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A B S T R A C T

Peroxiredoxin (Prx), also named thioredoxin peroxidase (TPx), is a selenium independent antioxidant enzyme
that can protect organisms from oxidative damage caused by reactive oxygen species (ROS) and is important for
immune responses. In this study, the molecular cloning and characterization of a Prx2 homologue (CiPrx2) were
described from grass carp (Ctenopharyngodon idella). The full-length cDNA of CiPrx2 was 1163 bp containing 5ʹ-
untranslated region (UTR) of 52 bp, a 3′-UTR of 517 bp with the putative polyadenylation consensus signal
(AATAAA), an open reading frame (ORF) of 594 bp encoding polypeptides of 197 amino acids with a predicted
molecular mass of 21.84 kDa and theoretical isoelectric point of 5.93. The analysis results of multiple sequence
alignment and phylogenetic tree confirmed that CiPrx2 belong to the typical 2-Cys Prx subfamily. The CiPrx2
mRNA was ubiquitously expressed in all tested tissues. The temporal expression of CiPrx2 were differentially
induced infected with grass carp reovirus (GCRV), polyinosinic:polycytidylic acid (poly I:C) and lipopoly-
saccharide (LPS) in liver and spleen. Subcellular localization of CiPrx2-GFP fusion proteins were only distributed
in the cytoplasm. The purified recombinant CiPrx2 possessed an apparent antioxidant activity and could protect
DNA against oxidative damage. Finally, CiPrx2 proteins could obviously inhibit H2O2 and heavy metal toxicity.
However, further researches are needed to better understand the regulation of CiPrx2 under oxidative stresses.

1. Introduction

Reactive oxygen species (ROS), such as superoxideanion (O2−),
hydrogen peroxide (H2O2) and hydroxyl radical (OH·) [1], are produced
in eukaryotic cells mainly by mitochondria as a byproducts of aerobic
respiration and associated redox reactions. Low levels of ROS are ne-
cessary for the normal cellular functions, involved in regulation of gene
expression [2], intracellular signal transduction [3], host defense
against pathogenic infections [4] and so on. Though the production of
ROS is an important host defense mechanism for killing invading pa-
thogens, the mass accumulation of ROS might cause serious oxidative
damage to biological macromolecules, associated with various diseases,
such as nucleic acid damage, protein oxidation, lipid peroxidation and
modification of lipoproteins [4–8]. To minimize the oxidative stress,
organisms have evolved protective enzymatic systems [9]. These en-
zymatic antioxidants include superoxide dismutase (SOD), catalase

(CAT), glutathione peroxidase (GSH-Px) and peroxiredoxins (Prxs)
[10].

Peroxiredoxins (Prxs), also named thioredoxin peroxidase (TPx), is a
selenium independent peroxidase protein that catalyze/reduce the cy-
tokine induced peroxides and its activity is regulated by thioredoxin
[11]. Prxs exist ubiquitously in most species from prokaryotes to eu-
karyotes [12]. Based on the number of conserved cysteine residues, the
Prx superfamily had been divided into typical 2-Cys Prxs (Prx1-Prx4)
(Prx1 and Prx2 were also named as natural killer enhancing factor
(NKEF)-A and NKEF-B, respectively), 1-Cys Prx (Prx6) and atypical 2-
Cys Prxs (Prx5) [13]. Prx proteins played important roles in some cel-
lular functions, such as involved in protein and lipid protection against
oxidative injury [14], intracellular signaling pathways regulating
apoptosis [15], cell proliferation, differentiation [16,17], and anti-viral
activity in vitro [18].

Prx2, a member of peroxiredoxin family, have been cloned from

https://doi.org/10.1016/j.fsi.2019.06.022
Received 18 March 2019; Received in revised form 10 June 2019; Accepted 11 June 2019

∗ Corresponding author. Institute of Hydrobiology, Chinese Academy of Sciences, Wuhan, 430072, China.
E-mail address: wangyp.ihb@gmail.com (Y. Wang).

Fish and Shellfish Immunology 92 (2019) 570–582

Available online 14 June 2019
1050-4648/ © 2019 Elsevier Ltd. All rights reserved.

T

http://www.sciencedirect.com/science/journal/10504648
https://www.elsevier.com/locate/fsi
https://doi.org/10.1016/j.fsi.2019.06.022
https://doi.org/10.1016/j.fsi.2019.06.022
mailto:wangyp.ihb@gmail.com
https://doi.org/10.1016/j.fsi.2019.06.022
http://crossmark.crossref.org/dialog/?doi=10.1016/j.fsi.2019.06.022&domain=pdf


many fish species, such as common carp Cyprinus carpio [19,20], puf-
ferfish Tetraodon nigroviridis [21], southern bluefin tuna Thunnus mac-
coyii [22], Miiuy croaker Miichthys miiuy [23,24] and black carp My-
lopharyngodon piceus [25]. The research results of the literature above-
mentioned revealed the fact that Prx2 were involved in the immune
response against pathogen infection.

In this report, we described the molecular cloning and character-
ization of a Prx2 homologue (CiPrx2) from grass carp
(Ctenopharyngodon idella), one of the most important cultured fish
species in China [26]. The expression profiles of CiPrx2 mRNA were
studied after infection with pathogen-associated molecular patterns
(PAMPs) and GCRV challenge. Functional role of CiPrx2 was in-
vestigated (in vitro) using recombinant CiPrx2 as an antioxidant en-
zyme.

2. Materials and methods

2.1. Ethics statement

All animal experiments were complied with the ARRIVE guidelines
and were carried out in accordance with the National Institutes of
Health guide for the care and use of Laboratory animals (NIH
Publications No. 8023, revised 1978). All surgeries were performed
under eugenol anesthesia (final concentration: 100mg/l) and all efforts
were made to minimize suffering. All protocols were approved by the
committee of the Institute of Hydrobiology, Chinese Academy of
Sciences (CAS). The reference number obtained was Y11201-1-301
(Approval date: 30 May 2016).

2.2. Fish and challenge experiment

Grass carps (3-month-old; weight, 10 ± 2 g; length, 7 ± 3 cm)
were collected at the GuanQiao Experimental Station, Institute of
Hydrobiology, Chinese Academic of Sciences, and acclimatized in aer-
ated freshwater at 28 °C for one week. The fish were fed with a com-
mercial feed (Tong Wei, Chengdu, China) to adapt to the environment
until 24 h before the experiments under the same conditions. For the
tissue distribution experiment, ten tissue types, including liver, muscle,
spleen, gill, intestine, skin, head kidney, middle kidney, heart and
brain, were collected from 5 random untreated grass carp.

