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Introduction

The cupuassu (Theobroma grandiflorum [Willd. Ex Spreng.] Schum.) belongs to the Malvaceae family; it is native to the Amazon region and is economically important to Brazil, where it is cultivated [START_REF] Alves | Avaliação e seleção de progênies de cupuaçuzeiro (Theobroma grandiflorum), em Belém, Pará[END_REF][START_REF] Alves | Diversidade genética em coleções amazônicas de germoplasma de cupuaçuzeiro [Theobroma grandiflorum (Willd. ex Spreng.) Schum.][END_REF]. Cupuassu pulp and seeds are used in the cosmetics and food industries, mainly for candy, ice cream, beverage and cupulate (a product similar to chocolate) production [START_REF] Costa | Conservação de polpa de cupuaçu [Theobroma grandiflorum (Willd. Ex Spreng.) Schum] por métodos combinados[END_REF]. Cupulate is an interesting alternative to chocolate production for an actual worldwide economic situation in which the production of cocoa (Theobroma cacao, Malvaceae family) beans cannot supply the increased worldwide demand for chocolate [START_REF] Sayid | Chocolate Could Run Out In 2020 Due To Worldwide Shortage of Cocoa[END_REF][START_REF] Wexler | World's sweet tooth heats up cocoa. Growing demand from emerging markets is pushing up prices for key ingredient in chocolate[END_REF].

However, both cocoa and cupuassu cultures are affected by pests and pathogens that cause damage, loss of production and even plant death. Among them, witches' broom disease, caused by the fungus Moniliophthora perniciosa, is the main phytopathological problem for cupuassu cultures [START_REF] Alves | Avaliação genética de individuos e progênies de cupuaçuzeiro no estado do Para e estimativas de parâmetros genéticos[END_REF].

Because they are attacked by a wide variety of pathogens, plants have developed pattern-recognition receptors to recognize molecular patterns associated with pathogens (PAMPs), which lead, among other outcome, to the production and accumulation of pathogenesis-related proteins (PR proteins), which are considered crucial to plant defense mechanisms [START_REF] Sels | Plant pathogenesis-related (PR) proteins: a focus on PR peptides[END_REF][START_REF] Van Loon | Induced resistance in plants and the role of pathogenesis-related proteins[END_REF][START_REF] Ali | Pathogenesis-related proteins and peptides as promising tools for engineering plants with multiple stress tolerance[END_REF]. The current classification divides PR proteins into 17 classes (PR1-PR17) depending on their biological activity, physicochemical properties and/or sequence homology [START_REF] Edreva | Pathogenesis-related proteins: Research progress in the last 15 years[END_REF][START_REF] Sinha | Current overview of allergens of plant pathogenesis related protein families[END_REF]. The PR-3, PR-4, PR-8 and PR-11 families correspond to different types of chitinases (EC 3.2.1.14). Among them, the PR-3 proteins include glycoside hydrolase 19 (GH19) chitinases, and the PR-8 family corresponds to glycoside hydrolase 18 (GH18) chitinases. The PR-5 family classification corresponds to thaumatin-like protein (TLPs), whose biological function in plants has yet to be established [START_REF] Hakim | Osmotin: A plant defense tool against biotic and abiotic stresses[END_REF]. Among TLPs, the osmotins are multifunctional proteins that may participate alongside chitinases in protein complexes involved in plant defense against pathogens [START_REF] Van Loon | Induced resistance in plants and the role of pathogenesis-related proteins[END_REF][START_REF] Grenier | Sorne Pathogenesis-Related Proteins Are Chitosanases with Lytic Activity Against Fungal Spores[END_REF]. GH18, GH19 and osmotin show antifungal activity through cell wall hydrolysis or plasma membrane permeabilization [START_REF] Hakim | Osmotin: A plant defense tool against biotic and abiotic stresses[END_REF][START_REF] Kawase | Comparison of Enzymatic and Antifungal Properties between Family 18 and 19 Chitinases from S. coelicolor A3(2)[END_REF]; in the case of PR-5, it has been proposed that the existence of specific target receptors on the membrane leads to fungus sensitivity or resistance [START_REF] Min | Crystal structure of osmotin, a plant antifungal protein[END_REF]. The GH18 chitinases show a characteristic barrel structure [START_REF] Patil | Structural Investigation of a Novel N-Acetyl Glucosamine Binding Chi-Lectin Which Reveals Evolutionary Relationship with Class III Chitinases[END_REF], while GH19 chitinases are composed of a high concentration of α-helices and loops [START_REF] Kawase | Comparison of Enzymatic and Antifungal Properties between Family 18 and 19 Chitinases from S. coelicolor A3(2)[END_REF]. The TLP proteins have three well-characterized domains: domain I is composed of β sheets and loops called a β-sandwich, domain II is composed of α-helices and domain III is composed of two β-sheets [START_REF] Liu | The superfamily of thaumatin-like proteins: its origin, evolution, and expression towards biological function[END_REF]. Because chitin is present in the fungus cell wall and not in plant cells, it is considered an ideal PAMP and as one of the first barriers in the plant-pathogen battlefield [START_REF] Pusztahelyi | Chitin and chitin-related compounds in plant-fungal interactions[END_REF][START_REF] Sánchez-Vallet | The battle for chitin recognition in plantmicrobe interactions[END_REF]. Chitin and chitosan, its deacetylated derivative, have been heavily studied, and their role in plant-pathogen interaction has received considerable attention, mainly because they are considered useful for biotechnological applications aimed at reducing fungus activity and/or development [START_REF] Sánchez-Vallet | The battle for chitin recognition in plantmicrobe interactions[END_REF][START_REF] Malerba | Recent Applications of Chitin-and Chitosan-Based Polymers in Plants[END_REF][START_REF] Riaz Rajoka | Chitosan and its derivatives: synthesis, biotechnological applications, and future challenges[END_REF].

