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The glutathione peroxidases (GPXs) are enzymes which are part of the cell antioxidant system inhibiting the ROS-induced damages of membranes and proteins. In cacao (Theobroma cacao L.) genome, five GPX genes were identified. Cysteine insertion codons (UGU) were found in TcPHGPX, TcGPX2, TcGPX4, TcGPX6 and tryptophan insertion codon (UGG) in TcGPX8.

Multiple alignments revealed conserved domains between TcGPXs and other plants and human GPXs. Homology modeling was performed using the Populus trichocarpa GPX5 structure as template, and the molecular modeling showed that TcGPXs have affinity with
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Introduction

Theobroma cacao L. (cacao) is a plant endemic to the rainforests of South America [START_REF] Wood | Cocoa, Fourth Edition[END_REF] and is grown mainly for the production of cocoa liquor, cocoa butter, and cocoa powder for the chocolate industry [START_REF] Afoakwa | Flavor formation and character in cocoa and chocolate: a critical review[END_REF]. However, cocoa production has been severely damaged by diseases caused by fungi and oomycete [START_REF] Wood | Cocoa, Fourth Edition[END_REF][START_REF] Micheli | Chapter 3 -Functional genomics of cacao[END_REF]. In Brazil, the witches' broom disease caused drastic economic and social changes in the affected areas [START_REF] Rocha | Witches' broom in Bahia, Brazil[END_REF][START_REF] Meinhardt | Moniliophthora perniciosa, the causal agent of witches' broom disease of cacao: what's new from this old foe?[END_REF]. This disease is caused by the Moniliophthora perniciosa basidiomycete that presents two distinct development phases: a biotrophic phase characterized by a monokaryotic and intercellular mycelium, and a necrotrophic phase characterized by a dikaryotic and intracellular mycelium [START_REF] Garcia | Characterization of necrosis and ethylene-inducing proteins (NEP) in the basidiomycete Moniliophthora perniciosa, the causal agent of witches' broom in Theobroma cacao[END_REF][START_REF] Sena | The infection process of Moniliophthora perniciosa in cacao[END_REF]. In the transition from biotrophic to necrotrophic fungal phase, the plant showed significant accumulation of calcium oxalate crystals and H2O2, as well as events of programmed cell death (PCD) [START_REF] Garcia | Characterization of necrosis and ethylene-inducing proteins (NEP) in the basidiomycete Moniliophthora perniciosa, the causal agent of witches' broom in Theobroma cacao[END_REF][START_REF] Dias | Hydrogen peroxide formation in cacao tissues infected by the hemibiotrophic fungus Moniliophthora perniciosa[END_REF]. The accumulation of calcium oxalate causes the production of reactive oxygen species (ROS) and therefore the PCD. In cacao plants susceptible to M. perniciosa, the PCD occurs initially as a defense mechanism and then is deflected by the fungus for its own benefit, allowing sporulation and further propagation [START_REF] Garcia | Characterization of necrosis and ethylene-inducing proteins (NEP) in the basidiomycete Moniliophthora perniciosa, the causal agent of witches' broom in Theobroma cacao[END_REF]. The transition from the biotrophic to the necrotrophic phase is facilitated by the presence of several compounds, genes, and proteins that induce PCD [START_REF] Dias | Hydrogen peroxide formation in cacao tissues infected by the hemibiotrophic fungus Moniliophthora perniciosa[END_REF][START_REF] De Oliveira Ceita | Involvement of calcium oxalate degradation during programmed cell death in Theobroma cacao tissues triggered by the hemibiotrophic fungus Moniliophthora perniciosa[END_REF]. In cacao-M. perniciosa interaction cDNA library and/or in the cacao genome, several genes potentially related to PCD (possibly involved in its enhancement or inhibition), such as the glutathione peroxidase (GPX; EC 1.11.1.9) were found [START_REF] Gesteira | Comparative analysis of expressed genes from cacao meristems infected by Moniliophthora perniciosa[END_REF][START_REF] Argout | The genome of Theobroma cacao[END_REF].

GPXs were first discovered in mammals and are enzymes that are part of the cell antioxidant system, inhibiting the ROS-induced damage of cell membrane and proteins [START_REF] Trachootham | Targeting cancer cells by ROS-mediated mechanisms: a radical therapeutic approach?[END_REF].

GPXs reduce H2O2 to water and lipid hydroperoxides to their corresponding alcohols using reduced glutathione (GSH) as substrate [START_REF] Margis | Glutathione peroxidase family -an evolutionary overview[END_REF]. All mammalian GPXs contain a selenocysteine (SeCys also referred to as the 21 st protein amino acid) residue instead of a Cys residue [START_REF] Margis | Glutathione peroxidase family -an evolutionary overview[END_REF][START_REF] Herbette | Seleno-independent glutathione peroxidases. More than simple antioxidant scavengers[END_REF][START_REF] Zoidis | Selenium-Dependent Antioxidant Enzymes: Actions and Properties of Selenoproteins[END_REF]. The SeCys is encoded by an opal (TGA) stop codon, which is recognized by a special transfer RNA (tRNA); the incorporation of SeCys occurs when the mRNA contains a distinct hairpin mRNA sequence downstream of the UGA codon called SeCys insertion sequence (SECIS) [START_REF] Zoidis | Selenium-Dependent Antioxidant Enzymes: Actions and Properties of Selenoproteins[END_REF][START_REF] Schiavon | The fascinating facets of plant selenium accumulationbiochemistry, physiology, evolution and ecology[END_REF]. It is admitted that yeast and plants do not incorporate Sec and, therefore, do not have any selenoproteins [START_REF] Zoidis | Selenium-Dependent Antioxidant Enzymes: Actions and Properties of Selenoproteins[END_REF]. However, some few studies revealed that plant kingdom may also contain selenoproteins: is has been shown that in Chlamydomonas reinhardtii, the GPX cDNA contained an internal TGA codon in frame to the ATG [START_REF] Fu | A Selenoprotein in the Plant Kingdom: MASS SPECTROMETRY CONFIRMS THAT AN OPAL CODON (UGA) ENCODES SELENOCYSTEINE IN CHLAMYDOMONAS REINHARDTII GLUTATHIONE PEROXIDASE[END_REF][START_REF] Novoselov | Selenoproteins and selenocysteine insertion system in the model plant cell system, Chlamydomonas reinhardtii[END_REF][START_REF] Lee | High quality metabolomic data for Chlamydomonas reinhardtii[END_REF], in Aloe vera, native protein purification associated to atomic absorption revealed a molecular complex of four GPX subunits, each one containing one atom of selenium in its structure [START_REF] Sabeh | Purification and Characterization of a Glutathione Peroxidase from the Aloe vera Plant[END_REF], and that in cranberry, the mitochondrial genome contained two copies of selenocysteine insertion sequence element (SECIS) and tRNA-Sec [START_REF] Fajardo | The American cranberry mitochondrial genome reveals the presence of selenocysteine (tRNA-Sec and SECIS) insertion machinery in land plants[END_REF]. It has been shown that the incorporation of SeCys rather than Cys in the active site of the GPX confers better redox activity to these enzymes [START_REF] Schiavon | The fascinating facets of plant selenium accumulationbiochemistry, physiology, evolution and ecology[END_REF]. In animals, and even more in plants, only little information about the GPX activity regulation is available. In animals, it has been suggested a GPX regulation at mRNA, protein and/or activity level by selenium supply, SECIS-associating factors, but also by some selenium-independent regulator; this regulation may also vary according to the GPX sequence [START_REF] Lei | Metabolic regulation and function of glutathione peroxidase-1[END_REF]. Some studies also pointed out the role of selenium as cofactor of GPX activity [START_REF] Chan | The role of copper, molybdenum, selenium, and zinc in nutrition and health[END_REF][START_REF] Puccinelli | Selenium Enrichment of Horticultural Crops[END_REF].

