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Antioxidative defense renders a significant protection against environmental stress in organisms and
maintains the correct redox balance in cells, thereby supporting proper immune function. Catalase is an
indispensable antioxidant in organisms that detoxifies hydrogen peroxides produced in cellular envi-
ronments. In this study, we sought to molecularly characterize a homolog of catalase (RfCat), identified
from black rockfish (Sebastes schlegelii). RfCat consists of a 1581 bp coding region for a protein of 527
amino acids, with a predicted molecular weight of 60 kD. The protein sequence of RfCat harbored similar
domain architecture to known catalases, containing a proximal active site signature and proximal heme
ligand signature, and further sharing prominent homology with its teleostan counterparts. As affirmed
by multiple sequence alignments, most of the functionally important residues were well conserved in
RfCat. Furthermore, our phylogenetic analysis indicates its common vertebrate ancestral origin and a
close evolutionary relationship with teleostan catalases. Recombinantly expressed RfCat demonstrated
prominent peroxidase activity that varied with different substrate and protein concentrations, and
protected against DNA damage. RfCat mRNA was ubiquitously expressed among different tissues
examined, as detected by qPCR. In addition, RfCat mRNA expression was modulated in response to
pathogenic stress elicited by Streptococcus iniae and poly I:C in blood and spleen tissues. Collectively, our
findings indicate that RfCat may play an indispensable role in host response to oxidative stress and
maintain a correct redox balance after a pathogen invasion.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Moreover, accumulation of ROS in cellular environments can
compromise host immunity [8]. Therefore, a proper ROS balance must

Reactive oxygen species (ROS) play an indispensable role in host
anti-microbial defense, acting directly or as signaling molecules in
host inflammatory or innate immune responses [ 1—4]. Nevertheless,
excessive ROS generation can have detrimental effects, including host
cell damage due to oxidation of biomolecules, DNA mutagenesis,
activation of pro-cell death factors, and tumorigenesis [5—7].
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be maintained for survival. This balance is regulated by the cellular
antioxidant system, consisting of ROS scavengers, such as the en-
zymes catalase, superoxide dismutase (SOD), glutathione peroxidase
(Gpx), thioredoxin, thioredoxin reductase (TrxR), and peroxiredoxins
(Prx) [9] along with non-enzyme constituents, including glutathione,
vitamin A, E,and C[10]. Among enzymatic components, catalase plays
an indispensable role in detoxifying hydrogen peroxide to form the
nontoxic end-products water and oxygen [9]. Generally, two types of
catalases are found in organisms, classical Fe heme enzymes and
catalase-peroxidases. The former belongs to a small group of man-
ganese enzymes, whereas the latter contains a covalent triplet of
distal side chains, which catalyze peroxidatic and catalytic reactions
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following a different mechanism than the classical heme enzymes
[11]. In addition to hydrogen peroxide, catalase can also breakdown
several other substrates, including phenol, methanol, ethanol, and
nitrites [12]. Interestingly, catalase is an efficient enzyme with a high
turn-over rate; each second, one catalase molecule can convert mil-
lions of peroxide molecules into water and oxygen [13].

Catalase is ubiquitously expressed in prokaryotes and eukary-
otes, consisting of four identical subunits of 50—60 kD [14,15]. Each
monomeric subunit contains a single heme group and NADPH
molecule on its surface [16,17]. This NADPH prevents the enzyme
from oxidation by its own substrate. Much of the information on
catalase, especially regarding its structure and the regulation of its
expression, has been reported in mammals [18,19], plants [20], and
bacteria [21]. Human catalase is a member of the peroxisomal
glycoprotein family with four subunits, each harboring four con-
ceptual domains, including B-barrel, N-terminal threading arm,
wrapping loop, and C-terminal helixes [22].

There are some credible evidences which suggest that catalase
can mediate host immune responses, besides its main ROS scav-
enging role in cells. For instance, Caenorhabditis elegans catalase
was found to stimulate innate immune gene response [23], and
catalase was shown to mediate a main host defense system
required in host—microbe interactions in the gastrointestinal tract
of fruit flies [24]. In addition, catalase activity and/or expression
was shown to be altered by viral infections in crustaceans [25—28],
and enhanced catalase transcription was detected in mollusks with
bacterial infection [29,30]. Hence, gaining insight into different
counterparts of catalase in different taxons is essential to under-
stand its potential, but unrevealed roles in organisms.

Information on lower vertebrate catalase homologues, espe-
cially of teleost origin, is relatively scarce. Among fish catalases,
both rock bream (Oplegnathus fasciatus) [31] and zebrafish (Danio
rerio) [32,33] have been evaluated to date. According to these re-
ports, teleostan catalases demonstrated a strong peroxidase activity
at a broad spectrum of temperatures and pH conditions, and its
expression can be modulated by pathogen invasion. In addition,
another study showed that gene expression of catalase can be
temporarily induced by starvation in rock breams [34].

Mariculture is considered as a productive way to increase marine
fish and shellfish production. Therein, fish and shellfish are cultured
at a high density, either in an enclosed section of ocean or in tanks
filled with seawater. Therefore, these creatures are more susceptible
to environmental stress factors, including pathogen infections, which
can negatively affect their survival and growth. Moreover, oxidative
stress in these species can suppress their immune response, and in
turn make them more vulnerable to infections [35]. Therefore, gain-
ing insight into molecular defense mechanisms against stress is a
primary step for the development of sustainable mariculture, by
identifying targets for potential therapies. Since catalase is an
important antioxidant and a relevant immune molecule, we sought to
identify and molecularly characterize its homolog in black rockfish
(Sebastes schlegelii), which is an economically important and mar-
iculturally farmed comestible, especially in the Asia Pacific region.

In the present study, a teleostan homolog of catalase (RfCat) was
identified from black rockfish and characterized at the molecular
level, providing evidence for molecular expression during patho-
genic stress, along with its putative functional roles against
oxidative defense.

2. Materials and methods
2.1. Black rockfish cDNA database

A database of black rockfish cDNA sequences was created by 454
GS-FLX™ sequencing technique [36]. In brief, the total RNA was

extracted from blood, liver, head kidney, gill, intestine, and spleen
tissues from three fish (~100 g) challenged with immune stimu-
lants including Edwardsiella tarda (107 CFU/fish), Streptococcus iniae
(107 CFU/fish), lipopolysaccharide (1.5 mg/fish), poly-
inosinic:polycytidylic acid (poly I:C, 1.5 mg/fish). The extracted RNA
was then cleaned using an RNeasy Mini kit (Qiagen, USA) and
assessed for quality and quantified using an Agilent 2100 Bio-
analyzer (Agilent Technologies, Canada), resulting in an RNA inte-
gration score (RIN) of 7.1. Subsequently, the GS-FLX™ 454 shotgun
library was constructed, and a cDNA database was established us-
ing fragmented RNA (average size — 1147 bp) from the aforemen-
tioned RNA samples (Macrogen, Korea).

