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A B S T R A C T

In the present study we describe the molecular characterization of the two paralogous mitochondrial peroxir-
edoxins from Trematomus bernacchii, a teleost that plays a pivotal role in the Antarctic food chain. The two
putative amino acid sequences were compared with orthologs from other fish, highlighting a high percentage of
identity and similarity with the respective variant, in particular for the residues that are essential for the
characteristic peroxidase activity of these enzymes. The temporal expression of Prdx3 and Prdx5 mRNAs in
response to short-term thermal stress showed a general upregulation of prdx3, suggesting that this isoform is the
most affected by temperature increase. These data, together with the peculiar differences between the molecular
structures of the two mitochondrial Prdxs in T. bernacchii as well as in the tropical species Stegastes partitus,
suggest an adaptation that allowed these poikilothermic aquatic vertebrates to colonize very different en-
vironments, characterized by different temperature ranges.

1. Introduction

Fish species occupy a large variety of environments, characterized
by very different temperatures. Those inhabiting the Antarctic sea are
exposed to year-round low temperatures (Legg et al., 2009): on annual
basis, the temperature slightly changes around the average value of
−1.18 ± 0.68 °C (Clark and Peck, 2009). In this peculiar condition,
the dissolved oxygen concentration greatly increases in seawaters as
well as in tissues and cells (Hardy and Gunther, 1935). Therefore, the
formation rate of reactive oxygen species (ROS, i.e. %O2−, H2O2 and %

OH) increases, also increasing the risk of oxidative stress for these an-
imals (Acworth et al., 1997). Reactive oxygen species are physiologi-
cally produced in a series of biochemical reactions within cellular
compartments (mostly mitochondria and endoplasmic reticulum), but
their increased levels may lead to irreversible cell damage and even-
tually to cell death.

The antioxidant cellular system of all eukaryotic organisms, from
yeast to animals, use evolutionarily conserved enzymes and non-enzy-
matic compounds to limit the presence of ROS, preventing the damages
to macromolecules caused by these oxygen derivatives (Boldrin et al.,
2008; Ferro et al., 2013, 2017; Formigari et al., 2010; Franchi et al.,
2012; Irato et al., 2007; Ricci et al., 2017; Santovito et al., 2015, 2005,
2002). In particular, antioxidant enzymes such as superoxide dismutase
(SOD), catalase (CAT), glutathione peroxidase (GPx), methionine sulf-
oxide reductase (Msr) and peroxiredoxin (Prdx), have a pivotal role in
this homeostatic and detoxification system (Ferro et al., 2018).

Peroxiredoxins (Prdxs, EC 1.11.1.15) are a family of peroxidases
that reduce H2O2, organic peroxides and peroxynitrite by using cysteine
residues that are in the active site as suppliers of reducing equivalents
(Konig et al., 2013; Randall et al., 2013; Al-Asadi et al., 2019). In
vertebrates, Prdxs are classified into 6 different isoforms, grouped in
three subtypes (typical 2-Cys, atypical 2-Cys and 1-Cys) that differ for
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their structural and mechanistic features (Wood et al., 2003b).
The typical 2-Cys Prdxs (isoforms from 1 to 4) are obligate homo-

dimers and are identified by the conservation of their two redox-active
cysteines, the peroxidatic cysteine and the resolving cysteine (Ren
et al., 2014), which form an intermolecular disulfide bond during the
enzyme reaction (Hall et al., 2009). The second class of Prdxs are the
atypical 2-Cys Prdxs (Prdx5), which have the same mechanism as ty-
pical 2-Cys Prdxs but are functionally monomeric, and are character-
ized by the formation of an intramolecular disulfide bond (Knoops
et al., 2011; Wood et al., 2003a). The third subfamily, represented by
Prdx6, includes the 1-Cys Prdxs. It is a bifunctional protein, catalyzing
similar chemical reactions as glutathione peroxidase and phospholipase
A2 (PLA2) (Liu et al., 2015; Rahaman et al., 2012).

Although Prdxs have received considerable attention in recent
years, due to their role as important cellular antioxidant proteins that
help control intracellular peroxide levels, only two Prdx6 genes have
been studied until now in Trematomus bernacchii (Tolomeo et al., 2016),
a teleost widely distributed in many areas of Antarctica.

In the present work, aimed at characterizing the mitochondrial
Prdxs of T. bernacchii, we report on the molecular characterization of
two novel subtypes: Prdx3 occurring exclusively within mitochondria
(Chae et al., 1999) and Prdx5 that is also distributed in several other
cellular compartments, such as peroxisomes (Kropotov et al., 1999; Seo
et al., 2000). The interest in mitochondrial isoforms of Antarctic fish is
related to the unique metabolic adaptation observed in these organ-
isms, which include an increased mitochondrial density (Johnston
et al., 1998; Pörtner et al., 2005).