Finally, it has also been shown the physical interaction between the human GPX1 and selenium-binding protein 1 (SBP1) -which is not a selenoprotein but is able to bind selenium covalently -associated to an inverse regulation of the two corresponding genes [START_REF] Fang | Functional and physical interaction between the selenium-binding protein 1 (SBP1) and the glutathione peroxidase 1 selenoprotein[END_REF][START_REF] Schott | Selenium-binding protein 1 is down-regulated in malignant melanoma[END_REF][START_REF] Schild | Biochemical and Biophysical Characterization of the Selenium-binding and Reducing Site in Arabidopsis thaliana Homologue to Mammals Selenium-binding Protein 1[END_REF]. The mechanism by which SBP1 and GPX1 regulate each other remains unclear, but a competition for selenium available in the cell has been suggested as a possible mechanism of inverse regulation [START_REF] Ansong | Molecular cross-talk between members of distinct families of selenium containing proteins[END_REF]. Altogether, these data suggested a possible physical interaction between GPX and selenium as possible element of activity regulation. In plants, selenium is absorbed from the soil in the form of selenate (SeO4 2-) or selenite (SeO3 2-) that are both toxic, and are used to synthesize Secys and selenomethionine (SeMet) which are further converted to volatile dimethyl(di)selenide (DM(D)Se) [START_REF] Schiavon | The fascinating facets of plant selenium accumulationbiochemistry, physiology, evolution and ecology[END_REF]. Therefore, SeMet is one of the most abundant and metabolically important forms of selenium in plant, that could be also associated to plant selenium detoxification mechanism [START_REF] Schiavon | The fascinating facets of plant selenium accumulationbiochemistry, physiology, evolution and ecology[END_REF].

GPX gene expression has been related with cell protection in various stress conditions such as pathogenic attack, salt treatment, and mechanical stimulation [START_REF] Li | Molecular cloning and expression of a phospholipid hydroperoxide glutathione peroxidase homolog in Oryza sativa1[END_REF]. Interestingly, in humans, the GPx1 gene was associated to several diseases, including cancer due to disease risk-associated alleles [START_REF] Fang | Functional and physical interaction between the selenium-binding protein 1 (SBP1) and the glutathione peroxidase 1 selenoprotein[END_REF][START_REF] Ansong | Molecular cross-talk between members of distinct families of selenium containing proteins[END_REF][START_REF] Jerome-Morais | Inverse Association Between Glutathione Peroxidase Activity and Both Selenium Binding Protein 1 Levels and Gleason Score in Human Prostate Tissue[END_REF]. Several studies have also reported that HsGPx1 proteins were involved in cell cycle regulation, inhibiting apoptosis that allows tumor progression [START_REF] Fang | Functional and physical interaction between the selenium-binding protein 1 (SBP1) and the glutathione peroxidase 1 selenoprotein[END_REF][START_REF] Huang | Decreased Selenium-Binding Protein 1 Enhances Glutathione Peroxidase 1 Activity and Downregulates HIF-1α to Promote Hepatocellular Carcinoma Invasiveness[END_REF][START_REF] Jeong | Human selenium binding protein-1 (hSP56) is a negative regulator of HIF-1α and suppresses the malignant characteristics of prostate cancer cells[END_REF]. For these reasons, the putative inhibitory potential of PCD associated with the ability to reduce H2O2 and lipid hydroperoxides makes GPXs important for understanding the cacao-M. perniciosa pathosystem. Here, we identified and analyzed in silico and in vitro five GPX sequences from T. cacao. TcGPX proteins did not contain SeCys in their primary sequence but interact with SeMet. Expression analysis of TcGPX genes during the cacao-M. perniciosa interaction showed a higher expression in susceptible cacao plants than in the resistant ones, mainly in disease stages in which oxidative stress and PCD occurred. This data, associated with phylogenetic and location analysis suggested that TcGPXs may play a role in protecting cells from oxidative stress, and in inhibiting PCD as a try of disease progression reduction.

Moreover, the TcGPX expression may be regulated by several hormone pathways known to be involved in the witches' broom disease development, as indicated by the TcGPX promoter analysis. To our knowledge, this is the first study of the overall GPX family from T. cacao.

Methods

In silico analysis of TcGPXs

A GPX cDNA was identified in a library of T. cacao meristem (genotype TSH1188) infected by M. perniciosa [START_REF] Gesteira | Comparative analysis of expressed genes from cacao meristems infected by Moniliophthora perniciosa[END_REF]. A search in the CocoaGenDB database [START_REF] Argout | The genome of Theobroma cacao[END_REF] through local alignment with BLASTn and BLASTp [START_REF] Altschul | Gapped BLAST and PSI-BLAST: a new generation of protein database search programs[END_REF] using the GPX cDNA [START_REF] Gesteira | Comparative analysis of expressed genes from cacao meristems infected by Moniliophthora perniciosa[END_REF] allowed the identification of five homologous sequences named TcPHGPX, TcGPX2, TcGPX4, TcGPX6 and TcGPX8 according to the nomenclature and numeration of the cocoa genome (Supplementary material 1). The complete sequences of the genes and corresponding proteins were obtained from the CocoaGenDB database. The proteins were analyzed using InterProScan [START_REF] Quevillon | InterProScan: protein domains identifier[END_REF] and their classification validated by the presence of the GPX domain codes.