2.2. Identification and sequence characterization of RfCat

We identified the complete cDNA sequence of RfCat from the
black rockfish cDNA database using the Basic Local Alighment
Search Tool (BLAST) algorithm (http://blast.ncbi.nlm.nih.gov/Blast.
cgi). Then, the identified sequence was characterized using
different bioinformatics tools. The full-length putative coding
sequence of RfCat was identified, and the corresponding amino acid
sequence was derived using DNAsist 2.2 software. Domain archi-
tecture corresponding to the derived primary structure of RfCat was
predicted using ExXPASy Prosite database (http://prosite.expasy.
org). Moreover, some of the physicochemical properties of the
derived protein sequence were determined by the EXPASy Prot-
Param tool (http://web.expasy.org/protparam). Comparison of the
RfCat protein sequence with its homologues was carried out
through pairwise and multiple sequence alignments, executed by
Matgat software [37] and ClustalW2 (http://www.Ebi.ac.uk/Tools/
clustalw2) program, respectively. The phylogenetic reconstruction
of RfCat was generated according to the neighbor-joining method
using Molecular Evolutionary Genetics Analysis (version 4.0) soft-
ware (MEGA 4.0) [38], validated by 1000 bootstrap replications. In
addition, the tertiary structure of RfCat was modeled by the I-
TASSER online server [39,40] and visualized using PyMOL 1.7 pro-
gram (http://www.pymol.org).

2.3. Overexpression and purification of recombinant RfCat (rRfCat)

rRfCat was expressed as a fusion protein with maltose binding
protein (MBP) as previously described, but with some modifica-
tions [41]. Briefly, the coding sequence of RfCat was amplified using
the sequence-specific primer pair, RfCat-F and RfCat-R, which
contained restriction enzyme sites for EcoRI and Sall, respectively
(Table 1). PCR was performed in a TaKaRa thermal cycler (TaKaRa,
Otsu, Shiga, Japan) in a total volume of 50 pL, containing 5 U TaKaRa
ExTaq polymerase, 5 pL of 10x TaKaRa ExTaq buffer, 8 pL 2.5 mM
dNTPs, 80 ng of template, and 40 pmol of each primer (Table 1). The
PCR was performed under the following conditions: initial dena-
turation at 94 °C for 3 min, followed by 35 cycles of 94 °C for 30 s,
57 °Cfor 30 s, and 72 °C for 1 min, with a final extension at 72 °C for
5 min. The PCR product (~1.6 kbp) was resolved on a 1% agarose gel,
excised, and purified using the Expin™ Gel SV kit (GeneAll, Korea).
Digested pMAL-c2X vector (150 ng) and the PCR product (108 ng)
were ligated using Mighty Mix (5.0 pL; TaKaRa) at 4 °C overnight.
The ligated pMAL-c2X/RfCat product was transformed into DH5a
cells and sequenced. After sequence conformation, the recombi-
nant expression plasmid was transformed into Escherichia coli BL21
(DE3) competent cells. Expression of the rRfCat fusion protein was
induced using isopropyl-p-p-galactopyranoside (IPTG, 0.5 mM).
E. coli BL21 cells were grown in 500 mL Luria broth (LB) supple-
mented with ampicillin (100 pg/mL) and glucose (0.2%) at 20 °C for
9 h. Induced E. coli BL21 (DE3) cells were then cooled on ice for
30 min and harvested by centrifugation at 3500 rpm for 30 min at
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Table 1
Primers used in this study.

Name Purpose Sequence (5" — 3')

RfCat-qF qPCR of RfCat CTTCATCAAGGACGCCATGCTGTT

RfCat-qR qPCR of RfCat TAGCCGTTCATGTGACGGAATCCA

RfCat-F Amplification of coding region (EcoRI) GAGAGAgaattcATGGCTGAAAACAGAGATAAAGCTTCGG

RfCat-R Amplification of coding region (Sall)
RfEF1A-F qPCR for black rockfish EF1A
RfEF1A-R qPCR for black rockfish EF1A

GAGAGAgtcgacTCACATCTTGGAGGACGCGGC
AACCTGACCACTGAGGTGAAGTCTG
TCCTTGACGGACACGTTCTTGATGTT

4 °C. Harvested cells were resuspended in 20 mL of column buffer
(20 mM Tris—HCl pH 7.4 and 200 mM Na(l) and stored at —20 °C.
E. coli cells were thawed and lysed in column buffer using cold
sonication. The protein was then purified using the pMAL™ Protein
Fusion and Purification System (New England BioLabs, Beverly, MA,
USA). The purified protein was eluted using an elution buffer
(10 mM maltose in column buffer). Its concentration was deter-
mined by the Bradford method using bovine serum albumin as a
standard [42]. The purified fusion protein (rRfCat) was then assayed
for peroxidase activity and the ability to inhibit oxidative DNA
damage. Samples collected at different steps of the rRfCat purifi-
cation were analyzed by 12% sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE) using standard protein
size markers (Enzynomics, Korea) under reducing conditions. The
gel was stained with 0.05% Coomassie blue R-250 and observed
followed by a standard destaining procedure.

2.4. Peroxidase activity assay

The peroxidase activity of RfCat was analyzed using the purified
recombinant fusion protein using varying enzyme and substrate
concentrations, according to a previously described method [43]
with some modifications. To determine the effect of enzyme con-
centration on peroxidase activity, 50 pL of rRfCat containing
different amounts of protein was mixed with 70 pL of cit-
rate—phosphate buffer (0.1 M, pH 5) and 20 puL H,0; (10 mM) in a
96-well plate. After mixing, the plate was incubated at 25 °C for
5 min. To determine the remaining amount of H,03, 30 pL of 2,2’-
azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS) and
peroxidase (1 U/mL) were added to the reaction mixtures, with an
additional incubation at 37 °C for 10 min. Finally, the developed
blue-green color due to the formation of ABTS cation was measured
at 405 nm using a multi-plate reader (Thermo Scientific, Waltham,
MA, USA). The same assay protocol was followed to determine the
effect of substrate (H,0,) concentration on rRfCat peroxidase ac-
tivity. The same volume of H,0, with varying concentrations was
used to assay the activity of 50 pg/mL final concentration of re-
combinant protein. In both experiments, peroxidase activity was
expressed as the percent relative activity to the negative control
assay performed without the protein, as the mean of three assays.
Additional control assays were also performed with maltose
binding protein (MBP) instead of rRfCat to determine whether the
MBP fusion protein affected peroxidase activity.