In order to evaluate the relationships between the molecular di-
versification of Antarctic Prdxs and the evolutionary history of cold-
adapted teleosts, we compared the sequence of the newly characterized
Prdxs from T. bernacchii with those from other vertebrate species. The
evolution of Prdxs is particularly interesting, since they are considered
ancient proteins, which are thought to have evolved by gene duplica-
tion events during the past 2.5 billion years, in parallel with other
components of ROS detoxifying systems and metabolic pathways.
Furthermore, we employed molecular modeling techniques to predict
the structure of the two cold-adapted Prdx3 and Prdx5. In particular,
using various in silico approaches, we investigated Antarctic fish mi-
tochondrial Prdxs (i.e., compared with other, non-cold-adapted, mi-
tochondrial Prdxs), with the aim to identify molecular characteristics
consistent with cold adaptation.

Finally, to obtain further information on the physiological role of
mitochondrial Prdxs in T. bernacchii, we characterized basal mRNA
expressions of both Prdx3 and Prdx5 isoforms in various organs and
tissues. We also analyzed changes in gene expression for both Prdx
genes after exposure to short-term thermal stress to gain a better un-
derstanding of their potential role in the response of T. bernacchii to the
global climate warming related sea temperature increase.

2. Material and methods

2.1. Ethical procedures

The sample collection and animal research conducted in this study
comply with Italy's Ministry of Education, University and Research
regulations concerning activities and environmental protection in
Antarctica and with the Protocol on Environmental Protection to the
Antarctic Treaty, Annex II, Art. 3. All experiments have been performed
in accordance with the U.K. Animals (Scientific Procedures) Act, 1986
and associated guidelines, EU Directive 2010/63/EU for animal ex-
periments.

2.2. Experimental animals

Adult samples of T. bernacchii were collected in the proximity of
Mario Zucchelli Station in Terra Nova Bay, Antarctica (74°42′S,

167°7′E) and kept in aquaria supplied with aerated seawater at ap-
proximately 0 °C. Five specimens were immediately euthanized (tri-
cainemethanesulfonate, MS-222; 0.2 g l−1) and samples of liver, heart,
spleen and skeletal muscle tissues were quickly excised, placed into
cryotubes, snap-frozen in liquid nitrogen and later stored at −80 °C. To
measure changes in mRNA abundance after a short thermal stress, we
acclimated 25 specimens to a gradual increase in seawater temperature
from 0 °C to 5 °C. The water temperature in the aquariums was in-
creased at a rate of 0.05 °C/h until it reached the next degree centi-
grade. At 1 °C, 2 °C, 3 °C, 4 °C and 5 °C, the water temperature was held
constant for four days, after which five specimens were sacrificed,
tissue samples quickly removed, frozen in liquid nitrogen, and stored at
−80 °C until they were analyzed. Twenty-five untreated specimens
were maintained at a control temperature of 0 °C and n=5 fish were
sacrificed at the same times as the warm acclimated specimens.

2.3. Primers design, RNA extraction, synthesis, cloning and sequencing of
Prdx3 and Prdx5 cDNAs

For primer design, amino acid and nucleotide sequences of Prdx3
and Prdx5 from fish were obtained from NCBI database and aligned by
MUSCLE (Edgar, 2004). The considered fish species include Sparus
aurata (Gilt-head seabream), Danio rerio (Zebrafish), Miichthys miiuy
(Miiuy croaker), Oreochromis niloticus (Nile tilapia), Maylandia zebra
(Zebra Malawi Cichlid), Oryzias latipes (Japanese ricefish), Takifugu
rubripes (Japanese pufferfish) and Salmo salar (Atlantic salmon). The
primers were designed in the conserved domains and the primer se-
quences were analyzed with IDT Oligo analyzer (http://eu.idtdna.com/
analyzer/Applications/OligoAnalyzer/). Primer sets are shown in Table
S1.

Total RNA was purified from various tissues of T. bernacchii using
TRIzol® reagent (Invitrogen) according to the manufacturer's protocol.
Total RNA was further purified with 8M LiCl in order to remove glu-
cidic contaminants (Ferro et al., 2015) and the quantification was
performed using the ND-1000 spectrophotometer (Nanodrop, Wil-
mington, DE); RNA integrity was assessed by capillary electrophoresis
using the Agilent Bioanalyzer 2100, with the RNA 6000 Nano (Agilent
Technologies, Palo Alto, CA). The first strand of cDNA was reverse-
transcribed at 42 °C for 1 h from 1 μg of total RNA in a 20 μL reaction
mixture, containing 1 μL of ImProm-II™ Reverse Transcriptase (Pro-
mega) and 0.5 μg oligodT Anchor primer. PCR reactions were per-
formed with 50 ng of cDNA. The PCR program was the following: 95 °C
for 2min and 35× (95 °C for 30 s, Tm for 30 s, 72 °C for 1min); final
elongation 72 °C for 10min Tms are shown in Table S1.

