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Abstract

Moniliophthora roreri is a hemibiotrophic fungus and the causal agent of cacao moniliasis, a major
disease affecting cacao production in the Americas. Here, we functionally characterized MrBASIDIN3
(MrB3), a novel candidate effector identified from transcripts differentially expressed in M. roreri spores
incubated in cacao extract. MrB3 encodes a 256-amino-acid protein with a predicted signal peptide, no
transmembrane regions, and features consistent with an apoplastic effector. The protein lacks known
conserved domains, and structural analyses predicted a predominantly a-helical structure. Recombinant
rMrB3 was heterologously expressed in Escherichia coli, purified, and validated by mass spectrometry.
The recombinant protein exhibited high thermal stability and induced necrosis and wilting in Solanum
lycopersicum leaves, accompanied by increased H,0, accumulation. rMrB3 also elicited differential
responses among the Theobroma cacao genotypes. Affinity capture followed by LC-MS/MS identified an
LRR-containing protein from T. cacao (TcLRR) as a potential host-associated protein. Molecular docking
supported a structurally favorable association between MrB3 and TcLRR. Collectively, these results
characterize MrB3 as a novel candidate effector from M. roreri with biological activity and features
consistent with a secreted effector. The identification of TCLRR as a potential host molecular target
provides a basis for investigating the molecular mechanisms underlying M. roreri—T. cacao interaction
and the role of effector-mediated modulation of plant defense.

1 Introduction

The fungus Moniliophthora roreri [90], which belongs to the family Marasmiaceae, is the causal agent of
frosty pod rot, a devastating disease that affects the fruits of Theobroma cacao and Herrania, which are
crops of major economic importance in several tropical regions. As one of the major threats to cocoa
production, frosty pod rot can cause yield losses of up to 100%, as observed during disease outbreaks
over time in cocoa-producing areas of Latin America [24, 31, 74, 40].

The earliest historical records associated with frosty pod rot date back to 1817 in northeastern
Colombia, particularly in the region corresponding to the present-day department of Norte de Santander
[93]. Subsequent genetic evidence identified the upper Magdalena River Valley in Colombia as a probable
center of origin and the region with the greatest diversity of Moniliophthora roreri. From this region, the
pathogen spread to other countries in the Americas, with records reported in Mexico in 2005 and Belize
in 2006 [91, 92], Bolivia in 2012 [94], and Jamaica in 2016 [50]. In Brazil, outbreaks have been reported in
the states of Acre [10] and Amazonas [11], leading to the implementation of official emergency
measures and phytosanitary quarantine due to the risk of pathogen dissemination to other cocoa-
producing areas. The geographical expansion of the disease and its impact on cocoa production
highlight the need to understand the molecular mechanisms underlying the pathogenicity of M. roreri,
thereby contributing to the development of disease management and control strategies.

One focus of these approaches is the study of effector proteins, which are molecules secreted by
pathogens that modulate host plant physiology, facilitating infection by suppressing or circumventing
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plant defense mechanisms [55]. Transcriptomic studies have revealed that genes encoding secreted
proteins exhibit distinct expression profiles during the biotrophic and necrotrophic stages of infection,
indicating that the fungus adapts its virulence strategy according to the disease stage [75]. During the
biotrophic stage, these proteins appear to facilitate the evasion of plant defenses, whereas during the
necrotrophic stage, they are associated with the active degradation of plant tissues, promoting necrosis
[32]. These findings help elucidate the mechanisms underlying pathogenicity and identify promising
targets for disease control.

Effectors constitute a diverse group of molecules that confer adaptive advantages to the organisms that
produce them, enabling them to colonize their hosts and complete their life cycles. These molecules are
traditionally classified as virulence factors, which promote infection, or avirulence factors, which activate
host defense responses [55, 56, 44]. Initially, described in plant—pathogen interactions involving
biotrophic fungi, effectors are now widely recognized in hemibiotrophic and necrotrophic fungi [39, 109,
137]. Biotrophic fungi, for example, depend on living hosts and use effectors to evade or suppress plant
defense responses and remain undetected [62, 135, 116]. Necrotrophic fungi, in turn, use toxins and
plant cell wall-degrading enzymes to kill plant tissues, but they also employ effectors to manipulate the
host environment [60, 110, 102].