2.5. Determination of oxidative DNA damage

To determine the potential protective effect of RfCat against
oxidative DNA damage, a thiol mixed-function oxidation (MFO)
assay [44] was performed in the presence of rRfCat or MBP (control)
in reaction medium, with some modifications. Briefly, a reaction
mixture containing 40 uM Fe (IIl) chloride, 10 mM dithiothreitol
(DTT), and 25 mM HEPES (pH 7.0) was incubated with rRfCat (10 pg)
or MBP (10 pg), or without any protein, for 10 min at 25 °C. Sub-
sequently, 1 ug of pUC19 plasmid DNA was added to each mixture

and incubated at 37 °C for 10 min to induce DNA breakage through
the formation of hydroxyl radicals. Immediately after the incuba-
tion period, the DNA in each reaction mixture was purified using
AccuPrep®PCR purification kit (Bioneer, Korea) following the ven-
dor's protocol. Thereafter, the degree of DNA damage was evaluated
by electrophoresis using equal amounts of purified DNA on a 1%
agarose gel, with undigested pUC19 vector DNA as a reference. The
observed results were confirmed in triplicated assays.

2.6. Oxidative stress tolerance assay

In order to determine potential rRfCat-mediated resistance to
oxidative stress in bacterial cells, E. coli strain BL21 (DE3) was
transformed with the pMAL-c2X-RfCat recombinant vector or
vector alone (control). Cells were grown in 10 mL LB medium
supplemented with ampicillin (100 pg/mL) and glucose (0.2%) until
an optical density (OD) of 0.6 at 600 nm was reached. Subsequently,
the cultures were induced by IPTG (0.5 mM) to overexpress the
corresponding proteins (rRfCat or MBP), and further incubated at
20 °C for 9 h with shaking. Thereafter, 1 mL of each culture
(~1 x 10% CFU/mL) was spun down, and the cell pellets were
resuspended in fresh LB medium (1 mlL), supplemented with
ampicillin (100 pg/mL), glucose (0.2%), and IPTG (0.5 mM), with or
without the addition of H,O, (500 uM). Thereafter, the cultures
were incubated 20 °C overnight with shaking. The following day
the cultures were serially diluted with sterile phosphate buffered
saline (1%), plated (100 uL) on ampicillin (100 pg/mL)/agar and
incubated at 37 °C for 16 h. The number of colony forming units in
each 1 mL culture was determined by counting the colonies on the
corresponding plates in triplicates.

2.7. Fish rearing and tissue collection

Healthy fish acclimatized to the laboratory conditions were
obtained from the aquariums at the Marine Science Institute of Jeju
National University, Jeju Self Governing Province, Republic of Korea,
and were maintained in 400 L laboratory aquarium tanks filled with
aerated seawater at 22 + 1 °C. Five healthy fish with an average
body weight of 200 g were sacrificed for the tissue collection.
Before sacrification, approximately 1 mL blood was collected from
each fish using sterile syringes coated with 0.2% heparin sodium
salt (USB, USA), and the peripheral blood cells were separated by
immediate centrifugation at 3000 x g for 10 min at 4 °C. Other
tissues including the head kidneys, spleen, liver, gills, intestines,
kidney, brain, muscle, skin, heart, and stomach were excised and
snap-frozen in liquid nitrogen and stored at —80 °C.

2.8. Immune challenge experiment

In order to analyze the transcriptional modulation of RfCat upon
viral or bacterial stimulation, healthy rockfish with an average body
weight of 200 g were used in a time course immune challenge
experiment. The gram positive live bacterial pathogen S. iniae
(10 CFU/uL) and poly I:C (150 pg/uL; Sigma, St. Louis, MO, USA),
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which resembles the double stranded viral RNA, were used as im-
mune stimulants after re-suspending or dissolving in PBS. Fish
were intraperitoneally injected with each stimulant in a total vol-
ume of 200 pL. For the control group, fish were injected with 200 puL
PBS. Spleen tissues and blood were sampled from five individuals in
each group at 3, 6, 12, 24, 48, and 72 h post-injection, as described
in Section 2.7.

2.9. RNA extraction and cDNA synthesis

Total RNA was extracted from a pool of tissue samples (~40 mg
from each fish) from five individual fish (both un-injected and
injected) using QIAzol® (Qiagen), following the vendor's protocol.
RNA samples purified from liver of healthy fish were further purified
using RNeasy Mini Kit (Qiagen). RNA quality was examined by 1.5%
agarose gel electrophoresis, and the concentration was determined
at 260 nm in puDrop Plate (Thermo Scientific). First strand cDNA was
synthesized in a 20 pL reaction mixture containing 2.5 ug of RNA
with the PrimeScript™ II 1st strand cDNA Synthesis Kit (TaKaRa).
The synthesized ¢cDNA was diluted 40-fold in nuclease free water
and stored in a freezer at —80 °C until future use.

2.10. RfCat expression analysis by quantitative real time PCR (qPCR)

In order to analyze the basal expression levels of RfCat in the
aforementioned tissues (Section 2.8) of healthy fish and to monitor
transcriptional modulation in the blood cells and spleen of immune
challenged animals in response to the corresponding immune
stimulations, qPCR was applied using the respective diluted cDNA
samples as templates (Section 2.9). qPCR was performed using the
Dice™ Real time system thermal cycler (TP800; TaKaRa, Japan) in a
10 pL reaction volume, containing 3 pL of diluted cDNA from each
tissue, 5 uL of 2x TaKaRa ExTaq™ SYBR premix, 0.4 pL of each
primer (RfCat-qF and RfCat-gR; Table 1), and 1.2 pL of ddH;0, as per
the essential MIQE guidelines [45]. PCR conditions were as follows:
95 °C for 10 s; 35 cycles of 95 °C for 5 s, 58 °C for 10 s, and 72 °C for
20 s; and a final cycle of 95 °C for 15 s, 60 °C for 30 s, and 95 °C for
15 s. Each assay was conducted in triplicates. The baseline was set
automatically by the Dice™ Real Time System software (version
2.00). The relative RfCat expression was determined using the Livak
(Z‘AACT) method [46]. The black rockfish elongation factor 1a
(RfEF1A) gene was used as an internal reference (GenBank ID:
KF430623), because it was previously validated as an appropriate
internal control for qPCR normalization in black rockfish [47] gene
expression studies. The primers used for the internal reference are
listed in Table 1. The data are presented as the mean + standard
deviation (SD) of the relative mRNA expression from three exper-
iments. In the immune challenge experiments, the expression
levels of RfCat mRNA were calculated relative to that of REF1A. The
expression values were further normalized to the corresponding
PBS-injected controls at each time point. The relative expression
level in the un-injected control at 0 h was used as the baseline
reference. To determine the statistical significance (p < 0.05) be-
tween the experimental and un-injected control groups, a two-
tailed un-paired Student's t-test was applied.

