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A B S T R A C T

Manganese superoxide dismutase (MnSOD) is a nuclear-encoded antioxidant metalloenzyme. The main function
of this enzyme is to dismutase the toxic superoxide anion (O2ˉ) into less toxic hydrogen peroxide (H2O2) and
oxygen (O2). Structural analysis of mullet MnSOD (MuMnSOD) was performed using different bioinformatics
tools. Pairwise alignment revealed that the protein sequence matched to that derived from Larimichthys crocea
with a 95.2% sequence identity. Phylogenetic tree analysis showed that the MuMnSOD was included in the
category of teleosts. Multiple sequence alignment showed that a SOD Fe-N domain, SOD Fe-C domain, and Mn/
Fe SOD signature were highly conserved among the other examined MnSOD orthologs. Quantitative real-time
PCR showed that the highest MuMnSOD mRNA expression level was in blood cells. The highest expression level
of MuMnSOD was observed in response to treatment with both Lactococcus garvieae and lipopolysaccharide (LPS)
at 6 h post treatment in the head kidney and blood. Potential ROS-scavenging ability of the purified recombinant
protein (rMuMnSOD) was examined by the xanthine oxidase assay (XOD assay). The optimum temperature and
pH for XOD activity were found to be 25 °C and pH 7, respectively. Relative XOD activity was significantly
increased with the dose of rMuMnSOD, revealing its dose dependency. Activity of rMuMnSOD was inhibited by
potassium cyanide (KCN) and N-N′-diethyl-dithiocarbamate (DDC). Moreover, expression of MuMnSOD resulted
in considerable growth retardation of both gram-positive and gram-negative bacteria. Results of the current
study suggest that MuMnSOD acts as an antioxidant enzyme and participates in the immune response in mullet.

1. Introduction

Red lip mullet (Liza haematocheila), a member of the family
Mugilidae, is an economically important and high-yielding aqua crop.
Red lip mullet inhabits coastal areas of Japan, China, and Korea. It
shows high reproductive ability and a high rate of growth since it is well
adapted to the environment [1]. However, increase in intensive aqua
farming combined with poor handling caused higher prevalence of
diseases and injuries in the cultured fish. Furthermore, hazardous en-
vironmental conditions, specifically the presence of pollutants in-
cluding heavy metals and toxicants, may cause oxidative stress in the
fish, which leads to high susceptibility towards pathogenic infection
[2,3].

Oxidative stress promotes the elevation of levels of harmful

metabolites, including reactive oxygen species (ROS) and reactive
oxygen intermediates (ROI), in fish [4,5]. These harmful metabolites
are superoxide anions (O2ˉ), hydrogen peroxide (H2O2), singlet oxygen
(1O2) and hydroxyl radicals (OH·) [6]. Phagocytosis increases oxygen
consumption, which leads to respiratory burst but also generates ROS.
Therefore, these ROS play an important role in cell defense mechanism
by killing invading microorganisms and harmful agents [5,7]. However,
excess ROS can have an adverse effect on the internal organs of fish and
interfere with the survival of fish through cellular injuries, which may
ultimately lead to death [8].

The antioxidant system can be divided into enzymatic and non-en-
zymatic components. In the enzymatic antioxidant system, superoxide
dismutases (SODs) are the most important metalloenzymes; they are
involved in dismutation of toxic superoxide anions (O2ˉ) into hydrogen
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peroxide (H2O2) and oxygen (O2) [9,10]. Further decomposition of
H2O2 into a non-toxic component, water, is catalyzed by catalase (CAT),
glutathione peroxidase (GSH-PX), glutathione S-transferase (GST),
peroxiredoxin, and glutathione reductase (GSR) [11]. Thus, these an-
tioxidant enzymes are essential for the regulation of ROS by converting
them to harmless compounds [12].

Superoxide dismutases (SODs) can be classified into 4 groups based
on the metal residue that binds to the active site: manganese superoxide
dismutase (MnSOD), copper/zinc superoxide dismutase (Cu/ZnSOD),
iron superoxide dismutase (FeSOD) and nickel superoxide dismutase
(NiSOD) [10,13]. Cu/Zn-SODs are usually homodimeric and are mainly
present in the eukaryotic and prokaryotic organisms [9,14]. These
SODs are present in the cytoplasm and chloroplasts of plant cells, as
well as in mitochondria and in gram-negative bacterial cells [10,13].
FeSODs are predominant in prokaryotes, algae, and plant chloroplasts
[9,15]. Prior investigations have shown that MnSOD and FeSOD have
evolved from a common ancestor and are similar in structure [16].
NiSOD has been recently isolated from the aerobic Streptomyces present
in soil [17].

