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Identification and Molecular
Characterization of Superoxide
Dismutases Isolated From

A Scuticociliate Parasite:
Physiological Role in Oxidative
Stress

Iria Folgueira?, Jesus Lamas?, Ana Paula de Felipe!, Rosa Ana Sueiro! & José Manuel Leiro(®)?

Philasterides dicentrarchi is a free-living microaerophilic scuticociliate that can become a facultative
parasite and cause a serious parasitic disease in farmed fish. Both the free-living and parasitic forms of
this scuticociliate are exposed to oxidative stress associated with environmental factors and the host
immune system. The reactive oxygen species (ROS) generated by the host are neutralized by the ciliate
by means of antioxidant defences. In this study we aimed to identify metalloenzymes with superoxide
dismutase (SOD) activity capable of inactivating the superoxide anion (#0,~) generated during
induction of oxidative stress. P. dicentrarchi possesses the three characteristic types of SOD isoenzymes
in eukaryotes: copper/zinc-SOD, manganese-SOD and iron-SOD. The Cu/Zn-SOD isoenzymes comprise
three types of homodimeric proteins (CSD1-3) of molecular weight (MW) 34-44 kDa and with very
different AA sequences. All Cu/Zn-SODs are sensitive to NaCN, located in the cytosol and in the alveolar
sacs, and one of them (CSD2) is extracellular. Mn- and Fe-SOD transcripts encode homodimeric proteins
(MSD and FSD, respectively) in their native state: a) MSD (MW 50 kDa) is insensitive to H,0, and

NaN; and is located in the mitochondria; and b) FSD (MW 60 kDa) is sensitive to H,0,, NaN; and the
polyphenol trans-resveratrol and is located extracellularly. Expression of SOD isoenzymes increases
when 0, is induced by ultraviolet (UV) irradiation, and the increase is proportional to the dose of
energy applied, indicating that these enzymes are actively involved in cellular protection against
oxidative stress.

Scuticociliates are typically very abundant microphagous bacteriovores in lakes and coastal marine eutrophic
habitats. They are usually associated with soft sediments accumulated on the bottom of these habitats and are
very common in deep waters, in or below the oxycline, and are highly adapted to low levels of dissolved oxygen'-.
Philasterides dicentrarchi is a free-living scuticociliate that can transform into an opportunistic parasite’ and
infect flatfish in culture, causing high mortality rates®®. Like other microaerophilic ciliates, P. dicentrarchi can
survive and remain viable under anoxic conditions or after cyanide treatment'®!!. The microaerophilic condition
of P. dicentrarchi will probably facilitate survival in the internal anoxic environment of the host, representing the
first line of adaptation to parasitism in this ciliate!?. In addition, we have observed that during the endoparasitic
phase of infection, the cells of the innate immune system of turbot generate toxic products, including reactive
oxygen species (ROS) such as superoxide (#O, ™), hydrogen peroxide (H,0,) and hydroxyl radicals (¢OH). The
antioxidant cellular system limits the presence of ROS, preventing damage to macromolecules by these oxygen
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derivatives. This process involves several intracellular enzymes, such as superoxide dismutase (SOD), catalase
(CAT), glutathione peroxidase (GPx) and peroxiredoxin (Prdx)'*-'¢. These proteins are evolutionarily conserved
in all eukaryotic organisms, ranging from yeast to higher organisms. Likewise, exposure of aquatic organisms,
including ciliated protozoa, to thermal stress, ultraviolet radiation (UVR, 280-400 nm) or pollution can cause a
significant increase in the cellular concentrations of ROS, which must be neutralized by detoxifying enzymes to
prevent toxic effects!”'®. It has been found that SOD activity increases after exposure of diatoms to variations in
irradiance, including UVR, thereby reducing oxidative stress'. In eukaryotes, SOD enzymes are grouped into
families based on the presence of different metal cofactors (Mn/Fe, Fe and Cu/Zn) at the active site of the enzyme
in the protein fold and are located in different cell compartments®®. Many eukaryotes, including several microaer-
obic or microaerophilic protists, have an extracellular SOD (EC-SOD or SOD3)??2. More specifically, in ciliates
such as Euplotes, Tetrahymena and Strombidium, several types of SODs in the Cu/Zn-SOD family have been iden-
tified and characterized, and the presence of Mn-SODs and Fe/Mn-SODs has been demonstrated*-26,

In the present study, we carried out biochemical and molecular characterization of enzymes with SOD activ-
ity present in the scuticociliate P. dicentrarchi, focusing on regulation of the expression of these enzymes under
oxidative stress conditions.

Materials and Methods

Parasites. Specimens of P. dicentrarchi (isolate 1) were collected under aseptic conditions from peritoneal
fluid obtained from experimentally infected turbot, Scophthalmus maximus, as previously described?’. The cili-
ates were cultured at 21 °C in complete sterile L-15 medium, as previously described?. In order to maintain the
virulence of the ciliates, the fish were experimentally infected every 6 months by intraperitoneal (ip) injection of
200 L of sterile physiological saline containing 5 x 10° trophozoites. The ciliates were then recovered from ascitic
fluid and maintained in culture as described above.

Experimental animals. Turbot of approximately 50 g body weight were obtained from a local fish farm. The
fish were held in 250-L tanks with aerated recirculating sea water maintained at 14 °C. They were subjected to a
photoperiod of 12 L:12D and fed daily with commercial pellets (Skretting, Burgos, Spain). The fish were acclima-
tized to laboratory conditions for 2 weeks before the start of the experiments.

Eight to 10-week-old Institute for Cancer Research (ICR) (Swiss) CD-1 mice, initially supplied by Charles
River Laboratories (USA), were bred and maintained in the Central Animal Facility of the University of Santiago
de Compostela (Spain). All experimental protocols carried out in the present study followed the European legisla-
tion (Directive 2010/63/EU) and the Spanish legislative requirements related to the use of animals for experimen-
tation (RD 53/2013) and were approved by the Institutional Animal Care and Use Committee of the University
of Santiago de Compostela (Spain).

Purification of SODs by anion exchange chromatography. Ciliates were collected by centrifugation
at 700 g for 5 min and resuspended in saline phosphate buffer (PBS) containing 1x protease inhibitor cocktail
(Sigma-Aldrich). The ciliates present in the solution were then lysed by ultrasonic treatment (W-250 sonifier,
Branson Ultrasonic Corporation, USA) and centrifuged at 15000 g for 20 min at 4 °C*. The supernatant thus
obtained was dialyzed against a start buffer containing 20 mM Tris-HCI pH 8.0, before being filtered (0.451m)
Samples of 1 mL of lysed extract of the ciliate (SE) were subjected to anion exchange chromatography (AEC). For
this purpose, an AEC HiTrapQ column and an automatic protocol were integrated into the Aktaprime plus sys-
tem (GE Healthcare, Sweden), and the sample was eluted using a buffer containing 20 mM Tris-HCI pH 8.0 and
1.0 M NacCl. The eluted sample was collected in 2 mL fractions. Those fractions associated with peaks determined
by absorbance at 280 nm were pooled, dialyzed against distilled water, lyophilized and stored at —20 °C until
analysis by native polyacrylamide gel electrophoresis, as described in detail below.

Determination of SOD activity in native polyacrylamide gels. The SOD activity was determined on
polyacrylamide gels (PAGE) following the method of Weydert and Cullen®. The ciliates were cultured at a con-
centration of 5 x 10° trophozoites/mL in 24-well culture plates (Corning, USA) and were maintained under con-
ditions of normoxia, with or without treatment with inhibitors: H,0,, KCN, NaNj, and trans resveratrol (RESV).
After incubation for 30 min without or with the inhibitors (100 uM), the ciliate samples were collected by centrif-
ugation at 700 g for 5 min and washed twice in incomplete L-15 medium (medium without bovine serum). The
pellet containing the ciliates was then resuspended in a loading buffer containing 1.5 M Tris-HCl pH 6.8, 50%
glycerol and 5% bromophenol blue, which lyses the ciliates by osmotic shock. In some experiments, lyophilized
samples were separated by anion exchange chromatography and resuspended in loading buffer. The enzymatic
activity of the samples was determined on native PAGE, formed by a 5% concentrating gel polyacrylamide in
1.5M Tris-HCI buffer pH 6.8 and a 12.5% separating gel in Tris-HCI buffer pH 8.8. Gel polymerization was
carried out by the addition of 0.04% ammonium persulphate (APS) and 0.0005% tetramethylethylenediamine
(TEMED). After gel polymerization, a pre-electrophoresis step was carried out for 1 h at 20 mA in electrophoresis
buffer containing 200 mM Tris-HCI pH 8.8 and 0.7 mM Na,EDTA at 4 °C to remove the remains of any APS,
which can inactivate the enzyme. All of the initial buffer was then removed, and the samples were prepared in
loading buffer and placed in the concentrator gel. Electrophoresis was finally carried out in an electrophoresis
buffer containing 50 mM Tris-HCl pH 8.3, 1.5mM Na,EDTA and 0.3 M glycine, for 1.5h at 50 mA. The electro-
phoresed gels were washed twice in distilled water and stained with a solution of nitroblue tetrazolium chloride
(NBT) (2.43 M NBT, 28 mM TEMED, 0.14 M riboflavin-5’-phosphate) for 20 min, with agitation at room tem-
perature. The gels were then washed twice with distilled water and exposed, while still in the distilled water, to
light for 12 h. The presence of enzymatic activity was observed by the appearance of destained bands on the
violet-stained gel.
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RNA-Seq. For analysis of the ciliate transcriptome, trophozoites (107) were concentrated by centrifugation,
frozen in liquid nitrogen and sent on dry ice to Future Genomic Technologies (Leiden, Netherlands) for RNAseq
analysis. Transcript sequences from Illumina RNA-Seq data (fragments of approximately 100 pb), obtained
by amplification by SBS, were assembled using Trinity software (v2.6.5)%!, included in the Galaxy application
(https://usegalaxy.org/). The assembled sequences were analyzed by homology modelling, with Blastgo 5.0 soft-
ware (Biobam, Spain), and annotated. Those sequences that encode proteins that are potentially related to the
ciliate SODs were then selected from the Tetrahymena thermophila gene and protein sequences database using
the BLASTx tool Wiki TGD (http://www.ciliate.org/blast/blast_link.cgi).