The GCRV challenge experiment was performed as described pre-
viously [27] with some modifications. Briefly, 5 healthy grass carps
were intraperitoneally injected with 200 μl PBS (pH 7.4) as control
group while fish of challenge group were injected with an equal volume
of GCRV (GD108 strain). The titer of virus detected by RT-qPCR (the
special primers were listed in Table 1) was 3.12×103 copy/μl. These
injected fish were kept under the same conditions as above mentioned.
Five individuals were collected at the indicated times post-infection,
including 0, 1, 2, 3, 4, 5 and 6 days post injection (dpi). The spleen and
liver were harvested into TRIzol reagent (Invitrogen, Carlsbad, CA,

USA) and stored at −80 °C until RNA extraction.
For PAMPs challenge experiment, 150 grass carps were randomly

divided into three groups, control group, LPS and poly I:C challenge
groups. The 50 individuals of control group were intraperitoneally in-
jected with 200 μl PBS (pH 7.4) while 50 individuals of each challenge
groups were also intraperitoneally injected with an equal volume of LPS
(L2880, Sigma, St. Louis, MO, USA, from Escherichia coli 055: B5,
0.5 mg/ml) or 200 μl poly I:C (27472901, GE, 1mg/ml) dissolved in
PBS. These injected fish were kept under the same conditions as above
mentioned. At 3, 6, 12, 24, and 48 h post-injection (hpi), 5 individuals
from each group were anaesthetized in eugenol anesthesia (final con-
centration: 100mg/L). The spleen and liver were harvested into TRIzol
reagent (Invitrogen) and stored at −80 °C until RNA extraction.

2.3. Cloning of the CiPrx2 cDNA

Total RNAs were extracted using TRIzol reagent according to the
manufacture's protocol (Invitrogen). RNA samples were incubated in
RNase-free DNase I (Promega, Wisconsin, USA) to eliminate any con-
taminating genomic DNA. First-strand cDNA synthesis was carried out
based on ReverTra Ace kit (Toyobo, Osaka, Japan) using oligo (dT)-
adaptor as primer. The reaction was performed at 42 °C for 1 h, and
terminated by heating at 95 °C for 5min.

The specific fragments with the coverage of ORF region of were
obtained by blasting the Prx2 sequence of zebrafish (Accession no.
NM_001002468.2) with the C. idella transcriptional database [28].
Following, the ORF sequence was amplified using one pair of primers
(Table 1), and then specific and adaptor primers (Table 1) were de-
signed to clone the 5ʹ and 3ʹ UTRs using rapid-amplification of cDNA
ends (RACE). This experiment was performed using the 5′ and 3′ Full
RACE Kit (TaKaRa, Kusatsu, Japan). PCR products were ligated into
pMD18-T vectors (Takara, Japan) and transformed to E. coli DH5α
(TransGen Biotech, Beijing, China) for sequencing by a commercial
company (Tsing Ke, Wuhan, China). Finally, the ORF sequence and the
5′- and 3′-UTR sequences were assembled to obtain the CiPrx2 full
length cDNA using DNAMAN software.

2.4. Bioinformatic analysis of CiPrx2

The full-length cDNA sequences of CiPrx2 were blasted for
homology using the Basic Local Alignment Search Tool at the National
Center for Biotechnology Information (NCBI) (http://blast.ncbi.nlm.
nih.gov/Blast). The nucleotide and predicted amino acid sequences of
CiPrx2 were analyzed using The Sequence Manipulation Suite (SMS)
(http://www.bio-soft.net/sms/). The functional domains of the de-
duced amino acid sequence were predicted using on line SMART
(http://smart.emblheidelberg.de/) [29]. The online SignaIP 4.0 Server
(http://www.cbs.dtu.dk/services/SignalP/) was used to predict the
signal peptide. The molecular weight (MW) and the isoelectric point
(pI) of the deduced amino acid sequences were calculated by ExPASy
(http://web.expasy.org/compute_pi/). The amino acid sequence of
CiPrx2 was comparatively analyzed with orthologous sequences by
software Geneious 8.0. The ClustalW2 (http://www.ebi.ac.uk/Tools/
msa/clustalw2/) tool was engaged in performing the multiple se-
quences alignment. The phylogenetic position of CiPrx2 was assessed
by reconstructing a phylogenetic tree using MEGA 5.0 program based
on neighbor-joining (NJ) method with 1000 bootstraps [30].

2.5. Expression analysis of CiPrx2 by RT-qPCR

The RNA extraction and cDNA synthesis were performed as de-
scribed previously [31]. All the samples of RNA were extracted from
TRIzol reagent. 2 μg total RNA was used for synthesizing first-strand
cDNAs and oligo (dT) primers in 20 μl reaction solution.

In order to understand the expression profiles of CiPrx2 in different
tissues and transcriptional regulation of immune challenged animals,

Table 1
Primers used in this study.

Primers Sequences (5′—3′) Purpose

Prx2-5′Rout TGCACCAGTCTCAGAGTCTCGTC 5′ RACE
Prx2-5′Rin AGCGATGACCTCACAGCCG
Prx2-3′Rout TCTACCCGCTTGATTTCACCTTC 3′ RACE
Prx2-3′Rin GTTCTGAAAGAGGAGGAGGGCA
Prx2-F ATGTCTGCTGGAAACGCTAAGAT ORF cloning
Prx2-R TTACTGCTTGGAGAAGAACTCCTT
qPrx2-F TCTACCCGCTTGATTTCACCTTC RT-qPCR
qPrx2-R AGCGATGACCTCACAGCCG
qβ-actin-F TCGGTATGGGACAGAAGGAC
qβ-actin-R GACCAGAGGCATACAGGGAC
qS6-F AGCGCAGCAGGCAATTACTATCT GCRV RT-qPCR
qS6-R ATCTGCTGGTAATGCGGAACG
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Quantitative real-time PCR (RT-qPCR) was carried out using iQ™ SYBR
Green Supermix (Bio-Rad, Hercules, CA, USA) on a CFX96™ Real Time
Detection System (Bio-Rad). A pair of gene-specific primers (Table 1)
were used to amplify the CiPrx2 fragment. The β-actin (Accession No.
M25013.1) was selected as internal control and amplified with its
specific primers (Table 1). The RT-qPCR cycling conditions were as
follows: 95 °C for 2min, 40 cycles of 95 °C for 10 s, annealing at 62 °C
for 20 s, and 72 °C for 30 s, followed by a Melt Curve was constructed.
Finally, the Ct values for respective reaction were subjected to com-
parative Ct method (2−ΔΔCT) [32] to calculate the CiPrx2 mRNA levels.
Data are expressed as the CiPrx2 expression-fold relative to that of β-
actin mRNA (expressed as mean (M) ± standard deviation (SD)). To
test the effectiveness of GCRV infection, the relative copy number of the
virus in gill were examined by RT-qPCR. The expression level of day 1
was set as the baseline (1.0). The special primers were designed based
on the S6 segments of GCRV-II (special primers in Table 1). Statistical
analysis was conducted using one-way ANOVA by SPASS 16.0 and a
probability level of p≤ 0.05 was considered as statistically significant.