Several omics approaches have contributed to elucidating the pathogenicity mechanisms of
Moniliophthora roreri. Meinhardt et al. [75] sequenced the genome of this species, identifying
approximately 17,000 genes and characterizing the secretome associated with the biotrophic and
necrotrophic stages of infection. Barbosa et al. [7] predicted a broad repertoire of effector proteins and
cell wall-degrading enzymes in Moniliophthora isolates, highlighting pathogenic specialization and
coevolution with their hosts. Reyes et al. [99] identified a high diversity of fungi and bacteria associated
with M. roreri cultures, particularly members of the genus Trichoderma, and detected viral sequences
belonging to the family Narnaviridae. Zugaib et al. [138] characterized the proteome of M. roreri at
different developmental stages, revealing proteins associated with metabolism, redox processes,
synthesis and folding, and spore germination and infection. More recently, Nascimento et al. [80]
performed a comprehensive transcriptional analysis of mycelia and spores grown in media
supplemented with Theobroma cacao extract, identifying genes with marked differential expression,
potential developmental markers, and effector candidates involved in the pathogen—host interaction.

In this study, we identified and characterized a novel effector protein, MrB3, which is cysteine rich and
was identified from the mRNA_11825 transcript detected in M. roreri spores incubated in cocoa extract
[80]. A synthetic ORF was cloned and inserted into pET-32a (Symbio Technologies, Cayman) and
expressed as a fusion protein with vector-derived thioredoxin. The recombinant protein induced necrosis
in the leaves of a model plant, suggesting a potential role during the necrotrophic stage of infection.
Structural analysis of the protein revealed a predominance of alpha-helices, which is consistent with
characteristics common in effector proteins. Our results identify a novel basidiomycete-specific effector
with the potential to modulate host defense mechanisms and contribute to pathogen virulence during
frosty pod rot of cocoa.
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2 Results

2.1 In silico identification and structural characterization of
the candidate effector protein MrB3

Analysis of the differentially expressed transcripts obtained after 16 h of incubation of Moniliophthora
roreri spores in media supplemented with cacao fruit extract [80] revealed 59 differentially expressed
transcripts (Fig. S1). Following translation of the nucleotide sequences via BLASTx against the NCBI
nonredundant (nr) database, 51 transcripts matched proteins from M. roreri, seven showed no significant
similarity, and one matched a protein from another species. Among the proteins from M. roreri, 25 were
characterized, and 26 were uncharacterized (Fig. S1). The application of the selection criteria described
in Section 2.1 resulted in the identification of eight candidate effector proteins (Fig. S1). Among these,
V2YZAO (UniProt)/ESK97039.1 (NCBI), corresponding to transcript mMRNA_11825, was selected for
further characterization and subsequently designated MrBASIDIN3 (MrB3).

The MrB3 protein comprises 256 amino acid residues and has an estimated molecular mass of 26 kDa
and a theoretical isoelectric point (pl) of 5.10. An N-terminal signal peptide was predicted with an 83%
probability, with a putative cleavage site between residues 19 and 20 (ASA-QL) (Fig. 1A and Fig. S2).
Following in silico removal of the signal peptide, the mature protein had an estimated molecular mass of
24.23 kDa. Analysis via the NCBI Conserved Domain Database (CDD) did not identify any conserved
domains, whereas InterProScan identified a region belonging to the SPARK domain-containing protein
family, spanning residues 17-225. No transmembrane regions were predicted via the TMHMM server
(Fig. S3).

EffectorP-Fungi 3.0 classified MrB3 as a candidate apoplastic effector, while DeepLoc 2.0 predicted its
subcellular localization to be extracellular (Fig. S1). Analysis via IUPred3 identified an intrinsically
disordered region spanning residues Gly196—Asn202, with disorder scores above 0.5 and a maximum
score of 0.6220 at Thr200 (Fig. 1C).

