 %,
EIM79240), Coprinopsis cinerea (74 %, XP_001837757),
Fomitiporia mediterranea (73 %, EJD04865), Auricularia
delicata (73 %, EJD39831), Trametes versicolor (71 %,
EIW64309) (Fig. 1). To examine the phylogenetic relationship
of PoMn-SOD with other homologous manganese superoxide
dismutases, a phylogenetic tree was constructed based on the
amino acid sequences from 17 species. Protein distance-based
phylogenetic analysis showed the PoMn-SOD branched be-
tween S. hirsutum and A. delicata (Fig. 2).

The structure of the PoMn-SOD gene

The PoMn-SOD gene (GenBank Accession No. KF768154)
consists of 1,031 bp without the untranslated region (UTR). It
contains seven exons and six introns (113–162, 50 bp; 327–
377, 51 bp; 556–607, 52 bp; 671–721, 51 bp; 773–885,
113 bp; 909–959, 51 bp). The first intron (TA-GG) and the

Fig. 1 Multiple amino acid sequence alignment of the PoMn-SOD
with homologues from other basidiomycetes. Accession numbers
of amino acid sequences were as follows: L. bicolor Mn-SOD (XP_
001878774), Coniophora puteana Mn-SOD (EIW74749), Stereum
hirsutum Mn-SOD and Fe-SOD (EIM79240), Coprinopsis cinerea Mn-
SOD (XP_001837757), F. mediterranea Mn-SOD (EJD04865),
A. delicata Mn-SOD (EJD39831), T. versicolor mitochondrial SOD

(EIW64309). Conservative residues are shown in dark blue boxes,
identical residues in light blue boxes, and unrelated residues have a
white background. The amino acids characteristics of the Mn-SODs
are boxed (Parker and Blake 1988; Graeff-Wohlleben et al. 1997).
The Mn-SOD signature of the decapod crustaceans (DIWEH) is
underlined. Four residues involved in the metal center are boxed
with*. Amino acid numbers are shown on the right

1600 Ann Microbiol (2015) 65:1597–1606



sixth intron (GT-AG) splice motifs are common in organisms.
Some special intron splice motifs, such as the second intron
(AA-GT), the third intron (TT-GG), the fourth intron (GC-
AG), and the fifth intron (TT-AC), have also been found.

Secondary structure, hydropathy profile and homology
modeling of PoMn-SOD

We predicted the PoMn-SOD secondary structure using the
SOPMA software and the results showed the PoMn-SOD was
a highly alpha-helix protein. In addition to those in the N- and
C-terminals, there were two big alpha helices in the center of
the protein (Fig. 3a).We analyzed the PoMn-SOD hydropathy
profile using the ProtScale, the results showed that most of the
peaks were below zero (score <0), which meant the regions of
these peaks represented highly hydrophilic areas (Fig. 3b).
The three-dimensional structure modeling of the PoMn-SOD
was conducted using the software Discovery studio 2.5.
According to the homology search in Worldwide Protein
Data Bank (WWPDB), the structure of Caenorhabditis
elegans mitochondrial Mn-SOD (PDB ID: 3 DC6) was iden-
tified as the best template for homologymodeling. The protein
model consists of 11 helices and three beta-strands, which
shows the PoMn-SOD is a protein with highly helices. This is

consistent with the results of secondary structure prediction
(Fig. 4).

Differential expression analysis of the PoMn-SOD gene

In order to determine the expression levels of PoMn-SOD
gene transcripts in different developmental stages, quantitative
RT-PCR was performed using the first-strand cDNA from
vegetative mycelia, primordia, young fruit bodies, and mature
fruit bodies of P. ostreatus. The expression level in primordia
was used as a reference, and the highest level of PoMn-SOD
gene expression was observed in the stage of mature fruit
bodies (12.9-fold), followed by young fruit bodies (4.1-fold)
and vegetative mycelia (1.5-fold) (Fig. 5a).