MnSOD helps to protect the cells from the adverse effects of excess
ROS in aerobic organisms. It is mainly present in the mitochondria of
eukaryotes and in prokaryotic cells. It has the capacity to convert the
superoxide anion into H2O2 and O2 [16]. There are two types of
MnSOD: mitochondrial and cytosolic. The mitochondrial form is
homotetrameric and is predominantly found in eukaryotic cells while
the cytosolic form is homodimeric and is found in prokaryotic cells
[18]. It has been shown that expression of MnSOD could be upregulated
by lipopolysaccharide (LPS) [19], ROS, vascular endothelial growth
factor (VEGF) [20], and cytokines [21]. After injection of V. harveyi into
the Penaeus monodon, clear changes in MnSOD expression were ob-
served at different time points [22]. Therefore, MnSOD acts as an im-
mune responsive anti-oxidative protein in the host defense system.

In this study, MnSOD was recognized from the constructed red lip
mullet cDNA data base and characterized its structural and functional
properties. The main objectives of this study were to investigate the
potent antioxidant function and antibacterial activity of the mullet
MnSOD through functional assays and to compare the gene expression
of healthy tissues and those stimulated with various pathogen-asso-
ciated molecular patterns (PAMPs).

2. Material and methods

2.1. Development of mullet cDNA database

The transcriptome database of mullet cDNA sequences was devel-
oped using de novo assembly. Mullet fish purchased from Sangdeok fish
farm in Hadong, Korea were used for RNA extraction and their average
body weight and length were 100 g and 24 cm, respectively. The fish
were acclimatized in the laboratory aquarium tanks at 20 °C for a week
prior to the experiment. In brief, total RNA content was extracted from
kidney, spleen, head kidney, gill, skin, liver, intestine, stomach, heart,
eye, brain, and blood tissues of 5 mullet fish. The extracted RNA was
then sent to Insilicogen, Korea. Sequencing was run on a Pacbio plat-
form at Insilicogen, Korea.

2.2. In silico analysis

The multiple sequence alignment was performed using Clustal
omega online software (https://www.ebi.ac.uk/Tools/msa/clustalo/).
Construction of the phylogenetic tree was done by the Neighbor-Joining
method using Molecular Evolutionary Genetics Analysis (MEGA) ver-
sion 5. The domain framework of MuMnSOD was analyzed using
ExPASy PROSITE (http://prosite.expasy.org/) and SMART tool (http://
smart.embl-heidelberg.de/). The location of the MuMnSOD in the cell
was predicted using the MultiLoc online tool (http://abi.inf.uni-
tuebingen.de/Services/MultiLoc/). Identity and sequence similarities

were predicted using pairwise sequence alignment with EMBOSS
Needle tool (https://www.ebi.ac.uk/Tools/psa/emboss_needle/). N-
linked glycosylation sites of protein were identified using the NetNGlyc
web tool (http://www.cbs.dtu.dk/services/NetNGlyc/). Molecular
weight and isoelectric point of MuMnSOD were identified using the
ProtParam online tool (https://web.expasy.org/protparam/).

2.3. Rearing of experimental mullet fish and tissue collection

Red lip mullets were purchased from Sangdeok fishery center in
Hadong, Korea. Laboratory aquarium tanks were used to acclimatize
the fish at 20 °C for a week prior to experiment. Five fish with an
average body weight of 100 g were selected for the analysis of tissue
distribution. The guidelines for the health and welfare monitoring of
the fish were followed through out the experiment [23]. Each fish was
anesthetized using 40mg/L of Tricaine mesylate-MS222. Sterile syr-
inges coated with heparin sodium salt (USB, USA) were used to collect
the blood. Then, the peripheral blood cells were separated by im-
mediate centrifugation at 3000× g for 10min at 4 °C. Other tissues
such as head kidney, spleen, liver, gill, intestine, kidney, brain, muscle,
skin, heart, and stomach were sampled and immediately snap-frozen in
liquid nitrogen and stored at −80 °C.

2.4. Immune challenge for mullet fish

Healthy mullet fish with an average body weight of 100 g were used
for the immune challenge experiment. Four groups of fish were pre-
pared for the immune challenge experiment; each group contained five
fish. Then, 1.25 μg/g of lipopolysaccharide (LPS), 1.5 μg/g of poly-
inosinic:polycytidylic acid (poly I:C), and 1× 103 CFU/μL of
Lactococcus garvieae were prepared in phosphate-buffered saline (PBS)
as immune stimulants. 100 μL of PBS was injected intraperitoneally into
the fish serving as a control group. The peripheral blood cells and head
kidney were collected from five individuals at 0, 6, 24, 48, 72 h post-
injection as described in section 2.3.

2.5. RNA extraction and cDNA synthesis

Total RNA was extracted (n= 5 for tissue distribution and immune
challenge) using RNAiso plus (TaKaRa, Japan) and cleaned up with the
RNeasy spin column (Qiagen, Germany). Additionally, RNA quality was
inspected using 1.5% agarose gel electrophoresis. The concentration of
RNA was then measured at 260 nm in μDrop Plate (Thermo Scientific).
First-strand cDNA was synthesized with PrimeScript™ II 1st strand
cDNA Synthesis Kit (TaKaRa, Japan) in a 20 μL reaction mixture con-
taining 2.5 μg of RNA. The synthesized cDNA was diluted 40-fold in
nuclease-free water and stored at −80 °C.