Production of recombinant proteins in yeast cells. The complete nucleotide sequence that encodes
the SODs (Pd-Cu/Zn-SOD2, Pd-Cu/Zn-SOD3, Pd-Fe-SOD and Pd-Mn-SOD) was obtained using an open read-
ing frame search tool (ORF Finder; https://www.ncbi.nlm.nih.gov/orftinder/), from the annotation data obtained
by analysis of the RNA-Seq. The nucleotide sequence was modified and optimized to produce a recombinant pro-
tein in the yeast Klyuveromyces lactis by using Integrated DNA Technologies (IDT) bioinformatics tool (https://
eu.idtdna.com/CodonOpt). The gene was synthetized by Invitro GeneArt Gene Synthesis (ThermoFisher
Scientific). The K. lactis Protein Expression kit (New England Biolabs, UK) and the pKLAC2 vector were used fol-
lowing the instructions provided by the kit, along with the protein secretion strategy, to express the recombi-
nant protein in yeast. The synthesized nucleotide sequence was initially cloned in the pSpark® II vector (Canvax,
Spain), and recombinant plasmid was subsequently amplified in competent Escherichia coli strain DH-5c. After
extraction and purification of the bacterial plasmid, a PCR was carried out with the following primers: Pd-Cu/
Zn-SOD2 (FCSD2/RCSD2 primers): 5'-CGCCTCGAGAAAAGAATGTTGTTCGTCTTTCAGCGT-3'/5
ATAAGAATGCGGCCGCTTAATGGTGATGATGGTGGTGGTG-3’; Pd-Cu/Zn-SOD3 (FCSD3/RCSD3
primers): 5-CGCCTCGAGAAAAGAATGCATGCCATTTGTATA-3//5'-ATAAGAATGCGGCCGCTTAATG
ATGATGGTGGTG3'; Pd-Fe-SOD (FFSD/RFSD primers): 5'-CGC CTC GAG AAA AGA ATG AAC AAGTACATAA
TA-3'/5'-ATAAGAATGCGGCCGCTTAATGGTGATGGTGATGATG3’; and Pd-Mn-SOD (FMFSD/RMFSD
primers): 5'-CGC CTC GAG AAA AGAATGAAATCGTTGACCAAA-3//5"-ATAAGAATGCGGCCGCTTAATGAT
GGTGGTGATGGTG-3'. The nucleotide sequence that encodes the recombinant proteins included 10 codons encod-
ing histidines at the C-terminal end of the protein. The yeasts were then transformed with the cloned pKLAC2 plasmid,
grown for 2h at 30°C in YPGlu medium and seeded in YCB agar medium plates containing 5mM acetamide at 30°C
for 3—-4 days until formation of colonies. Several colonies were inoculated into the YPGal medium at 30°C for 3-4 days
in agitation at 250 rpm. Once an acceptable cell density was reached, the medium was centrifuged at 6000 g for 10 min,
and the supernatant was maintained at 4 °C until use. The recombinant proteins [Pd-Cu/Zn-SOD (rCSD2), Pd-Cu/
Zn-SOD3 (rCSD3), Pd-Fe-SOD (rFSD) and Pd-Mn-SOD (rMSD)] were purified by affinity chromatography, using
prepacked columns with Ni-Sepharose (HisTrap™, GE Healthcare) in an AKTA Star protein purification system (GE
Healthcare), following the manufacturer’s instructions. After elution, the protein was dialysed against distilled water in
a dialysis tube of 3kDa pore size. Finally, the protein was lyophilized and kept at 4°C until use.

Transmission electron microscopy (TEM). For TEM analysis we followed the technique described by
Parama et al.**. Briefly, the cultured ciliates were collected by centrifugation at 1000 g for 5 min. Cells were fixed
in 2.5% (v/v) glutaraldehyde in 0.1 M cacodylate buffer at pH 7.2. They were then washed several times with 0.1 M
cacodylate buffer and post-fixed in 1% (w/v) OsO,, pre-stained in saturated aqueous uranyl acetate, dehydrated
through a graded acetone series and embedded in Spurr’s resin. Semi-thin sections were then cut with an ultra-
tome (Leica Ultracut UCT, Leica microsystems, Germany) and stained with 1% toluidine blue for examination by
light microscopy. Ultrathin sections were stained in alcoholic uranyl acetate and lead citrate and viewed in a Jeol
JEM-1011 transmission electron microscope (Jeol, Japan) at an accelerating voltage of 100kV.

Exposure of the ciliates to ultraviolet radiation. Ciliates (5 x 10° ciliates mL™") were cultured in
12-well culture plates (Corning, USA) in a final volume of 2mL of complete L-15 medium. The plates were
inserted in a UV crosslinker (UVC500, Hoefer, USA) until reaching energies of 1, 2 and 3 Joules/cm? (J/cm?). At
the end of the exposure period, the viability of the ciliates was checked by observing their morphology and motil-
ity under an inverted microscope. The ciliates were centrifuged at 700 g for 5min, the supernatant was removed,
and the pellet was frozen at —20°C until use.

Immunizations and serum collection. A group of five ICR (Swiss) CD-1 mice were immunized by ip
injection with 200 pL per mouse of a solution of 200 ug of recombinant proteins (rCSD2,3, rESD and rMSOD)
in 1% chitosan hydrogel (CH), prepared according to the method of Barua and Das®. The mice were injected ip
with the same dose of purified recombinant proteins in CH, 15 and 30 days after first immunization. Each mouse
was bled via retrobulbar venous plexus 7 days after the final injection, and if the antibody level was satisfactory,
the mouse was completely bled by decapitation. The blood was left to coagulate overnight at 4°C, and the serum
was separated by centrifugation at 2000 x g for 10 min, mixed 1:1 with glycerol and stored at —20°C until use.

Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) and Western-blot.
SDS-PAGE of the recombinant SODs (rCSD3, rFSD and rMSD) and peak 2 (P2) obtained by AEC (see Fig. 1)
from P. dicentrarchi not exposed or exposed to different levels of UV radiation was performed on linear 12.5%
polyacrylamide mini gels in a Mini-Protean® Tetra cell system (BioRad, USA), as described by Iglesias et al.>".
Samples were included in a loading buffer with 62 mM Tris-HCI buffer, pH 6.8, containing 2% SDS and 10%
glycerol. The gels consisted of 4% stacking gel and 12.5% linear separating gel. Samples were dissolved in 62 mM
Tris-HCl buffer pH 6.8 with 2% SDS, 10% glycerol and 0.004% bromophenol blue, and they were then heated for
5min in a boiling water bath. Electrophoresis was carried out at a constant 200V in Tris-glycine electrode buffer
(25 mM Tris, 190 mM glycine, pH 8.3).
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Figure 1. (A) Profile of a P. dicentrarchi lysate eluted through an anion exchange column (HiTrap Q) in
AKTAprime plus (GE Healthcare) equipment. After chromatography, the fractions corresponding to the

three major peaks obtained after separation of the sample (1-3) were subjected to native polyacrylamide gel
electrophoresis (PAGE) staining to analyse the enzymatic activity. The enzymatic activity SOD (arrows) was
located mostly in a peak (P2). (B) SOD activity observed in 12.5% native polyacrylamide gel electrophoresis
(PAGE) visualized by the nitroblue tetrazolium reduction assay. In the assay, purified protein fractions, obtained
by ion exchange chromatography (P2), were incubated with sodium cyanide (NaCN), hydrogen peroxide
(H,0,), sodium azide (NaN;) and resveratrol (RESV), or without inhibitors (control). The arrows indicate the
bands of SOD activity. Mw (molecular weight).

> P2

For Western-blot analysis, samples separated by electrophoresis were immunoblotted at 15V for 35 min to
Immobilon-P transfer membranes (0.45 um; Millipore, USA) in a trans-blot SD transfer cell (Bio-Rad, USA) with
electrode buffer containing 48 mM Tris, 29 mM glycine, 0.037% SDS and 20% methanol, pH 9.2. Membranes
were washed with Tris buffer saline (TBS; 50 mM Tris, 0.15M NaCl, pH 7.4) and stained with Ponceau S to ver-
ify transfer, blocked for 2h at room temperature with TBS containing 0.2% Tween 20 and 5% non-fat dry milk,
before being washed in TBS and incubated for 1 h with sera of immunized mice anti-rCSD2-3, anti-rFSD and
anti-rMSD (1:100 dilution). All samples were then incubated with peroxidase-conjugated rabbit anti-mouse Ig
(Dakopatts; dilution 1:800) and finally with 0.003% H,0O, and 0.06% 3,30-diaminobenzidine tetrahydrochlo-
ride containing 0.03% NiCl, (DAB/NiCl,, Sigma, USA). The reaction was stopped after approximately 3 min by
exhaustive washing with TBS. Membranes were scanned, and the bands obtained were quantified on the basis of
their signal intensity in the images by using Immage J software (https://imagej.nih.gov/ij/).

Immunofluorescence and confocal microscopy. For immunolocalization of Pd-Cu/Zn-SOD3 and
Pd-Mn-SOD in the trophonts, an immunofluorescence assay was performed, as previously described®. Briefly,
ciliates (5 x 10°) were centrifuged at 700 X g for 5 min, washed twice with PBS pH 7.0 and fixed for 15min in a
solution of 4% formaldehyde in PBS at room temperature. The ciliates were then washed twice with PBS, resus-
pended in a solution containing 0.3% Triton X-100 in PBS for 3 min, washed twice with PBS and incubated with
1% BSA for 30 min. After this blocking step, the ciliates were washed in PBS and incubated at room temperature
with stirring at 750 rpm for one hour with a 1:100 dilution in PBS of mouse sera anti-rCSD3 and anti-rMSD. The
samples were washed 3 times with PBS, before fluorescein isothiocyanate (FITC) conjugated rabbit/anti-mouse Ig
(DAKO, Denmark) (dilution, 1:1000) was added, and the samples were incubated for 1h at room temperature and
in darkness. After another three washes in PBS, the samples were mounted in PBS-glycerol (1:1) and visualized by
confocal microscopy (Leica TCS-SP2, Leica Microsystems, Germany).