3. Results and discussion
3.1. Sequence profiles, homology and phylogenetic relationship

Analysis of the black rockfish cDNA sequence database using
the NCBI-BLASTX tool led to the identification of a 4337 bp contig
sequence that was homologous to vertebrate catalases. The cDNA
sequence of RfCat consisted of a 1581 bp coding region for a
protein of 527 amino acids with a predicted molecular weight of

60 kD and a theoretical isoelectric point of 6.6, along with a 69 bp
5 un-translated region (5’ UTR) and a 2687 bp 3’ UTR. These
sequence data were deposited in the NCBI-GenBank sequence
database under the accession number KM401562. According to
the in silico analysis of the protein sequence, RfCat contained the
typical characteristic domain signatures of catalases, including a
catalase proximal active site signature (residues 64—80, Fig. 1)
and a catalase proximal heme ligand signature (residues
354—-362). Moreover, our multiple sequence alignment study
asserts that most of the heme binding sites and NADPH binding
sites found in its homologues are also conserved in RfCat (Fig. 1),
along with aforementioned signatures. As expected, RfCat shares
prominent sequence similarity and identity with its fish coun-
terparts, as per our pairwise sequence alignment. Black rockfish
RfCat shared 88.8% identity and 94.5% similarity to rock bream (O.
fasciatus) catalase (Table 2). However, RfCat also shows sub-
stantial sequence compatibility with mammals, amphibians, and
invertebrates, such as insects and mollusks. Collectively, these
data suggest high homology of RfCat with catalases from other
species, further supporting its functional similarity with its
homologues.

As expected, phylogenetic reconstruction, generated to evaluate
the evolutionary position of RfCat among its homologues resulted
in two independent clusters harboring vertebrates and in-
vertebrates, forming an out group with yeast catalase (Fig. 2).
Within the vertebrate clade, RfCat was clustered with its teleostan
similitudes, with a closer evolutionary relationship with rock
bream catalase, validated by a satisfactory bootstrap support (65).
This further reinforces the similarity between the two species. In
addition, within the fish sub-cluster, catalases of marine fish origin
were distinctly clustered with those of fresh water fish origin,
suggesting a relatively distant evolutionary relationship between
these groups. Moreover, insect catalases maintain a notable
evolutionary proximity to vertebrate catalases, as compared to
mollusks, forming a separate group diverging directly from the
vertebrate cluster (Fig. 2). Overall, this phylogenetic analysis con-
firms the common vertebrate ancestral origin of RfCat, further
validating its homology with teleost catalases.

3.2. Tertiary structural model of RfCat

In order to anticipate the putative relationship between the
folded structural arrangement and functional properties of RfCat,
we generated a model of its tertiary structure using an ‘iterative
template fragment assembly simulation’ method by I-TASSER on-
line server and visualized by the PyMOL 1.7 program. According to
the modeling results, the whole template chains of the top ten
templates obtained from the Research Collaboratory for Structural
Bioinformatics protein data bank (RCSB-PDB) shared over 90%
sequence identity with the query sequence. Importantly, the
normalized Z-score of the threading alignments between each
template sequence and query sequence exceeded 1 (2.39—8.00),
supporting the credibility of the model. Human erythrocyte cata-
lase (RCSC-PDB ID: 1DGF) was used as the highest ranked template
for the model generation by the server.

According to the predicted model (Fig. 3), four conceptual do-
mains, the N-terminal domain forming an extended non-globular
amino terminal arm, the C terminal domain with four prominent
o helixes, the B-barrel domain with eight stranded anti-parallel (-
sheets, and the connection domain harboring a wrapping or folding
loop, could be identified, supporting its homology to the empiri-
cally determined tertiary structure of human catalase [17]. More-
over, the proximal active site motif could be identified at the middle
of our modeled structure, close to the B-barrel domain, and was
exposed to the external environment, which may be a favorable
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orientation for access its substrates. Collectively, the generated
model of RfCat could plausibly validate its structural arrangement
for the anticipated catalytic function.

3.3. Integrity and purity of overexpressed rRfCat

Analysis of samples collected at different steps of the purifica-
tion process using SDS-PAGE confirmed the expression of rRfCat
after IPTG induction under the given experimental conditions
(Fig. 4). However, the eluted sample of the purified fusion rRfCat
resolved two bands on the gel (Fig. 4; lane 3), one of which
(~102.5 kD) matched the predicted size of RfCat (60 kD), since the
molecular mass of MBP is ~42.5 kD. The other band appears below
the expected size of the fusion protein, possibly due to self-cleavage
of the rRfCat, as vertebrate catalases can be epigenetically modified
by processes including proteolysis, in turn resulting in truncated
forms of the original enzyme [48,49]. Moreover, this type of
degradation is frequently observed in recombinantly expressed
catalases, even with invertebrate origins, such as disk abalones, as
reported previously [50].

3.4. Peroxidase activity

The peroxidase activity of RfCat was investigated using its pu-
rified recombinant protein as a function of the enzyme or substrate
(H202) concentration. As plotted in Fig. 5A, increasing the RfCat
concentration dose-dependently increased its relative activity. The
relative peroxidase activity of rRfCat reached a maximum value
when 54 pg/mL protein was used in the reaction, and the activity
maintained almost a constant value with further increases in con-
centration, suggesting this was the optimal activity level for this
protein. As expected, MBP did not show any detectable activity at
any concentration, supporting that the effects were due to the
rRfCat portion in the rRfCat recombinant fusion protein. Intrigu-
ingly, a similar pattern of peroxidase activity was detected with
increasing concentrations of rock bream catalase, reported in our
previous study [31]. In contrast, with the increasing concentration
of the H,0,, the relative activity of rRfCat tends to gradually
decrease. However, the maximum concentration of the H;0,
(11.2 mM) used in the assay was almost 11 fold higher than the
minimum. Nevertheless, rRfCat could still demonstrate ~70% of its