The MCScanX tool [START_REF] Wang | MCScanX: a toolkit for detection and evolutionary analysis of gene synteny and collinearity[END_REF] was used to identify possible duplications of the TcGPX genes in the cacao genome. The prediction of theoretical isoelectric point (pI) and molecular weight (MW) was obtained using the Expasy Molecular Biology Server (www.expasy.org). The conserved domain and family protein were analyzed using the Pfam program [START_REF] El-Gebali | The Pfam protein families database in 2019[END_REF]. Post-translational events were predicted using the NetPhos 2.0 Server to identify putative sites of phosphorylation (Ser/Thr/Tyr) [START_REF] Blom | Sequence and structure-based prediction of eukaryotic protein phosphorylation sites[END_REF] and NetNGlyc 1.0 Server [START_REF] Gupta | Prediction of glycosylation across the human proteome and the correlation to protein function[END_REF] to identify putative sites of N-glycosylation. Predictions of subcellular localization were conducted with the programs TargetP [START_REF] Emanuelsson | Locating proteins in the cell using TargetP, SignalP and related tools[END_REF] and PSORT [START_REF] Nakai | PSORT: a program for detecting sorting signals in proteins and predicting their subcellular localization[END_REF]. Signal peptide presence was analyzed using the SignalP 4.0 Server [START_REF] Petersen | SignalP 4.0: discriminating signal peptides from transmembrane regions[END_REF]. Homologous sequences to TcGPXs were searched using BLAST [START_REF] Altschul | Gapped BLAST and PSI-BLAST: a new generation of protein database search programs[END_REF] on the National Center for Biotechnology Information (NCBI) and plants and mammals sequences showing the highest homology levels (> 79%) were selected. Multiple sequence alignment of these sequences was performed with the ClustalW2 software [START_REF] Larkin | Clustal W and Clustal X version 2.0[END_REF], and an unrooted phylogenetic tree was built using the neighbour joining method with the ClustalW2, with 1000 bootstraps [START_REF] Larkin | Clustal W and Clustal X version 2.0[END_REF] and MEGA 6 [START_REF] Tamura | MEGA6: Molecular Evolutionary Genetics Analysis Version 6.0[END_REF] programs. The search for regulatory sequences of the TcGPXs gene was performed in the CocoaGenDB database [START_REF] Argout | The genome of Theobroma cacao[END_REF]. A region of 1500 bp upstream the UTR was identified and selected for cis-element analysis. The presence of the cis-regulatory elements in the promoter regions of the TcGPX genes was analyzed using the plantCARE (sphinx.rug.ac.be:8080/PlantCARE/cgi/index.html) software [START_REF] Lescot | PlantCARE, a database of plant cis-acting regulatory elements and a portal to tools for in silico analysis of promoter sequences[END_REF].

Molecular modeling and docking analysis

The prediction of the three-dimensional (3-D) models of the TcGPXs proteins was obtained using the Swiss-Model server and the Automated Protein Homology-modeling, which relies on the high similarity of target-template [START_REF] Arnold | The SWISS-MODEL workspace: a web-based environment for protein structure homology modelling[END_REF]. The crystal structure of poplar (Populus trichocarpa) glutathione peroxidase (PtGPX5; Protein Data Bank code: 2p5q) was used as the template to build the 3-D models of TcGPXs, because of its high identity with TcGPXs (>79%), high coverage of protein sequences and high resolution (2.0 Å). The stereochemical quality of the models was evaluated using the Procheck [START_REF] Laskowski | PROCHECK: a program to check the stereochemical quality of protein structures[END_REF] and Anolea programs [START_REF] Melo | Assessing protein structures with a non-local atomic interaction energy[END_REF]. The 3-D model visualization was obtained using the PyMol (The PyMOL Molecular Graphics System, Version 1.5.0.4 Schrödinger, LLC.) and Discovery Studio 4.0.

The docking analysis between TcGPXs and SeMet was performed using the AutoDockTools 1.5.6 [START_REF] Sanner | Reduced Surface: an Efficient Way to Compute Molecular Surfaces[END_REF]. SeMet 2D structure was found in PubChem databases (http://pubchem.ncbi.nlm.nih.gov). The 2D structure of this compound was copied into Similies and saved in PDB format using the Marvin program. The ligand and receiver structures were saved in pqbqt format to be used in docking calculations. AutoDock Vina was used to perform Docking Scoring for the complex formed by the receptor -ligand [START_REF] Trott | AutoDock Vina: improving the speed and accuracy of docking with a new scoring function, efficient optimization and multithreading[END_REF]. The reports of each calculation were analyzed for the energy (Kcal / Mol) values of affinity for each binder conformation in its respective complex. The Discovery Studio program was used to verify the ideal complex.

Plant material

Plant material was obtained as previously described [START_REF] Pereira Menezes | The pathogenesis-related protein PR-4b from Theobroma cacao presents RNase activity, Ca 2+ and Mg 2+ dependent-DNase activity and antifungal action on Moniliophthora perniciosa[END_REF]. Seeds of T. cacao genotypes Catongo (susceptible to M. perniciosa) and TSH1188 (resistant to M. perniciosa) were germinated and grown at CEPLAC/CEPEC (Ilhéus, Bahia, Brazil) greenhouses. Twenty to thirty days after germination, the apical meristems of the plantlets were inoculated by the droplet method [START_REF] Frias | An inoculation method for evaluating resistance of cacao to Crinipellis perniciosa[END_REF] with a basidiospore suspension of M. perniciosa (inoculum from isolate 4145 maintained in the CEPLAC/CEPEC phytopathological M. perniciosa collection under number 921 of the WFCC; http://www.wfcc.info/index.php/collections/display). After inoculation, the plantlets were kept for 24 h at 25 ± 2°C and 100% humidity. Rate of disease fixation based on presence/absence of symptoms [START_REF] Silva | Histologia da interação Crinipellis perniciosa em cacaueiros suscetível e resistente à vassoura de bruxa[END_REF] in each genotype, was evaluated 60 days after inoculation (dai); disease rate was 45% and 80% for TSH1188 and Catongo, respectively. Moreover, the presence of M. perniciosa in the plant material was checked by semi-quantitative RT-PCR using specific M. perniciosa actin primers [START_REF] Santos | Carbon source-dependent variation of acquired mutagen resistance of Moniliophthora perniciosa: Similarities in natural and artificial systems[END_REF]; both genotypes presented fungus incidence (data not shown) coherent with previous data obtained in the same conditions of plant culture and inoculation [START_REF] Sena | The infection process of Moniliophthora perniciosa in cacao[END_REF]. 

Reverse transcription quantitative PCR analysis

Samples were ground on liquid nitrogen until obtaining a fine powder. Total RNA was extracted from powdered samples using the RNAqueous Kit® (Ambion) according to the manufacturer's instructions, with modifications as previously described [START_REF] Pereira Menezes | The pathogenesis-related protein PR-4b from Theobroma cacao presents RNase activity, Ca 2+ and Mg 2+ dependent-DNase activity and antifungal action on Moniliophthora perniciosa[END_REF]. The RNA quality and quantity were checked using the Nanodrop 2000 spectrophotometer (Thermo Scientific). The synthesis of the first cDNA strand was carried out using Revertaid Fisrt

Strand cDNA Synthesis Kit according to the manufacturer's instructions (Thermo Scientific).