All the amplicons were gel-purified with the NucleoSpin Extract 2 in
1 (Macherey-Nagel), ligated into the pGEM®-T Easy Vector (Promega)
and cloned in XL1-Blue E. coli cells (Invitrogen). Positively screened
clones were sequenced at the BMR Genomics (University of Padova) on
an ABI PRISM 3700 DNA Analyzer (Applied Biosystems).

2.4. Semiquantitative RT-PCR (sqRT-PCR) analysis

In order to evaluate expression of mitochondrial Prdx mRNAs,
semiquantitative RT-PCR (sqRT-PCR) analysis was performed. cDNAs
for Prdx3 and Prdx5 were amplified with the specific primers reported
in Table S1. To control for variation in efficiency of cDNA synthesis and
PCR amplification reactions, the housekeeping gene β-actin from T.
bernacchii (GenBank accession number: ADF45299.1) was used as a
control and amplified with species-specific primers (Table S1). PCR
amplifications were carried out with the following program: 95 °C for
2min, then a variable number of cycles of 95 °C for 30 s, 30 s at specific
melting temperature (Table S1), 72 °C for 1min. For all the genes, the
number of amplification cycles was optimized (35 for Prdx3 and Prdx5,
40 for β-actin) to ensure that PCR products were quantified during the
exponential phase of the amplification.

The amplification products were separated by electrophoresis on
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1.5% agarose GelRed-stained gel (Biotium) and the relative intensities
were quantified with the software Quantity-one through a quantitative
ladder (Gene RulerTM, Fermentas). Transcript levels are reported as the
intensity (in arbitrary units, a.u.) of the gene of interest relative to the
expression level of β-actin in the same sample.

2.5. Statistical analysis

All data were expressed as the average of five analyzed speci-
mens± standard deviation (SD). Statistical analyses were performed
with the PRIMER statistical program. One-way ANOVA was followed by
the Student–Newman–Keuls test to assess significant differences
(p < 0.05).

2.6. Phylogenetic analyses

Phylogenetic studies were based on both amino acid and nucleotide
sequences of Prdx3 and Prdx5 from T. bernacchii and other species
available in GenBank database (Tables S2 and S3).

The T-Coffee multiple sequence alignment package has been used to
obtain multiple sequence alignment of Prdx3 and Prdx5 sequences
(Notredame et al., 2000). Even though this method is based on the
popular progressive approach to multiple alignment, we decided to use
it because it is characterized by a dramatic improvement in accuracy
with a modest sacrifice in speed, as compared to the most commonly
used alternatives (Notredame et al., 2000).

The jModelTest 2.0 software (Darriba et al., 2012) was used to carry
out statistical selection of best-fit models of nucleotide substitution.
Analyses were performed using 88 candidate models and three types of
information criterion (Akaike Information Criterion - AIC, Corrected

Akaike Information Criterion - cAIC and Bayesian Information Criterion
- BIC). To select the best-fit model of analyzed protein evolution Prot-
Test 3 was used (Darriba et al., 2011). One hundred and twenty-two
candidate models and the three previously mentioned criteria were
used in these statistical analyses.

Phylogenetic trees were built using the Bayesian inference (BI)
method implemented in Mr. Bayes 3.2 (Ronquist et al., 2012). Four
independent runs, each one with four simultaneous Markov Chain
Monte Carlo (MCMC) chains, were performed for 500,000 generations
sampled every 1000 generations. Furthermore, we also used the max-
imum likelihood (ML) method implemented in PhyML 3.0 (Guindon
et al., 2010). Bootstrap analyses were performed on 100,000 trees using
both kinds of tree topology improvement: nearest neighbor interchange
(NNI) and subtree pruning and regrafting (SPR). FigTree v1.3 software
was used to display the annotated phylogenetic trees.

Finally, we employed the mechanistic empirical model (MEC)
(Doron-Faigenboim and Pupko, 2007) that accounts for the different
amino acid replacement probabilities based on the WAG empirical
substitution matrix, while estimating the codon rate matrix, thus al-
lowing for positions undergoing radical amino acid exchanges to ac-
quire higher dN rates than those with less radical exchanges. The co-
donwise × estimates were mapped onto bovine (pdb: 4MH2) and
human (pdb: 3MNG) protein tertiary structures using the Selecton-3D
web server (http://selecton.tau.ac.il).

2.7. Molecular modeling

Structural models were obtained for isoforms of Prdx3 from
Notothenia coriiceps, Stegastes partitus and T. bernacchii. The template
used for molecular modeling were the crystal structure of bovine

Fig. 1. Phylogenetic relationships among Prdx3s of various organisms, reconstructed on the basis of cDNA coding region sequences and using both methods: BI
(arithmetic mean=−9886.08; harmonic mean=−9910.49) and ML (arithmetic mean=−9790.69). Bayesian posterior probability (first number) and bootstrap
values higher than 50% are indicated on each node, respectively. The scale for branch length (0.09 substitution/site) is shown below the tree. T. bernacchii Prdx3 is
boxed.
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mitochondrial peroxiredoxin III (pdb: 4MH2) sharing 84.54%, 86.08%
and 84.02% identity with N. coriiceps, S. partitus and T. bernacchii
protein sequences, respectively.