2.6. Plasmid construction, recombinant expression and purification of
CiPrx2 protein

To purify the recombinant CiPrx2, the cDNA fragment encoding the
mature peptide of CiPrx2 was amplified with specific primers (Table 2),
then ligated into pEASY-Blunt cloning vector (TransGen Biotech). The
recombinant plasmid was transformed into E. coli BL 21 (transsetta
DE3) competent cells (TransGen Biotech), and confirmed by sequen-
cing. E. coli BL21 transformed cells were cultured in 500ml lysogeny
broth (LB) with ampicillin (100 μg/ml) at 37 °C until ∼0.6 OD600
reached. Cells were induced with isopropyl-β-thiogalactopyranoside
(IPTG) at a final concentration of 1mM for 10 h at 20 °C. Then, cells
were kept on ice for 30min and pelleted by centrifugating (4000×g for
20min at 4 °C). Pelleted cells were resuspended in column buffer
(20mM Tris–HCl, pH 7.4, 200mM NaCl) and stored overnight at
−20 °C. Cell suspension was thawed and sonicated on ice in the pre-
sence of phenylmethane sulfonyl fluoride (PMSF, 1mg/ml) protease
inhibitor cocktail (Beyotime, Shanghai, China). Cells lysis was sub-
jected to centrifugation (20,000×g for 20min at 4 °C) and the super-
natant was purified with NI-NTA resign (TransGen Biotech). The re-
combinant proteins were analyzed by 12% SDS-PAGE and then
transferred to a polyvinylidene difluoride (PVDF) membrane (Millipore,
Massachusetts, USA) using a Mini Trans-Blot electrophoretic transfer
system (Bio-Rad). Membranes were blocked with 5% non-fat milk (di-
luted with PBS containing 0.1% Tween-20) (PBST) for 2 h at room
temperature, and then incubated with anti-His tag antibodies (diluted
1: 5000 with 5% non-fat milk in PBST) for 8 h at 4 °C. After washing
with PBST, the membranes were incubated with goat anti-rabbit IgG
(Beyotime) (diluted 1: 5000 with 5% non-fat milk in PBST) for 1 h at
room temperature. The immunoblot signals were detected using an
HRP-DAB Detection Kit (Tiangen, Beijing, China). Concentration of the
purified protein was determined by using the BCA Protein Assay Kit
(Novagen, Hilden, Germany). The gels were visualized by Comassie
blue R-250 staining.

2.7. Mixed-function oxidase assay

Mixed-Function Oxidase (MFO) assay was used to investigate the
antioxidant potential of CiPrx2 according to described previously [33]
with some modifications. The MFO assay was used to determine the
degree of DNA breakage caused by the ROS generated from the thiol/
Fe3+/O2

− MFO system and to what extent the CiPrx2 could inhibit the
DNA breakage. The assay was performed in a total reaction volume of
30 μl with 10 μM FeCl3, 10mM DTT and different concentrations of
purified rCiPrx2 fusion protein. Thereafter, mixtures were incubated at
37 °C for 1 h. After incubation, 1 μg of pEGFP-N3 super coiled DNA was
added to each reaction mixture and incubated further at 37 °C for 1 h.
Finally, reaction mixtures were purified and analyzed using 1% agarose
gel. The agarose gel was stained with ethidium bromide and visualized
under UV light. Triplicated assays were performed to confirm the re-
liability.

2.8. H2O2 and heavy metal toxicity stress resistance properties assays in
vitro

The functional response of CiPrx2 to H2O2 and heavy metals toxicity
stress was evaluated by agar diffusion test method. The agar diffusion
test method was described previously [34] with some modifications. E.
coli BL21 cells transformed with pEASY-CiPrx2 vector were considered
as experimental group and pEASY-Blunt empty vector were considered
as control group. Both of them were cultured in 5ml LB with ampicillin
(100 μg/ml) at 37 °C until ∼0.6 OD600 reached then induced for 3 h
with IPTG. Two groups of agarose plates were coated with the 200 μl
above of bacterial liquid respectively. Sterile filter papers (diameter:
6 mm) were firstly soaked with 1mol/l concentrations of copper, zinc,
chromium and ferrum, and then were put on the agarose plates cultured
overnight. The sterile filter papers were also saturated by H2O2 with a
concentration of 30%, 20%, 15%, 10%, 6%, 3% severally. Meanwhile,
the sterile filter paper soaked with PBS worked as control. Finally, these
soaked sterile filter papers were placed on the two groups of agarose
plates, respectively. All the agarose sugar plates above were trained
overnight at a constant temperature of 37 °C. Then the clearing zone
diameters were measured and compared between E. coli BL21 with
recombinant plasmid pEASY-CiPrx2 and only pEASY-Blunt empty
vector which were stimulated with heavy metals and H2O2.

2.9. Subcellular localization

Human embryonic kidney 293T (HEK 293T) cells were cultured at
High glucose Dulbecco's modified Eagle's medium (DMEM; Hyclone,
Logan, UT, USA), with 10% fetal bovine serum (FBS), 100 IU/ml pe-
nicillin (Sigma) and 100mg/ml streptomycin (Sigma) under a humi-
dified condition with 5% CO2 at 37 °C.