2.6. Expression analysis for MuMnSOD

Quantitative real-time PCR (qPCR) was performed to analyze the
expression profile of the MuMnSOD with specifically designed primers
(Table 1). A 10 μL reaction volume including 3 μL diluted cDNA tem-
plate, 5 μL 2×TaKaRa Ex Taq™ SYBR premix, 0.4 μL each of the for-
ward and reverse primers (10 pmoL/μl), and 1.2 μL of H2O was used for
the qPCR in a Thermal Cycler Dice™ TP950 (TaKaRa, Japan). The qPCR
cycle profile consisted of one cycle of 95 °C for 10 s, followed by 45
cycles of 95 °C for 5 s, 58 °C for 10 s and 72 °C for 20 s, and a final single
cycle of 95 °C for 15 s, 60 °C for 30 s and 95 °C for 15 s. The experiment
was performed in triplicate to enhance the credibility. The relative
mRNA expression level for each sample was calculated using the Livak
method [24]. Mullet Elongation Factor 1 alpha (EF1α) (MH017208) was
used as the internal control gene. Temporal expression of post injected
samples was compared to the PBS-injected control and 0 h un-injected
control at each time point to determine the relative fold changes after
the immune challenge experiment.
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2.7. Construction of the recombinant plasmid (pMAL-c5X)

The coding sequence (CDS) of the cDNA fragment was amplified by
using gene-specific cloning primers (Table 1). The size of the amplicon
was 684 bp and it was isolated from a 1% agarose gel by using a gel
purification kit (BIONEER, Korea). EcoRI and HindIII were used as re-
striction enzymes to digest the amplicon and pMAL-c5X plasmid con-
taining the ampicillin marker. Digested products were ligated using
Mighty Mix DNA Ligation Kit (TaKaRa, Japan). Then, the recombinant
plasmids were transformed into Escherichia coli competent cells (DH5α).
Transformed DH5α cells were grown on an LB ampicillin plate at 37 °C
overnight. Successive clones were recognized and the sequence was
verified by sequencing (Macrogen, Korea). The clone confirmed by se-
quencing was transformed into E. coli ER2523 competent cells for ex-
pression of the relevant protein.

2.8. Overexpression and purification of recombinant MuMnSOD

Recombinant MuMnSOD (rMuMnSOD) protein was overexpressed
as a fusion protein with a maltose binding protein tag (MnSOD-MBP) in
E. coli ER2523 cells. Transformed E. coli ER2523 cells were grown in LB
rich ampicillin medium (1 L) which contained 100mgmL−1 ampicillin
and 0.2% glucose. The culture was incubated at 37 °C and 200 rpm in a
shaking incubator. On the following day, the seed culture was in-
oculated into LB rich ampicillin medium and incubated at 37 °C and
200 rpm until the OD600 reached 0.5. Isopropyl-b-thiogalactopyrano-
side (IPTG; 0.25mM) was added into the culture medium to induce the
expression of the protein at 20 °C and 200 rpm for 10 h. Next, the in-
duced cell culture was pre-chilled for 30min on ice and harvested at
3500× g for 30min at 4 °C. Harvested cells were re-suspended in the
column buffer, which contained 20mM Tris-HCl, 200mM NaCl, pH 7.4,
and stored at −20 °C overnight.

On the following day, the suspension of the cells was thawed and
1mgmL−1 of lysozyme was added. Afterwards, the lysed cell sample
was sonicated and the cell lysate was centrifuged at 20,000× g at 4 °C
for 30min. The supernatant was separated and purified on a column
with amylose resin (New England Biolabs, USA). The purified
rMuMnSOD was eluted using elution buffer composed of column buffer
and 10mM maltose. Simultaneously, overexpression and purification of
the recombinant MBP (rMBP) was completed. Concentrations of pur-
ified rMuMnSOD and rMBP were measured using Bradford technique
[25]. Efficacy of protein purification was determined using sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (12% SDS-PAGE)
under reducing conditions.

2.9. Functional assays of rMuMnSOD

2.9.1. Conventional xanthine/xanthine oxidase (XOD) assay
Antioxidant activity of rMuMnSOD was evaluated by the XOD assay.

The reaction mixture for the XOD assay containing 160 μL of 0.1 M
phosphate buffer (pH 7), 0.75mM of nitroblue tetrazolium (NBT),

0.15% of bovine serum albumin (BSA), 3 mM of xanthine and
rMuMnSOD was mixed and incubated at 25 °C for 10min. Then, 6 mU
of xanthine oxidase was introduced to the mixture and incubated at
25 °C for 20min. Finally, OD560 values were measured in each sample
using a microplate reader (Multiskan GO, Thermo Scientific, USA).
Additionally, positive (rMBP) and negative (without any protein) con-
trols were used in this experiment.