Moniliophthora perniciosa's chitin metabolism, including associated enzymes such as chitin synthases and chitinases, has previously been studied [START_REF] Gomes | Mycelial development preceding basidioma formation in Moniliophthora perniciosa is associated to chitin, sugar and nutrient metabolism alterations involving autophagy[END_REF][START_REF] Lopes | Use of response surface methodology to examine chitinase regulation in the basidiomycete Moniliophthora perniciosa[END_REF][START_REF] Souza | Identification and characterization of a class III chitin synthase gene of Moniliophthora perniciosa, the fungus that causes witches' broom disease of cacao[END_REF][START_REF] Penman | Chitin as a measure of biomass of Crinipellis perniciosa, causal agent of witches' broom disease of Theobroma cacao[END_REF].

Molecular studies of cupuassu related to plant-pathogen interaction are still poorly developed, and few works are related to resistance to witches' broom disease [START_REF] Ferraz Dos Santos | First Microsatellite Markers Developed from Cupuassu ESTs: Application in Diversity Analysis and Cross-Species Transferability to Cacao[END_REF][START_REF] Ferraz Dos Santos | Selection of Reference Genes for Expression Study in Pulp and Seeds of Theobroma grandiflorum (Willd. ex Spreng.) Schum[END_REF][START_REF] Falcao | Analyses of cupuassu (Theobroma grandiflorum) transcriptome during interaction with Moniliophthora perniciosa, the causal agent of Witches' Broom disease[END_REF].

Moreover, unlike cocoa, the cupuassu genome has not been sequenced yet, and molecular analyses focused on genetics and genomics of resistance are only based on recent transcriptomic data [START_REF] Ferraz Dos Santos | First Microsatellite Markers Developed from Cupuassu ESTs: Application in Diversity Analysis and Cross-Species Transferability to Cacao[END_REF][START_REF] Falcao | Analyses of cupuassu (Theobroma grandiflorum) transcriptome during interaction with Moniliophthora perniciosa, the causal agent of Witches' Broom disease[END_REF]. Here, we selected and analyzed three PR genes from cupuassu (TgPR3, TgPR5 and TgPR8) with putative chitinase or chitinase-associated functions as well as anti-fungal activity. We showed, in silico, the TgPR proteins' structural aspects and potential activity in relation to chitin and chitosan ligands, and, in vitro, the contrasting expression levels of the TgPR genes in resistant and susceptible cupuassu plants inoculated with M. perniciosa. Their expression profiles could be related to phylogenetic analysis using homologous PR sequences from T. cacao and A. thaliana, which are involved in response to biotic and abiotic stress. To our knowledge, this is the first PR protein report on cupuassu-M. perniciosa interaction. The overall data data suggest that TgPRs could be involved in recognizing mechanisms of the plant's innate immune system through chitin receptors. Our results also suggest a putative role of chitinase/chitosanase for the TgPR5/osmotin.

Methods

Identification and characterization of TgPR sequences

The PR sequences were selected from a previously obtained RNA-Seq database of cupuassu [START_REF] Falcao | Analyses of cupuassu (Theobroma grandiflorum) transcriptome during interaction with Moniliophthora perniciosa, the causal agent of Witches' Broom disease[END_REF]. Open reading frame (ORF) detection was performed using the ORFinder software [START_REF] Gasteiger | Protein Identification and Analysis Tools on the ExPASy Server[END_REF]. The subcellular locations were predicted using the YLoc-HighRes Plants tool [START_REF] Briesemeister | YLoc--an interpretable web server for predicting subcellular localization[END_REF].

Phylogeny

Cacao and Arabidopsis nucleotide sequences that are homologous to TgPRs were obtained using local alignment (BLAST) from CocoaGenDB [START_REF] Argout | The genome of Theobroma cacao[END_REF] and TAIR (https://www.arabidopsis.org), respectively. The global multiple alignment of all sequences was made using ClustalW available with MEGAX software [START_REF] Kumar | MEGA X: Molecular Evolutionary Genetics Analysis across Computing Platforms[END_REF]. The MEGAX software was used to construct a rooted phylogenetic tree using the maximum likelihood method with 1,000 bootstrap sampling steps, the Tamura-Nei model and the G+I substitution method.

Phylogenetic trees were visualized and edited using the FigTree v1.4.4 tool (http://tree.bio.ed.ac.uk/software/figtree/).