Phenazine methosulfonate (PMS)-nitroblue tetrazolium (NBT) assay. SOD activity was measured
spectrophotometrically in the PMS-NBT assay>®. In this assay, reduction of NBT occurs by €O, generated by
a mixture of nicotinamide adenine dinucleotide (NADH) and PMS at non-acidic pH. This was done by adding
100 L of 1 mg/mL of the P2 of P. dicentrarchi, or 100 uL of P2 from ciliates treated with UV at 3J/cm?, containing
50 M of NBT and 78 pM NADH in 100 mM sodium phosphate buffer (PB) at pH 7.4, to each well of 96-well
microplates (Corning, USA). The reaction was started by adding 100 pL of PMS (5uM PMS in 100mM PB pH
7.4). Assay mixtures were incubated at 25 °C for 60 min. The blue formazan resulting from the reduction of NBT
by O, generated from autooxidation of PMS was measured spectrophotometrically at 560 nm. As the enzymatic
activation proceeds, a reduction in the blue colour generated is produced. The enzymatic activity was quantified
as the decrease in absorbance at 560 nm/min.

Enzyme-linked immunosorbent assay (ELISA). The CSD2, CSD3, FSD and MFSD proteins in the cul-
ture medium and in the trophonts after exposure to ultraviolet radiation at 3 J/cm? were detected and quantified
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by ELISA. Briefly, 1 ug of P2 peak from AEC of ciliates exposed or not exposed to UV radiation or purified
recombinant SODs (rCSD2, rCSD3, rESD and rMSD) in 100 pl of carbonate-bicarbonate buffer pH 9.6 (coupling
buffer), or 90 uL of incomplete L-15 medium from ciliates exposed or not exposed to UV radiation and 10 pL of
coupling buffer 10, was added to 96-well hydrophilic, protein-binding plates (ThermoFisher Scientific, USA)
and incubated overnight at 4 °C. The plates were then washed 3 times with TBS (50 mM Tris, 0.15M NaCl, pH
7.4), blocked for 1 h with TBS containing 0.2% Tween 20 (TBS-T)), 5% non-fat dry milk, incubated for 15 min
at 37°C and at 750 rpm in a microplate shaker with 100 pl of a 1:100 dilution (in TBS-T, containing 1% non-fat
dry milk) of immunized mice serum (anti-rCSD2, anti-rCSD3, anti-rFSD and anti-rMSD, serum), and washed 5
times with TBS containing 0.05% Tween 20. Bound mouse antibodies were detected with peroxidase-conjugated
rabbit anti-mouse Ig (Dako) diluted 1:1000 in TBS-T, and incubated for 15min at 37°C and 750 rpm. The
plates were then washed 5 times in TBS, and 100 ul of 0.04% o-phenylendiamine (OPD; Sigma) prepared in
phosphate-citrate buffer, pH 5.0, containing 0.001% H,0, was added to each well. The reaction was stopped
after 20 min, with 3 N H,SO, and the optical density (OD) was measured at 492 nm in an ELISA reader (Titertek
Multiscan, Flow Laboratories).

Reverse transcriptase-quantitative polymerase chain reaction (RT-qPCR).  Total RNA of 10° tro-
phozoites/mL of P. dicentrarchi not exposed or exposed to ultraviolet radiation was isolated with a NucleoSpin
RNA isolation kit (Macherey-Nagel), following the manufacturer’s instructions. After purification of the RNA,
the quality, purity and concentration were measured in a NanoDrop ND-1000 Spectrophotometer (NanoDrop
Technologies, USA). The reaction mixture (25pL) used for cDNA synthesis contained 1-25 pM random hex-
amer primers (Promega), 250 uM of each deoxynucleoside triphosphate (ANTP), 10 mM dithiothreitol (DTT),
20 U of RNase inhibitor, 2-5 mM MgCl,, 200 U of Moloney murine leukemia virus reverse transcriptase (MMLV;
Promega) in 30 mM Tris and 20 mM KCI (pH 8-3) and 2 pg of sample RNA. PCR (for cDNA amplification) was
performed with gene-specific primers forward/reverse pair for the Pd-Cu/Zn-SOD3 gene (FSD3/RSD3 prim-
ers): 5'-CAAAACCGCAGGTTCTCATT-3//5-CTTCTTGGGCATGAACCACT-3'. In parallel, a qPCR was per-
formed with P. dicentrarchi elongation factor 1-alpha gene (EF-1cv) (GenBank accession KF952262) as a reference
gene, by including the forward/reverse primer pair (FEF1A/REF1A) 5-TCGCTCCTTCTTGCATCGTT-3//5’-
TCTGGCTGGGTCGTTTTTGT-3'. The Primer 3Plus program was used, with default parameters, to design and
optimize the primer sets. The PCR mixtures (25 pL) contained PCR reaction buffer (10 mM Tris-HCI, 50 mM KCl,
1.5mM MgCl2, pH 9-0), 0-2mM of each deoxynucleoside triphosphate (ANTPs, Roche), 0-4 uM of each primer,
3 units of recombinant Taq polymerase (NZY Taq DNA polymerase, NZY Tech, Portugal) and 2 uL of cDNA.
Quantitative PCR mixtures (10 uL) contained 5pL Kapa SYBR FAST qPCR Master Mix (2 x) (Sigma-Aldrich),
300nM of the primer pair, 1 pL of cDNA and RNase-DNase-free water. Quantitative PCR was run at 95 °C for
5min, followed by 40 cycles at 95°C for 10s and 60 °C for 30s, ending with melting-curve analysis at 95 °C for
155, 55°C for 15s and 95°C for 15s. qPCRs were performed in an Eco RT-PCR system (Illumina). Relative
quantification of gene expression was determined by the 2-22¢ method applied with software conforming to
minimum information for publication of RT-qPCR experiments (MIQE) guidelines®.

Bioinformatic and statistical analysis. InterPro software® was used for functional analysis of proteins
and classification into different families predicting the domains and important sites. The Phobius®, SignalP*’ and
Signal-3L ver. 2.0*' programs were used to predict the topology of transmembrane and location of signal peptide
cleavage sites in AA (AA) sequences. The MitoProt II-v1.101 program* was used to analyze the N-terminal
region of the protein that might contain a mitochondrial signal sequence and its cleavage site. The MotiFinder
tool of the Japanese GenomeNet network, accessible online at https://www.genome.jp/tools/motif/MOTIEhtml
was used to search for protein sequence motifs. The ProtParam tool was used to predict the physicochemical
parameters for a given protein®’. The SWISS-MODEL Protein server was used for modelling*’. The bioinformatic
tools LocTree3*? and PredictProtein*® were used to predict sub-cellular localization. The Clustal Omega multi-
ple sequence alignment program was used to align the aa sequences of Pd-Cu/ZnSOD3 and Pd-Fe-SOD*. The
Maximum Likelihood (ML) trees were constructed with a method based on a JTT model** with the Mega7 pro-
gram®¢, and the reliability of internal branches was assessed using a nonparametric bootstrap method with 1,000
replicates. The Bayesian inference (BI) analysis was performed with MrBayes 3.2.6.

The values shown in the text and figures are means == SEM. One-way analysis of variance (ANOVA) was used
for comparison of more than two samples, and the Tukey-Kramer test was used for pairwise comparisons. The
Student’s t-test was used for comparison of two samples. In both cases, differences were considered significant at
P <0.05.

Results

Isolation of the SODs and evaluation of enzymatic activities. For identification and purification
of P. dicentrarchi SODs, a soluble extract of the ciliate (SE) was separated by anion exchange chromatography
(AEC). The fractions thus obtained were analyzed by native electrophoresis, to detect enzymatic activity.

The results presented in Fig. 1A show the chromatographic profile obtained after separation of the SE fractions
obtained by AEC by elution of the sample with the elution buffer. Three peaks of maximum absorption at 280 nm
were observed. Analysis of the SOD activity of the three fractions, by non-denaturing PAGE, shows that the enzy-
matic activity occurs exclusively in the second elution peak (P2), detecting the appearance of three major bands
with relative molecular weights of approximately 35, 50 and 60 kDa respectively (Fig. 1B).

Addition of inhibitors of SOD activity, such as sodium cyanide, hydrogen peroxide, sodium azide and the
polyphenol resveratrol (RESV), at a concentration of 100 uM, caused inhibition of SOD activity (Fig. 1B).
Specifically, NaCN caused total inhibition of the activity of SODs of mw 35kDa; H,O, caused total inhibition of
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Figure 2. (A) Clustal Omega alignments of aa sequences of three Cu/Zn-SODs (CSD1-3) proteins found in P.
dicentrarchi (strain I1). The symbols at the bottom indicate the conservation levels of the sequences: (*) fully
conserved; (:) highly conserved; (.) conserved substitution. (B) Percent Identity Matrix of the sequences of the
three proteins created by Clustal Omega 2.1.

the enzymatic activity of SODs of mw 65kDa; while both NaN; and RESV produced complete inhibition of the
activity of SOD enzymes of mw 65kDa (Fig. 1B).

Molecular characterization of the SOD enzymes of P. dicentrarchi. After annotation of the tran-
scripts obtained in an RNAseq experiment, we found that P. dicentrachi expressed three transcripts that encode
proteins homologous to the Cu/Zn-SOD enzymes of ciliates (Fig. 2A), a transcript that encodes a protein homol-
ogous to Mn/Fe-SOD and a transcript that encodes a protein homologous to Fe-SOD. In homology modelling of
the structure of the proteins encoded by the transcripts, the DeepView program (Swiss Pbd-Viewer) predicted
that the oligomeric state of the proteins is dimeric.