Rock bream MADNRGKATDOMKTWKENRS SQRPDTLTTGAGHPVGDKLNLQTAGPRGPLLVQDVVFTDE 60
Cobia MADNRDKTTDOMKLWKEDRGSQRPDTLTTGAGHPVGDKLNLQTAGPRGPLLVQDVVFTDE 60
Rockfish MAENRDKASDQOMKIWKENRSSQRPDILTTGGGNPIGDKLNQMTAGPRGPLLVQDVVFTDE 60
Mefugu MADKRDKATDOMKLWKESRGYQ-PDILTTGGGHPIGDKLNLQTAGPKGPLLVQDVVFTDE 59
Zebrafish MADDREKSTDOMKLWKEGRGSQRPDVLTTGAGVPIGDKLNAMTAGPRGPLLVQDVVFTDE 60
Mouse MSDSRDPASDOMKQWKEQRASQRPDVLTTGGGNPIGDKLNIMTAGSRGPLLVQDVVFTDE 60
Human MADSRDPASDQMQOHWKEQRAAQKADVLTTGAGNPVGDKLNVITVGPRGPLLVQDVVFTDE 60
Budgerigar MADNRDDASDQLKQWRSQRGSQKPDVLTTGAGNPVGDKLNILTVGPRGPLLVQDVVFTDE 60
Western clawed frog MADKRDNAADQMKLWKESRGSQKPDVLTTGGGNPISDKLNLLTVGPRGPLLVQDVVFTDE 60
Kaa Kk sakkan ke Kk Kk KkKK K kg kkkk Kk L KAKKKKAAAKAKK
Rock bream MAHFDRERIPERVVHAKGAGAFGYFEVTHDITRYCKAKVFEHVGKTTPIAVRESTVAGES 120
Cobia MAHFDRERIPERVVHAKGAGRAFGYFEVTHDISRYCKAKVFEHVGKTTPIAVRESTVAGES 120
Rockfish MSHFDRERIPERVVHAKGAGAFGYFEVTHDISRYCKAKMFEHVGKTTPIAIRESTVAGES 120
Mefugu MAHFDRERIPERVVHAKGAGRAFGYFEVTHDITRYCKAKLFEHVGKTTPIAVRESTVGGES 119
Zebrafish MAHFDRERIPERVVHAKGAGRAFGYFEVTHDITRYSKAKVFEHVGKTTPIAVRESTVAGEA 120
Mouse MAHFDRERIPERVVHAKGAGRFGYFEVTHDITRYSKAKVFEHIGKRTPIAVRESTVTGES 120
Human MAHFDRERIPERVVHAKGAGRFGYFEVTHDITKYSKAKVFEHIGKKTPIAVRESTVAGES 120
Budgerigar MAHFDRERIPERVVHAKGAGRFGYFEVTHDITQYCKAKVFEHIGKRTPIAIRESTVAGES 120
Western clawed frog MAHFDRERIPERVVHAKGAGRFGYFEITHDITKYSKAKVFEHIGKRTPIAIRESTVAGES 120
Kok Ak kA Kk Ak kA k kA k ok k kK kkkk s kkh ks sk Kk s kkkskk kkkk s kkkKK KKk
Rock bream GSADTVRDPRGFAVKEFYSEEGNWDLTGNNTPIEFIRDALLEPSFIHSQKRNPQTHMKDPD 180
Cobia GSADTVRDPRGFAVKEFYTEQGNWDLTGNNTPIEFIRDALLEPSFIHSQKRNPQTHMKDPD 180
Rockfishfish GSADTVRDPRGFAVKFYTEEGNWDLTGNNTPIEFIKDAMLEPSFIHTQKRNPQTHMKDPD 180
Me fugu GSADTVRDPRGFAVKEYTEEGNWDLTGNNTPIEFIRDALLEPSFIHTQKRNPQTHMKDPD 179
Zebrafish GSSDTVRDPRGFAVKEFYTDEGNWDLTGNNTPIEFIRDTLLEPSFIHSQKRNPQTHLKDPD 180
Mouse GSADTVRDPRGFAVKFYTEDGNWDLVGNNTRIEFIRDAILEPSFIHSQKRNPQTHLKDPD 180
Human GSADTVRDPRGFAVKFYTEDGNWDLVGNNTRIEFIRDPILEPSFIHSQKRNPQTHLKDPD 180
Budgerigar GSADTVRDPRGFAMKEFYTEEGNWDLVGNNTPIEFIRDAMLEPSFIHSQKRNPQTHLKDPD 180
Western clawed frog GSADTVRDPRGFAVKMY TEDGNWDLTGNNTRBVEFIRDAMLEPSFIHSQKRNPQTHLKDPD 180
R T T R PR
Rock bream MVWDFWSLRPESLHQVSELFSDRGLPDGYRHMNGYGSHTFKLVNAAGERFYCKFHFKTDQ 240
Cobia MVWDFWSLRPESLHQVSELFSDRGLPDGYRHMNGYGSHTFKLINADGERVYCKFHYKTDQ 240
Rockfish MMWDFLSLRPESLHQVSELFSDRGLPDGFRHMNGYGSHTFKMVNAYDERYYCKFHFKTDQ 240
Mefugu MMWDFWSLRPESLHQVSEMFSDRGLPDGYRHMNGYGSHTFKLVNAKGECVYCKFHFKTDQ 239
Zebrafish MVWDFWSLRPESLHQVSELFSDRGIPDGYRHMNGYGSHTFKLVNAQGQPVYCKFHYKTNQ 240
Mouse MVWDFWSLRPESLHQVSELFSDRGIPDGHRHMNGYGSHTFKLVNADGEAVYCKFHYKTDQ 240
Human MVWDFWSLRPESLHQVSELFSDRGIPDGHRHMNGYGSHTFKLVNANGEAVYCKFHYKTDQ 240
Budgerigar MVWDFWSLRPEFLHQVSELFSDRGIPDGYRHMNGYGSHTFKLVNASGRAVYCKFHAKTDQ 240
Western clawed frog MVWDFWALRPESLHQVSELFSDRGIPDGHRHMNGYGSHTFKLVNAKDEAVYCKFHYKTDQ 240
Kukkk s KkKK KAKKKK L AKKKK KKK KKKKKKKKK KKK 3 KK kKKK KKK
Rock bream GIKNLPVEEADRLASTNPDYAIGDLFNAIANGNCPSWTFYIQIMTFEQAEKFRENPEFDLT 300
Cobia GIKNLLVEEADRLASSNPDYAIGDLFNAIANGNYPSWTFYIQVMTFEQAEKFQFNPEFDLT 300
Rockfish GIKNLTVEEAGLLASENPDYAIGDLFNAIANGNFPSWTFYIQIMTFEQAEQFQFNPFDLT 300
Mefugu GIKNLSVEEAGRLASANPDYAIGDLFNAIANGNYPSWTFYIQVMTFEQAEKFHENPFDLT 299
Zebrafish GIKNIPVEEADRLAATDPDYSIRDLYNAIANGNFPSWTFYIQVMTFEQAENWKWNPEDLT 300
Mouse GIKNLPVGEAGRLAQEDPDYGLRDLFNAIANGNYPSWTFYIQVMTFKEAETFPENPEDLT 300
Human GIKNLSVEDAARLSQEDPDYGIRDLFNAIATGKYPSWTFYIQVMTFNQAETFPFNPFDLT 300
Budgerigar GIKNLPVEEAGRLASTDPDYGIRDLYNAIAKGDYPSWSFFIQVMTFEEAEKFPENPEFDLT 300
Western clawed frog GIRNLTVEEANRLSASDPDYGIHDLYESIAAGNYPSWSFYIQVMTFQQAEKFKFNPFDLT 300