Homology modeling of TgPRs and molecular docking with chitin and chitosan

The tri-dimensional (3D) structure of the TgPR proteins was obtained using the Swiss-Model server [START_REF] Arnold | The SWISS-MODEL workspace: a web-based environment for protein structure homology modelling[END_REF]. The crystal structures of homologous proteins available from the Protein Data Bank (PDB; https://www.rcsb.org/) were used as templates to build the structural models of TgPR (Supplementary material 1). The stereochemical quality of the models was analyzed with ANOLEA [START_REF] Melo | ANOLEA: a www server to assess protein structures[END_REF] and Procheck [START_REF] Laskowski | PROCHECK: a program to check the stereochemical quality of protein structures[END_REF]. Water molecules were removed from and polar hydrogens were added to the TgPR protein models, before calculation of their Gasteiger charges; the results were exported in PDBQT format. The active sites were identified based on TgPR protein alignment with PR proteins from other species (Supplementary materials 2 to 4), using the ClustalW tool [START_REF] Larkin | Clustal W and Clustal X version 2.0[END_REF]. The amino acid residues from the TgPR active sites of the proteins as well as the grid box defining the docking region were marked using AutoDock Tools v1.5.6 [START_REF] Morris | AutoDock4 and AutoDockTools4: Automated docking with selective receptor flexibility[END_REF]. For docking, chitin (CID: 444514) and chitosan (CID: 71853) were used as ligands; their structures were downloaded in SMILES format. Using the MarvinSketch 15.7.13.0 tool, the ligands were converted into 3D structures, checked for conformation and saved in mol2 format. The Kollman charges were calculated using AutoDockTools v1.5.6, and the results were exported in PDBQT format. The docking was done using the AutoDock

Vina software [START_REF] Trott | AutoDock Vina: improving the speed and accuracy of docking with a new scoring function, efficient optimization and multithreading[END_REF] with default parameters. The results were visualized in PyMOL v1.7.4 [START_REF] Delano | The PyMOL Molecular Graphics System[END_REF] and Discovery Studio 4.5.

Plant material

TgPR gene expression was analyzed in adult plants obtained from clonal cuttings of cupuassu genotypes C174 (resistant to witches' broom disease) and C1074 (susceptible to witches' broom disease), grown in the experimental station of CEPLAC (Belém, Pará, Brazil) [START_REF] Cruz | Spreng) K. Schumm.) quanto a tolerância a vassoura-de-bruxa (Crinipellis perniciosa (Stahel) Singer)[END_REF].

Cupuassu apical meristems were inoculated with M. perniciosa using the droplet method (30 µL of suspension containing 1x10 5 ml -1 basidiospores) [START_REF] Surujdeo-Maharaj | An optimized screening method for identifying levels of resistance to Crinipellis perniciosa in cocoa (Theobroma cacao)[END_REF]. After inoculation, the stem apex region was wrapped in a plastic bag (a water-saturated environment) to improve basidiospore germination and plant infection by the fungus [START_REF] Frias | An inoculation method for evaluating resistance of cacao to Crinipellis perniciosa[END_REF]. The control plants were submitted to the same procedure, but the basidiospore suspension was replaced by distilled water. The apical meristems of the inoculated C174 and C1074 genotypes were harvested 8, 24, 48 and 72 hours after inoculation (hai), while non-inoculated ones (control) were harvested at 8 hai Three plants (biological replicates) were used for each genotype at each harvesting time. The harvested samples were immediately frozen in liquid nitrogen and stored at -80 °C until use.

Reverse transcription quantitative PCR (qPCR) analysis

Each biological replicate (individual plant) was macerated in liquid nitrogen, and 3 mg of the macerate was used to extract its total RNA using the RNAqueous® kit according to the manufacturer's recommendations (Ambion). Total RNA (15 µl) was treated with the DNase I kit according to the manufacturer's recommendations (Invitrogen). The cDNA was synthesized using the RevertAid First Strand cDNA Synthesis Kit, a cDNA synthesis kit, according to the manufacturer's recommendations (ThermoScientific). The cDNA was quantified on a GeneQuant Pro Spectrophotometer UV/Vis Reader (Amersham). For qPCR, the TgPR primers were designed with the Primer 3 plus tool [START_REF] Untergasser | Primer3Plus, an enhanced web interface to Primer3[END_REF] using previously described parameters [START_REF] Thornton | Real-time PCR (qPCR) primer design using free online software[END_REF], and checked for dimer and hairpin formation using the Oligoanalyzer (https://www.idtdna.com/calc/analyzer) (Supplementary material 5). Three reference genes (acyl carrier protein/ACP, malate dehydrogenase/MDH and tubulin/TUB; Supplementary material 5) previously identified in cupuassu [START_REF] Ferraz Dos Santos | Selection of Reference Genes for Expression Study in Pulp and Seeds of Theobroma grandiflorum (Willd. ex Spreng.) Schum[END_REF] were analyzed for stability in three pooled samples of each cupuassu genotype: i) a non-inoculated pool sample (3 plants); ii) a pool of 8 and 24 hai samples (6 plants); and iii) a pool of 48 and 72 hai samples (6 plants). Quantitative PCR was performed in an Eppendorf thermocycler Realplex4. The reaction was made in a final volume of 10 µl containing 5 µl of Taq READYMIX SYBR Green, 0.1 µl of ROX (fluorescence signal normalizer), 0.5 µl of primers (forward and reverse, at a concentration of 10 mM each) and 4.4 µl of cDNA 1/20 (230 ng). The cycling conditions were 95°C for 2 min followed by 45 cycles of 95°C for 15 s, 55°C for 15 s and 60°C for 45 s, followed by a dissociation curve step. The fluorescence data and primer efficiency were analyzed using MINER 4.0 [START_REF] Zhao | Comprehensive algorithm for quantitative real-time polymerase chain reaction[END_REF]. The gene-expression stability was calculated using NormFinder [START_REF] Andersen | Normalization of Real-Time Quantitative Reverse Transcription-PCR data: a model-based variance estimation approach to identify genes suited for normalization, applied to bladder and colon cancer data sets[END_REF], which determined the best combination of the reference genes ACP and MDH for relative expression calculation (Supplementary material 6). The gene expression was analyzed in each biological replicate (1 biological replicate = 1 plant) for each genotype (inoculated vs. non-inoculated) at each harvesting time, using the qPCR cycling conditions described above and three technical replicates. The relative expression was obtained using the REST-2009 software [START_REF] Pfaffl | Relative expression software tool (REST) for group-wise comparison and statistical analysis of relative expression results in real-time PCR[END_REF], which considers the primer efficiency as well as the average ACP and MDH values for calculation.

