


The apoplastic effector MrB3 from Moniliophthora roreri modulates plant defense and interacts with an LRR protein in cacao.
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Supporting Information
Figure S1. Identification workflow for candidate effector proteins from Moniliophthora roreri. Differentially expressed transcripts obtained by RNA-Seq after 16 h of spore incubation in cacao extract (NASCIMENTO et al., 2025) were translated using BLASTx against the NCBI non-redundant (nr) database. Uncharacterized proteins shorter than 300 amino acids were subjected to in silico characterization to assess the presence of a signal peptide, cysteine residues, conserved domains, and transmembrane regions, as well as subcellular localization and effector prediction using EffectorP-fungi 3.0. This workflow resulted in the identification of eight candidate effector proteins, among which ESK97039.1 (MrB3) displayed all the predicted features of an apoplastic effector.
Figure S2. Signal peptide prediction of the MrB3 effector protein using SignalP 6.0. Signal peptide prediction of the MrB3 effector protein using SignalP 6.0, showing a predicted Sec/SPI signal peptide with a cleavage site between residues 19 and 20 (ASA│QL; cleavage site probability = 83%).
[bookmark: _k3autg97qp4i]Figure S3. Transmembrane domain prediction of the MrB3 effector protein using TMHMM 2.0. Transmembrane domain prediction of the MrB3 effector protein using TMHMM 2.0. No transmembrane helices were predicted along the 256-amino acid sequence, indicating that MrB3 is unlikely to be a membrane-associated protein. The posterior probability plot shows the predicted probabilities for transmembrane, inside, and outside regions across the protein sequence.
[bookmark: _44bns8estvtv]Figure S4. Prediction of intrinsic disorder in mature proteins using IUPred3.
[bookmark: _8cjys8lm51t1]Figure S5 A-C. Confirmation of the identity of the recombinant rMrB3 protein by tandem mass spectrometry (LC–MS/MS). The recombinant protein consisted of the mature MrB3 sequence without the signal peptide, fused to thioredoxin and a histidine tag, comprising 406 amino acid residues and having an apparent molecular mass of approximately 42.61 kDa. (A) Mapping of the seven unique peptides identified along the sequence of recombinant rMrB3. Colored bars represent the relative position and length of each peptide within the protein sequence. (B) Sequence coverage and relative intensity of the peptides identified by LC–MS/MS. (C) Summary of the proteomic identification of rMrB3 corresponding to Moniliophthora roreri MrBASIDIN3 (ESK97039.1), including the recombinant protein length (406 aa), total sequence coverage (30.78%), number of unique peptides identified (n = 7), and protein identification confidence (>95%). The identified peptides were mapped to the recombinant construct containing the mature MrB3 sequence fused to thioredoxin and a histidine tag.
[bookmark: _fy45gcjas28]Figure S6. Visual assessment of Theobroma cacao leaves (CCN 51) treated with recombinant rMrB3. Visual assessment of Theobroma cacao leaves (CCN 51) treated with buffer control or rMrB3 at 8.80 and 26.99 μmol L⁻¹ and monitored at 0, 2, 5, 10, 15, and 20 days after treatment. Treatment with rMrB3 resulted in a moderately resistant phenotype, with no pronounced macroscopic symptoms observed during the evaluation period. Scale bar = 1 cm.
[bookmark: _232p7omcgris]Figure S7 A-D. Stereochemical validation of the refined structural models used for molecular docking. (A) Three-dimensional structure of the refined MrB3 model predicted by AlphaFold and used for molecular docking analyses. (B) Ramachandran plot of the MrB3 model generated with MolProbity, showing the distribution of backbone φ (phi) and ψ (psi) dihedral angles according to residue class. The model exhibited 92.8% of residues in favored regions, 99.6% in allowed regions, and 0.4% (1 residue) in disallowed regions. (C) Three-dimensional structure of the refined Theobroma cacao leucine-rich repeat protein (TcLRR) used for molecular docking. (D) Ramachandran plot of the TcLRR model generated with MolProbity. The model exhibited 84.6% of residues in favored regions, 98.4% in allowed regions, and 1.6% (7 residues) in disallowed regions. Together, these stereochemical validation analyses support the structural quality and suitability of both refined models for subsequent protein–protein docking analyses.
[bookmark: _5mxqa7j2ug2p]Figure S8. Global alignment of the MrB3 protein sequence and its respective homologous sequences, indicating the region containing the amino acid residues N186, P190, and D194, identified as participating in the interaction with TcLRR. The figure shows that this region exhibits high conservation with the homologous protein from M. perniciosa, where a deletion immediately after the proline residue can be identified, occurring only in sequences from the genus Moniliophthora. It can also be observed that this region exhibits a low level of conservation among the sequences.
Figure S9. Global alignment of homologous TcLRR sequences from species of the genus Theobroma, different genotypes of T. cacao, S. lycopersicum, S. tuberosum, N. tabacum, and sugarcane (Scaharum Hybrid). The alignment highlights the LASLPSLR region identified by mass spectrometry. The amino acid residues Ser395, Pro361, and Ser362 that interacted with MrB3 in the docking analysis are also highlighted. The LASLPSLR region was found to be conserved across all sequences of the genus Theobroma. It can also be observed that this region does not exhibit high conservation among the different species, with the exception of the Pro361 residue, which was conserved among species of the genera Theobroma and Solanum and in sugarcane.
Figure S10. Hypothetical model of MrB3 perception and activation of plant defense responses in Theobroma cacao. The model illustrates the proposed association of MrB3 with TcLRR, a putative receptor-like protein (RLP), and a putative receptor-like kinase (RLK), leading to PTI signaling, ROS production, H₂O₂ accumulation, oxidative stress, and plant defense responses.
[bookmark: _e30h8uwzve7h]Table S1. Taxonomic classification of MrB3 homologous proteins included in the phylogenetic analysis.
	Organismo
	Filo
	Classe
	Ordem
	Família
	Gênero