hok ks ok Lk ko SRKK o kkggakk k| kkk gk gkkokkkyakk o kkkkKR

Fig. 1. Multiple sequence alignment of vertebrate catalases, including black rockfish catalase (RfCat). The proximal heme ligand signature was denoted by red colored boxes
bordered by continuous or non-continuous lines, respectively. Conserved heme binding sites and NADPH binding sites were indicated by gray color and blue color shading,
respectively. Residues conserved in all the aligned sequences are represented by asterisks (*) whereas partially conserved ones were marked using (.) or (:). (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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Rock bream KIWSHKEYPLIPVGKMVLNRNPVNYFAEVEQLAFDPSNMPPGIEPSPDKMLOGRLESYPD 360
Cobia KVWSHKEYPLIPVGRMVLNRNPVNYFAEVEQLAFDPSNMPPGTEPSPDKMLQGRLESYPR 360
Rockfish KIWPQKEYPLIPVGKLVLNRNPTNYFTEVEQLAFDPSNMPQGIEPSPDKMLOGRLEAYPD 360
Me fugu KVWSHKEYPLIPVGKMVLNRNPVNY FAEVEQMAHDPSNMPPGTEPSPDKMLOGRLESYPH 359
Zebrafish KVWSHKEFPLIPVGRFVLNRNPVNYFAEVEQLAFDPSNMPPGIEPSPDKMLOGRLESYPR 360
Mouse KVWPHKDY PL,TPVGKLVLNKNPVNYFAEVEQMAFDPSNMPPGTEPSPDKMLQGRLEAYPD 360
Human KVWPHKDY PLIPVGKLVLNRNPVNYFAEVEQTAFDPSNMPPGTEASPDKMLQGRLEAYPH 360
Budgerigar KIWPHGDYPLIPVGKLVLNRNPVNYFAEVEQMAFDPSNMPPGIEPSPDKMLQdRLFSYP¢ 360
Western clawed frog  KIWPHGDYPLIPVGKLVLNRNPTNYFAEVEQLAFDPSNMPPGIFEPSPDKMLOGRLESYPD 360
Kk s sk Ak kkn sk kakk kkk sk kk sk KAkkkk Kkk Kk kkkokkF BN FAK
Rock bream :TﬂRHRLGANYLQIPVNcPFRARVTNYQRDGPMCMFDNQGGAPNYYPNSFSAPETQPQFVE 420
Cobia THRHRLGANYLQT PVNCPFRARVANYQRDGPMCMFDNQGGAPNYYPNSFSAPETQPQFME 420
Rockfish THHHRLGANYLQI PVNCPYRARVSNYRRDGPMCVTDNQGGAPNYYPNSFSAPETQPREVE 420
Me fugu :TﬂRHRLGANYLQIPVNCPYRTRVANYQRDGPMCMSDNQGGAPNYYPNSFSAPEIQPQCVE 419
Zebrafish THRHRLGANYLQLPVNCPYRTRVANYQRDGPMCMHDNQGGAPNYYPNSFSAPDVQPRFLE 420
Mouse THRHRLGPNYLQIPVNCPYRARVANYQRDGPMCMHDNQGGAPNYYPNSFSAPEQORSALE 420
Human ITHRHRLGPNYLHI PVNCPYRARVANYQRDGPMCMODNQGGAPNY Y PNSFGAPEQQPSALE 420
Budgerigar [THRHRLGPNYLQIPVNCPFRTRVANYQRDGPMCVSDNQGGAPNYYPNSFTGPEDQPVIWKE 420
Western clawed frog ITHRHRLGPNYLQLPVNCPYRTRVANYQRDGPMCFTDNQGGAPNYYPNSFCAPENQPQVRE 420
‘{{ kkkk kokkyakkkkk ook gkkokkgkkkkkk  kkkkkkkkkkkkkk k. ok
Rock bream SKFKVSPDVARYNSADEDNVTQVRTFYTQVLNEEERQRLCONMAGALKGAQLFTQKRMVE 480
Cobia SKFSVSPDVGRYNSADEDNTTQVRAFYTQVLNEEERQRLCONLAGALKGAQLFIQKRMVE 480
Rockfish SKFKVSPDVARYNTDDEDNVTQVCNFYMRVLNEEERQRLCONLAGSLKAAQLFIQKRMVE 480
Mefugu SKFKVYPDVARYNSSDEDNVTQVRTFYAEVLNDEERQRLCENFAGSLKGAQLFIQKRMVE 479
Zebrafish SKCKVSPDVARYNSADDDNVTQVRTFFTQVLNEAERERLCONMAGHLKGAQLFTQKRMVQ 480
Mouse HSVQCAVDVKRFNSANEDNVTQVRTFYTKVLNEEERKRLCENTAGHLKDAQLFIQKKAVK 480
Human HSTIQYSGEVRRENTANDDNVTQVRAFYVNVLNEEQRKRLCENTAGHLKDAQTFIQKKAVK 480
Budgerigar SRMSISGDVQRFNSANEDNVTQVRDFYTKVLKEDERQRLCKNIADHLKDAQLFIQKRAVK 480
Western clawed frog  HRFHVSADVARYNSADEDNVSQVRDFYVKVLSEEQRLRLCENIAGHLKDAQLFIQKRAVK 480
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Budgerigar

Western clawed frog

sk keks sakkakk ks Kk s sk kkkakak | Kk kkskkkk: K
NLKAVHPDYGNRVQTLLNKYNAEAQKNTTVHVYSRPGASAIAASSKM- 527
NLKAIHPDYGNRVQTLLNKYNAEAHKSSTVRVYSRPGASAIAASSKM- 527
TLNAVHPDYGSRVQTLLNKYNAEAQKNTTVHVYSRPGTSAIAASSKM- 527
NLKAIHPDYASRVQKFLDKYNEEAEKNAHVRVYTRPGASAVAASSKM- 526
NLMAVHSDYGNRVQALLDKHNAEGKKN-TVHVYSRGGASAVAAASKM- 526
NFTDVHPDYGARIQALLDKYNAEK-PKNAIHTYTQAGSHMAAKGKANL 527
NFTEVHPDYGSHIQALLDKYNAEK-PKNATIHTFVQSGSHLAAREKANL 527
NFTDVHPDYGARIQALLDKYNADSGKKDVIRTYTQSTSRMSAKERSNL 528
NFTDVHPEYGARIQALLDKYNAEGAKKKTVKTYTQHSTYATAKDKANL 528

sk ek ik ok ikok

Fig. 1. (continued).

relative peroxidase activity, only loosing ~15% of its relative activity
compared to its minimal substrate concentration (~85%). This
observation suggests that rRfCat can withstand substantial levels of
oxidative stress mounted by H,0,.