For the qPCR analysis, two cacao endogenous reference genes were used: the malate dehydrogenase (MDH) and β-actin (ACT), previously identified as T. cacao housekeeping genes [START_REF] Pinheiro | Establishing references for gene expression analyses by RT-qPCR in Theobroma cacao tissues[END_REF] and tested in our experimental conditions (same plant material, same equipment) [START_REF] Pereira Menezes | The pathogenesis-related protein PR-4b from Theobroma cacao presents RNase activity, Ca 2+ and Mg 2+ dependent-DNase activity and antifungal action on Moniliophthora perniciosa[END_REF]. Specific primers and amplified regions containing different size, melting temperature, GC content and GC/AT ratio were defined to avoid cross-reaction between genes from cacao GPX family (Supplementary material 2). The expression analysis of TcPHGPx and TcGPx2

was performed using standard settings of the ABI PRISM 7500 and Sequence Detection System (SDS) software, version 1.6.3 (Applied Biosystems).

The qPCR reaction consisted of 10 ng/μl of cDNA, 1 μM of each primer from reference or targets genes (Supplementary material 2) and 11 μl of Power SYBR Green Master Mix (Applied Biosystems) in a total volume of 22 μl. Cycling conditions were: 50°C for 2 min then 95°C for 10 min, followed by 40 cycles at 95°C for 15 s, 60°C for 1 min and 72°C for 30 s. To verify that each primer pair produced only a single PCR product, a dissociation analysis was carried out from 60°C to 95°C and analyzed with the Dissociation Curve 1.0 program (Applied Biosystems). The expression analysis of TcGPXs in meristems of cacao plantlets inoculated or not with M. perniciosa, was obtained by RT-qPCR using 3 experimental replicates. The relative expression was obtained using the comparative Ct method (2 -ΔΔCt ) that considered: i) MDH and ACT as endogenous reference genes (average of expression values from both genes); and ii) non-inoculated (control) plants (average of expression values of each TcGPX gene in 5 control samples harvested as described above) as calibrator -for this reason the relative expression value of the control (= non-inoculated plants) is always 1.0. Statistical analysis was made using the SASM-Agri software [START_REF] Canteri | SASM-AGRI -Sistema para analise e separação de médias em experimentos agricolas pelos métodos Scott-Knott, Tukey a Duncan[END_REF] which tested the experiments as a completely randomized design. t-test and F-test (ANOVA) were applied with a critical value of 0.01. The Scott-Knott (P≤0.01) test was employed for mean separation when F-values were significant.

Results

In silico analysis of GPX family of T. cacao

In silico analysis on CocoaGenDB revealed the presence of five sequences encoding one TcPHGPx and four TcGPXs (TcGPX2, TcGPX4, TcGPX6 and TcGPX8) (Fig. 1). TcGPX genes were located on four different chromosomes (chromosome 1/TcGPX4, chromosome 3/TcGPX6 and TcGPX8, chromosome 9/TcPHGPX and chromosome 5/TcGPX2; Fig. 1A). No duplication events were found for any of the TcGPXs (data not shown). TcGPX genes were 2,222 to 4,805 bp in length (TcGPX6 and TcGPX4, respectively; Fig. 1A), all contained 6 exons and 5 introns (Fig. 1A), and had ORF from 516 to 789 bp (TcGPX4 and TcGPX2, respectively; Table 1). TcGPXs encoded proteins from 171 to 262 amino acids (TcGPX4 and TcGPX2, respectively; Table 1), with molecular weight comprised between 19175.9 and 29708.3 Da (TcGPX4 and TcGPX2, respectively; Table 1), and putative pI from 5.27 to 9.14 (TcGPX8 and TcGPX4, respectively; Table 1). All TcGPXs showed putative phosphorylation (from 7 for TcGPX4 to 22 for TcGPX6) and glycosylation (from 1 for TcPHGPX and TcGPX8 to 3 for TcGPX4 and TcGPX6) sites (Table 1). The TcPGXs were predicted to be located in chloroplast (TcPHGPX and TcGPX6), to be secreted (TcGPX2), or did not present any defined subcellular localization (unknown for TcGPX4 and TcGPX8; Table 1). The TcGPXs mature RNA showed the initiation codes (AUG) and cysteine insertion codons (UGU) in TcPHGPX, TcGPX2, TcGPX4, TcGPX6 and the tryptophan insertion codon (UGG)

in TcGPX8 (Fig. 1B). All TcGPXs showed at least one conserved GSH domain (Fig. 1C).

TcGPX family showed a cysteine instead of selenocysteine on the active site of TcPHGX, TcGPX2, TcGPX4 and TcGPX6 and a tryptophan on the active site of TcGPH8 instead of a selenocysteine (Fig. 1C). The alignment of TcGPXs sequence using the BLASTP tool revealed high identity with GPXs from other organisms (plant and mammals) and allowed the identification of the conserved region containing a conserved cysteine residue in plants and

SeCys is mammals (Supplementary material 3). The full-length amino acid sequences of plants and mammalian of GPXs available in the databases were used to build an unrooted phylogenetic tree (Supplementary material 4). Plant and mammalian GPXs were separated and formed two distinct branches in the tree (Fig. 2). The five TcGPXs have close phylogenetic relationship with members of the same classification in other plant species (Fig. 2). In silico analysis of the TcGPXs promoter region revealed the presence of several conserved cis-elements characteristic of different plant species (Table . 2). Elements recognized by the family of WRKY transcription factors (W box) were identified in all TcGPX promoters, and defense and stress responsiveness elements (TC-rich repeats) were identified in TcPHGPX, TcGPX2, TcGPX6 and TcGPX8 (Table 2). Elements related to response to abiotic stress or external stimuli anaerobic induction (ARE), light responsiveness (BOX4), drought-inducibility (MBS), Low-temperature responsiveness (LTR) were also found (Table 2). Finally, several cis-elements related to hormone signaling were found such as abscisic acid responsiveness (ABRE), gibberellin-responsive element (GARE-motif),

MeJA-responsiveness (TGACG-motif), salicylic acid responsiveness, (TCA-element) and auxin-responsive element (TGA-element) (Table 2).