For the aim to investigate the subcellular localization, pEGFP-N3
(Clontech, Palo Alto, California, USA) was used as the original plasmid.
Specific primer pairs containing XhoI and BamHI, restriction enzyme
cutting sites (Table 2) were designed to amplify the complete ORF se-
quence of CiPrx2. After digested by restriction enzyme, the PCR product
was cloned into pEGFP-N3 vectors producing GFP-tagged expression
plasmids. Finally, sequence of the resulting plasmid was verified by
DNA sequencing. HEK293T cells were seeded into a sterile microscope

Table 2
Primers used in this study.

Primers Sequences (5′—3′) Purpose

pEGFP-Prx2-F CGCTCGAGGTATGTCTGCTGGAAACGCTAAGAT Subcellular localization
pEGFP-Prx2-R CGGGATCCCTGCTTGGAGAAGAACTCCTT
pEASY-Prx2-F ATGTCTGCTGGAAACGCTAAGAT Recombinant expression
pEASY-Prx2-R TTACTGCTTGGAGAAGAACTCCTT
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cover glass and placed in a 6-well cell culture plate prior to transfection.
After cells grown at 70–90% confluence, 5 μg of pEGFP-N3-CiPrx2
vectors were transiently transfected, empty pEGFP-N3 vector was used
as the control. Transfection of plasmids in HEK 293T cells was per-
formed using Lipo 6000™ Transfection Reagent (Beyotime). After
transfection for 24 h, the cells were washed three times with PBS and
fixed with 4% (v/v) paraformaldehyde for 15min at room temperature.
Then, the cells were dyed with Hoechst 33342 (Beyotime) and observed
under the UltraVIEW VOX confocal system (PerkinElmer, Fremont, CA,
USA) and a 63× oil immersion objective lens. Subsequently, the cells
were collected and lysed for the confirmation of CiPrx2-GFP fusion
protein by Western blotting, with the primary antibody (Anti-GFP)

diluted at 1: 5000. The immunoblot signals were detected as described
in 2.6.

2.10. Statistical analysis

All the data were analyzed using the SPSS 16.0 (IBM Corporation,
Armonk, NY, USA) and assessed by one-way analysis of variance
(ANOVA). All the experiments were repeated at least three times. The
significance level was set at p≤ 0.05 and the extreme significance level
was set at p≤ 0.01.

PfamPfam

RedoxinRedoxin

Pfam
Pfam

1-cysPrx_C
1-cysPrx_C

0 100

B

1 M S A

1 ggaaagtgaggtttcgcttccacgttcaaaacagtgacagccagtctttatcATGTCTGC

4 G N A K I G Q P A P Q F K A T A V V D G

61 TGGAAACGCTAAGATCGGTCAGCCTGCTCCTCAGTTCAAGGCCACAGCTGTGGTAGATGG

24 Q F K D V Q L S D Y R G K Y V V L F F Y

121 ACAGTTTAAAGACGTTCAGCTCTCTGACTACAGAGGGAAATATGTCGTGTTGTTCTTCTA

44 P L D F T F V C P T E I I A F S E R A A

181 CCCGCTTGATTTCACCTTCGTGTGTCCTACTGAGATCATCGCGTTCAGCGAACGGGCTGC

64 E F R K I G C E V I A A S T D S H F S H

241 CGAGTTCCGTAAAATCGGCTGTGAGGTCATCGCTGCCTCCACCGACTCTCACTTCAGCCA

84 L A W I N T P R K Q G G L G S M N I P L

301 TCTGGCATGGATCAACACACCCAGGAAACAGGGTGGACTCGGCTCCATGAACATCCCGCT

104 V A D L T Q S I S R D Y G V L K E E E G

361 GGTGGCTGACCTGACTCAGTCCATCTCCCGAGATTACGGCGTTCTGAAAGAGGAGGAGGG

124 I A Y R G L F V I D D K G I L R Q I T I

421 CATCGCTTACAGAGGTCTGTTTGTGATTGATGATAAAGGCATCTTGAGGCAGATCACCAT

144 N D L P V G R S V D E T L R L V Q A F Q

481 CAATGACCTGCCTGTGGGACGCTCGGTGGACGAGACTCTGAGACTGGTGCAGGCCTTCCA

164 H T D K Y G E V C P A G W K P G S D T I

541 GCACACTGACAAATATGGAGAAGTTTGTCCTGCTGGATGGAAACCAGGAAGCGACACTAT

184 V P D V Q K S K E F F S K Q *

601 TGTCCCAGATGTGCAGAAGAGCAAGGAGTTCTTCTCCAAGCAGTAAcagtcctgtcgtat

661 ttagattttactcccattcagtggggtgttagtgcacttaaatttagcctaagattcctt

721 gagaagttgtcttagccgacgtaacaaactctttagtgtttaaatgcacttgatagacag

781 atttcttttcctttccactgtccgaagaagctgttccagtcagtatctcacatgcactga

841 aatgcctgtagttcgtttgcagttctagttaatctgcattacatatttggtactcatttg

901 attcattttgaatt

A

Fig. 1. (A) The nucleotide and deduced amino acid sequence of the CiPrx2 gene. The nucleotide sequence (lower) and the deduced amino acid sequence (upper) were
numbered. Start codon (ATG) and the stop codon (TAA) were boxed. The redoxin domain and Prx signature motifs (FFYPLDFTFVCPTEI and GEVCPA) were colured in
bright green and yellow, respectively, and the two active cysteines were red shaded. (B) Schematic diagram of CiPrx2 functional domains. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)
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3. Results and discussion

3.1. Bioinformatics analysis

The full-length cDNA of CiPrx2 was 1163 bp containing a 5′-UTR of
52 bp, a 3′-UTR of 517 bp with the putative polyadenylation consensus
signal (AATAAA), an ORF of 594 bp encoding polypeptides of 197

amino acids with a predicted molecular mass of 21.84 kDa and theo-
retical isoelectric point of 5.93. The cDNA sequence and the deduced
amino acid sequence of CiPrx2 were shown in Fig. 1A. The redoxin
(8–157 aa) conserved protein domain was detected in CiPrx2 protein by
using SMART (Fig. 1B). No signal peptide was detected by the signalP
program.

Multiple alignments of the deduced amino acid sequences showed

Table 3
Amino acid sequence similarity of CiPrx2 with other species by Geneious.