3.5. Oxidative DNA damage protection activity

The protective effect of rRfCat against ROS-induced DNA damage
by a Fenton type reaction [51] was evaluated by MFO assay using

Table 2
Percentage similarity and identity values of RfCat with homologues.

plasmid DNA. As depicted in Fig. 6, in the presence of rRfCat, the
conversion of pUC19 plasmid DNA from supercoiled to nicked form
was inhibited (Fig. 6; lane 4). However, in the absence of rRfCat or
presence of MBP, supercoiled plasmid DNA was significantly nicked,
as evidenced by intense bands observed corresponding to the
nicked form of DNA (lanes 2 and 3). These observations indicate
that hydroxyl radicals formed by the reaction system can damage
DNA, and those can be scavenged by rRfCat, likely through its
peroxidase activity. Importantly, the involvement of the MBP in the

Species Common name Taxonomy GenBank accession number Length in amino acids Identity% Similarity%
1. Oplegnathus fasciatus Rock bream Fish AAU44617 527 88.8 94.5
2. Rachycentron canadum Cobia Fish ACO07305 527 86.3 93.5
3. Takifugu obscurus Mefugu Fish ABV24056 526 85 91.8
4., Kryptolebias marmoratus Mangrove rivulus Fish ABW88893 527 839 91.1
5. Hypophthalmichthys nobilis Bighead carp Fish ADK27719 525 81.8 91.8
6. Danio rerio Zebrafish Fish NP_570987 526 80.8 91.7
7. Mus musculus Mouse Mammalia NP_033934 527 781 87.7
8. Canis lupus familiaris Dog Mammalia BAB20764 527 779 88.5
9. Bos taurus Cattle Mammalia NP_001030463 527 77.3 87.5
10. Xenopus tropicalis Western clawed frog Amphibia NP_001072167 528 771 88.1
11. Xenopus laevis African clawed frog Amphibia NP_001080544 528 75.8 85
12. Melopsittacus undulatus Budgerigar Aves AA072713 528 75.8 87.1
13. Homo sapiens Human Mammalia NP_001743 527 75.6 86.2
14. Columba livia Rock pigeon Aves EMC81385 514 733 83.9
15. Azumapecten farreri Scallop Mollusca ABI64115 507 65.5 78.9
16. Drosophila melanogaster Fruit fly Insecta NP_536731 506 62.6 75.5
17. Haliotis discus discus Disc abalone Mollusca ABQ60044 501 62.4 76.1
18. Aedes aegypti Mosquito Insecta XP_001663600 505 61.2 73.6
19. Bombyx mori Silkworm Insecta NP_001036912 507 60.8 73.5
20. Saccharomyces cerevisiae Yeast fungi NP_010542 515 45.3 58.2
21. Gallus gallus Chicken Aves NP_001026386 235 36.8 40.2
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Fig. 2. Phylogenetic reconstruction of RfCat, generated based on the ClustalW multiple sequence alignment of vertebrate and invertebrate catalase homologues, evaluated by the
neighbor-joining method using MEGA version 4.0. Bootstrap supporting values are noted in the corresponding branches and NCBI-GenBank accession numbers of each homolog

were mentioned in Table 2.
fusion protein was negligible. These observations affirm the clear

role of RfCat in ROS scavenging, thereby preventing oxidative DNA
damage.

3.6. Tolerance of oxidative stress

Overexpressing rRfCat in E. coli (DE3) cells, we investigated the
potential RfCat-induced resistance to H;O;-mediated oxidative

C- terminal domain

N-terminal domain

Proximal active site motif

e

s

Connection domain
with wrapping loop

Fig. 3. Tertiary structural model of RfCat generated by I-TASSER server. a-Helixes and
B-sheets are indicated by green and pink color, respectively. Four conceptual domains
were denoted in the model. Residues forming the proximal active site signature were
depicted at the middle of the model in the brown color, using spherical bulges. Amino
and carboxyl terminals of the protein were indicated by N and C letters, respectively.
(For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

damage in bacterial cells. To determine the survival of E. coli under
H,0, stress, the cells were transformed with a pMAL-RfCat fusion
construct. These cells exhibited a significantly higher level
(p < 0.05) of survival (6 x 10'° CFU/mL) than the cells transformed
with only the pMAL-c2X vector (1.2 x 109 CFU/mL) (Fig. 7), indi-
cating that rRfCat overexpressing cells were more resistant to
H,0,-mediated oxidative damage on E. coli. Moreover, it further

Fig. 4. SDS-PAGE analysis of purified recombinant RfCat (rRfCat) fusion protein with
the samples collected at different steps of the rRfCat purification. Lane 1, Total soluble
cellular extract from E. coli BL21 (DE3) harboring the rRfCat-MBP fusion vector
construct prior to IPTG induction; lane 2, Crude extract of rRfCat after IPTG induction;
lane 3, Purified rRfCat 4, Protein size marker (Enzynomics-Korea).
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Fig. 5. In vitro peroxidase activity of rRfCat fusion protein against the substrate
hydrogen peroxide A) at different concentrations of protein B) at different concen-
trations of substrate. Error bars represent the SD (n = 3).

suggests that MBP expressed in E. coli has no effect on oxidative
stress tolerance. As expected, there was no significant difference
observed between the recombinant bacterial cell growth under
non-stress (without H,0;) conditions (data not shown). The resis-
tance of rRfCat overexpressing E. coli to oxidative stress supports
the notion that the peroxidase activity of rRfCat renders an oxida-
tive damage protection. Collectively, these results indicate that
RfCat can act as a potent antioxidant in a cellular environment
under oxidative stress to protect the living cells from oxidative
damage.

e s

Fig. 6. Oxidative DNA damage protection activity of rRfCat, detected against ROS
generated by MFO assay. After the MFO assay was performed with or without rRfCat or
MBP, pUC19 plasmid DNA in each reaction mixture were analyzed by gel electropho-
resis after a purification process, using 1% agarose gels. Lane 1, Undigested pUC19
plasmid DNA; lane 2, purified pUC19 in the reaction mixture without any treatment;
lane 3, purified pUC19 in the reaction mixture treated with MBP (10 pg); and lane 4,
purified pUC19 in the reaction mixture treated with rRfCat (10 ug). I — Supercoiled
form of DNA; II — Nicked form of DNA.
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Fig. 7. Survival of E. coli BL21 (DE3) cells carrying pMAL-c2X or pMAL-c2X-RfCat re-
combinant vectors against HO,-induced oxidative stress. The surviving bacterial
count is presented as CFU in 1 mL of culture. Error bars represent the SD (n = 3);
*p < 0.05.