2.9.2. Determination of biochemical properties of rMuMnSOD
Biochemical properties such as optimum temperature and pH, effect

of inhibitors, and protein concentration were analyzed by the XOD
assay described in section 2.9.1. XOD assay was performed at 9 dif-
ferent pH buffers, such as citrate (pH 3, 4, 5), phosphate (pH 5, 7, 8)
and glycine-NaOH (pH 9, 10, 11). Optimum temperature was de-
termined by using 9 different temperatures (5, 15, 25, 35, 45, 55, 65,
75, and 85 °C), and 8 different enzyme concentrations (10, 20, 30, 40,
50, 60, 70 and 80 μg) were used to determine the effect of rMuMnSOD
concentration on superoxide scavenging ability. Then, 6.25mM of po-
tassium cyanide (KCN), sodium azide (NaN3), N-N′-diethyl-dithio-
carbamate (DDC) and ethylene diamine tetraacetic acid (EDTA) were
used as inhibitors to determine the effect of inhibitors on the
rMuMnSOD superoxide scavenging activity. Each inhibitor was in-
cubated with the recombinant protein at 25 °C and pH 7 for 15min
prior to commencement of the XOD assay. Residual activity of the en-
zyme was determined in this experiment.

2.9.3. Antibacterial activity of rMuMnSOD
Antibacterial activity of rMuMnSOD was evaluated using E. coli as a

gram-negative bacterium and L. garvieae and Micrococcus luteus as
gram-positive bacteria [26,27]. Specific media for each bacterium were
used for culturing of bacteria and for the assay. Briefly, LB medium was
used for E. coli, while BHIS (1.5% sodium) medium was used for L.
garviae and BHI medium was used for M. luteus. All the bacteria were
cultured until their mid-logarithmic phase. Then, bacterial cells were
harvested by centrifugation at 5000× g for 20min at 4 °C. Harvested
cell pellets were washed with PBS. Each bacterial pellet was re-sus-
pended in fresh culture media and diluted to a final concentration of
2× 107 cells/mL. Bacterial cells were then seeded into a 96-well plate,
and incubated with rMuMnSOD (100 μg/mL and 200 μg/mL) at their
optimum temperatures (E. coli: 37 °C, L. garvieae: 30 °C, and M. luteus:
30 °C) for 10 h. Finally, absorbance values of each sample were mea-
sured using a microplate reader (Biotek Instruments, Korea Ltd.) at
600 nm in 1 h interval for 10 h.

2.10. Statistical analysis

All the experimental data were presented as mean ± standard de-
viation (mean ± SD) of a triplicate measurement. Mean comparisons
of the results obtained from qPCR and other experiments were per-
formed by the unpaired, two-tailed t-test using the GraphPad statistical
software (GraphPad Software, Inc., USA). Mean values of the anti-
bacterial assay and XOD assay for the effect of inhibitors were statis-
tically analyzed by One-way analysis of variance (ANOVA) following
the Duncan's Multiple Range Post-Hoc test using the SPSS 16 software.

3. Results and discussion

3.1. Structural characterization of the MuMnSOD sequence

The full-length MuMnSOD cDNA sequence was deposited in
GenBank under the accession no of MH018137. Coding sequence of
MuMnSOD was recognized by homology screening from the mullet
cDNA database. The 5′ untranslated region (UTR) of the MuMnSOD
contained 230 bp; the CDS contained 684 bp which encoded 227 amino
acids; and the 3′UTR contained 437 bp. The predicted molecular weight
of the encoded protein of the MuMnSOD was 25.39 kDa and its

Table 1
Description of primers.

Primer Name Primer sequence (5′-3′)

MuMnSOD forward
(EcoR I)

gagagagaattcATGAACATGCTGTGCAGAGTTGGTC

MuMnSOD reverse
(Hind III)

gagagaaagcttCTACTTTTTGGCAATCTGAAGACGGTCG

MuMnSOD forward
(qPCR)

TGTCTGCTGCTACCGTTGCA

MuMnSOD reverse
(qPCR)

GGGCCGCACATTCTTGTACTGAA

MuEF1α forward (qPCR) CCCTGGTCAGATCAGTGCTGGTTAT
MuEF1α reverse (qPCR) AGCGTCGCCAGACTTTAGGGATTT
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isoelectric point was 8.37. The instability index of the relevant protein
was 34.99. This index suggested that MuMnSOD protein is a stable
protein [52]. Signal peptide could not be identified in the sequence.
Therefore, MuMnSOD might be identified as an intracellular protein.
Results obtained from the MultiLoc tool suggest that MuMnSOD was
present in the mitochondria. The mitochondrial matrix is important as
the site that generates energy for cells. Thus, high amounts of ROS may
be released in the electron transport system [28]. MnSOD is the prin-
cipal antioxidant enzyme present in the mitochondrial matrix of eu-
karyotic organisms. Cytosolic forms of MnSOD isoforms have been
found throughout the cellular compartments in various organisms dis-
playing their antioxidant capacity. However, mitochondrial MnSOD
could play a distinct function in protecting cellular components against
ROS in eukaryotic organisms [28,29].