Fig. 2. Multiple alignments of CiPrx2 with the amino acid sequences from other species. TRX-Superfamily signatures FYPLDFTFVCPTEI and GEVCPA are boxed red.
The black shade represented 100% identity, dark gray represented 80% identity. Accession numbers are:Mus musculus Prx2 (NP 001304314.1), Rattus norvegicus Prx2
(NP 058865.1), Homo sapiens Prx2 (NP 005800.3), Bos taurus Prx2 (NP 777188.1), Mylopharyngodon piceus Prx2 (ALD62538.1), Danio rerio Prx2 (NP 001002468.1),
Tachysurus fulvidraco Prx2 (XP 027034897.1), Ictalurus punctatus Prx2 (XP 017313378.1), Cynoglossus semilaevis Prx2 (XP 008315854.1), Oryzias latipes Prx2 (XP
011478972.1), Xenopus laevis Prx2 (NP 001085414.1), Xenopus tropicalis Prx2 (NP 989001.1).
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Ctenopharyngodon idella Prx2

Larimichthys crocea Prx1 XP 010732927.1

Danio rerio Prx2 NP 001002468.1

Mylopharyngodon piceus Prx2 ALD62538.1

Cyprinus carpio NKEF-B ACJ04422.1

Tachysurus fulvidraco Prx2 XP 027034897.1

Rhodeus uyekii Prx1 AGU16435.1

Ictalurus punctatus Prx2 XP 017313378.1

Anabarilius grahami Prx1 ROL46546.1

Carassius auratus Prx1 XP 026067236.1

Mus musculus Prx1 AAH86648.1

Cyprinus carpio Prx1 XP 018932944.1

Cyprinus carpio Prx1 XP 018963467.1

Danio rerio Prx1 NP 001013489.2

Cynoglossus semilaevis Prx2 XP 008315854.1

Gallus gallus Prx1 NP 001258861.1

Bos taurus Prx2 NP 777188.1

Oryzias latipes Prx2 XP 011478972.1

Xenopus laevis Prx2 NP 001085414.1

Xenopus tropicalis Prx2 NP 989001.1

Homo sapiens Prx4 EAW98996.1

Mus musculus Prx4 AAH19578.1

Danio rerio Prx4 NP 001082894.1

Cyprinus carpio Prx4 ALG02338.1

Xenopus laevis Prx4 AEM44541.1

Salmo salar Prx4 ACI69656.1

Homo sapiens Prx1 AAH21683.1

Homo sapiens Prx2 NP 005800.3

Mus musculus Prx2 NP 001304314.1

Rattus norvegicus Prx2 NP 058865.1

Danio rerio Prx3 AAH92846.1

Cyprinus carpio Prx3 ALG02339.1

Xenopus laevis Prx3 NP 001086130.1

Homo sapiens Prx3 AAH08435.1

Mus musculus Prx3 EDL01849.1

Cyprinus carpio Prx6 XP 018922952.1

Danio rerio Prx6 AAH59671.1

Homo sapiens Prx6 AAH53550.1

Mus musculus Prx6 AAP21829.1

Gallus gallus Prx6 NP 001034418.1

Cyprinus carpio Prx5 XP 018919040.1

Danio rerio Prx5 AAH95755.1

Mus musculus Prx5 AAH08174.1
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that the 2-cys Prx signature motif 1 (FYPLDFTFVCPTEI) and motif 2
(GEVCPA) were conserved in all the analyzed Prx2s. Additionally, the
two highly conserved cysteine residue (Cys51 and Cys172) were pre-
dicted within the 2-cys Prx signature motifs. The deduced amino acid
sequence of CiPrx2 showed high similarity with other Thioredoxin-like
superfamilies from many species, especially in the functional area
(Table 3 and Fig. 2). The results revealed that the similarity of CiPrx2
was 99.5% with M. piceus and Anabarilius grahami, 99.0% with Rhodeus
uyekii, and 98.0% with C. carpio, Carassius auratus and Danio rerio. Thus,

Prx2 in grass carp is highly evolutionarily conserved.
To determine the molecular evolutionary relationship, Prx proteins

from various vertebrate species were used to construct a phylogenetic
tree. As expected, three major clades corresponding to typical 2-Cys
Prxs (Prx1-Prx4), 1-Cys Prx (Prx6) and atypical 2-Cys Prxs (Prx5) were
observed. In neighbor-joining tree (Fig. 3), Prx1s, Prx2s, Prx3s, Prx4s
were clustered together, and then were joined by Prx6s. Prx5s were
formed an independent branch. The phylogenetic relationship analysis
implied that Prx1, Prx2, Prx3 and Prx4 had a closer evolution position
in genetic structure, then Prx6 had a relatively further distance to Prx2
and Prx5. These results confirm that CiPrx2 proteins investigated in this
study belong to the typical 2-Cys Prx subfamily.

3.2. Tissue expression analysis of CiPrx2

CiPrx2 mRNA expression levels in 10 tissues showed that it was
ubiquitously expressed in all tested tissues, including liver, heart,
muscle, spleen, gill, intestine, skin, head kidney, middle kidney and
brain. In the present study, the skin was set as the calibrator, that was,
the expression level of the CiPrx2 from the skin was defined as 1.00.
The β-actin was used as an internal control. As shown in Fig. 4, the
expression level varied among different tissues. The highest expression
of the CiPrx2 transcript was detected in liver (136.36-fold), then heart
(9.74-fold), gill (5.01-fold) and intestine (7.20-fold) following. The re-
lative low expression was noted in skin (Fig. 4).