	Moniliophthora roreri
	Basidiomycota
	Agaricomycetes
	Agaricales
	Marasmiaceae
	Moniliophthora

	Moniliophthora perniciosa
	Basidiomycota
	Agaricomycetes
	Agaricales
	Marasmiaceae
	Moniliophthora

	Paramarasmius palmivorus
	Basidiomycota
	Agaricomycetes
	Agaricales
	Marasmiaceae
	Paramarasmius

	Marasmius crinis-equi
	Basidiomycota
	Agaricomycetes
	Agaricales
	Marasmiaceae
	Marasmius

	Marasmius oreades
	Basidiomycota
	Agaricomycetes
	Agaricales
	Marasmiaceae
	Marasmius

	Dendrothele bispora
	Basidiomycota
	Agaricomycetes
	Agaricales*
	—
	Dendrothele

	Stygiomarasmius scandens
	Basidiomycota
	Agaricomycetes
	Agaricales
	Campanellaceae
	Stygiomarasmius

	Tricholomella constricta
	Basidiomycota
	Agaricomycetes
	Agaricales
	—
	Tricholomella

	Hypsizygus marmoreus
	Basidiomycota
	Agaricomycetes
	Agaricales
	Lyophyllaceae
	Hypsizygus

	Mycena vulgaris
	Basidiomycota
	Agaricomycetes
	Agaricales
	Mycenaceae
	Mycena

	Mycena floridula
	Basidiomycota
	Agaricomycetes
	Agaricales
	Mycenaceae
	Mycena

	Schizophyllum commune
	Basidiomycota
	Agaricomycetes
	Agaricales
	Schizophyllaceae
	Schizophyllum

	Pholiota conissans
	Basidiomycota
	Agaricomycetes
	Agaricales
	Strophariaceae
	Pholiota

	Sphagnurus paluster
	Basidiomycota
	Agaricomycetes
	Agaricales
	Lyophyllaceae
	Sphagnurus

	Cyclocybe aegerita
	Basidiomycota
	Agaricomycetes
	Agaricales
	Hemipholiotaceae
	Cyclocybe

	Crassisporium funariophilum
	Basidiomycota
	Agaricomycetes
	Agaricales
	Crassisporiaceae
	Crassisporium

	Panaeolus cyanescens
	Basidiomycota
	Agaricomycetes
	Agaricales
	incertae sedis
	Panaeolus

	Gymnopilus junonius
	Basidiomycota
	Agaricomycetes
	Agaricales
	Galer-inaceae
	Gymnopilus

	Lentinula aciculospora
	Basidiomycota
	Agaricomycetes
	Agaricales
	Omphalotaceae
	Lentinula

	Naganishia adeliensis
	Basidiomycota
	Tremellomycetes
	Filobasidiales
	Filobasidiaceae
	Naganishia