Figure 2A shows the aa sequences of three transcripts obtained from an RNAseq assay. Analysis by the
InterPro bioinformatics tool, designed for the analysis and classification of proteins, predicted that the aa
sequences belong to the Cu/Zn-SOD superfamily. Regarding the biochemical parameters, the transcript corre-
sponding to the Pd-Cu/Zn-SOD1 form has an ORF of 492 bp (GenBank accession number MH427342), which
encodes a protein (CSD1) of 163 AA, with an estimated mw of 17173.30 Da and an estimated isoelectric point
(pI) of 5.70. The transcript corresponding to the Pd-Cu/Zn-SOD2 form has a 600 bp ORF (GenBank accession
number MK348945) that encodes a protein (CSD2) of 199 AA, with an estimated mw of 21385.98 daltons and an
estimated pI of 8.18. The transcript related to the Pd-Cu/Zn-SOD3 form possesses an ORF of 591 bp (GenBank
accession number MK348946) that encodes a protein (CSD3) of 196 AA, with estimated MW of 22197.45 Da and
an estimated pI of 9.37. Global alignment of the aa sequences of the 3 proteins related to the Pd-Cu/Zn-SODs
generated some regions with conserved domains (Fig. 2A); however, the global identity of the aa sequences is
low (43-51%) (Fig. 2B). The gene ontology annotations of these sequences indicate that their molecular function
is related to metal ion binding and biological process of oxidation-reduction and superoxide metabolic process.
According to Signal-3L 2.0, a bioinformatic program predictor of signal peptides, CSD2, has a signal peptide
between AA,_,. However, the Phobius bioinformatic predictor of signal peptides and transmembrane topology,
predicted a signal peptide in the CSD2 protein between AA,_,,. The topology of the CSD3 protein predicted by
the Phobius bioinformatics tool indicates a cytoplasmic region between the AA,_5;, a transmembrane region
located between the AA 54, and a non-cytoplasmic region between the AA,;;_g.

We also found that P. dicentrarchi has two SODs dependent on Fe and Mn/Fe, as a result of the analysis of P.
dicentrarchi sequences with the Blastx program and using the Tetrahymena thermophila (AA) database for the
search. The Mn-dependent enzyme (Pd-Mn-SOD) has a 663 bp ORF (GenBank accession number MK348948)
that encodes a protein (MSD) of 220 AA, of MW of about 25074.43 Da and with an estimated pI of 7.06. This pro-
tein contains an export signal to the mitochondria between AA,_, with a cleavage site al AA ;. The Pd-Fe-SOD
enzyme has a 750 bp ORF (GenBank accession MK348949) that encodes a protein (FSD) of 249 AA with an
estimated MW of 29154.81 Da and an estimated pI of 5.79. The Phobius tool predicts for the FSD protein a signal
peptide between the AA_,,. The homology modelling of the structure of the proteins encoded by the transcripts
corresponding to the Pd-Mn- and Fe-SOD forms revealed the existence of an oligomeric state of the protein
forming a homodimer.

The molecular evolution of Pd-Cu/Zn-SODs and Pd-Mn/Fe-SODs enzymes was studied within the frame-
work of known SODs sequences of ciliate species and other species belonging to the most representative
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Figure 3. Phylogenetic analysis of (A) P. dicentrarchi Cu/Zn-SODs and (B) Fe/Mn-SOD proteins by the
Maximum Likelihood (ML) and Bayesian inference (BI) methods, respectively. The trees with the highest

log likelihood (A) (—4402.19) and (B) (—1780.26) are shown. Evolutionary analysis was conducted with the
MEGA?7 and MrBayes 3.2.6. programs. Initial trees for the heuristic search were obtained automatically by
applying Neighbor-Joining and BioN] algorithms to a matrix of pairwise distances estimated using a JTT
model, and then selecting the topology with superior log likelihood value. The analysis involved (A) 27 and (B)
19 AA sequences. Numbers on branches represent the bootstrap value for ML analysis (black) and posterior
probability value of BI analysis (red). The codes that appear next to the species in parentheses are the GenBank
sequence accession numbers. Dashes (—) indicate disagreement between the ML and BI analysis. The scale bar
corresponds to 10 (A) or 20 (B) substitutions per 100 AA positions.

eukaryote groups (Fig. 3). The phylogenetic tree obtained by maximum likelihood (ML) and Bayesian inference
(BI) methods indicate that Cu/Zn-SODs of P. dicentrarchi are closely related to Cu/Zn-SODs of ciliates and more
separated from the SODs of other species of eukaryotes (Fig. 3A). More specifically, the Pd-Cu/Zn-SOD1-3
are closely related to a Cu/Zn-SOD of the ciliate Ichthyophthirius multifiliis, while the Pd-Cu/Zn-SOD2 is
more closely related to a SOD of the scuticociliate Pseudocohnilembus persalinus (Fig. 3A). With respect to the
Pd-Mn/Fe-SODs isoenzymes, the phylogenetic analysis confirms that both enzymes are related to the SODs of
the Mn-SOD and Fe-SOD types of eukaryotes (Fig. 3B). On the other hand, the phylogenetic tree shows that
Pd-Mn-SOD is grouped with Fe/Mn-SODs of ciliates and closely related to a Fe/Mn-SOD of the scuticociliate P.
persalinus, while the Pd-Fe-SOD is grouped with a Fe/Mn-SOD from the ciliate Paramecium and a Fe-SOD from
the plant Arabidopsis (Fig. 3B).

Cellular localization of SODs in P. dicentrarchi. We used two approaches to determine the subcellular
localization of the Pd-SOD isoenzymes: (1) bioinformatic prediction and (2) analysis by indirect immunofluores-
cence assay. In the first case, we used several bioinformatics tools such as PredictProtein and LocTree3 and, in the
second case, we generated antibodies against CSD3 and MSD proteins (Fig. 4). Bioinformatic predictions indi-
cate that the enzymes Pd-Cu/Zn-SOD1 and Pd-Cu/Zn-SOD2 would be located in the cytosol, while the Pd-Cu/
Zn-SOD3 isoenzyme would be located in structures related to plant chloroplasts or in the periplasmic space of
bacteria. The subcellular localization of Pd-Mn-SOD is predicted to be in the mitochondria and the Pd-Fe-SOD
in the cytoplasm. In the second case, in order to determine the cellular localization of the different Pd-SODs
by immunofluorescence analysis, we generated antibodies against the recombinant proteins corresponding to
Pd-Cu/Zn-SOD3 (rCDS3) and Pd-Mn-SOD (rMSD) (Fig. 4A). The size of the recombinant monomeric proteins
corresponds to the original ciliated proteins from which they were derived: 21 kDa for the CSD3 protein mono-
mer, 25kDa for the MSD protein monomer and between 29-30kDa for the FSD protein monomer (Fig. 4A). Ina
Western blot, the antibodies generated against the recombinant monomeric proteins recognize native proteins of
the ciliate bands of twice the molecular weight of the monomers (Fig. 4B). After mice were immunized with the
different recombinant proteins, the antibodies obtained were tested against P. dicentrarchi trophozoites by immu-
nofluorescence analysis, which revealed that the anti-rCSD3 antibodies recognised the alveolar sacs (Fig. 4C).
The antibodies generated by injection with the rMSD recombinant protein strongly recognised the mitochondria
(Fig. 4D) aligned just below the plasma membrane of the trophozoite (Fig. 4E).

Expression of SODs in trophozoites of P. dicentrarchi exposed to ultraviolet radiation and
oxidative stress. Ciliates exposed to ultraviolet light generated a higher level of SOD isoenzymes than
non-exposed ciliates (Fig. 5). The protein levels of CSD2-3, MSD and FSD increased significantly after exposure
to ultraviolet radiation with an energy of 3J/cm?. In this experiment, we also analyzed the possible existence of
extracellular SODs secreted by the ciliate. To investigate this phenomenon, we use an ELISA to determine the
SOD levels in the culture medium of irradiated and non-irradiated ciliates. The assay showed an increase in the
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Figure 4. Western-blot analysis with polyclonal antibodies against the monomers of the recombinant
proteins of the form of the Cu/Zn-SOD3 isoenzyme (rCSD3), the Mn-SOD isoenzyme (rMSD) and the Fe-
SOD isoenzyme (rFSD) produced in (A) the yeast Klyveromyces lactis, and (B) against fractions purified by
ion exchange chromatography with SOD activity (peak 2, P2) under non-reducing conditions, with the same
antibodies as in A. molecular weight (Mw) markers are shown in kDa. Immunostaining patterns by confocal
microscopy with (C) the polyclonal anti-CSD3 and (D) the anti-MSD antibodies. (E) Transmission electron
micrograph of a P. dicentrarchi trophont showing the presence of aligned mitochondria (arrows), below the
alveolar sacs. Bar size: 10 pm.

amount of Pd-Cu/Zn-SOD2, suggesting that this isoenzyme is released extracellularly, and also in the amount
of Pd-Cu/Zn-SOD3 (Fig. 5A,B). On the other hand, the Pd-Mn-SOD isoenzyme was not detected extracellu-
larly (Fig. 5C), and the Pd-Fe-SOD isoenzyme was detected in the culture medium, although the levels of this
enzyme decreased after irradiation of trophozoites (Fig. 5D). Expression of SOD enzymes, at both the protein
level (Fig. 6A) and transcriptomic level (Fig. 6B), was dependent on the dose of irradiation administered. Finally,
exposure of the ciliates to oxidative stress through the chemical generation of O, in the culture medium caused
a significant increase in SOD activity in the exposed trophozoites (Fig. 6C).