3.3. Temporal expression profiles of CiPrx2 after GCRV infection

To test the effectiveness of GCRV infection, the relative copy
number of the virus in gill were examined by RT-qPCR (special primers
in Table 1). The relative copy number of GCRV on day 1 after infection
were used as a reference for normalization. As shown in Fig. 5A, the
relative copy number of GCRV were raised slowly in the first three days
after infection, and then increased rapidly in the next 4 days and

Fig. 3. The neighbor-joining phylogenetic tree analyses of CiPrx2 amino acid sequence with the amino acid sequences of other known Prx2 members. The confidence
in each node was assessed by 1000 bootstraps. GenBank accession numbers encoding Prxs were as follows: Homo sapiens Prx2 (NP 005800.3), Mus musculus Prx2 (NP
001304314.1), Bos taurus Prx2 (NP 777188.1), Danio rerio Prx2 (NP 001002468.1), Rattus norvegicus Prx2 (NP 058865.1), Cyprinus carpio NKEF-B (ACJ04422.1),
Rhodeus uyekii Prx1 (AGU16435.1), Mylopharyngodon piceus Prx2 (ALD62538.1), Anabarilius grahami Prx1 (ROL46546.1), Larimichthys crocea Prx1 (XP 010732927.1),
Carassius auratus Prx1 (XP 026067236.1), Cynoglossus semilaevis Prx2 (XP 008315854.1), Xenopus laevis Prx2 (NP 001085414.1), Xenopus tropicalis Prx2 (NP
989001.1), Oryzias latipes Prx2 (XP 011478972.1), Cyprinus carpio Prx1 (XP 018963467.1), Cyprinus carpio Prx1 (XP 018932944.1), Ictalurus punctatus Prx2 (XP
017313378.1), Tachysurus fulvidraco Prx2 (XP 027034897.1), Homo sapiens Prx1 (AAH21683.1), Cyprinus carpio Prx3 (ALG02339.1), Danio rerio Prx3 (AAH92846.1),
Homo sapiens Prx3 (AAH08435.1), Mus musculus Prx3 (EDL01849.1), Xenopus laevis Prx3 (NP 001086130.1), Cyprinus carpio Prx4 (ALG02338.1), Homo sapiens Prx4
(EAW98996.1), Mus musculus Prx4 (AAH19578.1), Xenopus laevis Prx4 (AEM44541.1), Xenopus laevis Prx5 (AEM44542.1), Homo sapiens Prx5 (AAI13724.1), Mus
musculus Prx5 (AAH08174.1), Homo sapiens Prx6 (AAH53550.1), Mus musculus Prx6 (AAP21829.1), Salmo salar Prx4 (ACI69656.1), Danio rerio Prx4 (NP
001082894.1), Cyprinus carpio Prx5 (XP 018919040.1), Cyprinus carpio Prx6 (XP 018922952.1), Gallus gallus Prx6 (NP 001034418.1), Gallus gallus Prx1 (NP
001258861.1), Danio rerio Prx1 (NP 001013489.2), Mus musculus Prx1 (AAH86648.1), Danio rerio Prx5 (AAH95755.1), Danio rerio Prx6 (AAH59671.1).
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Fig. 4. The constitutive expressions of CiPrx2 in different tissues of grass carp.
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reached the peak on 7 dpi, which showed that GCRV infection had
occurred.

To determine the effects of viral infection on CiPrx2 gene expression
in the innate immune system, the levels of CiPrx2 mRNA transcripts in
liver and spleen were examined. In the spleen, the levels of CiPrx2
mRNA transcripts were increased sharply and reached the peak (1.91-
fold) on 1 dpi, and then declined slowly and dropped to the lowest level
on 4 dpi (0.47-fold). Subsequently, the expression levels almost reached
the basal level (Fig. 5B). In the liver, the CiPrx2 expression levels were
slowly up-regulated in the first two days, followed by a decline at 3 and
4 dpi, then increased sharply on 5 dpi (6.90-fold), finally declined on 6
dpi (Fig. 5C).

3.4. Transcription analysis of CiPrx2 after PAMPs challenge

To preliminary explore whether the CiPrx2 expression was affected
by PAMPs infection, the expression profiles of CiPrx2 in spleen and liver
were analyzed by RT-qPCR (Fig. 6). As the results show, LPS and poly
I:C stresses could induce the expression level of CiPrx2 in spleen
(Fig. 6A) and liver (Fig. 6B). However, the expression patterns of CiPrx2
had some difference under different stresses treatments or in various
tissues. In spleen, the levels of CiPrx2 mRNA transcripts gradually in-
creased after LPS challenge, and reached peak values with a 2.82-fold
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Fig. 7. (A) Sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) analysis of Prx2 re-
combinant protein. Lane M: Protein molecular
weight marker; Lane 1: before IPTG induction; Lane
2: after 6 h induction with 1.0 mM IPTG; Line 3,
Purified recombinant Prx2 protein. (B) Western blot
analysis of recombinant proteins in the E. coli BL21
(transsetta DE3) cells with anti-His-tag antibody.
Lane M: Protein molecular weight marker; Lane 1:
Purified recombinant Prx2 protein.
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Supercoiled 
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FeCl3 - + - + + + + + +
rCiPrx2 - - - - + + + + +
Fig. 8. Determination of rCiPrx2 protected supercoiled DNA cleavage in mixed-
function oxidase (MFO) assay. 1: pEGFP-N3 without incubation; 2: pEGFP-
N3 + FeCl3 (10 μM); 3: pEGFP-N3 + DTT (10 mM); 4: pEGFP-N3 + MFO mix
(10 μM FeCl3 + 10 mM DTT); 5: pEGFP-N3 + MFO mix + 1 μg of rCiPrx2; 6:
pEGFP-N3 + MFO mix + 4 μg of rCiPrx2; 7: pEGFP-N3 + MFO mix + 8 μg of
rCiPrx2; 8: pEGFP-N3 + MFO mix + 16 μg of rCiPrx2; 9: pEGFP-N3 + MFO
mix + 24 μg of rCiPrx2. OC DNA: open circular plasmid DNA; CCC: covalently
closed circular DNA.
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increase compared to the control group at 6 hpi, then rapidly declined
at 12 hpi. After poly I:C challenge, the CiPrx2 expression reached ra-
pidly peak values at 6 hpi (3.36-fold), then gradually declined gradually
dropped to a relatively lower level at 48 hpi (0.56-fold). In liver, the
CiPrx2 transcript gradually increased as time went by and peaked at
12 h (11.94-fold) after poly I:C challenge. After LPS challenge, the le-
vels of CiPrx2 mRNA transcripts were dramatically up-regulated at 6
and 12 hpi and then almost reached the basal level. In general, the
temporal expression pattern of CiPrx2 had a rising trend after PAMPs
challenge.

3.5. Expression, purification, and western blotting of recombinant CiPrx2

The recombinant plasmid pEASY-CiPrx2 was transformed into E.
coli BL21 and then expressed by induction with IPTG. After IPTG in-
duction for 6 h, the whole cell lysate of the positive clone was obtained.
Then, the rCiPrx2-6×His tagged fusion protein was separated by SDS-
PAGE, and an obvious band with a molecular weight of approximately

25 kDa was detected (Fig. 7A), which is consistent with the predicted
molecular mass of rCiPrx2 with the His-tag added by the vector. When
the rCiPrx2 was purified by the Ni-NTA resin, Western blot analysis
showed only one specific target protein with a molecular weight of
25 kDa (Fig. 7B). From the above results, CiPrx2 recombinant expres-
sion and purification were successfully performed. The purified protein
was used in the next experiments.