Results

Identification and characterization of TgPR sequences

Analysis of the cupuassu RNA-seq allowed the selection of three sequences -codified as C106, C68 and C356 -and showed homology with chitinases [START_REF] Falcao | Analyses of cupuassu (Theobroma grandiflorum) transcriptome during interaction with Moniliophthora perniciosa, the causal agent of Witches' Broom disease[END_REF]. Sequence C106 showed homology with chitinases from the GH19 family, which are involved in pathogenesis and are related to the PR3 class (Table 1). For this reason, sequence C106 was re-named as T.

grandiflorum pathogenesis-related protein 3 (TgPR3). The TgPR3 ORF was 966 bp in length and encoded for a 322 aa protein with a molecular weight and an isoelectric point of 35.5 kDa and 6.64, respectively (Table 1). TgPR3 contained a signal peptide (26 aa) responsible for extracellular addressing (86.48% of probability). The protein contained 17 and three predicted phosphorylation and glycosylation sites, respectively (Table 1). The C68 sequence showed homology with the thaumatin like protein (TLP-P) family, which belongs to the pathogenesisrelated protein 5 (PR5) class and includes chitinases and osmotins. The C68 sequence was renamed T. grandiflorum pathogenesis-related protein 5 (TgPR5) (Table 1). The TgPR5's ORF was 672 bp in length, and it encoded a 224 aa protein with a molecular weight of 24.2 kDa and an isoelectric point of 6.68 (Table 1). The protein contained a 23 aa signal peptide responsible for extracellular addressing (99.7% probability). TgPR5 contains one predicted glycosylation and eight predicted phosphorylation sites (Table 1). The protein encoded by the C356 sequence was classified as a chitinase from the GH18 family and as hevamine enzyme, which are chitinases belonging to the class of pathogenesis-related protein 8 (PR8). This sequence was renamed T. grandiflorum pathogenesis-related protein 8 (TgPR8). The TgPR8 ORF was 927 bp in length, and it encoded for a 309 aa protein with a molecular weight of 33.3 kDa and a pI of 4.27 (Table 1). TgPR8 contains a signal peptide (29 aa), which potentially addresses the protein to the extracellular (52.2% probability) or the vacuolar (34.5% probability) compartments. The TgPR8 protein showed one and 13 glycosylation and phosphorylation sites, respectively (Table 1).

Phylogeny

BLAST made from TgPR sequences allowed the identification of 11 and 14 homologous sequences of TgPR3, 30 and 28 of TgPR5 and 14 and one of TgPR8 in T. cacao and A.

thaliana, respectively (Fig. 1). TgPR3 showed a high homology with T. cacao sequences Tc04_t029180 and Tc06_t000490 and with A. thaliana sequences AT3G16920.1 and AT1G05850.1 (Fig. 1A). TgPR5 was clustered with the sequences Tc00_t060970, Tc03_t026960, Tc03_t026980, Tc03_t026990, Tc03_t027000, Tc03_t027010 and Tc03_t027030 from T. cacao and with AT4G11650 (OSM34) from A. thaliana (Fig. 1B).

TgPR8 was clustered with the sequences Tc01_t032120, Tc03_t017760, Tc03_t017780, Tc03_t017790, Tc10_t015260 and Tc10_t015330 from T. cacao as well as with AT5G24090 from A. thaliana (Fig. 1C).