	Saitozyma podzolica
	Basidiomycota
	Tremellomycetes
	Tremellales
	Trimorphomycetaceae
	Saitozyma

	Naganishia albida
	Basidiomycota
	Tremellomycetes
	Filobasidiales
	Filobasidiaceae
	Naganishia


[bookmark: _r4xuo3adz46d]
[bookmark: _lyamqmq3vomg]Table S2. Peptides identified by MS/MS analysis and matched to the MrB3 protein from Moniliophthora roreri, based on a search against the NCBI protein database. Each row corresponds to a unique peptide-spectrum match (PSM). 
	Peptide sequence1
	charge (z)2
	m/z (Da/z)5
	score6
	RT (min)7
	percent scored peak intensity8 (%)
	coverage9 (%)
	accession protein ID
NCBI
	species

	IIHLTDDSFDTDVLK   
	3
	5779.671
	16.26
	10.45
	86.6
	3,69
	ESK97039.1
	Moniliophthora roreri MCA 2997

	 MIAPILDEIADEYQGK
	2
	9034.564
	25.11
	12.67
	97.4
	3,94
	ESK97039.1
	Moniliophthora roreri MCA 2997

	LNIDQNPGTAPK
	2
	6343.387
	8.5
	7.65
	100.0
	2,95
	ESK97039.1
	Moniliophthora roreri MCA 2997

	GIPTLLLFK
	2
	5013.261
	20.41
	12.72
	98.3
	2,22
	ESK97039.1
	Moniliophthora roreri MCA 2997

	GIPTLLLFKnGEVAATK
	2
	5916.815
	23.11
	11.53
	96.7
	4,19
	ESK97039.1
	Moniliophthora roreri MCA 2997

	ELSLFGYDSSQNAAIIATVQQVYPTAR
	3
	9815.044
	18.99
	12.75
	95.1
	6,65
	ESK97039.1
	Moniliophthora roreri MCA 2997

	ALSDAGLYAFFAVSGVFALAALEHHHHHH
	5
	6259.169
	12.20
	14.33
	63.7
	7,14
	ESK97039.1
	Moniliophthora roreri MCA 2997


Peptide sequence1 – amino acid sequence of the identified peptide. Charge (z)2 – charge state of the precursor ion. m/z (Da/z)5 – mass-to-charge ratio of the precursor ion. Score6 – identification confidence score (based on spectral matching). RT (min)7 – retention time of the peptide in minutes during LC separation. Percent scored peak intensity8 (%) – percentage of total peak intensity assigned to matched fragment ions. Coverage9 (%) – percentage of the full-length protein sequence covered by the identified peptide.
[bookmark: _y8kpfobhyi2s]Table S3. LC–MS/MS identification of a Theobroma cacao leucine-rich repeat protein interacting with recombinant rMrB3
	Sample
	Accession
	Protein
	Species
	Mass (kDa)
	pI
	Peptides
	Peptide
	Charge
	Score
	Peak (%)
	Intensity

	LI
	A0A061ECS2
	LRR protein
	T. cacao
	52.42
	5.78
	1
	LASLPSLR
	2+
	6.69
	75.0
	145.000

	LIII
	A0A061ECS2
	LRR protein
	T. cacao
	52.42
	5.78
	1
	LASLPSLR
	2+
	5.34
	64.7
	16.600


[bookmark: _qzlmpmkzp5vg]
Table S4. Major Structural and Energetic Interactions of the MrB3–TcLRR Complex.
	Categoria
	Parâmetro
	Valor

	HADDOCK
	HADDOCK score
	−68.7 ± 2.4

	HADDOCK
	Z-score
	−2.6

	HADDOCK
	Cluster size
	33

	HADDOCK
	Cluster convergence
	65%

	HADDOCK
	RMSD
	0.7 ± 0.4 Å

	HADDOCK
	Buried Surface Area
	1511.8 ± 6.3 Å²

	PRODIGY
	Binding affinity (ΔG)
	−12.5 kcal/mol

	PRODIGY
	Dissociation constant (Kd)
	7.4 × 10⁻¹⁰ M

	PRODIGY
	Intermolecular contacts
	77

	PDBePISA
	Interface area
	731.4 Å²

	PDBePISA
	Total buried area
	1462.8 Å²

	PDBePISA
	ΔiG
	−7.5 kcal/mol

	PDBePISA
	Hydrogen bonds
	1

	PDBePISA
	Salt bridges
	0
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