3.6. DNA protection assay through antioxidant property of CiPrx2

To investigate whether the recombinant rCiPrx2 can prevent DNA
from damage caused by the ROS generated from a MFO system, the
DNA protection assay was performed. The pEGFP-N3 plasmid was in-
cubated with rCiPrx2 protein in MFO system and DNA damage was
analyzed by electrophoresis. The MFO system generated using DTT and
FeCl3, was able to induce damages to pEGFP-N3 plasmid converting a
covalently closed circular DNA (CCC DNA) to the nicked form (OC
DNA). The results revealed that the rCiPrx2 protein inhibited DNA

Fig. 9. In vivo antioxidant activity assay using E. coli cells
overexpressing CiPrx2. (A) Bacteria transfected with only
pESAY vector were used as the negative controls; (B) LA
agar plates (LB with ampicillin) were inoculated with E. coli
cells harboring a plasmid DNA for CiPrx2 overexpression;
Filter discs treated with different concentrations of H2O2,
including the concentration of H2O2 at 30%, 20%, 15%,
10%, 6%, 3%. (C) Inhibition zone diameter of E. coli after
H2O2 challenge. Data was showed as mean ± SD (n = 3).
Error bars above the vertical bars indicated statistically
significant differences between every intergroup by the as-
terisk (**P ≤ 0.01).
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damage in dose-dependent manner compared with the control (Fig. 8).
Furthermore, the rCiPrx2 protein had the ability to inhibit DNA damage
even at lower concentrations, but the level of protection was positively
correlated with the concentration of rCiPrx2 protein.

3.7. H2O2 and heavy metal toxicity stress resistance properties assays in
vitro

E. coli BL21 cells strains transformed with pEASY-CiPrx2 vector or
pEASY-Blunt empty vector were cultured agarose plates with ampi-
cillin, then H2O2 and heavy metal toxicity stress resistance properties of
CiPrx2 were tested in vitro. Under each concentration of H2O2 and
different kinds of heavy metals, the growth of the control strains
transformed with pEASY-Blunt empty vector was significantly inhibited
compared with the experimental strains transformed with pEASY-
CiPrx2 vector. As shown in Fig. 9, the zone inhibition diameters were
increased as the increase of concentration of H2O2. Moreover, the
clearing zone diameters of DE3-pEASY-CiPrx2 were significantly
smaller than the control groups, and the values of diameter were 0.54,
0.57, 0.44, 0.68, 0.42 and 0.53-fold of the control group under the
stimulation of H2O2 at a concentration of 30%, 20%, 15%, 10%, 6%,
3%, respectively. Under heavy metal stress, the clearing zone diameters
of DE3-pEASY-CiPrx2 were markedly smaller than control groups; va-
lues were extremely significantly declined to 0.76, 0.77, 0.66 and 0.55-
fold of control groups under CuSO4·5H2O, K2Cr2O7, FeCl3·6H2O and
ZnSO4·7H2O at a concentration of 1mol/L (Fig. 10). The above ex-
perimental results show that CiPrx2 protein can protect E. coli BL21
from H2O2 and heavy metal toxicity stress to some extent.

3.8. Subcellular localization of CiPrx2

To determine the subcellular localization of CiPrx2, the ORF of
CiPrx2 was constructed into the pEGFP-N3 expression vector and then
fluorescence was observed at 24 h post-transfection. The results re-
vealed that the CiPrx2-GFP fusion protein were only distributed in the
cytoplasm, but the control pEGFP-N3 was strongly distributed uni-
formly throughout the entire cell including the nucleus (Fig. 11A).
Confirmation of the expression of CiPrx2-GFP fusion protein was per-
formed by Western blotting analysis, and the recombinant CiPrx2-GFP
showed correct molecular weight as revealed with GFP-Tag antibody
(Fig. 11B).

4. Discussion

Peroxidase proteins play an important role in protecting organisms
from oxidative stress [12], which are identified in various organisms
ranging from prokaryotes to eukaryotes. In addition, there is increasing
evidence that they are involved in immune response after microbial
infection [35]. In this study, a novel Prx2 gene was firstly isolated and
characterized from C. idella (CiPrx2), containing ORF of 594 bp, en-
coding polypeptides of 197 amino acids. By analyzing the deduced
amino acid sequence and multiple alignments, the two highly con-
served cysteines (Cys51 and Cys172) were existed in the Prx signature
motifs FYPLDFTFVCPTEI and GEVCPA, respectively, which are very
conserved in mammals, fish, fungi and plants [12,36]. Both conserved
Cys residues are required for their catalytic function, which means that
Prx2 could act as a reductant to reduce the ROS produced during cell
metabolism and oxidative stress [37]. The sequences GGLG and YF or
FF were only detected in eukaryotic 2-Cys Prxs proteins and contributed
to the regulatory activity for H2O2-mediated signal transduction [38]. A
consensus sequence (TPRK) for phosphorylation by cyclin-dependent
kinases [39] was also found in CiPrx2. The deduced amino acid se-
quence showed high similarity to previously reported Prxs from other
fish and 99.5% similarity with M. piceus and A. graham, 99.0% with R.
uyekii, and 98.0% with C. carpio, C. auratus and D. rerio. From phylo-
genetic tree analysis, Prxs can be classified into three classes (typical 2-

Fig. 10. Metal stress resistance properties assays of CiPrx2 from E. coli in vitro.
(A) E. coli with pEASY-CiPrx2 as the experimental group and only pEASY as
control group under 1mol/l heavy metal stimulation; (B) Inhibition zone dia-
meter of E. coli after 1mol/l heavy metal challenge; Data was showed as
mean ± SD (n = 3). Error bars above the vertical bars indicated statistically
significant differences between every intergroup by the asterisk
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Cys, atypical 2-Cys and 1-Cys) or six subfamilies (Prx1-6). Prx2 was
more similar to Prx1, 3, 4, and far from Prx5 and Prx6. All these
characters indicated that Prx1-4 were member of typical 2-Cys Prx, and
Prx5 was atypical 2-Cys member of Prxs while Prx6 was the member of
1-Cys (Figs. 1–3) [40–44].