SOD activity of cell-free extracts

The SOD activity of cell-free extracts from different develop-
mental stages of Pleurotus ostreatus was resolved into multi-
bands through non-denaturing PAGE (Fig. 5b). They were
tested for their susceptibility to 2 mM H2O2. We found that
band I and band II (Fig. 5c) were insensitive to H2O2, indicating
that they were Mn-SODs (Cheng et al. 2012). This suggested
that another Mn-SOD isoenzyme was also expressed during

Fig. 2 A molecular phylogenetic tree of Mn-SOD generated by the
neighbor-joining (NJ) method using MEGA 6.1. An unrooted
phylogenetic tree was generated based on the alignment of the amino
acid sequences from 17 species. One thousand bootstrap replicates were
calculated, and bootstrap values are shown at each node. Nodes were
collapsed to a single horizontal line whenever statistical support was less
than 60%. The scale bar indicates an evolutionary distance of amino acid
substitutions per position. Accession numbers of amino acid
sequences were as follows: Coniophora puteana (EIW74749)

L. bicolor (XP_001878774), Stereum hirsutum (EIM79240),
A. delicate (EJD39831), Coprinopsis cinerea (XP_001837757),
F. mediterranea (EJD04865), T. versicolor (EIW64309),
Ganoderma microsporum (Q92429), Schizophyllum commune
(XP_003036155), Cryptococcus neoformans (AAW56834), Ustilago
hordei (CCF48021), Rhizoctonia solani (CCO35898), Mytilus
galloprovincialis (AFQ32466.1), Scylla paramamosain (ACM61856),
Mauremys reevesii (AFX95919), Xenopus laevis (NP_001083968)
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different developmental stages. However, we could not rule out
the possibility that isoenzyme II (band II) was the proteolytic
product of isoenzyme I (band I). Among the bands, isoenzyme I
(band I) covered around 50 % of the total SOD activity in the
cell-free extracts (Fig. 5b and c).

Cell-free extract based Mn-SOD assay

The Cu/Zn-SOD and Mn-SOD Assay Kit were used to deter-
mine the Mn-SOD activity in the different developmental
stages of Pleurotus ostreatus. Fig. 5d showed the highest level

Fig. 3 The secondary structure and the hydropathy profile of PoMn-
SOD. a is the result of the secondary structure prediction (the blue
line represents the alpha helix, the red line represents the extended
strand, the green line represents the beta turn, and the orange line

represents the random coil). b is the hydropathy profile which was
calculated according to the Kyte and Doolittle algorithm using a
window size of nine amino acid residues

1602 Ann Microbiol (2015) 65:1597–1606



of Mn-SOD activity reaching 203.9 U/mg in the stage of
mature fruit bodies, followed by young fruit bodies
(152.2 U/mg) and dikaryotic mycelia (122.7 U/mg). The
lowest level of Mn-SOD activity was observed in the stage
of primordia with the activity of 110.6 U/mg.

Discussion

In this study, we cloned the PoMn-SOD gene and analyzed its
expression and enzyme activity during the different develop-
ment stages of Pleurotus ostreatus. The estimated molecular
weight (Mw) of mature polypeptide was 21.8 kDa. The molec-
ular weight of PoMn-SOD was similar to that of Mn-SODs
from Chaetomium thermophilum (Guo et al. 2008),
Thermoascus aurantiacus var. levisporus (Song et al. 2009),
and Bacillus sp. MHS47 (Areekit et al. 2011). The theoretical
isoelectric point (pI) of PoMn-SOD was calculated to be 6.8,
which was similar to that of Mn-SODs from Laternula elliptica
(6.75) (Park et al. 2009), Thermus thermophilus HB27 (6.4)
(Liu et al. 2011), andBambusa oldhamii (6.78) (Wu et al. 2011).