Homology modeling of GPXs and docking analysis

The alignment of the PtGPX5 (3-D template) amino acid sequence showed 63.92%, 69.03%, 59.17%, 75.15% and 84.02% with TcPHGPXs, TcGPX2, TcGPX4, TcGPX6, TcGPX8, respectively (Fig. 3A). The structural modeling of TcPHGPX, TcGPX4 and TcGPX6 showed 8 α-helices and 6 β-strands (Fig. 3B, 3D and 3E) while TcGPX2 showed 6 αhelices and, 6 β-strands (Fig. 3C) and TcGPX8 7 α-helices and 6 β-strands (Fig. 3F). The Ramachandran plots showed that 100% of the amino acids of the TcGPXs models were located in the most favored regions (Supplementary material 5). The catalytic site of TcPHGPX, TcGPX2, TcGPX4, and TcGPx6 contained the conserved cysteine (Cys114, Cys75, Cys44, and Cys111, respectively) residue (Fig. 3A, B, C, D and E). TcGPX8 contained two conserved tryptophan (W44, W151) residue (Fig. 3A andF). The docking between TcPHGPXs and SeMet showed conventional hydrogen bond interactions between Lys113, Cys114, Thr163 and, carbon hydrogen bond between Pro151 (Fig. 4A). The interaction between TcGPX4 and SeMet showed conventional hydrogen bond between Gln75, Ser129, Asn108, Arg136 and, unfavorable donor-donor between Arg130 (Fig. 4B). The interaction between TcGPX6 and SeMet showed conventional hydrogen bond between Asp196, Arg216, Thr221 and, unfavorable donor-donor between Ala218 (Fig. 4C). The interaction between TcGPx8 and SeMet showed Pi-sulfur interaction between Phe58, conventional hydrogen bond between Tyr45, Trp44 and Glu97 and carbon hydrogen between Trp151 (Fig. 4D). No interaction was observed between TcGPX2 and SeMet (data not shown).

Differential expression of TcGPXs in resistant and susceptible cacao genotypes infected by M. perniciosa

The expression of the TcPHGPX, TcGPX2, TcGPX4, TcGPX6, and TcGPX8 genes was analyzed together for each cacao genotype, i.e. TSH1188 (resistant to witches' broom disease) and Catongo (susceptible), infected or not (control) with M. perniciosa (Fig. 5A). For both genotypes and for all the harvesting points, the PCR amplification occurred at the same and unique melting temperature for each gene showing that only the corresponding gene was amplified (Supplementary material 6). When we analyzed the gene expression the according to the disease stage (time after inoculation), we verified that, in the resistant variety, the TcPHGPX gene did not differ significantly at 24 and 48 hai, with a small repression compared to the non-inoculated control (Fig. 5B). At 72 hai, the TcPHGPX gene becomes significantly more expressed than the control (Fig. 5B). At 8 and 15 dai, the expression of the TcPHGPX gene did not differ significantly, however, they were significantly more expressed than the control (Fig. 5B). At 30 dai, TcPHGPX was significantly less expressed than the control, and at 45 and 90 dai did not differ from the control (Fig. 5B). At 60 dai, the TcPHGPX gene was overexpressed in the resistant variety (Fig. 5B). In the resistant variety, the TcGPX2 gene did not differ significantly from the control after 24, 48 and 72 hai, as well as after 15, 45, and 60 dai after inoculation (Fig. 5B). At 8 dai, the TcGPX2 gene was repressed compared to the control (Fig. 5B). At 30 dai, the TcGPX2 gene was also less expressed than the control (Fig. 5B). At 90 dai, the TcGPX2 gene was significantly more expressed than in the noninoculated control (Fig. 5B). The TcGPX4 gene was only significantly more expressed than the control at 60 and 90 dai (Fig. 5B). The TcGPX6 gene was significantly more expressed at 30, 45, and 60 dai, with a peak expression of 60 dai, followed by a 90 dai repression (Fig. 5B). The TcGPX8 gene was significantly more expressed than the control at 45, 60, and 90 dai. In the previous periods they were less expressed than the non-inoculated control (Fig. 5B). In the susceptible variety the TcPHGPX gene was overexpressed at 24 and 48 hai (Fig. 5C). At 72 hai and at 8 and 15 dai, the PHGPX gene was differentially less expressed than the non-inoculated control (Fig. 5C). At 30 and 45 dai, the TcPHGPX gene did not differ significantly from the non-inoculated control (Fig. 5C). The TcGPX2 gene was repressed within 24 hai after being overexpressed at 48 and 72 hai (Fig. 5C). At 30 dai the TcGPX2 gene was less expressed than the control (Fig. 5C). At 24 hai, 8, 15, and 60 dai the TcGPX4 gene did not differ from the control (Fig. 5C). At 48 and 72 hai and 90 dai TcGPx4 was less expressed than the control (Fig. 5C). At 30 and 45 dai the TcGPX4 gene was overexpressed (Fig. 5C). The TcGPx6 gene was overexpressed at 24 hai and 30, 45 and 90 dai. At 48 and 72 hai and 8 and 15 dai the expression of the TcGPX6 gene did not differ significantly from the non-inoculated control. At 60 dai the TcGPX6 gene was significantly less expressed than the control (Fig. 5C). The TcGPX8 gene was overexpressed at 24 hai and 30 and 45 dai (Fig. 5C).

It was significantly less expressed than the control at 48 and 72 hai (Fig. 5C). At 60 and 90 dai the TcGPX8 gene was significantly more expressed than the control (Fig. 5C).

When comparing the expression of the TcGPX family genes, we observed that in the resistant variety, 24 hai there was significant difference between the TcPHGPX and TcGPX8 genes (Fig. 5B). At 48 hai there was no significant difference between the genes of the TcGPX family (Fig. 5B). At 72 hai TcPHGPX and TcGPX6 were significantly more expressed (Fig. 5B). TcGPx4 and TcGPx8 did not differ significantly after 72 hai (Fig. 5B). At 8 dai

TcPHGPX was significantly more expressed and TcGPX2 was less expressed (Fig. 5B). At 15 dai there was no difference between the genes of the TcGPX family (Fig. 5B). At 30 dai

TcGPX6 was significantly more expressed, whereas TcPHGPX and TcGPx2 were less expressed (Fig. 5B). At 43 dai TcGPX6 and TcGPX8 were significantly more expressed, respectively (Fig. 5B). After 60 dai TcGPx6 was significantly more expressed, whereas TcGPX2 was less expressed (Fig. 5B). At 90 dai the TcGPX2, TcGPX4 and TcGPX8 genes were significantly more expressed than the TcPHGPX and TcGPX6 genes (Fig. 5B).