MuMnSOD might be a glycoprotein owing to the presence of two N-
glycosylation sites (68NVTE71 and 102NHTI105). Two main domains can
be detected in the protein sequence of MuMnSOD, including an iron/
manganese superoxide dismutase C-terminal domain (SOD_Fe_C do-
main) and an iron/manganese superoxide dismutase N-terminal do-
main (SOD_Fe_N domain). Four distinct binding sites for Mn2+ were
predicted (H55, H99, D188, and H192), which may be important for its
catalytic function [30] (Fig. 1). ExPASy PROSITE web tool revealed that
the manganese and iron superoxide dismutase signature (Mn/Fe SOD)
can be recognized in the protein sequence of the MuMnSOD. SMART
web tool identified the HAMP domain, which is mainly found in che-
motaxis proteins and in histidine kinases as a sensor of bacteria [31]
and of eukaryotic cells. The HAMP domain may associate with nu-
merous domains including the histidine kinase, the bacterial chemo-
taxis sensory transducer domain, the protein phosphatase 2C-like do-
main, and the guanylate cyclase domain. The HAMP domain facilitates
the transmission of conformational changes from the periplasmic ligand
binding domain to the cytoplasmic signal kinase domain and the methyl
acceptor domain. Therefore, it regulates the methylation and phos-
phorylation functions of homodimeric receptors [31–33]. Moreover,
conformational changes of the HAMP domain caused a decrease of the
kinase enzyme activity due to the binding of MnSOD [34–36]; this
adversely affects phosphorylation [37]. Therefore, conformational
changes of the HAMP domain presented in the MuMnSOD might be
involved in reducing bacterial growth by decreasing the kinase activity
of bacteria.

3.2. Assessment of evolutionary relationship and homology of MuMnSOD

Construction of a phylogenetic tree was completed with the well-
known orthologs of MnSOD by the Neighbor-Joining method using
their sequences. Phylogenetic tree analysis showed that MuMnSOD was
included in the category of teleosts and was separated from other
counterparts (Fig. 2). Interestingly, vertebrates and the invertebrates
were split into two main groups and all the counterparts were cladded
within their taxonomic groups.

Conservation of MuMnSOD within the evolutionary process was
determined using ClustalW pairwise alignment. According to the results
of ClustalW pairwise alignment, highest identity and similarity were
shown by the Larimichthys crocea MnSOD (95.2% identity and 98.8%
similarity) followed by Totoaba macdonaldi (95.2% identity and 97.8%
similarity) and Epinephelus coioides (95.2% identity and 97.4% simi-
larity)(Table 2). Moreover, MuMnSOD shared significant sequence
identity and similarity with avian (∼78% identity and ∼86% simi-
larity) and mammalian (> 70% identity and> 80% similarity)
MnSODs. Results of the sequence alignment revealed that the SOD_Fe_N
domain, the SOD_Fe_C domain, N-glycosylation sites and the Mn/Fe
SOD signature were highly conserved among the other orthologs in-
spected in the present study (Fig. 2). Interestingly, it is stated in the
literature that MnSOD sequences are well conserved through the evo-
lution, especially the domains and the active sites [38]. Collectively,
structural conservation observed through the homology analysis

suggested that the antioxidant function of MuMnSOD may also be
conserved in its orthologs.

3.3. Transcriptional examination of MuMnSOD mRNA level

3.3.1. Modulation of gene expression level of MuMnSOD in different tissues
Different tissues were collected from healthy fish and cDNA was

synthesized after extraction of RNA to investigate the relative tran-
scription content of MuMnSOD. The mRNA expression levels of
MuMnSOD were observed in all twelve tissues, with different tran-
scription levels in each tissue. The highest mRNA expression level was
observed in the blood, followed by the liver, kidney, muscle, and heart
(Fig. 3). Since blood is the main tissue which transports oxygen into
host cells [39], generation of ROS in the blood may be greater than in
other organs. Therefore, higher expression of MuMnSOD in blood may
be important for the antioxidant defense mechanism of mullet in order
to combat the hazardous ROS. Similar results have been published in a
previous study supporting the current results [30]. However, previous
studies showed that MnSOD expression was highest in the ovaries in
Hippocampus abdominalis [38], gills inMytilus coruscus [40] and heart in
Hemibarbus mylodon [41]. Moreover, MuMnSOD expression level was
high in the heart, liver, and kidney, which are metabolically active
organs. It might be due to the presence of high mitochondrial content in
these organs/tissues, and MnSOD may act as a fundamental ROS sca-
venger throughout the aerobic metabolism in the eukaryotic system
[42]. Therefore, these results suggest that MnSOD expression variation
may be species-specific.

3.3.2. Temporal transcriptional expression profile of MuMnSOD
Immune response of MuMnSOD was examined by its expression

profile after treatment with different pathogenic stimulants at different
time points. Head kidney and blood cells were selected as immune-re-
lated tissues to investigate the immune modulated response of
MuMnSOD against immune stimulants. Head kidney is the fundamental
immune structure responsible for the process of phagocytosis [43],
formation of immunoglobulin (IgM), antigen processing function, and
memory of immune activities via melanomacrophagic centers [44]. In
the phagocytosis process, production of ROS results in respiratory burst
[6]. Therefore, antioxidants may be used to maintain the redox
homeostasis. Moreover, the blood is an important medium for innate
immune functions in fish body [38]. Modulated expressional profile of
MuMnSOD was observed in both head kidney and blood tissues upon
infection of different PAMPs (Fig. 4).