3.7. Tissue specific mRNA expression of RfCat

According to the gPCR assay, RfCat mRNA was ubiquitously
expressed in the tissues examined, albeit with widely different
magnitudes (Fig. 8). The most pronounced basal expression of RfCat
was found in the blood and liver, which is not unlike with the
detected basal transcriptional profile of rock bream catalase in our
previous study [31]. However, the fold difference between these
two tissues was ~14. The difference in basal RfCat expression may
reflect the proportionally variable levels of metabolic activity,
which generates ROS under physiological conditions. Blood cells,
especially phagocytes, play a key role in the elimination of foreign
invaders, such as bacteria and parasites, or dead host cells, thereby
consuming high levels of oxygen to form ROS [52]. Furthermore,
there is higher ROS generating potential in blood cells induced by
inflammatory cytokines produced by immune cells, including
macrophages, B lymphocytes, T lymphocytes, and mast cells under
septic conditions [53]. Therefore, maintaining a strong antioxidant
system in blood, including endogenous antioxidants such as cata-
lase is necessary to counterbalance the overproduction of ROS in
these cells. The liver is also considered an organ that regulates the
high metabolic rate, and in turn, its cells can undergo oxidative
stress due to excessive production of ROS, leading to cellular
apoptosis [54]. Thus, it is not surprising to observe substantial
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Fig. 8. Tissue-specific distribution of RfCat expression in black rockfish measured using
quantitative real-time polymerase chain reaction (qPCR). Fold-change in expression is
shown relative to the mRNA expression level in gill tissue. Error bars represent SD
(n = 3). Bl — Blood; Li — Liver; Sp — Spleen; Kd — Kidney; Br — Brain; Hk — Head
kidney; Sk — Skin; Ms — Muscle; In — Intestine; Ht — Heart; St — Stomach; Gl — Gill.
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expression of RfCat in liver cells. Similar to our observation, mefugu
(Takifugu obscurus) catalase was abundantly detected in liver tissue
[55], whereas the catalase of zebrafish was prominently detected in
its abdominal section [32].

3.8. Transient transcriptional modulation of RfCat under pathogen
stress

In order to evaluate the role of RfCat in redox homeostasis
mediated by dismutation of peroxides formed upon pathogen in-
vasion, its temporal transcriptional modulation was determined
under pathogenic stress in blood and spleen tissues, which are
known to regulate the first line host defense mechanisms [56].
Herein, we used S. iniae as the live pathogenic bacterial stimulant,
since it is one of the common and serious aquatic pathogens causes
deadly infectious diseases in farmed marine finfish species [57]. In
blood tissue, the invasion of the pathogenic bacteria S. iniae
significantly (p < 0.05) enhanced the basal transcript level of RfCat
during the middle phase (12 h) post-stimulation (p.s.), while
significantly (p < 0.05) diminishing the expression at late phases
(72 h) p.i. (Fig. 9A). Similarly, upon stimulation with the viral double
stranded RNA emulator; poly I:C, basal expression of RfCat was
significantly elevated and downregulated, but at late phases (24 h
and 72 h, respectively) p.i. (Fig. 9A). Collectively, bacterial or viral
stimulants could only trigger late transcriptional responses in
blood, with a lesser fold difference compared to the basal level of
RfCat expression (0 h). This observation can be plausibly explained
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Fig. 9. Temporal modulation of RfCat transcription in A) blood cells and B) spleen
tissues upon immune stimulation with poly I:C and S. iniae, as determined using qPCR.
The relative expression was calculated using the 222" method. The black rockfish
EF1A gene was used as the reference gene and expression was further normalized to
that of corresponding PBS-injected controls at each time point. The relative fold-
change in expression at 0 h post-injection was used as the baseline. Error bars
represent SD (n = 3); %p < 0.05.

by the pronounced basal expression of RfCat in blood tissue, which
may adequately withstand the oxidative stress that occurs upon
identification of pathogens or pathogen associated molecular pat-
terns (PAMPs) by the host defense system. Nevertheless, late phase
downregulation of the RfCat transcriptional levels after both stim-
ulations may reflect an mRNA turnover [58]. This may be a part of
the counterbalancing process of antioxidant enzyme concentration
against produced ROS concentration to maintain the ROS level at a
steady state in cells. In our previous study, rock bream catalase was
found to modulate the basal transcription under bacterial or viral
stress in blood tissues, including bacterial (E. tarda) and poly I:C
stimulation basal. mRNA expression was not significantly modu-
lated at the early phase; but at middle phase p.s. (12 h) it was
significantly induced nearly being compatible with our observation
on RfCat transcript levels after S. iniae or poly I:C stimulation.
Nevertheless, thereafter rock bream catalase mRNA returned to its
basal level and maintained the same level throughout the experi-
ment period.

In contrast, S. iniae and poly I:C significantly induced early phase
transcription (p < 0.05) (6 h and 3 h p.i., respectively) in the spleen,
although the transcriptional levels were decreased with fluctua-
tions (Fig. 9B). As spleen is a potent organ in host immunity, ROS
generation upon recognition of pathogens or PAMPs by the host
immune system may rapidly occur. Hence, to counterbalance these
ROS, RfCat expression may elevate in spleen cells, since its basal
mRNA level is not sufficient compared to blood cells (Fig. 8). This, in
turn prepares cells to tolerate oxidative stress. However, since
catalases have a very limited distribution in cells and localized
exclusively in peroxisomes, catalases may not be actively involved
in ROS scavenging until ROS get reached to the peroxisomes.
Instead, other antioxidant enzymes (glutathione peroxidases and
thioredoxin peroxidases) which can easily access ROS including
H,0; and have higher affinity for them may be promptly involved
in detoxification of over produced ROS [59,60]. Similar to what we
have observed in blood, decreased but fluctuating transcriptional
profile was observed with significant downregulation after the
inductive response of RfCat transcription upon both stimuli in
spleen. This observation may be a reflection of the aforementioned
notion or may hint a regulatory mechanism functioning through
balancing between the mRNA turnover and synthesis of antioxi-
dants to maintain the redox balance in cells after increase of cata-
lases like antioxidant enzymes. On the other hand, it may hint a
detrimental effect on fish heath under the pathogenic stress,
especially regarding live bacterial infection, since lesser concen-
tration of antioxidants in turn lead to elevate the ROS level in
cellular environment. This can cause oxidative stress and ultimately
the cell death [61].

4. Conclusion

In this study, a new teleostan catalase homolog was identified
from black rockfish (RfCat), and its structure and function was
molecularly characterized. According to the in silico study, RfCat
resembled the typical domain signatures of known catalases,
further sharing homology with them. Our phylogenetic recon-
struction clearly supported the vertebrate ancestral origin of RfCat,
further reinforcing its homology with fish counterparts. Recombi-
nantly expressed RfCat demonstrated prominent peroxidase ac-
tivity with varying substrate and RfCat concentrations, detectable
in the bacterial cell and the DNA protection activity assay. These
functional insights clearly indicated a putative role of RfCat as an
antioxidant. Additionally, RfCat in black rockfish was expressed in
different tissues with varying magnitudes, indicating its impor-
tance in different tissues under physiological conditions. Moreover,
basal transcription of RfCat was observed to be modulated by
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immune stimulation, suggesting its potential involvement in
maintaining the redox balance in cells under pathogenic stress.
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