Structural models were also built for isoforms of Prdx5 from S.
partitus and T. bernacchii. In this case the template used for molecular
modeling was the crystal structure of the wild type human peroxir-
edoxin V (pdb: 3MNG) sharing 71.25% and 71.88% identity with S.
partitus and T. bernacchii protein sequences, respectively.

Final models were built with SWISS-MODEL (Biasini et al., 2014)
and further energy minimized with GROMACS 5.04 (http://www.
gromacs.org/) software package using Amber ff99SB-ILDN (Lindorff-
Larsen et al., 2010) force field. The systems were subjected to a steepest
descent energy minimization until reaching a tolerance force of no
greater than 1000 kJmol−1 nm−1. Electrostatic surface potential was
calculated for the energy minimized models using the programs
PDB2PQR (Dolinsky et al., 2007) and APBS (Baker et al., 2001), with
the nonlinear Poisson-Boltzmann equation and contoured at± 3 kT/e.

3. Results

3.1. Organization of T. bernacchii Prdx3 and Prdx5 genes

Cloning and sequencing from T. bernacchii liver yielded a partial
cDNA sequence of Prdx3. This sequence was compared with the re-
cently published head kidney T. bernacchii transcriptome database
(Gerdol et al., 2015), that allowed us to obtain the full-length cDNA
sequence (GenBank accession number KU207097). In silico analyses
carried out on the muscle T. bernacchii transcriptome database, recently

assembled with transcriptomes from liver, gills and brain (Huth and
Place, 2013), allowed us to identify the presence of a prdx5 transcript
(GenBank accession number KU308347).

The prdx3 transcript is 972 nt long. The 5′- and 3′-UTR regions
consist of 108 nt and 117 nt, respectively. The open reading frame
(ORF) includes 747 nt and encodes a putative protein of 248 aa, with a
deduced molecular weight of 26.9 kDa (Fig. S1). The 3′-UTR region
includes a putative polyadenylation signal (AATAAA) at 853–858 nt.

The Prdx5 transcript is 1074 nt long. The 5′- and 3′-UTR regions
consist of 223 nt and 278 nt, respectively. The ORF includes 573 nt and
encodes a putative protein of 190 aa, with a deduced molecular weight
of 20.2 kDa (Fig. S2). The 3′-UTR region includes a putative poly-
adenylation signal (AATAAA) at 820–825 nt and two ATTTA sequences,
at nt 709–713 and 934–938, which signal rapid degradation in certain
mammalian mRNAs (Shaw and Kamen, 1986).

The amino acid sequences of Prdx3 of T. bernacchii show the highest
identity (96.8%) and similarity (99.2%) with the Prdx3 of N. coriiceps
(order Perciformes; Table S4). On the other hand, the Prdx5 of T. ber-
nacchii shows the highest sequence identity (87.4%) and similarity
(98.9%) with the Prdx5 of Sparus aurata (order Perciformes; Table S5).

3.2. Phylogenetic analyses and molecular modeling

The jModelTest 2.0 software determined the GTR+ I+G model as
the best-fit model of molecular evolution for Prdx3 and Prdx5 at the
cDNA level, with gamma shape values (four rate categories) of 0.985
and 1.042, respectively, using all statistical criteria (−lnL= 19,127.40
for Prdx3 and –lnL=8894.77 for Prdx5). The phylogenetic

Fig. 2. Phylogenetic relationships among Prdx5s of various organisms, reconstructed on the basis of cDNA coding region sequences and using both methods: BI
(arithmetic mean=−8929.78; harmonic mean=−8960.92) and ML (arithmetic mean=−8848.95). Bayesian posterior probability (first number) and bootstrap
values higher than 50% are indicated on each node, respectively. The scale for branch length (0.08 substitution/site) is shown below the tree. T. bernacchii Prdx5 is
boxed.
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relationships among Prdx3 and Prdx5 cDNA sequences were de-
termined using the most powerful statistical method of BI. BI and
maximum likelihood (ML) methods generate phylogenies with the same
topology, depicted in the cladogram of Figs. 1 and 2.

T. bernacchii Prdx3 was placed in the fish Prdx3 cluster, well sepa-
rated from the Prdx3s from other vertebrates (posterior probability
100%; bootstrap values 99%; Fig. 1). In particular, consistent with the
aforementioned high sequence similarity with the N. coriiceps sequence,
the two Antarctic Prdx3 sequences were clustered together (posterior
probability 100%; bootstrap values 97%). The cluster including the
orthologous proteins from Miichthys miiuy, Larimichthys crocea, Opleg-
nathus fasciatus, Sparus aurata (order Perciformes) and Cynoglossus
semilaevis (order Pleuronectiformes) can be identified as the sister group
of Antarctic fish Prdx3s.