Poly I:C injected mullet fish indicated significant upregulations of
MuMnSOD at each time point. The highest upregulation of MuMnSOD
was seen at 6 h post injection, and then the expression level drastically
declined and elevated again 72 h post injection in the head kidney.
Reduction of the expression level of MuMnSOD might be due to mRNA
turnover [45]. In the blood cells, significant upregulation of MuMnSOD
mRNA transcript was observed at 24 h post injection with poly I:C.
Moreover, L. garvieae showed similar results in both tissues. However,
expression pattern against LPS was somewhat different from that for the
other two stimulants. The highest MuMnSOD mRNA expression level
was observed 72 h and 6 h post injection with LPS in the head kidney
and blood, respectively. In addition, MuMnSOD expression was highly
enhanced at 6 h post injection of LPS in the blood cells. However, the
modulation patterns of MuMnSOD against PAMPs in the head kidney
and blood cells were different. Therefore, it could be suggested that
mRNA expression of MuMnSOD might be tissue-specific in the presence
of different immune stimulants used in the challenge experiments.

Results of the previous studies revealed that MnSOD is an ordinary
stress response agent that could be modulated by PAMPs, heavy metals
and adverse environmental factors [19,40]. Antioxidant balance of the
mammalian cells has been changed due to virus-generated ROS [46]. In
rock bream, MnSOD expression was elevated during the challenge of
poly I:C [30]. Moreover, MnSOD of seahorse manifested an
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upregulation at late phase of the poly I:C challenge [38]. According to
these findings, the present data suggest that MnSOD might play an
important role in protection against viral infections in mullet.

L. garvieae is a gram-positive bacterium able to survive a wide range
of environmental factors and a major causative agent of streptococcosis
and lactococcosis in fish species [47,48]. Moreover, it has been reported
that cultured grey mullet in Taiwan was highly affected by L. garvieae
and it caused high mortality [49]. Previous findings showed that the
MuMnSOD transcriptional level was significantly induced by

Streptococcus iniae, a gram-positive bacterium in seahorse [38]. How-
ever, the expression of MnSOD mRNA decreased during L. garvieae
challenge at 3 h post infection in freshwater prawn [50]. Collectively,
results of these studies showed that modulation of MnSOD expression
level might differ from species to species; thus, MnSOD expression
might be species-specific. However, results obtained in the current
study suggest that MuMnSOD may protect the fish cells against the
bacteria-generated ROS.

LPS is a harmful endotoxin present in gram-negative bacteria [51].

Fig. 1. Multiple sequence alignment of MuMnSOD. Identical residues are marked in black and partially conserved residues are marked in grey. The SOD_Fe_N
domain is marked by a blue line whereas the SOD_Fe_C domain is indicated by an orange line; the HAMP domain present in the mullet protein sequence is indicated
by a red box. Manganese and iron superoxide dismutase signature and N-glycosylation sites are indicated by yellow and green boxes, respectively. Four distinct Mn2+

binding sites are shown by four arrows. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Both endotoxin stress and oxidative stress result in the elevated ex-
pression levels of MnSOD during inflammation process in mammalian
cells [52]. Studies of rock bream MnSOD [30], bay scallop Cu/ZnSOD
[53], and spotted barbell MnSOD [41] revealed that significantly ele-
vated SOD expression upon LPS bacterial stimulant. Previous studies
reported that the LPS-stimulated secretion of TNF-α and expression of
SOD proceed through ERK-1 activation process during inflammation
[54], and it has been suggested that MnSOD might be a cytokine-
regulated gene [55]. Altogether, modulation of the expression profile
suggests that MuMnSOD might be involved in the defense mechanism
against excess ROS levels.

3.4. Bacterial overexpression and rMuMnSOD purification

MuMnSOD was expressed in ER2523 E. coli cells (NEB Express) and
purified. Samples acquired at different stages of purification process
were subjected to SDS-PAGE analysis, and a specific band corre-
sponding to the target protein was observed in the cell lysate. Purified
recombinant protein fused with the MBP showed the molecular weight
of approximately 68 kDa (Fig. 5). Therefore, we have shown that
rMuMnSOD was successfully expressed and purified in the E. coli
system.

Fig. 2. Phylogenetic tree of MuMnSOD with its
known MnSOD members. The tree was built using
known amino acid sequences of SODs from different
species, and the numerical value of each node displays
the percentage of bootstrapping after 5000 replications.
GenBank accession numbers are displayed adjacent to
each organism.

Table 2
Determination of the homology of mullet MnSOD.