In the susceptible variety, after 24 hai the TcPHGPX gene was overexpressed and TcGPX2 was less expressed than the control (Fig. 5C). At 48 hai TcPHGPX and TcGPX2 were significantly more expressed, whereas TcGPX4, TcGPX6 and TcGPX8 were less expressed than the control (Fig. 5C). At 8 dai TcGPX2 and TcGPX4 did not differ from the control, whereas TcPHGPX, TcGPX6 and TcGPX8 were less expressed than the control (Fig. 5C). After 30 dai the TcGPX4 and TcGPX8 genes were overexpressed and TcGPX2 was less expressed than the control (Fig. 5C). At 45 dai TcGPX4, TcGPX6 and TcGPX8 were significantly more expressed than TcPHGPX and TcGPX2 (Fig. 5C). After 60 dai the TcPHGPX, TcGPX2, and TcGPX6 genes were less expressed than the control. The TcGPX4 and TcGPX8 genes did not differ from the control (Fig. 5C). At 90 dai the TcGPX6 gene was significantly more expressed and the TcGPX4 gene was less expressed than the noninoculated control (Fig. 5C).

Discussion

TcGPX protein family did not contain SeCys but interacted in silico with SeMet

Here, we characterized five GPXs (TcPHGPX, TcGPX2, TcGPX4, TcGPX6 and TcGPX8) sequences from T. cacao (Fig. 1). All the TcGPX protein, except TcGPX8, contained a conserved GSHPX domain with conserved Cys residues (Fig. 1C), which are important for the protein function [START_REF] Margis | Glutathione peroxidase family -an evolutionary overview[END_REF]. Even if it has been related in few studies the possible existence of selenoproteins in plants [START_REF] Fu | A Selenoprotein in the Plant Kingdom: MASS SPECTROMETRY CONFIRMS THAT AN OPAL CODON (UGA) ENCODES SELENOCYSTEINE IN CHLAMYDOMONAS REINHARDTII GLUTATHIONE PEROXIDASE[END_REF][START_REF] Sabeh | Purification and Characterization of a Glutathione Peroxidase from the Aloe vera Plant[END_REF][START_REF] Fajardo | The American cranberry mitochondrial genome reveals the presence of selenocysteine (tRNA-Sec and SECIS) insertion machinery in land plants[END_REF], our results corroborate the difference already observed in most of the cases between GPXs from plants and animals: the active site of plant GPXs contains a Cys while the one of animal GPXs contains SeCys [START_REF] Stadtman | SELENOCYSTEINE[END_REF]. In the case of TcGPX8, the Cys residue was substituted by a tryptophan residue within the GSHPX GPX enzymes eliminate ROS and reduce H2O2 [START_REF] Milla | Glutathione peroxidase genes in Arabidopsis are ubiquitous and regulated by abiotic stresses through diverse signaling pathways[END_REF][START_REF] Faltin | Glutathione Peroxidase Regulation of Reactive Oxygen Species Level is Crucial for In Vitro Plant Differentiation[END_REF] and in human, are known to be inhibitors of apoptosis [START_REF] Franco | Apoptosis and glutathione: beyond an antioxidant[END_REF]. Functional studies of Lycopersicon esculentum PHGPX (LePHGPx) showed that this gene acted as a cytoprotector in yeast, preventing Bax, hydrogen peroxide, and heat stress induced cell death, but also protected tobacco leaves from salt and heat stress and suppressed the apoptotic like features when expressed transiently in this plant [START_REF] Chen | Tomato phospholipid hydroperoxide glutathione peroxidase inhibits cell death induced by Bax and oxidative stresses in yeast and plants[END_REF]. In addition, stable expression of LePHGPx in tobacco afforded protection against the necrotrophic fungus Botrytis cinereal [START_REF] Chen | Tomato phospholipid hydroperoxide glutathione peroxidase inhibits cell death induced by Bax and oxidative stresses in yeast and plants[END_REF].

TcGPXs may be involved in PCD reduction during T. cacao -M. perniciosa interaction

The expression analysis of TcGPX genes by RT-qPCR in cacao plant meristems infected by M. perniciosa showed that these genes are significantly more expressed in the susceptible variety than in the resistant one (Fig. 5B andC). Moreover, considering the susceptible variety, TcGPX are most expressed during asymptomatic and green broom stages (Fg.5). During dry broom phase TcGPx6 is significantly more expressed than the other genes in the susceptible variety (Fig. 5C). TcGPx2 is significantly more expressed in swelling phase in susceptible variety (Fig. 5A e C). In previous works, it has been showed that calcium oxalate crystal amount and H2O2 levels in the two cacao varieties present distinct temporal and genotype dependent patterns [START_REF] Dias | Hydrogen peroxide formation in cacao tissues infected by the hemibiotrophic fungus Moniliophthora perniciosa[END_REF]. Susceptible variety accumulated more CaOx crystals than the resistant one [START_REF] Dias | Hydrogen peroxide formation in cacao tissues infected by the hemibiotrophic fungus Moniliophthora perniciosa[END_REF][START_REF] De Oliveira Ceita | Involvement of calcium oxalate degradation during programmed cell death in Theobroma cacao tissues triggered by the hemibiotrophic fungus Moniliophthora perniciosa[END_REF], the dissolution of these crystals occurred in the asymptomatic and in the final stages of the disease in the resistant and the susceptible variety, respectively [START_REF] Dias | Hydrogen peroxide formation in cacao tissues infected by the hemibiotrophic fungus Moniliophthora perniciosa[END_REF][START_REF] De Oliveira Ceita | Involvement of calcium oxalate degradation during programmed cell death in Theobroma cacao tissues triggered by the hemibiotrophic fungus Moniliophthora perniciosa[END_REF].

Considering the role of the GPXs in the antioxidant system inhibiting the ROS-induced damages, it could be suggested that in the susceptible cacao genotype infected with M. perniciosa, TcGPXs may play a role in protecting cells from oxidative stress and trying reducing the progression of the disease by inhibiting PCD. Moreover, the increase of TcPHGPX expression in susceptible variety in the initial stage of witches' broom disease may be related to protection against pathogens observed in other pathosystems [START_REF] Chen | Tomato phospholipid hydroperoxide glutathione peroxidase inhibits cell death induced by Bax and oxidative stresses in yeast and plants[END_REF].

The TcGPX expression regulation was led by promoter regions, which contained several cis-elements related to biotic (WRKY transcription factors) and abiotic stress (lowtemperature responsiveness) besides to hormone signaling such abscisic acid, gibberellin, methyljasmonate-responsiveness, salicylic acid and, auxin-responsive element (Table 2).

Most of these hormones are involved in witches' broom disease development [START_REF] Gesteira | Comparative analysis of expressed genes from cacao meristems infected by Moniliophthora perniciosa[END_REF][START_REF] Kilaru | Moniliophthora perniciosa produces hormones and alters endogenous auxin and salicylic acid in infected cocoa leaves[END_REF][START_REF] Chaves | Necrotrophic phase of Moniliophthora perniciosa causes salicylic acid accumulation in infected stems of cacao[END_REF][START_REF] Teixeira | High-resolution transcript profiling of the atypical biotrophic interaction between Theobroma cacao and the fungal pathogen Moniliophthora perniciosa[END_REF].