The extended the N-terminal sequence of PoMn-SOD con-
tains 25 amino acid potential mitochondrial target sequences
with a probability of export to mitochondria 0.845 (indicate
the strongest prediction) using the TargetP 1.1. This suggests
that the PoMn-SODwe cloned is mitochondrial Mn-SOD, not
cytosolicMn-SOD. Twenty-five amino acid signal peptides of
Mn-SOD have also been reported in basidiomycetes
Coniophora puteana (EIW74749) and Stereum hirsutum
(EIM79240). The function of this presumed signal peptide
was reported as the translocation of Mn-SOD into mitochon-
dria (Ekanayake et al. 2006). Mitochondrial Mn-SOD cata-
lyzes the dismutation of superoxide radicals in mitochondria
and prevents the disruption of mitochondrial membrane and
the damage of proteins and nucleic acids (Kowluru et al.
2006). Thus, it can be deduced that mitochondrial Mn-SOD
might play a more important role than cytosolic Mn-SOD in
protecting cells from oxidative stresses (Zhang et al. 2007).

Using the protein BLAST program, we found that PoMn-
SOD shared significant identity (above 71 %) with Mn-SOD
from other homobasidiomycetes (Fig. 1). Most of the regions
required for activity are conserved in all compared Mn-SODs
including four residues required for coordination of Mn ion
(H51, H96, D181, and H185) and the Mn-SOD signature
(DIWEH). Fe- and Mn-SODs were assumed to have a com-
mon evolutionary origin due to the similarity in their amino
acid sequences and three-dimensional protein structures
(Parker and Blake 1988). They were unequally distributed
throughout the living organisms and located in different cel-
lular compartments (Grace 1990). The Parker and Blake sig-
nature sequences specific for Mn-SODs were found in PoMn-
SOD, including Gly91, Gly92, Phe99, Gln168, and Asp169
(Parker and Blake 1988). The N- and C-terminal domains

typical for the superfamily and a sod A domain were also
present in PoMn-SOD.

Protein distance-based phylogenetic analysis of the eukary-
otic Mn-SOD amino acid sequences resulted in an unrooted
tree in which PoMn-SOD branched between Stereum
hirsutum and Auricularia delicata. As Fig. 2 showed, the
Mn-SODs from 17 species could be divided into two clusters.
The species in the first cluster belonged to basidiomycota as
well as the second one to metazoa. Interestingly, the PoMn-
SOD shared above 52 % identity to those Mn-SODs from
metazoa. Therefore, we considered that Mn-SODs were evo-
lutionarily conserved for their importance in ROS regulation
for healthy aerobic life (Fréalle et al. 2005). Meanwhile,
Fukuhara et al. (2002) suggested that Mn-SOD could be
a suitable candidate to use as a molecular marker for
evolutionary studies since Mn-SOD was present as a single
copy in mammals.

In view of the DNA and cDNA sequence alignment of the
PoMn-SOD gene, six putative introns were found. The size of
introns varied from 50 to 113 bp, and the largest intron was
located at the 3′ region. Additionally, the first intron (TA-GG)
and the sixth intron (GT-AG) splice motifs are both typical
introns based on the consensus splice site and internal sequence
for lariat formation (Gurr et al. 1987). In addition, the
polyadenylation signal (AATAAA) had not been found
in the PoMn-SOD gene, which is similar to the result of
Schuren’s research (Schuren 1992). We considered that
no polyadenylation signal in the PoMn-SOD gene may
be caused by the analogous T- or TG-rich motif or other
unknown mechanisms.