Organisms Taxonomy Identity% Similarity % Gaps % AA

Larimichthys crocea Teleostei 95.2 98.8 0.0 227
Totoaba macdonaldi Teleostei 95.2 97.8 0.9 225
Epinephelus coioides Teleostei 95.2 97.4 0.9 225
Sparus aurata Teleostei 94.3 97.8 0.9 225
Oplegnathus fasciatus Teleostei 94.3 97.4 0.9 225
Austrofundulus limnaeus Teleostei 93.8 96.9 0.9 225
Lutjanus peru Teleostei 93.1 96.1 1.7 231
Fundulus heteroclitus Teleostei 92.5 96.5 0.9 225
Labrus bergylta Teleostei 92.2 95.2 1.7 231
Gallus gallus Aves 78.4 86.8 1.3 224
Sus scrofa Mammalia 78.1 86.8 3.1 222
Melopsittacus undulatus Aves 78.0 86.3 1.3 224
Homo sapiens Mammalia 77.3 85.2 3.9 222
Mus musculus Mammalia 76.8 85.5 3.1 222
Xenopus laevis Amphibia 75.3 86.6 4.8 224
Bos taurus Mammalia 74.3 83.0 4.8 222

Fig. 3. Relative mRNA expression level of MuMnSOD in different tissues. The
tissues were collected from healthy mullet fish, and expression levels in each
tissue were analyzed using real-time qPCR. All data are presented as mean
values (n=3) and error bars show standard deviations (± SD). (H. kidney-
Head kidney).
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3.5. Determination of the antioxidant activity of rMuMnSOD

Superoxide molecules generated during mitochondrial metabolism
are effectively decomposed by the dismutation process catalyzed by the
MnSOD enzyme [56]. Therefore, rMuMnSOD protein was used to

perform the antioxidant assay and evaluate the antioxidant activity of
MuMnSOD. XOD assay was conducted to determine the superoxide
scavenging potential of MuMnSOD in the presence of a chromogenic
indicator. Uric acid and hydrogen peroxide are generated in the reac-
tion of xanthine and xanthine oxidase, and superoxide radicals are
produced as a byproduct. NBT was converted into NBT-diformasan by
the superoxide radicals. Therefore, the color of the solution was
changed; this was monitored at a 560 nm wavelength. MnSOD converts
superoxide to less harmful H2O2 and this conversion lowers the NBT-
diformasan levels, which could be quantified as a relative activity of
SOD [30,38].

3.5.1. Determination of antioxidant ability of rMuMnSOD at different pH
values

Relative SOD activity of rMuMnSOD at different pH values is shown
in Fig. 6. Highest relative activity of rMuMnSOD was identified at pH 7.
Hence, pH 7 was selected for XOD assays to decipher other properties of
MuMnSOD. Present data showed that the antioxidant activity of
rMuMnSOD was inhibited at more acidic pH values. pH of the medium
highly affected the metal-ligand interaction. At acidic pH, imidazole
rings of the manganese ion ligand His residues might be protonated.
Therefore, metal-ligand complex might be more stable at higher pH
levels [55]. Previous reports showed that SOD activity of rock bream,
sea horse, and manila clam SODs were high at alkaline pH values
[30,38,57]. However, purified ark shell MnSOD activity was high at
acidic pH values [27].

3.5.2. Determination of antioxidant activity of rMuMnSOD at different
temperatures

Xanthine oxidase assay was performed in the temperature range of
5–85 °C. The optimum temperature for the rMuMnSOD function was
identified to be 25 °C (Fig. 7). The existence of MnSOD activity at a
wide range of temperatures (5–55 °C) showed that rMuMnSOD might be
stable under thermal stress conditions. Previous findings revealed that

Fig. 4. Transcriptional expression levels of MuMnSOD in head kidney (A) and
blood (B) after immune challenge with different pathogenic stimulants such as
polyinosinic: polycytidylic acid (Poly I:C:), Lactococcus garvieae (L. garvieae) and
lipopolysaccharide (LPS). Real-time qPCR was used to examine the relative
expression levels at each time point. All data are indicated as mean values
(n=3) and error bars show standard deviations (± SD).

Fig. 5. Recombinant protein expression of MuMnSOD in E. coli ER2523. (M)
protein marker; (UI) total cellular extracts from E. coli ER2523; (L) total cellular
extract after protein induction at 20 °C for 10 h (S) soluble fraction after lysis of
the cells by sonication. (P) insoluble fraction after centrifugation of the soni-
cated cellular extracts. (R) purified recombinant MuMnSOD. (rMBP) re-
combinant maltose binding protein.

Fig. 6. Xanthine oxidation (XOD) assay for the identification of optimum pH for
the recombinant MuMnSOD activity.

Fig. 7. Xanthine oxidation (XOD) assay for the identification of optimum
temperature for the recombinant MuMnSOD activity. The tested temperatures
were 5, 15, 25, 35, 45, 55, 65, 75, and 85 °C.
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the optimum temperature for SOD activity was 25 °C. Therefore, these
findings support the current findings related to the optimum tempera-
ture [38,58]. In ark shell, 50 °C was the optimum temperature for its
MnSOD activity [27], while the rock bream MnSOD activity was highest
at 20 °C [30]. Therefore, these studies suggest that MnSODs displayed
species-specific differences in their antioxidant activities at different
temperatures.