T. bernacchii Prdx5 was placed in the fish Prdx5 cluster, which is
clearly separated from the tetrapod Prdx3 cluster (posterior probability
100%; bootstrap values 99%; Fig. 2). In particular, the T. bernacchii
sequence is related to Prdx5 from Miichthys miiuy, Larimichthys crocea,
Sparus aurata (order Perciformes), Takifugu rubripes (order Tetra-
odontiformes) and Cynoglossus semilaevis (order Pleuronectiformes;
posterior probability 89%).

The ProtTest3 analysis determined the JTT+G model as the best-fit
model of molecular evolution for Prdx3 and Prdx5 at the amino acid
level, with gamma shape values (four rate categories) of 0.632 and
0.512, respectively, using all statistical criteria (−lnL=8050.09 for
Prdx3 and –lnL=3991.37 for Prdx5). BI and ML methods generate
phylogenies with the same topology, depicted in the cladogram shown
in Figs. S3 and S4.

Again, T. bernacchii Prdx3 was placed in a cluster, that includes all
known fish Prdx3s. Furthermore, the phylogenetic relationships among
the various Prdx3 sequences are quite confirmed, even if with a lower
degree of resolution. One difference is the relationships between
Antarctic fish Prdx3s and the orthologous sequence from Sparus aurata
(posterior probability 100%; bootstrap values 65%; Fig. S3).

T. bernacchii Prdx5 was placed within the fish Prdx5 cluster, which
is clearly separated from the tetrapod Prdx5s (posterior probability
100%; bootstrap values 100%; Fig. S4). The phylogenetic relationships
among the various fish Prdx5 sequences are confirmed, although with a
lower degree of resolution.

The MEC analysis indicated a strong prevalence of negative selec-
tion in the evolution of fish Prdx3s, even though some amino acid re-
sidues have been subject to significant positive selection along evolu-
tion (Fig. S5). In fact, this analysis highlighted positive selection for
Leu24, Arg27, Val30, Val32, Pro38, Ile42 and Lys231 (with reference to
zebrafish Prdx3 for residue numbering). Similarly, the MEC analysis
indicated a low prevalence of positively selected sites in fish Prdx5s
(Fig. S6). In fact, the only identified positively selected residues are
Thr4, Leu7, Ala14, Ser16, Ile25, Thr26, Hys35 and Gly87 (with reference to
black carp Prdx3 for residue numbering).

The multiple sequence alignment among the deduced amino acid
sequences of Prdx3 from T. bernacchii, other fish species and Homo
sapiens shows a high conservation of the amino acids that are essential
for peroxidase activity (Fig. 3). In particular, the most well-conserved
sites across all species are the peroxidatic and the resolving cysteines
(Cys101 and Cys222, respectively), which are present in the functional
motifs FYPLDFTFVCPTEI and GEVCPA. The former motif also includes
highly conserved residues (Pro94 and Thr98) which are part of the cat-
alytic triad. The third residue of the catalytic triad (Arg147), was also
invariably conserved, as well as the amino acid responsible for enzyme

phosphorylation (Thr139) and two structural motifs (GGLG and YF)
which confer to this protein its characteristic sensitivity to inactivation
by hydrogen peroxide. The N-terminal region, representing the mi-
tochondrial targeting signal, appears to be poorly conserved.

Fig. 4 displays the multiple sequence alignment among the deduced
amino acid sequences of T. bernacchii Prdx5 and orthologues from other
fish species, with the addition of Homo sapiens. As in the case of Prdx3,
the peroxidatic and the resolving cysteines (Cys75 and Cys180, respec-
tively), as wells as the residues of the catalytic triad (Pro68, Thr72 and
Arg153) are fully conserved. Both the N- and C-terminal portions of the
protein, representing the signals for protein sorting to mitochondrion
and peroxisome, respectively, display a low degree of conservation.

T. bernacchii Prdx3 is characterized by six specific substitutions,
which involve amino acids that are not included in the catalytic group:
Pro61 is substituted by Ala; His71 is substituted by Ser; Arg163 is sub-
stituted by Lys; Asp replaces Lys, Glu, Asn or His in position 229; Lys246

is substituted by Gln. The first three substitutions are also present in N.
coriiceps, which belongs to the same Family (Nototheniidae). T. ber-
nacchii Prdx5 shows three specific substitutions, namely: Met replacing
Ile or Val in position 95; Val122 that is substituted by Ile; Leu160 that is
substituted by Val.