The predicted secondary structure of PoMn-SOD
contained two big alpha helices in the center of the protein

Fig. 4 Homology modeling structure of PoMn-SOD. The N- and C-
terminals have been shown
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and the corresponding area in the hydropathy profile was
highly hydrophilic. The four residues required for coordina-
tion of the Mn ion were located in the highly hydrophilic
region. Research showed that the active site manganese ion
is complexed by the side chains of histidine and aspartic acid
residues, forming a trigonal pyramidal coordination polyhe-
dron which will easily interact with substrate by the hydro-
philic interaction (Lee et al. 2010). Based on the homology
modeling, we found the N-terminus of PoMn-SODwas main-
ly composed of alpha-helices and the C-terminus consisted of
antiparallel beta-sheets and helices. It has been suggested that
the observed α1 helical conformation is required to juxtapose
the three residues (H51, H55, and Y59), and this arrangement
is crucial for Mn-SOD catalysis (Lin et al. 2009).

During different developmental stages of Pleurotus
ostreatus, we observed that the highest expression levels of
the PoMn-SOD gene appeared in the stage of mature fruit
bodies, followed by young fruit bodies and vegetative
mycelia. Fang et al. (2002) found that the Mn-SOD of plant

pathogenic fungus Colletotrichum graminicola has the
highest expression level in mycelium, which actively pro-
duces oval conidia. Blackman et al. (2005) discovered that
the Phytophthora nicotianaeMn-SOD1 gene is predominant-
ly expressed in vegetative mycelium, but not in zoospores.
Cheng et al. (2012) confirmed that edible mushrooms, espe-
cially caps, are rich in Mn-SOD when compared to other
organisms. The results of these studies are consistent with
our findings in Pleurotus ostreatus, and we suspected
PoMn-SOD might be associated with basidiospore formation.
Additionally, changes of Mn-SOD expression during devel-
opment in several species has been reported, which suggests
that development may involve altered levels of ROS produc-
tion, either as a result of metabolic changes or as a reflection to
the role of ROS in signaling (Blackman et al. 2005). The
Pleurotus ostreatus life-cycle, initiated by spore germination,
mycelium growth, primordium formation, and fruit body mat-
uration, depends upon numerous biological events. During
these developmental stages, Pleurotus ostreatus needs to face

Fig. 5 The relative transcript abundance of PoMn-SOD gene and
Mn-SOD activity of Pleurotus ostreatus cell-free extracts. a is the
PoMn-SODgene expression levels. The expression ratios were calculated
according to the 2-△△Ct method and the expression level in primordia
stage was used as a reference. Bars represent the SDs of three independent
replicates. In both assays, the α-tubulin gene was used as an endogenous
control. b is the SOD isoenzymes revealed by non-denaturing PAGE gel

image. c is the Mn-SOD isoenzymes revealed by non-denaturing PAGE
gel image (two Mn-SOD isoenzymes are indicated by I and II). d is the
total Mn-SOD activity. Values represent the mean and standard deviation
of triplicates. 1–4 represent four developmental stages including
vegetative mycelia, primordia, young fruit bodies, and mature fruit
bodies, respectively
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different environmental stresses, such as UV irradiation, high
temperatures, drought, or chemicals that might regulate Mn-
SOD gene expression (Gessler et al. 2007).

We conducted non-denaturing PAGE to detect the Mn-
SODs. The common SODs could be distinguished for their
susceptibility to KCN and H2O2. According to Cheng et al.
(2012), Cu/Zn-SOD is sensitive to both KCN and H2O2, while
Fe-SOD is only sensitive to H2O2 andMn-SOD is not sensitive
to either of the two chemicals. In our study, at least two Mn-
SODs were detected. The gel analysis suggested that the Mn-
SOD had different expression levels in different developmental
stages. Many fungi expressed Mn-SOD in the cytosolic com-
partment and mitochondria (Fréalle et al. 2005), so we consid-
ered that one of the discoveredMn-SODs might come from the
cytosol. We used a Cu/Zn-SOD and Mn-SOD Assay Kit to
determine the enzymatic activity of Mn-SOD in Pleurotus
ostreatus. The total enzymatic activity of Mn-SOD in the
different developmental stages was somewhat different, which
might be caused by the different expression levels of two Mn-
SODs in different developmental stages.
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