Discussion
Eukaryotes possess three types of SOD families characterized by the presence of metal cofactors (Mn?*, Fe*™,
Cu?" or Zn?*) in the active sites, location in different organelles and cellular compartments, and different sensi-
tivities to cyanide, azide and hydrogen peroxide*®*. In the staining of antioxidant activity on native polyacryla-
mide gels, three bands of activity corresponding to three SOD isoenzymes were observed in a soluble extract of
P. dicentrarchi purified by anion exchange chromatography. Identification of the enzymatic activity bands of the
SOD isoenzymes was initially based on sensitivity to several inhibitors. Thus, the activity of the Cu/Zn-SODs
was identified by the sensitivity to NaCN*’, while the Fe-SOD activity was identified by sensitivity to H,O, and
NaN,**2. The Mn-SOD activity was identified because it was not inhibited by NaCN or by H,0,%. In this study,
we also analyzed the effect of the phytoalexin trans-resveratrol (RESV), which has been shown to inhibit SOD in
plants with an apparent K; of 10 pM>*. The inhibitory capacity of RESV on the SOD activity of P. dicentrarchi was
also confirmed in a previous study, in which we found that a concentration of 100 uM RESV caused inhibition of
SOD activity®. In the present study, we showed that RESV partly inhibited the activity of the Pd-Mn-SOD isoen-
zyme and completely inhibited the activity of the Pd-Fe-SOD isoenzyme, while the Pd-Cu/Zn-SODs isoenzymes
were insensitive to this polyphenol.

With the purpose of identifying the protein sequences of the Pd-SOD family of enzymes, we carried out
a transcriptomic analysis with an RNAseq assay to locate homologous sequences and to identify the mole-
cules involved. Although it was initially believed that protozoa lacked genes that encode the Cu/Zn-SOD iso-
enzyme®>”’, several studies have shown its existence and activity in these unicellular organisms, including, for
example, the amphizoic ciliates and amoebas?**®. In this study, we detected the presence in P. dicentrarchi of
three transcripts with different sequences and with showing some similarity to Cu/Zn-SOD enzymes. The exist-
ence of several Cu/ZnSOD forms is frequently observed among ciliates. Thus, in Tetrahymena thermophila three
Cu/Zn-SOD genes have been identified that encode enzymes of MW 17.9-21.4kDa; in Euplotes focardii two
genes that encode proteins of MW 16.8-20kDa; and in Oxytrichia trifallax two genes that encode proteins of
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Figure 5. ELISA assay for the determination of expression levels of SODs in P. dicentrarchi trophonts exposed
in vitro to ultraviolet (UV) radiation (3 ]) relative to non-radiated trophonts (none). (A,B) The assay included
polyclonal antibodies against the recombinant proteins of forms 2 and 3 of Cu/ZnSOD (anti-rCSD2 and anti-
rCSD3, respectively), (C) Mn-SOD (anti-rMSD) and (D) Fe-SOD (anti-rFSD). The level of recognition was
evaluated against the SODs present in peak 2 (P2) purified by ion exchange chromatography (see Fig. 1), using
the proteins recombinants (rCSD2, rCSD3, rMSD and rFSD) as response controls and a sample of L5 culture
medium to determine the presence of extracellular forms of SOD. The asterisks indicate statistically significant
differences (P < 0.01), relative to the non-irradiated controls (determined by Student t test).

MW 17.5-17.6 kDa*. In addition, two types of Cu/Zn-SOD (Ec-Cu/Zn-SOD1 and EC-Cu/Zn-SOD?2) identi-
fied in E. crassus express proteins of sizes between 17.3 and 19.9kDa and pI of 4.98 and 6.65, respectively; the
enzyme corresponding to type 1 has a signal peptide for extracellular activity?. In this study, the CSD2 protein
encoded by the Pd-Cu/Zn-SOD2 transcript also has a signal peptide that indicates a relationship with a function
in extracellular activity, while the CSD3 protein encoded by the Pd-Cu/ZnSOD3 transcript has a transmembrane
region, indicating that it is attached to membranes. In the nematode Caenorhabditis elegans, the presence of Cu/
Zn-SOD isoforms with a consensus signal peptide at the N-terminus and similar to the extracellular-types of Cu/
Zn-SODs in mammals, has also been detected and associated with membranes with a presumed transmembrane
domain at the C-terminal region generated through an alternative splicing process®. Other parasites such as
the helminth Schistosoma mansoni also have extracellular Cu/Zn-SODs forms that contain a signal peptide and
membrane-associated transmembrane regions®. Likewise, the presence of four variants in the isoelectric point
(pI) has also been observed in adult forms of the same parasite, although in all cases the pI of the Cu/Zn-SODs
was slightly lower than 7%. In the Pd-Cu/Zn-SODs transcripts, the pI of a transcript that encodes the protein
CSD1 is below 7 and in two transcripts that encode proteins CSD2 and CSD3, the value of pl is greater than 7,
indicating that pI is lower than 7 in cytoplasmic forms, while it is greater than 7 in extracellular forms or form
associated with membranes. The existence of extracellular forms with pI > 7 has also been observed in plants, and
the extracellular forms of the Cu/Zn-SODs have a higher pI than cytosolic forms®"*2. Modelling of the proteins
encoded by the three transcripts associated with Pd-Cu/Zn-SODs indicates that these are oligomeric proteins
of the homodimer type, which may indicate that the MW of the active enzymes in their native form will be
between 34 and 44 kDa. In most eukaryote organisms, Cu/Zn-SODs are presented as homodimer enzymes*%.
In the marine ciliate E. focardii and the amoeba Acanthamoeba castellani, the enzymes Cu/ZnSODs are homod-
imeric?*®. The low homology between the AA sequences of the Cu/Zn-SOD in P. dicentrarchi seems to indicate
that these transcripts are derived from the expression of paralogous genes, as occurs in some archaebacteria®.
The Fe- and Mn-SOD enzymes are the oldest SOD group and have probably evolved from orthologous
genes”. Fe-SOD enzymes are found in prokaryotes and in chloroplasts, while Mn-SODs occur both in prokary-
otes and in the mitochondrial matrix of eukaryotes?. It has been suggested that iron may have been the first metal
used as a cofactor associated with the active site of the first SOD due to its abundance at that time in the form
of soluble Fe?*%. In protozoa, the Mn-SOD isoenzyme has been detected in Euglena gracilis® and in the ciliates
Euplotes focardii and E. crassus®>?°. Fe-SOD was originally considered a bacterial cytosolic enzyme; however, it
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Figure 6. (A) Expression of Cu/Zn-SOD3 (CSD3) in P. dicentrarchi trophonts exposed to different levels of
UV radiation, as determined in a Western blot (WB) assay with a polyclonal antibody against the recombinant
protein rCSD3 (anti-rCSD3) and proteins in peak 2 (P2) purified by ion exchange chromatography. The graph
corresponds to the densitometric analysis of the WB (n = 3). A representative WB (not cropped) is shown in
the figure. (B) Expression of Cu/Zn-SOD?3 transcripts by ciliates exposed to different doses of UV radiation and
quantified by RT-qPCR. (C) SOD activity in the P2 fraction from ciliates treated by UV irradiation

(3J/cm?) and untreated ciliates (control), as determined by the PMS-NBT (phenazine methosulfonate -
nitroblue tetrazolium) assay. The enzymatic activity was quantified as the decrease in absorbance at 560 nm/min
(—Aabsorbance/min). The mean values and standard error are represented in the bar graph, and the asterisks
indicate statistically significant differences (*P < 0.05; **P < 0.01) relative to the non-irradiated control.

has also been detected in archaea, in plant chloroplasts, as well as in the cytosol, glycosomes and mitochondria
of protists®”. Fe-SODs are common in Protozoa, e.g. in the amitochondriate Entamoeba histolytica®®, as well as in
T. pyriformis®, Plasmodium falciparum™, Leishmania chagasi’', Trypanosoma cruzi’, Perkinsus marinus>"* and
Trichomonas vaginalis™. The Fe-SOD form seems to predominate in anaerobic or microaerophilic organisms,
while the Mn-SOD form predominates in aerobes®*. The presence of an Fe-SOD form in P. dicentrarchi may be an
adaptation to its microaerophilic nature and sensitivity to high concentrations of oxygen because it is a benthic
organism’®. The Pd-Mn-SOD isoenzyme possesses four Mn binding sites, as do other Mn-SODs of eukaryotes”.
In bacteria and eukaryotes, Fe-and Mn-SOD exist in both the homodimeric and homotetrameric forms with
22kDa subunits®””7; however, in P. dicentrarchi, as in the symbiotic dinoflagellate protozoon Symbiodinium or the
apicomplex P. falciparum, both Mn-SOD and Fe-SOD represent dimeric forms’®”. By contrast, the Fe-SOD iso-
lated from the ciliate T. pyriformis is reported to be tetrameric®. In parasitic protists such as T. vaginalis, Fe-SOD
is a dimeric protein that displays high structural similarity to Fe-SODs of prokaryotes, possibly indicating that
its presence in eukaryotes may be due to an endosymbiotic process*’. The CSD3 protein encoded by Pd-Cu/
Zn-SOD3 transcript and the FSD protein encoded by Pd-FeSOD transcript are both phylogenetically related to
ciliated SODs and these proteins show greater identity with SODs of the scuticociliate P. persalinus®'.

The bimetallic enzymes copper-and zinc-containing SODs are a family of isoenzymes found in both intracel-
lular and extracellular locations. This family comprises ubiquitous enzymes that appear primarily in the cytosol
but can also occur in the mitochondrial intermembrane space, the secretory pathway and even the nucleus®?. In
the present study, the bioinformatic prediction and the immunofluorescence findings indicate that the Pd-Cu/
Zn-SOD3 form is in the alveolar sacs, in a similar way that the Cu/Zn-SODs of bacteria occur in the periplasm®.
The other two Pd-Cu/Zn-SODs appear to occur in the cytosol (Pd-Cu/Zn-SOD1) and extracellularly (Pd-Cu/
Zn-SOD2). In eukaryotes, the presence of cytosolic and extracellular Cu/Zn-SODs is very common®*®. The pres-
ence of a signal peptide in Pd-Cu/ZnSOD2 seems to indicate that this enzyme is extracellular. As O, is generally
unable to cross the cell membrane, the substrate for this Cu/Zn-SOD in eukaryotes should be produced outside
the cell®2.