The electrostatic surfaces of Prdx3 models display a strongly nega-
tive contour, as shown in Fig. 5, and total net charges of the homo-
dimers range from −9 of T. bernacchii and N. coriiceps (panels A and B)
to −7 of S. partitus (panel C). Similarly, the Prdx5 models show that
monomer is negatively charged (although at less extent), displaying a
net charge ranging from −2 in T. bernacchii to −1 in S. partitus, re-
spectively (Fig. 5C–D).

3.3. Analysis of gene expression in natural condition and after increased
environmental temperature

Basal mRNA expression levels were determined in heart, liver,
spleen and skeletal muscle of non-stressed specimens of T. bernacchii to
characterize the tissue specific expression patterns of Prdx3 and Prdx5.
Fig. 6 shows that both genes are expressed at high levels in liver and
heart. These tissues displayed a Prdx3 mRNA expression approximately
2- and 4-fold higher than skeletal muscle and spleen, respectively
(p < 0.05; Fig. 6A). The difference observed between these two organs
was statistically significant (p < 0.05). Prdx5 displayed a much more
uniform pattern of expression across tissues, with liver and heart
showing similar levels of expression, about 1.5-fold higher than spleen
and muscle (p < 0.05; Fig. 6B).

Based on these results, we focused our attention on liver and heart
tissues for the subsequent analyses of gene expression in specimens
exposed to experimental thermal stress. Another main factor which led
to the selection of these two tissues was their physiological roles in
processes such as detoxification (liver) and oxidative metabolism
(hearth), which are related to ROS production. In liver, the transcrip-
tion of prdx3 showed a significant increase when the temperature
reached +2 °C. Subsequent temperature increments did not lead to any
further significant increase of mRNA expression. The group subject to
thermal stress displayed mRNA levels 1.6-fold higher (p < 0.001) than
control specimens for all considered temperatures (Fig. 7A). On the
other hand, mRNA levels remained stable throughout the entire ex-
periment in control animals. Although mRNA levels of prdx5 observed
in specimens exposed to elevated temperatures were slightly lower than
controls, these differences were not statistically significant (Fig. 7B). As
in the case of prdx3, prdx5 expression remained stable in the control

Fig. 3. Multiple alignment of the amino acid sequences of 12 Prdx3s from Teleost species as well as from Homo sapiens. The catalytic center for peroxidase activity is
boxed in continuous. The amino acid residues highlighted in dark grey represent the peroxidase triad. The peroxidatic and the resolving cysteines are highlighted in
light grey. Two structural motifs which confer sensitivity to inactivation by hydrogen peroxide are boxed in dotted line. In bold is the Threonine responsible for the
enzyme phosphorylation. Mitochondrial targeting signal is underlined. The symbols at the bottom of the Teleost sequences correspond to the definitions of the
MUSCLE program: (*) fully conserved; (:) highly conserved; (.) conserved substitution.
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group during the entire experiment.
The mRNA level of both prdx3 and prdx5 remained constant during

the entire experiment in heart tissues of control specimens (Fig. 8). On
the contrary, the specimens exposed to short-term thermal stress
showed, to some extent, temperature-dependent variations. In parti-
cular, the prdx3 mRNA levels increased at +2 °C (day 10, p < 0.05)
and remain almost unchanged up to +3 °C (day 15; Fig. 8A). In both
cases, the differences were statistically significant with respect to con-
trols (p < 0.001). At +4 °C (day 20) the mRNA expression levels of
prdx3 decreased, reaching values similar to controls. However, at +5 °C
(day 25) its expression levels increased again (p < 0.05), nearly dou-
bling with respect to controls (p < 0.001), showing a trend similar to
those measured at +2 °C (day 10). The prdx5 mRNA levels remained
relatively constant during the first phases of the stress treatment,
without showing any significant difference compared with controls.
However, this transcript displayed a significant decrease at +4 °C (day
20, p < 0.05), reaching values 4-fold lower than controls (p < 0.001),
only to return to its initial values, similar to controls at +5 °C (day 25;
Fig. 8B).

4. Discussion

The present work reports the characterization of mitochondrial
Prdxs in the Antarctic fish T. bernacchii. Phylogenetic analyses indicate
that the evolution of these two newly identified isoforms has proceeded
in parallel with the evolution of fish orders. The phylogenetic trees
obtained from the coding sequences of Prdx3 and Prdx5 displayed si-
milar topologies, at least for what concerns Cichliformes,
Cyprinodontiformes and Perciformes. In fact, the sequences of these
taxa were grouped in three well-supported clades. As expected, the Prdx
sequences of T. bernacchii clustered in the Perciformes clade in both

Fig. 4. Multiple alignment of the amino acid sequences of 16 Prdx5s from Teleost species as well as from Homo sapiens. The amino acid residues highlighted in dark
grey represent the peroxidase triad. The peroxidatic and the resolving cysteines are highlighted in light grey. Mitochondrial targeting signal is underlined.
Peroxisomial targeting signal is double underlined. The symbols at the bottom of the Teleost sequences correspond to the definitions of the MUSCLE program: (*)
fully conserved; (:) highly conserved; (.) conserved substitution.