These Prxs isoforms also differ in their cellular distributions [45].
Prx1, 2 and 6 are localized in the cytosol whereas Prx3 exists in the
mitochondria and Prx4 has an N-terminal signal peptide targeting it for
secretion from the cell. Prx5 is localized intracellularly to the cytosol,
mitochondria, nuclei and peroxisomes [46]. SignaIP 4.1 analysis
showed that the amino acid sequence of CiPrx2 was lacked the signal
peptide, which indicated that CiPrx2 may be an intracellular protein.
Subcellular localization results indicate that CiPrx2 was a cytoplasmic
protein (Fig. 11). So, the subcellular localization of CiPrx2 protein was
consistent with previous data.

The tissue expression analysis shown that CiPrx2 was constitutively
expressed in all examined tissues with different expression levels. The
results indicated that CiPrx2 was a ubiquitously expressed gene and
could potentially play diverse roles in different physiological processes.
The highest expression of the CiPrx2 was detected in liver (136.36-
fold), then heart (9.74-fold), gill (5.01-fold) and intestine (7.20-fold)
following (Fig. 4). Ren and his group reported thatM. miiuy Prx2 mRNA
was highly expressed in the fin, liver, heart, and intestine, which are
involved in the immune response against pathogens [44]. However, in
C. carpio, the highest mRNA level of Prx2 in kidney, followed by in head
kidney, blood cells, liver, spleen and muscle [19], which might indicate
the different roles of Prx2 in various fish species. The liver was closely
related to immune response, it is known to home to innate immune cells
(monocytes, NK and NKT cells) that can identify and clear pathogens,
and many of inflammation cell factors are synthesized in the liver
[47,48], so the high expression of Prx2 in the liver implied its immune
function. The heart is the center of circulation system, the main source
of cardiac energy is material oxidation and will produce free radicals,
the expression of Prx2 can protect myocardial cell from free radical, and
so it is in other tissues. The gill, directly exposed to the external en-
vironment and constantly contact with pathogens and environmental
toxicities, is one of the mucosal barriers in fish exerting an important
role in mucosal immune response [49]. The spleen is the primary sec-
ondary lymphoid organ in fish [50]. In summary, the high expressions
of CiPrx2 in immune-related tissues suggested that it plays critically
important roles in the immune system of grass carp.

Biotic and abiotic stress frequently affect the survival of aquatic
animals, such as bacterial and viral infections, heavy metal pollution
and salinity fluctuation, leading to increased ROS production [51–55].

It is well known that liver and spleen are important immune organs,
playing an important role in immune response [47,48,50]. Therefore, in
order to initially investigate whether CiPrx2 was regulated in response
to these stresses, the expression profile of CiPrx2 gene was analyzed in
liver and spleen following the infection of GCRV, poly I:C and LPS. After
GCRV challenge, the maximum transcript level of CiPrx2 was observed
on 1 dpi in spleen and 5 dpi in liver. In addition, the expression level of
CiPrx2 was significantly induced under poly I:C and LPS stimulation in
spleen and liver. Some studies have shown that Prx2 has important
functions in immune response. In pufferfish, stimulation with LPS in-
hibited Prx2 gene expression in most tissues but enhanced Prx2 tran-
scriptions in spleen [21]. In black carp, the expression levels of MpPrx2
mRNA in the liver were up-regulated after LPS challenge [25]. After
infected with SVCV, the expression level of C. carpio Prx2 was sig-
nificantly increased in blood cells, gill, muscle, intestine and spleen, but
maintained in liver, and decreased significantly in kidney and head
kidney [19]. Following the infection of Vibrio anguillarum, the relative
expression quantity of M. miiuy Prx2 in the liver at 6 h after infection
was 3.9 times to control level, a higher expression level at 24 h after
injection in the spleen [44]. These results collectively indicate that Prx2
function differently among various species as well as under different
PAMPs stimulation.

In this paper, the recombinant rCiPrx2 protein was expressed in E.
coli BL21. CiPrx2 protein was purified using Ni-NTA affinity chroma-
tography and detected via SDS-PAGE. Mouse polyclonal antibody was
used to detect purified CiPrx2 protein, which showed a molecular mass
of approximately 25 kDa that was specific to the His-Tag HRP poly-
clonal antibody. Subsequently, DNA protecting activity of rAjPrdx6 in
oxidative damage was determined using MFO assay [56]. The MFO
system can generate ROS [57] including superoxides, hydroxyl radicals
and hydrogen peroxides by metal catalyzed Fenton reactions [58].
Therefore, presence of the MFO system can induce the nicking of su-
percoiled plasmid DNA into open circular form and leads to the sever
DNA damage [56,58]. Prxs are thought to have a role in the inhibition
of DNA damage caused by ROS [59]. In this study, the rCiPrx2 protein
inhibited DNA damage in dose-dependent manner compared with the
control, and the similar results have also been reported [60–63]. H2O2

and heavy metal toxicity stress resistance assays of CiPrx2 protein were
performed in E. coli BL21, which is a useful model for oxidative stress
studies at the cellular level [64]. Combined with the above experi-
ments, the results showed that CiPrx2 protein could protect E. coli BL21
from H2O2 and heavy metal toxicity stress to some extent, which was
consistent with previous studies [34,65].

In summary, the molecular cloning and characterization of a Prx2
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Fig. 11. Subcellular localization of CiPrx2 proteins in HEK 293T cells. (A) HEK 293T cells were transiently transfected with pEGFP-N3, pEGFP-N3-CiPrx2, re-
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homologue (CiPrx2) were described from grass carp and it ubiquitously
expressed in the various tissues, such as liver, heart, gill and intestine.
The temporal expression profiles of CiPrx2 gene were analyzed in liver
and spleen infected with GCRV, poly I:C and LPS, which showed that
CiPrx2 was likely to be involved in the immune response against viral
and bacterial infection. Subcellular localization results showed that
CiPrx2-GFP fusion protein was only distributed in the cytoplasm. The
purified recombinant CiPrx2 possessed apparent antioxidant activity
and could protect DNA against oxidative damage. Finally, CiPrx2 pro-
tein could obviously inhibit heavy metal and H2O2 toxicity. However,
further researches are needed to better understand the regulation of
CiPrx2 under oxidative stresses.
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