Several genes related to plant hormone signaling were altered in cacao plants in response to M. perniciosa infection, such ethylene-responsive element, ABA-responsive protein, auxinresponsive protein, jasmonic acid 2, and brassinosteroid signalling positive regulator [START_REF] Gesteira | Comparative analysis of expressed genes from cacao meristems infected by Moniliophthora perniciosa[END_REF].

Gibberellin-responsive, ethylene biosynthesis as well as auxin-responsive genes were also previously identified as up-regulated in green broom [START_REF] Teixeira | High-resolution transcript profiling of the atypical biotrophic interaction between Theobroma cacao and the fungal pathogen Moniliophthora perniciosa[END_REF]. Is has been suggested that the upregulation of auxin-responsive genes in infected cacao plants is a consequence of the biosynthesis of this hormone by M. perniciosa [START_REF] Kilaru | Moniliophthora perniciosa produces hormones and alters endogenous auxin and salicylic acid in infected cocoa leaves[END_REF][START_REF] Chaves | Necrotrophic phase of Moniliophthora perniciosa causes salicylic acid accumulation in infected stems of cacao[END_REF][START_REF] Teixeira | High-resolution transcript profiling of the atypical biotrophic interaction between Theobroma cacao and the fungal pathogen Moniliophthora perniciosa[END_REF]. In various plant pathogens, the production of auxin has been correlated to the reduction of the plant defenses mediated by salicylic acid, and consequently to the pathogenicity and to the biotrophic stage development [START_REF] Kilaru | Moniliophthora perniciosa produces hormones and alters endogenous auxin and salicylic acid in infected cocoa leaves[END_REF][START_REF] Teixeira | High-resolution transcript profiling of the atypical biotrophic interaction between Theobroma cacao and the fungal pathogen Moniliophthora perniciosa[END_REF].

Conclusion

Here we showed the first in silico and in vitro analysis of the GPX family from cacao.

Five TcGPXs sequences were analyzed at nucleotide and protein levels, and showed that the TcGPX proteins did not contain SeCys in their primary sequence but interacts in silico with SeMet as element participating of the TcGPX activity. This characteristic, associated to phylogenetic and location analyses, suggested the participation of TcGPX in cell death inhibition. Finally, the TcGPX genes were more expressed in susceptible cacao plants infected by M. perniciosa than in the resistant ones, mainly in the early disease and in the green broom stages, suggesting that TcGPXs may play a role in protecting cells from oxidative stress, in inhibiting PCD as a try of disease progression reduction. This expression may be regulated by several hormone pathways known to be involved in the witches' broom disease development. 

  During the overall experiment, plant development and presence/absence of symptoms were carefully checked and compared to previous disease pattern established by our research group [7]. Apical meristems were harvested at 24, 48 and 72 hours after inoculation (hai), and 8, 15, 30, 45, 60 and 90 dai. Noninoculated plants (controls) were kept and harvested under the same conditions at 24 and 72 hai, and 30 and 90 dai. Samples were collected at the same time of day (i.e. time of the inoculation) to avoid possible fluctuation due to circadian rhythm. For each genotype and at each harvesting time (for inoculated and non-inoculated plants), 20 samples were collected (1 sample = 1 apical meristem of 1 cacao plantlet). The 20 samples collected from one genotype at one harvesting time were pooled; thus 9 inoculated and 5 non inoculated (control) samples were immediately frozen in liquid nitrogen and stored at -80°C until use. Pooling samples before RNA extraction has the advantage of reducing the variation caused by biological replication and sample handling [54].

Figure 1 .

 1 Figure 1. Schematic illustration of the genes, mature RNA and proteins of the GPX family from Theobroma cacao. A. DNA sequences of GPX family. Untranslated regions, exons and introns are indicated by turquoise, green and salmon squares, respectively. B. Mature RNAs from the TcGPX genes. Untranslated regions and exons are indicated by turquoise and green squares, respectively. Purple lines represent the initiation codons (AUG), red lines indicate the cysteine insertion codons (UGU) in PHGPX, GPX2, GPX4, GPX6 and the tryptophan insertion codon (UGG) in GPX8, and black lines indicate the stop codons (UGA). C. TcGPX protein structure. Black squares represent the conserved GSH domain and yellow lines indicate the presence of cysteine on the active site of TcPHGX, TcGPX2, TcGPX4 and TcGPX6, and of tryptophan on the active site of TcGPX8, instead of selenocysteine.

Figure 2 .

 2 Figure 2. Phylogenetic relationships among the nucleotide sequences of TcGPXs and other plants and mammalian GPXs. Only complete sequences were considered. The tree was constructed using the neighbour-joining method of clustalW with 1,000 bootstraps.The amino acid sequences were obtained from GenBank.

Figure 3 .

 3 Figure 3. Tridimensional structure of TcPHGPx, TcGPx2, TcGPx4, TcGPx6, and TcGPx8 obtained by homology modeling with PtGPx5 from Populus trichocarpa (2P5R.pdb). A. Alignment of the TcGPX with PtGPx5. Conserved substitutions, identical amino acids, semi-conserved substitutions and catalytic triad are indicated in grey, dark blue, light blue and purple, respectively. B. Secondary structure of TcPHGPX. C. Secondary structure of TcGPX2. D. Secondary structure of TcGPx4. E. Secondary structure of TcGPx6. F. Secondary structure of TcGPx8. B-F. The catalytic triad of each TcGPx is represented by a solvent surface.

Figure 4 .

 4 Figure 4. Docking between TcGPXs and selenomethionine (SeMet). A. Interaction between TcPHGPX (blue) and SeMet. B. Interaction between TcGPX4 (orange) and SeMet. C. Interaction between TcGPX6 (pink) and SeMet. D. Interaction between TcGPX8 (salmon) and SeMet.

Figure 5 .

 5 Figure 5. Relative expression of TcPHGPX, TcGPX2, TcGPX4, TcGPX6, and TcGPX8 in cacao meristems inoculated or not (control) with M. perniciosa. A. Representation of plant symptoms and fungus phase during the infection time course in Catongo genotypes. The harvesting times of inoculated plants are indicated on the top of the figure. B. Relative expression observed in TSH1188. C. Relative expression observed in Catongo. (*) indicates harvesting times of non-inoculated (control) plants. The control, used as calibrator (for this reason is always 1), corresponds to the average of the expression values of each TcGPX in 5 non-inoculated samples in each genotype (see also Material and methods section). Different letters indicate significant statistical difference between samples by the Scott-Knott test p(p≤0.01). t-test was applied with a critical value of 0.01: upper case letters correspond to statistics between each of the genes on different harvesting times for each genotype while lower case letters correspond to statistics among the genes for each harvesting time. hai: hours after inoculation; dai: days after inoculation.