Homology modeling and validation of TgPR's 3D structure

The TgPR3 protein's 3D structure (Fig. 2A) was obtained through homology modeling with the GH19 chitinase (PDB: 4TX7) from Vigna ungiculata (39% of identity and 91% of coverage; Supplementary material 1). The TgPR3 protein 3D model showed that 87% of the amino acid residues was in the most favored regions, 11.8% was in the additional allowed regions, 0.6% was in the generously allowed regions and 0.6% was in the disallowed regions (Supplementary material 7A). The TgPR3 model contained 12 helices, 26 β-turns, eight ɣturns and three disulfide bonds (Fig. 2A, Supplementary material 8). The alignment of TgPR3

with other GH19 chitinases from other species (Supplementary material 2) allowed the identification of TgPR3's catalytic site containing the amino acid residues Lys70, Glu92 and Tyr125 (Fig. 2A). The TgPR5 protein's 3D structure (Fig. 2B) was obtained by homology modeling with an osmotin (PDB: 4L2J) from Calotropis porcine (75% of identity and 100% of coverage; Supplementary material 1). The TgPR5 protein 3D model showed 88.5% of the amino acid residues in the most favored regions, 11.1% in the generously allowed regions and 0.4% in the allowed regions, and it had no amino acid residues in disallowed regions (Supplementary material 7B). The TgPR5 model contained 14 β-sheets, five helices, 25 βturns, two ɣ-turns, one bulge, five hairpins and seven disulfide bonds (Fig. 2B, Supplementary material 8). The alignment of TgPR5 protein with thaumatine-like proteins from other species (Supplementary material 3) allowed the identification of putative amino acid residues from the active cleft: Arg43, Glu83, Asp96 and Asp101 (Fig. 2B). The TgPR8 protein's 3D structure (Fig. 2C) was obtained by homology modeling with hevamine A (PDB: 1LLO) from Hevea brasiliensis (64% of identity and 99% of coverage; Supplementary material 1). The TgPR8 protein's 3D structure showed 78.8% of the amino acid residues in the most favored regions, 18.9% in the additional allowed regions, 0.9% in the generously allowed regions and 1.4% in disallowed regions (Supplementary material 7C). The TgPR8 model contained a barrel shape with nine β-sheets, 15 helices, three disulfide bonds, 16 β-turns, one ɣ-turn, four bulges, one hairpin, six α-β units and one PSI loop (Fig. 2C, Supplementary material 8). The alignment of TgPR8 with GH18 chitinases from other species (Supplementary material 4) allowed the identification of motifs and conserved domains, including the predicted active site containing the amino acid residues Tyr6, Phe32, Asp125, Glu127, Gln155, Gln178, Tyr180 and Trp253 (Fig. 2C).

Molecular docking between TgPRs and chitin or chitosan

The molecular docking of TgPR3 with chitin had an affinity energy of -6.4 kcal/mol (Supplementary material 9). It showed conventional hydrogen bond interactions with amino acid residues Ser92, Gly94, Glu112 and Tyr225, and carbon hydrogen bonds with amino acid residues Lys90 and Pro217 (Fig. 3). The molecular docking of TgPR3 with chitosan had an affinity energy of -7.4 kcal/mol (Supplementary material 9). It showed conventional hydrogen bond interactions with amino acid residues Lys90, Ser92, Asp118, Tyr119, Tyr145, Tyr148, Arg182, Leu224, Tyr225 and Asp236; carbon hydrogen bonds with amino acid residues Thr91, Tyr109 and Arg111; and alkyl interactions with the amino acid residue Pro143 (Fig. 3).

The molecular docking of TgPR5 with chitin had an affinity energy of -6.5 kcal/mol (Supplementary material 9) and showed conventional hydrogen bonds with the amino acid residues Thr40, Glu83, Gln88, Asp96 and Pro179; one carbon hydrogen bond with the amino acid residue Asp182; and one pi-sigma interaction with the amino acid residue Tyr176 (Fig. 3). The molecular docking of TgPR5 with chitosan had an affinity energy of -6.8 kcal/mol (Supplementary material 9) with conventional hydrogen bonds in the amino acid residues Thr40, Ala42, Tyr74, Gly75, Glu83, Tyr84, Asp96, Asp101, Tyr176 and Asp182 and one carbon hydrogen bond in the amino acid residue Cys154 (Fig. 3). The molecular docking of TgPR8 with chitin had an affinity energy of -7.0 kcal/mol (Supplementary material 9) and showed conventional hydrogen bonds with the amino acid residues Gln9, Ala81, Glu127, Gln155, Tyr180

and Tyr257 (Fig. 3). The docking of TgPR8 with chitosan had an affinity energy of -7.3

kcal/mol (Supplementary material 9) and showed conventional hydrogen bonds with the amino acid residues Gln9, Ser43, Met44, Asn45, Leu46, Gln155, Asn181, Asn182, Ala221, Trp253 and Tyr257, and carbon hydrogen bonds with the amino acid residues Gln178 and Tyr180 (Fig. 3).