Fig. 5. Potential isosurfaces are shown at +3 kT/e in
blue and −3 kT/e in red for Prdx3 of T. bernacchii, N.
coriiceps and S. partius (panels A, B and C, respec-
tively) and Prdx5 of T. bernacchii and S. partius (pa-
nels D and E, respectively). The positions of perox-
idatic cysteines are reported. (For interpretation of
the references to color in this figure legend, the
reader is referred to the web version of this article.)

Fig. 6. mRNA levels in heart, liver, spleen and skeletal muscle of Trematomus
bernacchii for prdx3 (A) and prdx5 (B). Letters: Student–Newman–Keuls t-test
with respect to tissues (p < 0.05).
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trees, mirroring the findings of a previous study based on the analysis of
Prdx6s (Tolomeo et al., 2016). However, the relative position of the
three aforementioned clades varied significantly in the two phyloge-
netic trees. In particular, the Cyprinodontiformes clade was identified
as a sister group of Cichliformes in the Prdx3 phylogeny, whereas it was
placed a sister group of Perciformes in the Prdx5 phylogeny. These
branching patterns were different for Prdx6, where the sequences of
Cichliformes and Perciformes constituted two sister groups. The dis-
crepancies observed between Prdx3, Prdx5 and Prdx6 phylogenies
(Tolomeo et al., 2016), can be most likely explained by independent
evolutionary history of the three isoforms, characterized by their ap-
pearance at different times, through independent gene duplications,
which may have occurred after the speciation events that led to the
differentiation of extant teleost orders.

The analysis of Prdx amino acid sequences led to similar results,
pointing out a significant impact of purifying selection on the evolution
of both Prdx3s and Prdx5s, a hypothesis which is also supported by the
results of MEC analyses. In fact, although some amino acid residues
showed signatures of positive selection, they were all located within the
N-terminal mitochondrial translocation signal, hence not covering a
significant role in the catalytic activity of these enzymes. The action of
purifying selection is important for the evolution of gene families, as it

guarantees the maintenance of function of the encoded proteins.
However, positive selection is an important source of evolutionary in-
novation and it has been often advocated as a major force underlying
the adaptation of species to new environments (Kosiol et al., 2008). A
large number of protein families have experienced significant positive
selection along their evolution, including those involved in immunity,
reproduction and cell signaling (Bakiu et al., 2015a, 2015b). Although
some studies have previously suggested that Prdxs may have evolved
under positive selection (Bakiu and Santovito, 2015), our results in-
dicate that this phenomenon is unlikely to have played a significant role
in the evolution of these antioxidant enzymes, even though it may have
acted episodically to sustain the functional diversification of variants,
as in the case of Prdx6s (Tolomeo et al., 2016).

The multiple sequence alignment highlighted the presence of a
number of amino acid substitutions unique to the mitochondrial T.
bernacchii Prdx isoforms, which may be directly linked to cold adap-
tation, as previously reported for Prdx6A (Berthelot et al., 2018;
Römisch and Matheson, 2003; Siddiqui and Cavicchioli, 2006). Among
those referred to Prdx3, Ala7, Ser17, Lys109, Leu127 and Gln192 are
substituted by Pro, His, Arg, Ile or Val and Lys, respectively (the first
four substitutions are shared by the N. coriiceps Prdx3). Only the last
two amino acids are in the proximity of functional residues of the

Fig. 7. Accumulation of prdx3 (A) and prdx5 (B) mRNAs in liver of T. bernacchii in response to environmental temperature increase. Asterisks: significant differences
with respect to controls (***p < 0.001, **p < 0.005, *p < 0.05).
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enzyme, i.e. the arginine of the catalytic triad and YF structural motif,
which regulates the access of peroxide to peroxidatic cysteine. How-
ever, based on the chemical properties of the five substituted amino
acids, none of these appear to confer more flexibility to the protein
structure (Huang and Nau, 2003). Similar results were obtained in the
analysis of Prdx5, where Met65, Ile93 and Val131 are substituted by Ile or
Val, Val and Leu, respectively: only the last two residues potentially
confer more flexibility to the enzyme, but they are located quite dis-
tantly from the regions of the protein responsible of for catalytic ac-
tivity.

The new results provided by this study, together with those pre-
viously reported for Prdx6s, suggest that neither Prdx3, nor Prdx5 are
“cold-adapted” enzymes. Homology modeling results seem to confirm
this hypothesis, as the almost uniformly distributed negative charge of
both isoforms closely matches those of “warm-adapted” Prdx6B
(Tolomeo et al., 2016). Consistent with these observations, the pre-
dicted 3D structures of these mitochondrial Prdxs from T. bernacchii are
almost identical to those of the tropical species S. partitus.