The identity analysis of the 220 AA transcript, determined using the Blastp tool, indicates that it possesses the
highest identity with a SOD [Fe] protein in T. thermophila SB210 and with an Mn/Fe-SOD in the scuticociliate
P. persalinus®'. Fe- and Mn-SODs are found in a wide variety of species and may be located either in the cytosol
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or in the mitochondria or in both; however, in animals Mn-SOD is usually present in the mitochondria®. The
Mn-SOD enzyme in eukaryotes is synthesized in the cytosol and exported post-translationally to the mitochon-
drial matrix where 90% of cellular O, is consumed®. The results of the immunofluorescence assay indicate that
the protein encoded by the 220 AA transcript occurs in the mitochondria. In P. dicentrarchi, the protein encoded
by the 220 AA transcripts also sends an export signal to the mitochondria and potentially has a homodimeric
structure. Together with its predicted molecular size and its insensitivity to inhibition by H,0, and NaNj, the
above findings seem to indicate that the protein is an Mn-SOD with mitochondrial localization. With respect to
the transcript generated by the 249 AA protein, Blastp analysis of the NCBI indicates that the maximum identity
of this sequence occurs with bacterial SOD sequences. However, use of this tool to perform the search in the
database of Tetrahymena yielded maximum identity with an Fe-SOD of T. borealis and with an Mn/Fe-SOD of
Oxitrichia. These results are also consistent with the prediction of the InterPro bioinformatics program, which
indicates that this protein has a signal peptide, lacks transmembrane regions and possesses domains of the Mn/
Fe-SODs family. In addition, considering the molecular size of this enzyme in its homodimeric form, the inability
of cyanide to inhibit its enzymatic activity and its sensitivity to azide together indicate that this enzyme contains
iron as a metallic cofactor in the active site®.

In the marine environment where the free-living cilia live, various environmental changes can lead to the gen-
eration of a high level of oxidative stress'®?°. During infection, the ciliates are also subjected to high levels of ROS
generated by the cells of the host’s innate immune system®. Among the factors that can intervene the following
are environmentally most important in generating high levels of ROS: temperature, excess oxygen in water, solar
UV radiation and the presence of various types of pollutants'®%. Likewise, when fish are cultured in open-circuit
farms, the water is commonly oxygenated by the direct supply of O, or by aeration, and disinfection is carried
out by UV radiation®. In order to survive, marine organisms use SOD enzymes that allow them to elimi-
nate not only the endogenous O, produced during metabolic processes, including mitochondrial respiration,
but also the exogenous O, present in environments with high level of oxidative stress*. In the present study,
we observed that the levels of expression of all SODs increase significantly after exposure of trophonts to UV
radiation. Likewise, we also observed that both Pd-Cu/Zn-SOD2 and Pd-Fe-SOD are excreted into the culture
medium after UV irradiation. These findings indicate the existence of extracellular forms of Pd-Cu/Zn-SOD and
of Pd-Fe-SOD. In both cases, although the cellular localization was initially predicted to be cytosolic, the existence
of signal peptides in both isoenzymes seems to confirm that these proteins can be secreted and participate in the
neutralization of extracellular #O,~ generated by UV radiation. Mammals also possess a Cu/Zn-SOD and an
extracellular Fe-SOD induced under oxidative stress’'. Cytosolic and extracellular Cu/Zn-SODs have also been
identified in several parasitic organisms®>-*4. In the marine ciliate E. focardii, one of the Cu/Zn-SODs is extracel-
lular®®. An excreted Fe-SOD has also been detected in the Tripanosomatid belonging to the genus Phytomonas,
and which also has an immunogenic capacity?’. Expression of the Pd-Cu/Zn-SODs, at both the protein and tran-
scription levels increase in proportion to the dose of UV radiation administered, and the enzymatic activity is also
significantly increased at the highest dose of non-lethal UV radiation.

In conclusion, P. dicentrarchi possesses the three characteristic types of SODs present in eukaryotes, i.e. Cu/
Zn-SOD, Mn-SOD and Fe-SOD, the functional forms of which are oligomeric enzymes of the homodimeric type.
Three types of Pd-Cu/Zn-SOD enzymes are sensitive to NaCN: one is cytosolic, another is present in the alveolar
sacs of the trophonts and a third is extracellular. All three have very different aa sequences. Another two other
isoenzymes have also been identified: a mitochondrial Mn-SOD insensitive to H,0, and NaNj3, and an extracellu-
lar cytosolic Fe-SOD sensitive to H,0, and NaNj. The activity of all SODs isoenzymes increases under conditions
of oxidative stress induced by UV radiation. This study highlights the role of SODs as enzymes that protect the
ciliate from the toxic action of #0,~ generated both in the marine environment, during its free life phase, and in
the host, during the parasitic phase. The extracellular forms of these enzymes, with very different aa sequences
from the host, may yield potential diagnostic targets, as well as potential antigens, in order to produce vaccines
in the future®>*.

Data Availability
The datasets generated during and/or analysed during the current study are available from the corresponding
author on reasonable request.

References
1. Fenchel, T. The ecology of marine macrobenthos. II. The food of marine benthic ciliates. Ophelia 5, 73-121 (1968).
2. Beaver, J. R. & Crisman, T. L. The trophic response of ciliated protozoans in freshwater lakes. Limnol. Oceanogr. 27, 246-253 (1982).
3. Fenchel, T., Kristensen, L. D. & Rasmussen, L. Water column anoxia: vertical zonation of planktonic protozoa. Mar. Ecol. Prog. Ser.
62, 1-10 (1990).
4. Dolan, J. R. Microphagous ciliates in mesohaline Chesapeake Bay waters: estimates of growth rates and consumption by copepods.
Mar. Biol. 111, 303-309 (1991).
5. Ayo, B. et al. Grazing rates of diverse morphotypes of bacterivorous ciliates feeding on four allochthonous bacteria. Lett. App.
Microbiol. 33, 455-460 (2001).
6. Urrutxurtu, I, Orive, E. & de la Sota, A. Seasonal dynamics of ciliated protozoa and their potential food in an eutrophic estuary (Bay
of Biscay). Estuar. Coast. Shelf Sci. 57, 1169-1182 (2003).
7. Dragesco, A. et al. Philasterides dicentrarchi, n. Sp. (Ciliophora, Scuticociliatida), a histiophagous opportunistic parasite of
Dicentrarchus labrax (Linnaeus, 1758), a reared marine fish. Eur. J. Protistol. 31, 327-340 (1995).
8. Iglesias, R. et al. Philasterides dicentrarchi (Ciliophora, Scuticociliatida) as the causative agent of scuticociliatosis in farmed turbot,
Scophthalmus maximus in Galicia (NW Spain). Dis. Aquat. Organ. 46, 47-55 (2001).
9. De Felipe, A. P,, Lamas, J., Sueiro, R. A, Folgueira, I. & Leiro, ]. M. New data on flatfish scuticociliatosis reveal that Miamiensis
avidus and Philasterides dicentrarchi are different species. Parasitology 144, 1394-1411 (2017).
10. Morais, P, Piazzon, C., Lamas, J., Mallo, N. & Leiro, J. M. Effect of resveratrol on oxygen consumption by Philasterides dicentrarchi,
a scuticociliate parasite of turbot. Protist 164, 206-217 (2012).

SCIENTIFIC REPORTS |

(2019) 9:13329 | https://doi.org/10.1038/s41598-019-49750-5


https://doi.org/10.1038/s41598-019-49750-5

www.nature.com/scientificreports/

11.
12.
13.
14.
15.
16.
17.

18.
19.

20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.

33.
34.

35.
36.
37.
38.
39.
40.
41.
42.
43.
44.
45.

46.

52.
. Bartosz, G. Superoxide dismutases and catalase. The Handbook of Environmental Chemistry Vol. 2, Part O, pp, 109-149. (2005).
54.

Mallo, N., Lamas, J. & Leiro, J. M. Evidence of an alternative oxidase pathway for mitochondrial respiration in the scuticociliate
Philasterides dicentrarchi. Protist 164, 824-836 (2013).

Lamas, J. et al. Resveratrol promotes an inhibitory effect on the turbot scuticociliate parasite Philasterides dicentrarchi by
mechanisms related to cellular detoxification. Vet. Parasitol. 161, 307-315 (2009).

Sattin, G. et al. Characterization and expression of a new cytoplasmic glutathione peroxidase 1 gene in the Antarctic fish
Trematomus bernacchii. Hydrobiologia 761, 363-372 (2015).

Ferro, K. et al. Cu,Zn SOD genes in Tribolium castaneum: evolution, molecular characterisation and gene expression during
immune priming. Front. Immunol. 8, 1811 (2017).

Ferro, D., Franchi, N., Bakiu, R., Ballarin, L. & Santovito, G. Molecular characterization and metal induced gene expression of the
novel glutathione peroxidase 7 from the chordate invertebrate Ciona robusta. Comp. Biochem. Physiol. C 205, 1-7 (2018).
AL-Asadi, S., Malik, A., Bakiu, R., Santovito, G. & Schuller, K. Characterization of the peroxiredoxin 1 subfamily from Tetrahymena
thermophila. Cell. Mol. Life Sci., https://doi.org/10.1007/s00018-019-03131-3 [Epub ahead of print] (2019).

Lesser, M. P. Elevated temperatures and ultraviolet radiation cause oxidative stress and inhibit photosynthesis in symbiotic
dinoflagellates. Limnol. Oceanogr. 41, 271-283 (1996).

Lesser, M. P. Oxidative stress in marine environments: Biochemistry and Physiological Ecology. Annu. Rev. Physiol. 68, 253-278 (2006).
Rijstenbil, J. W. & Buma, A. G. J. Oxidative stress responses in the marine Antarctic diatom Chaetoceros brevis (Bacillariophyceae)
during photoacclimatation. J. Phycol. 44, 957-966 (2008).