Analysis of TgPR gene expression

The primers PR3, PR5, PR8, ACP and MDH showed efficiency from 91% (MDH on the C1074 genotype) to 102% (P3 on both the C174 and C1074 genotypes; Supplementary material 10). For both genotypes and for all of the harvesting points, the PCR amplification occurred at the same and unique melting temperature for each gene and a unique band was visible on electrophoresis agarose gel, showing that only the corresponding gene was amplified (Supplementary material 11). The relative expression of the TgPR genes was lower in the susceptible genotype at all of the harvesting times, as compared to the resistant genotype (Figs. 4A andB). The TgPR3 gene showed two to three times higher expression in the resistant genotype than in the susceptible one (Fig. 4B). Similarly, the TgPR8 gene showed two to four times higher expression in the resistant plants compared to the susceptible ones (Fig. 4B). For both the TgPR3 and TgPR8 genes, the expression through the time course disease slightly increased from 8 to 72 hai in the resistant plants (Fig. 4B). The TgPR5 gene showed a very high expression at 8 and 24 hai in the resistant genotype (about 25 of relative expression; Fig. 4A), which decreased at 48 and 72 hai (about 2 of relative expression; Fig. 4B). Except for TgPR5 8 hai, the relative expression of the TgPR genes in the susceptible genotype was almost constant (Fig. 4B).

Discussion

TgPRs are structurally distinct and show a high energy affinity for chitosan

The TgPR3 and TgPR5 proteins showed similar isoelectric points and share the same cellular addressing (extracellular; Table 1), whereas the TgPR8 protein shows a more acidic isoelectric point. Although the predictions for TgPR8 suggested extracellular and vacuolar addressing (Table 1), type GH18 chitinases are found in the apoplast [START_REF] Takahashi-Ando | Identification of multiple highly similar XIP-type xylanase inhibitor genes in hexaploid wheat[END_REF]. Although GH19 (PR-3) chitinases are composed of α-helices and loops, they are highly thermostable [START_REF] Martínez-Caballero | Comparative study of two GH19 chitinase-like proteins from Hevea brasiliensis, one exhibiting a novel carbohydrate-binding domain[END_REF].

GH19 are divided into loopful and loopless classes, where loopful chitinases have loops at both ends of the substrate-binding site, while loopless chitinases have a non-end loop structure, which is commonly found in bacteria [START_REF] Ohnuma | Crystal structure of a "loopless" GH19 chitinase in complex with chitin tetrasaccharide spanning the catalytic center[END_REF]. The TgPR3 protein showed homology with the loopful GH19 class because of the presence of the loops near the substrate-binding site (Fig. 2A). Most GH18 proteins (PR-8) correspond to chitinases, although some have been reported to have xylanase-inhibiting activity or to have lost their chitinase activity [START_REF] Patil | Structural Investigation of a Novel N-Acetyl Glucosamine Binding Chi-Lectin Which Reveals Evolutionary Relationship with Class III Chitinases[END_REF]. As chitinases, the GH18 proteins have the same activity as GH19 but are extremely distinct, both structurally and evolutionarily [START_REF] Fukamizo | Chitinolytic Enzymes: Catalysis, Substrate Binding, and their Application[END_REF]. One pattern that defines the chitinase activity in GH18 is the presence of a DXDXE motif [START_REF] Masuda | Crystal structure of class III chitinase from pomegranate provides the insight into its metal storage capacity[END_REF]; the TgPR8 showed the DFDIE motif at positions 123-127 of the sequence, corroborating its classification and potential chitinase activity (Supplementary material 8). Osmotin antifungal activity is associated with the presence of the acidic cleft region [START_REF] Min | Crystal structure of osmotin, a plant antifungal protein[END_REF][START_REF] Koiwa | Crystal structure of tobacco PR-5d protein at 1.8 Å resolution reveals a conserved acidic cleft structure in antifungal thaumatin-like proteins11Edited by[END_REF], which in TgPR5 protein is composed of the residues Glu83, Asp96 and Asp101 (Figure 1B). In vitro studies have shown that barley seeds' GH19 chitinase can efficiently catalyze tetrameric N-acetylglucosamine in dimers but that most GH19 chitinases prefer larger substrates [START_REF] Chaudet | Crystallographic structure of ChitA, a glycoside hydrolase family 19, plant class IV chitinase from Zea mays[END_REF]. These data corroborate our docking results, where the TgPR3 protein had an affinity of -6.4 kcal/mol with the chitin molecule (the smaller one) and -7.4

kcal/mol with the chitosan molecule (the larger one), showing that TgPR3 also has a higher affinity for larger substrates (Supplementary material 9, Fig. 3). TgPR8 protein has similar affinity energy for chitin and chitosan ligands (-7.0 kcal/mol and -7.3 kcal/mol, respectively; Supplementary material 9). The docking results reinforced the putative TgPR8 protein chitinase activity, with an interaction within the DFDIE motif, in which it is essential for the chitinase activity of this protein class [START_REF] Masuda | Crystal structure of class III chitinase from pomegranate provides the insight into its metal storage capacity[END_REF]. Although structurally different and having different catalytic mechanisms [START_REF] Fukamizo | Chitinolytic Enzymes: Catalysis, Substrate Binding, and their Application[END_REF], the proteins TgPR3 and TgPR8 have a very close affinity energy for the chitosan molecule. This may be related to their activity type, as both are glycoside hydrolases [START_REF] Udaya Prakash | Evolution, Homology Conservation, and Identification of Unique Sequence Signatures in GH19 Family Chitinases[END_REF]. The TgPR5 protein had an affinity energy of -6.5 kcal/mol with the chitin molecule and -6.8 kcal/mol with the chitosan molecule (Supplementary material 9; Fig. 3). These results show that TgPR5 can bind chitin molecules and may have potential chitinase and antifungal activity.