These features suggest a lower enzymatic activity of these two Prdx
isoforms at low temperatures. Since the low temperatures of Antarctica
promote the formation of ROS at higher rates, compared to temperate
environments, the concentrations of hydrogen peroxide (the substrate
of Prdxs) must be maintained at physiological levels in animals adapted

to this challenging environment. For this reason, cold adapted anti-
oxidant enzymes that can vicariate the activity of Prdx3 and Prdx5
would be critical to the proper function of peroxisomes and mi-
tochondria of this animal. In fact, these organelles must remain active
in the cold even in relation to antioxidant defenses. Some studies have
shown that glutathione peroxidase 1 (GPx-1) is present in mitochon-
dria. This enzyme can modulate redox-dependent cellular responses by
regulating mitochondrial function (Handy et al., 2009). Furthermore,
the CAT enzyme has been reported to be exclusively located in the
peroxisome matrix of fish hepatocytes (Orbea et al., 1999), indicating
that these organelles may play a key role in lipid metabolism of fish
liver.

A recent publication demonstrated that the GPx-1 of T. bernacchii,
shows features that may be related to low temperature adaptation.
These include the presence of specific amino acid replacements that
increase the number of polar residues, such as Arg, Glu, Ser, and Thr,
and a high expression in liver and heart (Sattin et al., 2015). Ad-
ditionally, our lab recently characterized the gene sequence and ex-
pression of CAT from Antarctic fish and found this enzyme is highly
expressed in liver and heart and that many amino acids (about 3%) are
conserved in Antarctic species only (in review). These residues are
believed to be specifically involved in the formation tetrameric struc-
tures, such as the N-terminal threading arm and the C-terminal helical

Fig. 8. Accumulation of prdx3 (A) and prdx5 (B) mRNAs in heart of T. bernacchii in response to environmental temperature increase. Asterisks: significant differences
with respect to controls (***p < 0.001, **p < 0.005, *p < 0.05).
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domain, that are essential for the catalytic activity of this enzyme. Al-
together, these observations suggest that enzymes characterized by
structural features compatible with high catalytic activity at low tem-
peratures, such as CAT and GPx-1, may represent a viable physiological
alternative to the non-cold adapted Prdx3 and Prdx5 isoforms in T.
bernacchii.

In addition, the gene expression data we collected for the T. ber-
nacchii Prdx3 and Prdx5 orthologues indicated that these isoforms are
only partially affected by temperature increase. When acclimated to
temperatures as low as 3 °C, we observed a significant increase in Prdx3
transcription in both liver and heart tissues, which may represent a
physiological antioxidant response of mitochondria against the forma-
tion of peroxides in this organelle during the thermal stress. Conversely,
Prdx5 mRNA levels remained nearly stable in response to the same
experimental thermal stress challenges.

Our results are consistent with previous studies which have shown
that T. bernacchii experiences increased levels of oxidative damage
during short-term thermal stress, likely as a result of elevated metabolic
rates (Enzor and Place, 2014; Enzor et al., 2013; Garofalo et al., 2019).
In fact, we have collected evidence that support an increase of the
transcript levels for cytoplasmic superoxide dismutase (Cu,ZnSOD) in
this species (in review). An increased Cu,ZnSOD activity, which con-
verts superoxide ions into the less reactive species, H2O2, is expected to
result in the production of elevated levels of substrate for enzymes such
as Prdxs and GPxs, which further reduce H2O2. In addition to Prdx3, we
also have recently obtained data that demonstrate an increase of the
mRNA levels of Prdx6 (prdx6b gene) (Tolomeo et al., 2016) and GPx-1
(in review) in T. bernacchii, suggesting that this species is able to ac-
tively defends itself against ROS production under thermal stress.

The failure to induce prdx5 in response to heat stress is probably
related to the intracellular location of the protein encoded by this gene,
which is also expressed in peroxisomes, besides mitochondria.
Therefore, our results are compatible with an increased ROS production
in mitochondria rather than peroxisomes.

In conclusion, we present here the first molecular and functional
characterization of Prdx3 and Prdx5 in Antarctic fish, providing further
contribution to the study of the antioxidant system in the ecological
context of the Southern ocean (Santovito et al., 2006, 2000, 2012a,
2012b; Sattin et al., 2015; Tolomeo et al., 2016). Structural data seem
to indicate that these enzymes are not “cold-adapted”, a hypothesis
further reinforced by the lack of inhibition of Prdx3 and Prdx5 to
temperature changes. On the other hand, the rapid and specific re-
sponse of Prdx3 to temperature increase reveals its potential usefulness
as a biomarker of stress in environmental field studies related to global
warming. Moreover, the activation of the Prdx3 expression in response
to thermal stress may be a condition that limits the stenothermy of T.
bernacchii, making this species less vulnerable to moderate environ-
mental temperature changes and other environmental perturbations
associated with global climate change.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.cbpc.2019.108580.
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