  

  

  

  

Table 2 .

 2 Cis-elements present in the promoter region of T. cacao GPXs genes.

	Gene	Name of cis-elements ABRE	Organism Arabidopsis thaliana	Function Abscisic acid responsiveness
		ARE	Zea mays	Anaerobic induction
		AT-rich	Pisum sativum	Maximal elicitor-mediated activation
	TcPHGPX	Box 4	Petroselinum crispum	Light responsiveness
		MBS	Arabidopsis thaliana	Drought-inducibility
		TC-rich repeats	Nicotiana tabacum	Defense and stress responsiveness
		W box	Arabidopsis thaliana	WRKY transcription factors
		ABRE	Arabidopsis thaliana	Abscisic acid responsiveness
		GARE-motif	Brassica oleracea	Gibberellin-responsive element
		MBS	Arabidopsis thaliana	Drought-inducibility
	TcGPX2	TC-rich repeats	Nicotiana tabacum	Defense and stress responsiveness
		W box	Arabidopsis thaliana	WRKY transcription factors
		Box 4	Petroselinum crispum	Light responsiveness
		TGACG-motif	Hordeum vulgare	MeJA-responsiveness
		ABRE	Arabidopsis thaliana	Abscisic acid responsiveness
		ARE	Zea mays	Anaerobic induction
		Box 4	Petroselinum crispum	Light responsiveness
		GARE-motif	Brassica oleracea	Gibberellin-responsive element
	TcGPX4	MBS P-box	Arabidopsis thaliana Oryza sativa	Drought-inducibility Gibberellin-responsive element
		TCA-element	Nicotiana tabacum	Salicylic acid responsiveness
		TGA-element	Brassica oleracea	Auxin-responsive element
		W box	Arabidopsis thaliana	WRKY transcription factors
		ABRE	Arabidopsis thaliana	Abscisic acid responsiveness
		ARE	Zea mays	Anaerobic induction
		Box 4	Petroselinum crispum	Light responsiveness
		LTR	Hordeum vulgare	Low-temperature responsiveness
	TcGPX6	TC-rich repeats	Nicotiana tabacum	Defense and stress responsiveness
		TGA-element	Brassica oleracea	Auxin-responsive element
		TGACG-motif	Hordeum vulgare	MeJA-responsiveness
		W box	Arabidopsis thaliana	WRKY transcription factors
		ABRE	Arabidopsis thaliana	Abscisic acid responsiveness
		ARE	Zea mays	Anaerobic induction
		Box 4	Petroselinum crispum	Light responsiveness
		AT-rich	Pisum sativum	Maximal elicitor-mediated activation
		MBS	Arabidopsis thaliana	Drought-inducibility
	TcGPX8	O2-site	Zea mays	Zein metabolism regulation
		TATC-box	Oryza sativa	Gibberellin-responsiveness
		TC-rich repeats	Nicotiana tabacum	Defense and stress responsiveness
		TCA-element	Brassica oleracea	Salicylic acid responsiveness
		TGA-element	Brassica oleracea	Auxin-responsive element
		W box	Arabidopsis thaliana	WRKY transcription factors
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domain. Although tryptophan is an amino acid with antioxidant activity [START_REF] Katayama | Antioxidative activity of amino acids on tissue oxidative stress in human intestinal epithelial cell model[END_REF] and could act as a hydrogen donor [START_REF] Elias | Antioxidant activity of cysteine, tryptophan, and methionine residues in continuous phase beta-lactoglobulin in oil-in-water emulsions[END_REF], it differs greatly from the chemical structure of cysteine. It could be suggested that TcGPX8 may be a non-functional GPX due to some sequence truncation or mutation. On the other hand, here, we showed that TcGPXs (except TcGPX2) are able to bind in silico the SeMet chemical element (Fig. 4). Some plant GPXs may have increased activity or be selenodependent even without the presence of the UGA codon for incorporation of SeCys [START_REF] Lei | Metabolic regulation and function of glutathione peroxidase-1[END_REF][START_REF] Ansong | Molecular cross-talk between members of distinct families of selenium containing proteins[END_REF]. The possibility of GPXs having increased activity when interacting with selenium compounds is due to the fact that selenium serves as a GPX cofactor [START_REF] Chan | The role of copper, molybdenum, selenium, and zinc in nutrition and health[END_REF][START_REF] Puccinelli | Selenium Enrichment of Horticultural Crops[END_REF]. Thus, as suggested here by molecular docking assays, the TcGPXs may present PCD inhibition and antioxidant activities if they were associated with selenium compounds (Fig. 4).

TcGPXs are ubiquitous protein potentially involved in cell death inhibition

All the TcGPX proteins contained multiple predicted phosphorylation and glycosylation sites (Table 1), which are ubiquitous mechanism for the temporal and spatial regulation of proteins involved in almost every cellular process [START_REF] Samuel | A Mechanism for the Evolution of Phosphorylation Sites[END_REF]. The TcGPXs family showed an ubiquitous subcellular localization (Table 1) including chloroplast location (TcHGPX and TcGPX6) where these proteins may use GSH or thioredoxin as a reducing agent to reduce H2O2, organic hydroperoxide, and lipid hydroperoxides [START_REF] Zhai | Two Wheat Glutathione Peroxidase Genes Whose Products Are Located in Chloroplasts Improve Salt and H(2)O(2) Tolerances in Arabidopsis[END_REF]. Furthermore, in Arabidopsis it has been shown that chloroplastic GPXs play a role in cross talk between photooxidative stress and immune responses [START_REF] Zhai | Two Wheat Glutathione Peroxidase Genes Whose Products Are Located in Chloroplasts Improve Salt and H(2)O(2) Tolerances in Arabidopsis[END_REF][START_REF] Chang | Arabidopsis chloroplastic glutathione peroxidases play a role in cross talk between photooxidative stress and immune responses[END_REF]. The phylogenetic analysis of TcGPXs with different GPX from plants and animals showed that they were very conserved inclusive for each sub-group of GPX, i.e. PHGPXs vs GPXs (Fig. 2). The sequence and structure conservation of TcGPXs also suggests a conservation of function as indicated by other authors [START_REF] Margis | Glutathione peroxidase family -an evolutionary overview[END_REF]. In mammal signal transduction pathways, it has been suggested that PHGPx functions as an anti-apoptotic agent in mitochondrial death signaling [START_REF] Nomura | Mitochondrial phospholipid hydroperoxide glutathione peroxidase inhibits the release of cytochrome c from mitochondria by suppressing the peroxidation of cardiolipin in hypoglycaemia-induced apoptosis[END_REF]. The antioxidant 
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