TgPRs are homologous to other plant PR proteins involved in biotic and abiotic stress

TgPR3 was clustered with Tc06_t000490 and Tc04_t029180 (Fig. 1), which showed a high constitutive expression across treatments, Tc06_t000490 being up-regulated during cacao-Phytophthora palmivora interaction [START_REF] Fister | Theobroma cacao L. pathogenesis-related gene tandem array members show diverse expression dynamics in response to pathogen colonization[END_REF]. The AT3G16920 from A. thaliana that also clustered with TgPR3 (Fig. 1) is involved in response to mechanical stress [START_REF] Koizumi | Mechanical load induces upregulation of transcripts for a set of genes implicated in secondary wall formation in the supporting tissue of Arabidopsis thaliana[END_REF] as well as to heat, salt and drought stress [START_REF] Kwon | Arabidopsis hot2 encodes an endochitinase-like protein that is essential for tolerance to heat, salt and drought stresses[END_REF]. AT1G05850 is related to cellulose biosynthesis [START_REF] Sánchez-Rodríguez | Chitinase-like1/pom-pom1 and its homolog CTL2 are glucan-interacting proteins important for cellulose biosynthesis in Arabidopsis[END_REF] and also to response to high temperatures, salt and drought stress [START_REF] Kwon | Arabidopsis hot2 encodes an endochitinase-like protein that is essential for tolerance to heat, salt and drought stresses[END_REF]. Sequences Tc00_t060970, Tc03_t026990, Tc03_t027000, Tc03_t027010 and Tc03_t027030, which were clustered with TgPR5 (Fig. 1), showed increased expression levels during cacao interaction with the pathogenic fungi P. palmivora and Colletotrichum theobromicola [START_REF] Fister | Theobroma cacao L. pathogenesis-related gene tandem array members show diverse expression dynamics in response to pathogen colonization[END_REF]. The A. thaliana AT4G11650 sequence showed an increased expression with Agrobacterium tumefaciens at 24 hai [START_REF] Ditt | The Arabidopsis thaliana Transcriptome in Response to Agrobacterium tumefaciens[END_REF]. This gene is also regulated by the ethylene and jasmonic acid-signalization pathway [START_REF] Zheng | Arabidopsis WRKY33 transcription factor is required for resistance to necrotrophic fungal pathogens[END_REF]. Transgenic Arabidopsis plants knocked-out for the transcription factor WRKY33which is mediated by ethylene and the jasmonic acid signalization pathway -showed a susceptibility pattern to Botritys cinerea and a reduction of AT4G11650 expression level, while the wild-type plants showed increased AT4G11650 expression in response to the pathogen [START_REF] Zheng | Arabidopsis WRKY33 transcription factor is required for resistance to necrotrophic fungal pathogens[END_REF]. The A. thaliana sequence AT5G24090, homologous to TgPR8 (Fig. 1),

showed an expression pattern specific to stress response; however, no expression was observed during the plant development stage [START_REF] Takenaka | Chitinase Gene Expression in Response to Environmental Stresses in Arabidopsis thaliana: Chitinase Inhibitor Allosamidin Enhances Stress Tolerance[END_REF]. In T. cacao, the Tc03_g017760 gene homologous with TgPR8 (Fig. 1) showed an increased expression level when the plant was inoculated by P. palmivora or Colletotrichum theobromicola [START_REF] Fister | Theobroma cacao L. pathogenesis-related gene tandem array members show diverse expression dynamics in response to pathogen colonization[END_REF]. The PR gene's expression in response to biotic and abiotic stress could be related to the phytohormone pathways that regulate their expression. This could be related to the literature data about M. perniciosa, which modifies the metabolism of T. cacao during compatible interactions through the phytohormone pathway [START_REF] Teixeira | High-resolution transcript profiling of the atypical biotrophic interaction between Theobroma cacao and the fungal pathogen Moniliophthora perniciosa[END_REF].

TgPR genes were highly expressed in the cupuassu genotype resistant to M. perniciosa

The relative expression of TgPR3, TgPR5 and TgPR8 was highly significant in the resistant genotype infected by M. perniciosa, at all of the harvesting points, but mainly at 8 and 24 hai for TgPR5 (Fig. 3A). In the T. cacao-M. perniciosa interaction, which is closely related to and also deeper studied than the cupuassu-M. perniciosa pathosystem, the basidiospore germination and the beginning of the germination tube in the plant tissues were observed at 6 hai [START_REF] Sena | The infection process of Moniliophthora perniciosa in cacao[END_REF], a time period that is coherent with the high and early expression of the TgPRs (Figs.