Alscher, R. G, Erturk, N. & Heath, L. S. Role of superoxide dismutases (SODs) in controlling oxidative stress in plants. J. Exp. Bot.
53, 1331-1341 (2002).

Fattman, C. L., Schaefer, L. M. & Oury, T. D. Extracellular superoxide dismutase in biology and medicine. Free Radic. Biol. Med. 35,
236-256 (2003).

Marin, C., Rodriguez-Gonzilez, I. & Sanchez-Moreno, M. Identification of excreted iron superoxide dismutase for the diagnosis of
Phytomonas. Mem. Inst Oswaldo Cruz 101, 649-654 (2006).

Santoferrara, L. E, Guida, S., Zhang, H. & McManus, G. B. De novo transcriptomes of a mixotrophic and a heterotrophic ciliate from
marine plankton. PLoOSONE 9, e101418 (2014).

Ferro, D. et al. Cu,Zn superoxide dismutases from Tetrahymena thermophila: molecular evolution and gene expression of the first
line of antioxidant defenses. Protist 166, 131-145 (2015).

Kim, J. S. et al. Identification and molecular characterization of two Cu/Zn-SODs and Mn-SOD in the marine ciliate Euplotes
crassus: Modulation of enzyme activity and transcrips in response to copper and cadmium. Aquat. Toxicol. 199, 296-304 (2018).
Pischedda, A. et al. Antarctic marine ciliates under stress: superoxide dismutases from the psychrophilic Euplotes Focardi are cold-
active yet heat tolerant enzymes. Sci. Rep. 8, 14721 (2018).

Parama, A. et al. Philasterides dicentrarchi (Ciliophora, Scuticociliatida): experimental infection and possible routes of entry in
farmed turbot (Scophthalmus maximus). Aquaculture 217, 73-80 (2003).

Iglesias, R. et al. In vitro growth requeriments for the fish pathogen Philasterides dicentrarchi (Ciliophora, Scuticociliatida). Vet.
Parasitol. 111, 19-30 (2003a).

Iglesias, R. et al. Philasterides dicentrarchi (Ciliophora: Scuticociliatida) expresses surface immobilization antigens that probably
induce protective immune responses in turbot. Parasitology 126, 125-134 (2003b).

Weydert, C. J. & Cullen, J. J. Measurement of superoxide dismutase, catalase and glutathione peroxidase in cultured cells and tissue.
Nat. Protoc. 5, 51-66 (2010).

Haas, B. J. et al. De novo transcript sequence reconstruction from RNA-seq using the Trinity platform for reference generation and
analysis. Nat Protoc. 8, 1494-512 (2013).

Paramd, A., Arranz, J. A., Alvarez, M. E, Sanmartin, M. L. & Leiro, J. Ultrastructure and phylogeny of Philasterides dicentrarchi
(Ciliophora, Scuticociliatia) from farmed turbot in NW Spain. Parasitology 132, 555-564 (2006).

Barua, S. & Das, B. Preparation and characterization of chitosan-based hydrogel. World ] Pharm Pharm Sci 5, 2202-2208 (2016).
Iglesias, R., Leiro, J., Ubeira, F. M., Santamarina, M. T. & Sanmartin., M. L. Anisakis simplex: antigen recognition and antibody
production in experimentally infected mice. Parasite Immunol. 15, 243-250 (1993).

Mallo, N., Lamas, J., Piazzon, C. & Leiro, J. M. Presence of a plant-like proton translocating pyrophosphatase in a scuticociliate
parasite and its role as a possible drug target. Parasitology 142, 449-462 (2015).

Nishikimi, M., Rao, N. A. & Yagi, K. The occurrence of superoxide anion in the reaction of reduced phenazine methosulfate and
molecular oxygen. Biochem. Biophys. Res. Commun. 46, 849-853 (1972).

Bustin, S. A. et al. The MIQE guidelines: minimum information for publication of quantitative real-time PCR experiments. Clin
Chem. 55, 611-622 (2009).

Mitchell, A.L. et al. InterPro in 2019: improving coverage, classification and access to protein sequence annotations. Nucleic Acids
Res., gky1100 (2019).

Kall, L., Krogh, A. & Sonnhammer, E. L. L. A combined transmembrane topology and signal peptide prediction method. J. Mol. Biol.
338,1027-1036 (2004).

Nielsen, H. Predicting Secretory Proteins with SignalP. In Kihara, D (ed): Protein Function Prediction (Methods in Molecular
Biology vol. 1611) pp. 59-73, Springer (2017).

Zhang, Y.-Z. & Shen, H.-B. Signal-3L 2.0: A hierarchical mixture model for enhancing protein signal peptide prediction by
incorporating residue-domain cross level features. J. Chem. Inf. Model 57, 988-999 (2017).

Claros, M. G. & Vincens, P. Computational method to predict mitochondrially imported proteins and their targeting sequences. Eur.
J. Biochem. 241, 779-786 (1996).

Gasteiger, E. et al. Protein identification and analysis tools on the ExPASy server; (In) John M. Walker (ed): The Proteomics
Protocols Handbook, Humana Press. Pp. 571-607 (2005).

Sievers, F. et al. Fast, scalable generation of high-quality protein multiple sequence aligments using Clustal Omega. Mol. Syst. Biol. 7,
539 (2011).

Zuckerkandl, E. & Pauling, L. Evolucionary divergence and convergence in protein. Edited in Evolving genes and proteins by V.
Bryson and H. J. Vogel. Pp. 97-166. Academic Press, New York (1965).

Kumar, S., Stecher, G. & Tamura, K. MEGA7: Molecular evolutionary genetic analysis version 7.0 for bigger datasets. Mol. Biol. Evol.
33, 1870-1874 (2016).

. Huelsenbeck, J. P. & Ronquist, E. MRBAYES: Bayesian inference of phylogenetic trees. Bioinformatics. 17, 754-755 (2001).

. Hassan, H. M. Microbial superoxide dismutases. Adv. Genet. 26, 65 (1989).

. James, E. R. Superoxide dismutase. Parasitol. Today 10, 481 (1994).

. Manaa, A. et al. Superoxide dismutase isozyme activity and antioxidant responses of hydroponically cultured Lepidium sativum L.

to NaCl stress. J. Plant Interact. 9, 440-449 (2014).

. Ma, X,, Deng, D. & Chen, W. Inhibitors and Activators of SOD, GSH-Px, and CAT. In: Sentiirk, M (ed.) Enzyme inhibitors and

activators. Rijeka: InTech, https://www.intechopen.com/books/enzyme-inhibitors-and-activators/inhibitors-and-activators-of-sod-
gsh-px-and-cat (2017).
Misra, H. P. & Fridovich, I. Inhibition of superoxide dismutase by azide. Arch. Biochem. Biophys. 189, 317-322 (1978).

Fan, X. & Mattheis, J. P. Inhibition of oxidative and antioxidative enzymes by trans-resveratrol. J. Food Sci. 66, 200-203 (2006).

SCIENTIFIC REPORTS |

(2019) 9:13329 | https://doi.org/10.1038/s41598-019-49750-5


https://doi.org/10.1038/s41598-019-49750-5
https://doi.org/10.1007/s00018-019-03131-3
https://www.intechopen.com/books/enzyme-inhibitors-and-activators/inhibitors-and-activators-of-sod-gsh-px-and-cat
https://www.intechopen.com/books/enzyme-inhibitors-and-activators/inhibitors-and-activators-of-sod-gsh-px-and-cat

www.nature.com/scientificreports/

55.
56.

57.
58.

59.
60.

61.
. Schinkel, H., Streller, S. & Wingsle, G. Multiple forms of extracellular superoxide dismutase in needles, stem tissues and seedlings of

63.
64.

65.

66.
67.
68.
69.
. Bécuwe, P. et al. Characterization of iron-dependent endogenous superoxide dismutase of Plasmodium falciparum. Mol. Biochem.

70.

71.

72.

73.

74.

75.

76.

77.

78.
79.

80.

81.

82.

83.

84.

85.

92.

93.

94.

95.

96.

Morais, P, Lamas, J., Sanmartin, M. L., Orallo, E. & Leiro, J. Resveratrol induces mitochondrial alterations, autophagy and a
cryptobiosis-like state in scuticociliates. Protist 160, 552-564 (2009).

Wilkinson, S. R. et al. Functional characterization of the iron superoxide dismutase gen repertoire in Trypanosoma brucei. Free Rad.
Biol. Med. 40, 193-195 (2009).

Miller, A.-F Superoxide dismutases2006: ancient enzymes and new insights. FEBS Lett. 586, 585-595 (2012).

Choi, D.-H., Na, B.-K,, Seo, M.-S., Song, H.-R. & Song, C.-Y. Purification and characterization of iron superoxide dismutase and
copper-zinc superoxide dismutase from Acanthamoeba castellani. J. Parasitol. 86, 899-907 (2000).

Fujii, M., Ishii, N., Joguchi, A., Yasuda, K. & Ayusawa, D. A novel superoxide dismutase gene encoding membrane-bound and
extracellular isoforms by alternative splicing in Caenorhabditis elegans. DNA Res. 28, 25-30 (1998).

Hong, Z., Kosman, D. J., Thakur, A., Rekosh, D. & LoVerde, P. T. Identification and purification of a second form of Cu/Zn
superoxide dismutase from Schistosoma mansoni. Infect Immun. 60, 3641-3651 (1992).

Streller, S. & Wingsle, G. Pinus sylvestris L. needles contain extracellular CuZn superoxide dismutase. Planta 192, 195-201 (1994).

Scots pine. . Exp. Bot. 49, 931-936 (1998).

Desideri, A. K. & Falconi, M. Prokaryotic Cu,Zn superoxide dismutases. Biochem. Soc Trans. 31, 1322-1325 (2003).

Joshi, P. & Dennis, P. P. Characterization of paralogous and orthologous members of the superoxide dismutase gene family from
genera of the halophilic archaebacteria. J. Bacteriol. 175, 1561-1571 (1993).