3.5.3. Determination of antioxidant ability of rMuMnSOD at different
dosages

Relative superoxide scavenging ability of rMuMnSOD was evaluated
using a range of dosages (10–80 μg) of rMuMnSOD protein (Fig. 8).
Approximately, 50% of relative SOD activity was observed even with
the lowest dosage of the recombinant protein. Relative SOD activity
gradually increased with the increasing dose of the recombinant pro-
tein. However, relative SOD activity of recombinant MBP was not sig-
nificantly changed with the change in dose. It showed that rMBP was
not an active protein. Earlier reports also revealed that considerable
SOD activity was detected even at the lower dosages of recombinant
MnSOD protein and relative SOD activity increased with increasing
dosage of the recombinant protein up to its maximum SOD activity
[38,58]. The results of previous studies and the current study revealed
that low levels of the MnSOD protein might be adequate for the anti-
oxidant function in mullet.

3.5.4. Determination of the effect of inhibitory factors on rMuMnSOD
activity

Impact of inhibitory factors on the rMuMnSOD activity was de-
termined using potassium cyanide (KCN), sodium azide (NaN3), N-N′-
diethyl-dithiocarbamate (DDC), and ethylene diamine tetraacetic acid
(EDTA). SOD activity was strongly inhibited by KCN and DDC.
However, EDTA and NaN3 did not significantly affect SOD activity
(Fig. 9). Similarly, previous findings also showed that EDTA [58,59]
and NaN3 [60] did not significantly affect SOD activity while KCN and

DDC may adversely affect SOD function [38,58,61,62]. Therefore, these
findings suggested that the relative MuMnSOD activity could be dis-
rupted by some inhibitors (KCN and DDC) and is specifically resistant to
others (EDTA and NaN3).

3.6. Evaluation of antibacterial activity of rMuMnSOD

Antibacterial activity possessed by rMuMnSOD was evaluated by
observing the growth rates of selected bacteria in the presence of
rMuMnSOD (Fig. 10). Remarkably, growth retardation was observed
both in gram-positive bacteria M. luteus and L. garvieae and in the gram-
negative bacterium E. coli, but significantly affect the L. garvieae
growth. Fascinatingly, highest temporal expression of MuMnSOD was
indicated at 6 h post-injection with L. garvieae and antibacterial activity
against L. garvieae was commenced at 5 h after treatment of
rMuMnSOD. Therefore, results of both transcriptional and antibacterial
assays indicated that the MuMnSOD play a crucial role to combat L.
garvieae after its infection. Moreover, present results suggest that
rMuMnSOD possesses an antibacterial activity against both gram-posi-
tive and gram-negative bacteria and it might be due to the indirect

Fig. 8. Xanthine oxidation (XOD) assay for the identification of the effect of
recombinant MuMnSOD dose (μg) at optimum pH and temperature conditions.

Fig. 9. Xanthine oxidation (XOD) assay for the identification of the effect of
different inhibitors on recombinant MuMnSOD at optimum pH and temperature
conditions. The letters on the error bars indicate significant differences
(P < 0.05) between each treatment.

Fig. 10. The growth rate of Lactococcus garvieae (A), Micrococcus luteus (B), and
E. coli (C) after incubating with recombinant MuMnSOD protein. All data are
indicated as mean value (n= 3). Significant variations are observed from 5 h
incubation with L. garvieae and M. luteus and 2 h incubation with E. coli, com-
pared to the respective control samples (P < 0.05).
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activity of HAMP domain of the protein sequence. Similarly, earlier
reports indicated that ark shell MnSOD also showed antibacterial ac-
tivity against both gram-positive and gram-negative bacteria [27]. Ex-
amination of the Crassostrea gigas recombinant SOD revealed its LPS
binding ability [63]. Moreover, C. gigas SOD may have opsonic function
acting via identification of bacterial cells and prevention of bacterial
growth through binding to the integrins of hemocytes. It was reported
that the amino acid sequence of the oyster recombinant SOD includes a
LPS-binding motif identified in the endotoxin CD14 receptor, which
showed an affinity to E. coli and to the LPS stimulant [63]. Nevertheless,
studies of the antibacterial mechanism of SOD have been limited. Thus,
the conserved structural sites present in the MuMnSOD sequence might
be important for its antibacterial activity in the mullet defense system.

4. Conclusion

In conclusion, a mullet cDNA library was used for cloning and
characterization of the structural features of MuMnSOD. In silico ana-
lysis revealed that MuMnSOD was present in the mitochondria and was
highly conserved compared to other MnSOD counterparts. In addition,
gene expression of MuMnSOD was examined through the transcrip-
tional profiling using different immune stimulants including poly I:C,
LPS, and L. garvieae, which are involved in the upregulation of
MuMnSOD expression at different time points. The antioxidant function
was evaluated by xanthine oxidase (XOD) assay and the results high-
lighted the antioxidant activity of the rMuMnSOD protein. Moreover,
the present study explored the potential antibacterial activity of
rMuMnSOD. Overall, it can be suggested that MuMnSOD acts as an
antioxidant enzyme and as an immune-related substance that might be
important to protect mullet fish cultures against pathogenic diseases.
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