3A and B). The very high expression observed for TgPR5 since 8 hai would corroborate other reports, in which the PR5 was overexpressed in resistant plant genotypes after pathogen infection [START_REF] Liu | The superfamily of thaumatin-like proteins: its origin, evolution, and expression towards biological function[END_REF][START_REF] Prasath | Cloning and characterization of PR5 gene from Curcuma amada and Zingiber officinale in response to Ralstonia solanacearum infection[END_REF][START_REF] Prasath | Comparative study of pathogenesis-related protein 5 (PR5) of different Zingiberaceae species[END_REF][START_REF] El-Kereamy | Prunus domestica pathogenesis-related protein-5 activates the defense response pathway and enhances the resistance to fungal infection[END_REF]. The osmotin's function and mode of action are still unclear, and different functions have been shown, such as in inhibiting beta-glucanase or xylanase [START_REF] Liu | The superfamily of thaumatin-like proteins: its origin, evolution, and expression towards biological function[END_REF][START_REF] Grenier | Some thaumatin-like proteins hydrolyse polymeric β-1,3-glucans[END_REF]. Here, we propose that TgPR5 may act as chitinase due to its strong in silico interaction with chitin and chitosan, as well as its extracellular localization (Fig. 2, Table 1). Thus, we the resistant cupuassu genotype may have been able to recognize M. perniciosa throught its innate immune system -probably through effectors [START_REF] Barbosa | Genome sequence and effectorome of Moniliophthora perniciosa and Moniliophthora roreri subpopulations[END_REF] -and to generate a defense response against the pathogen from the beginning of the infection process (Fig. 5), which explains why the C174 resistant genotype does not present symptoms or disease features in the field [START_REF] Alves | Evolução da vassourade-bruxa e avaliação da resistência em progênies de cupuaçuzeiro[END_REF]. In the susceptible cupuassu genotype, the TgPR genes showed reduced expression at all of the harvesting times (Fig. 3) showing that the pathogen can bypass the innate immune system of cupuassu and cause virulence. In T. cacao-M. perniciosa interaction, the fungus can interfere with the host's metabolism and alter its gene expression [START_REF] Teixeira | High-resolution transcript profiling of the atypical biotrophic interaction between Theobroma cacao and the fungal pathogen Moniliophthora perniciosa[END_REF]. The reduction of plant chitinase expression levels during the cupuassu-M. perniciosa interaction can be highly beneficial to the pathogen, which can grow and colonize the plant tissues (Fig. 5). Moreover, the reduction of cell wall degradation by chitinases (i.e. cell wall fragments) reduces the recognition by the plant's innate immune system through chitin receptors [START_REF] Böhm | Immune receptor complexes at the plant cell surface[END_REF][START_REF] Kaku | Plant cells recognize chitin fragments for defense signaling through a plasma membrane receptor[END_REF] (Fig. 5). In contrast, increased plant chitinase expression and secretion can cause serious damage to the pathogen, allowing the plant to recognize the pathogen, and triggering defense mechanisms and the plant's resistance [START_REF] Kaku | Plant cells recognize chitin fragments for defense signaling through a plasma membrane receptor[END_REF] (Fig. 5).

Conclusion

Here, we have shown the first in silico and in vitro analysis of pathogenesis-related proteins from T. grandiflorum. We show that TgPR3 and TgPR8 are putative chitinases with distinct structures, and that TgPR5 is a putative osmotin, all with affinity for chitin and chitosan molecules. These results suggest a new role for TgPR5/osmotin as chitinase/chitosanase in plant-pathogen interactions. TgPR expression highly increased in the resistant cupuassu genotype infected by M. perniciosa (mainly TgPR5 at the first infection times) and was low in the susceptible one. These results could be related to the phylogenetic analysis of the TgPR genes showing that T. grandiflorum sequences clustered with cacao and Arabidopsis PR sequences are involved in response to biotic and abiotic stress, some through phytohormone-signaling pathways. These observations suggest that TgPRs could be involved in recognizing mechanisms of a plant's innate immune system through chitin receptors.

Tables Table 1. TgPR gene and protein sequence characteristics. S77 S95 S147 S266 T15 T41 T88 Y66 Y99 Y134 Y149 Y162 Y227 N145 * Data from RNA-seq as described by [START_REF] Falcao | Analyses of cupuassu (Theobroma grandiflorum) transcriptome during interaction with Moniliophthora perniciosa, the causal agent of Witches' Broom disease[END_REF]. 

Figure legends Figure 1 .

 legends1 Figure legends

Figure 2 .

 2 Figure 2. The 3D structure of TgPR proteins. A. TgPR3's 3D structure, with the amino

Figure 3 .

 3 Figure 3. Representations (2D and 3D) of docking between TgPRs and chitin/chitosan.

Figure 4 .

 4 Figure 4. Relative expression of TgPR genes in resistant (R) and susceptible (S)

Figure 5 .

 5 Figure 5. Putative scheme of the early steps (6-72 hai) of the interactions between T.

  

  

  

  

  

  (http://www.ncbi.nlm.nih.gov/gorf/gorf.html). The proteins were analyzed with BLASTp

	against	the	Conserved	Domain	Database	(CDD;
	https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi) for conserved domain identification,
	protein sequence length checking and TgPR protein classification. Signal peptide was
	identified using the SignalP 4.1 software [29], while the molecular weight and isoelectric
	point were obtained using the Compute pI/Mw program		
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