Bannister, W. H., Bannister, J. V., Barra, B., Bond, J. & Bossa, F. Evolutionary aspects of superoxide dismutases: the copper/zinc
enzyme. Free Rad. Res. Comm. 12-13, 349-361 (1991).

Kanematsu, S. & Asada, K. Ferric and manganic superoxide dismutases in Euglena gracilis. Arch. Biochem. Biophys. 195, 535-545 (1979).
Sheng, Y. et al. Superoxide dismutases and superoxide reductases. Chem. Rev. 114, 3854-3918 (2014).

Loftus, B. et al. The genome of the protist parasite Entamoeba histolytica. Nature 433, 865-868 (2005).

Barra, D. et al. A tetrameric ion superoxide dismutase from the eukaryote Tetrahymena pyriformis. J. Biol. Chem. 265, 17680-17687 (1990).

Parasitol. 76, 125-134 (1996).

Plewes, K. A., Barr, S. D. & Gedamu, L. Iron superoxide dismutases targeted to the glycosomes of Leishmania chagasi are important
for survival. Infect Immun., 71(10):5910-20 (2003 Oct).

Temperton, N. J., Wilkinson, S. R. & Kelly, J. M. Cloning of an Fe-superoxide dismutase gene homologue from Trypanosoma cruzi.
Mol. Biochem. Parasitol. 76, 339-343 (1996).

Schott, E.J. & Vasta, G.R. The PmSOD1 gene of the protistan parasite Perkinsus marinus complements the sod2 delta mutant of
Saccharomyces cerevisiae and directs an iron superoxide dismutase to mitochondria. Mol. Biochem. Parasitol. 126, 81-92 (2003).
Asojo, O. A, Schott, E. J., Vasta, G. R. & Silva, A. M. Structures of PmSOD1 and PmSOD?2, two superoxide dismutases from the
protozoan parasite Perkinsus marinus. Acta Crystallogr. Sect. F Struct. Biol. Cryst. Commun. 62, 1072-1075 (2006).

Mittra, B., Laranjeira-Silva, M. E, Miguel, D. C., Perrone Bezerra de Menezes, J. & Andrews, N. W. The iron-dependent
mitochondrial superoxide dismutase SODA promotes Leishmania virulence. J. Biol. Chem. 292, 12324-12338 (2017).

Hayward, B. H., Droste, R. & Epstein, S. S. Interstitial ciliates: benthic microaerophiles or planktonic anaerobes? J. Eukaryot.
Microbiol. 50, 356-359 (2003).

Rosso, L. C. C. sequence, and expression analysis of a new MnSOD-encoding gene from the Root-Knot nematode Meloidogyne
incognita. J. Nematol. 41, 52-59 (2009).

Boucher, I. W. et al. The crystal structure of superoxide dismutase from Plasmodium falciparum. BMC Struct. Biol. 6, 20 (2006).
Krueger, T. et al. Transcriptomic characterization of the enzymatic antioxidants FeSOD, MnSOD and KatG in the dinoflagellate
genus Symbiodinium. BMC Evol. Biol. Mar 15, 48 (2015).

Viscogliosi, E. et al. Cloning and expression of an iron-containing superoxide dismutase in the parasitic protist, Trichomonas
vaginalis. FEMS Microbiol. Lett. 161, 115-123 (1998).

Xiong, J. et al. Genome of the facultative scuticociliatosis pathogen Pseudocohnilembus persalinus provides insight into its virulence
through horizontal gene transfer. Sci Rep 5, 15470 (2015).

Robinett, N. G., Peterson, R. L. & Culotta, V. C. Eukaryotic copper-only superoxide dismutases (SODs): A new class of SOD enzymes
and SOD-like protein domains. J. Biol. Chem. 293, 4636-4643 (2018).

Battistoni, A. et al. Increased expression of periplasmic Cu,Zn superoxide dismutase enhances survival of Esceherichia coli invasive
strains within nonphagocytic cells. Infect Immun. 68, 30-37 (2000).

Crapo, J. D., Oury, T, Rabouille, C, Slot, J. W. & Chang, L. Y. Cooper, zinc superoxide dismutase is a primarily a cytosolic protein in
human cells. Proc. Natl. Acad. Sci. USA 89, 10405-10409 (1992).

Broxton, C. N. & Culotta, V. C. An adaptation to low copper in Candida albicans involving SOD enzymes and the alternative
oxidase. PLoS One. 11, 0168400 (2016).

. Halliwell, B. & Gutteridge, . M. C. 2nd ed. Oxford, UK: Oxford University Press. Free radicals in biology and medicine (1989).
. Leiro, J., Arranz, J. A., Iglesias, R., Ubeira, F. M. & Sanmartin, M. L. Effects of the histiophagous ciliate Philasterides dicentrarchi on

turbot phagocyte responses. Fish Shellfish Immunol. 17, 27-39 (2004).

. Lushchak, V. I. Enviromentally induced oxidative stress in aquatic animals. Aquat. Toxicol. 101, 13-30 (2011).
. Summerfelt, S. T. Ozonation and UV irradiation -an introduction and examples of current applications. Aquacult. Eng. 28, 21-36 (2003).
. Sultana, T., Haque, M. M., Salam, M. A. & Alam, M. M. Effect of aeration on growth and production of fish in intensive aquaculture

system in earthen ponds. J. Bangladesh Univ. 15, 113-122 (2017).

. Stralin, P. & Marklund, S. L. Effects of oxidative stress on expression of extracellular superoxide dismutase, CuZn-superoxide

dismutase and Mn-superoxide dismutase in human dermal fibroblasts. Biochem. J. 298, 347-352 (1994).

Tang, L., Ou, X., Henkle-Diihrsen, K. & Selkirk, M. E. Extracellular and cytoplasmic CuZn superoxide dismutases from Brugia
lymphatic filarial nematode parasites. Infect Immun. 62, 961-967 (1994).

Liddell, S. & Knox, D. P. Extracellular and cytoplasmic Cu/Zn superoxide dismutases from Haemonchus contortus. Parasitology 116,
383-394 (1998).

Kim, T. S., Jung, Y., Na, B. K, Kim, K. S. & Chung, P. R. Molecular cloning and expression of Cu/Zn containing superoxide dismutase
from Fasciola hepatica. Infect Immun. 68, 3941-3948 (2000).

Kim, S. M., Cho, J. B., Kim, S. K., Nam, Y. K. & Kim, K. H. Occurrence of scuticociliatosis in olive flounder Paralichthys olivaceus by
Philasterides dicentrarchi (Ciliophora: scuticociliatida). Dis Aquat Organ. 62, 233-238 (2004).

Beyer, W, Imlay, J. & Fridovich, I. Superoxide dismutases. Prog Nucleic Acid Res Mol Biol. 40, 221-253 (1991).

Acknowledgements

This study was financially supported by grant AGL2017-83577-R awarded by the Ministerio de Economia
y Competitividad (Spain) and Fondo Europeo de Desarrollo Regional -FEDER- (European Union), by grant
ED431C2017/31 from the Xunta de Galicia (Spain), and by PARAFISHCONTROL project, which received
funding from the European Union’s Horizon 2020 research and innovation programme under grant agreement
No. 634429. This publication only reflects the views of the authors, and the European Commission cannot be held
responsible for any use which may be made of the information contained herein.

SCIENTIFICREPORTS|  (2019)9:13329 | https://doi.org/10.1038/s41598-019-49750-5


https://doi.org/10.1038/s41598-019-49750-5

www.nature.com/scientificreports/

Author Contributions

LE collected data, analysed data and revised the manuscript. J.L. designed the research and wrote and revised the
manuscript. A.P.E collected data, analysed data and revised the manuscript. R.A.S. collected data, analysed data
and revised the manuscript. J.M.L. designed the research and wrote and revised the manuscript.

Additional Information
Competing Interests: The authors declare no competing interests.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

T ] icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFIC REPORTS |

(2019) 9:13329 | https://doi.org/10.1038/s41598-019-49750-5


https://doi.org/10.1038/s41598-019-49750-5
http://creativecommons.org/licenses/by/4.0/

	Identification and Molecular Characterization of Superoxide Dismutases Isolated From A Scuticociliate Parasite: Physiologic ...
	Materials and Methods

	Parasites. 
	Experimental animals. 
	Purification of SODs by anion exchange chromatography. 
	Determination of SOD activity in native polyacrylamide gels. 
	RNA-Seq. 
	Production of recombinant proteins in yeast cells. 
	Transmission electron microscopy (TEM). 
	Exposure of the ciliates to ultraviolet radiation. 
	Immunizations and serum collection. 
	Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) and Western-blot. 
	Immunofluorescence and confocal microscopy. 
	Phenazine methosulfonate (PMS)-nitroblue tetrazolium (NBT) assay. 
	Enzyme-linked immunosorbent assay (ELISA). 
	Reverse transcriptase-quantitative polymerase chain reaction (RT-qPCR). 
	Bioinformatic and statistical analysis. 

	Results

	Isolation of the SODs and evaluation of enzymatic activities. 
	Molecular characterization of the SOD enzymes of P. dicentrarchi. 
	Cellular localization of SODs in P. dicentrarchi. 
	Expression of SODs in trophozoites of P. dicentrarchi exposed to ultraviolet radiation and oxidative stress. 

	Discussion

	Acknowledgements

	Figure 1 (A) Profile of a P.
	Figure 2 (A) Clustal Omega alignments of aa sequences of three Cu/Zn-SODs (CSD1-3) proteins found in P.
	Figure 3 Phylogenetic analysis of (A) P.
	Figure 4 Western-blot analysis with polyclonal antibodies against the monomers of the recombinant proteins of the form of the Cu/Zn-SOD3 isoenzyme (rCSD3), the Mn-SOD isoenzyme (rMSD) and the Fe-SOD isoenzyme (rFSD) produced in (A) the yeast Klyveromyces 
	Figure 5 ELISA assay for the determination of expression levels of SODs in P.
	Figure 6 (A) Expression of Cu/Zn-SOD3 (CSD3) in P.