Six potential N-linked glycosylation sites were predicted in the mature protein via the NetNGlyc 1.0
server. Four sites (N37, N59, N68, and N152) had high predicted probabilities of glycosylation, with
scores above 0.67 and maximum consensus among the prediction algorithms (9/9). Residues N141 and
N193 provided moderate support for potential N-linked glycosylation, whereas the N140 motif remained
below the prediction threshold established by the server.

The MrB3 protein sequence was queried against the NCBI nonredundant (nr) protein database via
BLASTp. The corresponding protein was subsequently retrieved from the AlphaFold 3 database [126] via
the accession numbers V2YZAO (UniProt) and ESK97039.1 (NCBI). The structural model AF-V2YZAO-F1
was selected for subsequent structural analyses because it corresponded to the MrB3 sequence
investigated in this study (Fig. 1B).
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Five potential cysteine pairs capable of forming disulfide bonds were identified in the predicted MrB3
structure (Fig. 1A). The Cys25-Cys92 and Cys41-Cys76 pairs presented the most favorable geometric
and energetic parameters, with bond energies of 0.45 and 0.34, respectively, and x3 angles of 85.24° and
91.58°, which are close to the reference value of £ 90°. The Cys71-Cys125 and Cys174-Cys203 pairs
also presented energy values compatible with disulfide bond formation, although their geometric
parameters were less favorable. In contrast, the Cys133-Cys177 pair presented a bond energy of 3.80,
which was greater than those observed for the other pairs.

2.2 Evolutionary relationships of the candidate effector
protein MrB3

Phylogenetic analysis placed MrB3 from Moniliophthora roreri among homologous proteins from
Basidiomycota, which predominantly belong to the class Agaricomycetes (Fig. 2A, Table S1). MrB3
clustered with the homologous protein from Moniliophthora perniciosa, with 97% bootstrap support, and
this clade was related to Paramarasmius palmivorus, with 95% bootstrap support (Fig. 2A). The
homologous protein from M. perniciosa shares 80.14% sequence identity with MrB3, whereas the protein
from P. palmivorus shares 70.11% identity. The proteins from Marasmius crinis-equi and M. oreades
formed a strongly supported clade (99% bootstrap support), sharing 52.71% and 48.26% sequence
identity with MrB3, respectively. The remaining proteins in the ingroup presented sequence identities
ranging from 45.80% to 53.81%.

The phylogenetic tree revealed a distinct cluster comprising the three sequences selected as the
outgroup, belonging to the genera Naganishia and Saitozyma. This cluster had 100% bootstrap support,
whereas the Naganishia sequences formed a subclade supported by 99% bootstrap support. The
sequence identities between MrB3 and Saitozyma podzolica, Naganishia adeliensis, and Naganishia albida
were 31.82%, 31.55%, and 30.35%, respectively. Among the sequences included in the ingroup, the
lowest sequence identity to MrB3 was 45.80%, which was observed for Schizophyllum commune

(Fig. 2A).

In silico characterization revealed that MrB3 contains a signal peptide and a SPARK domain, which were
identified by InterProScan between residues 17-225 (Fig. 2B). The SPARK domain was also predicted in
most of the homologous proteins analyzed, whereas no protein family or domain was identified for M.
perniciosa. Signal peptides were predicted in most proteins but were absent from M. perniciosa and
Schizophyllum commune.

Analysis of intrinsic disorders in the mature protein sequences revealed distinct patterns of regions with
a propensity for structural disorder among the proteins analyzed (Fig. S4). Disorder profiles varied
among homologs, including outgroup proteins, indicating that the presence and distribution of
potentially disordered regions are not restricted to proteins that are phylogenetically closest to MrB3.
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2.3 Heterologous production, purification, and identity
confirmation of recombinant rMrB3

SDS—PAGE analysis revealed a protein band with an apparent molecular mass of approximately 42.61
kDa, corresponding to recombinant rMrB3, which comprises the MrB3 sequence lacking the signal
peptide fused to thioredoxin and a histidine tag (Fig. 1D). Most of the recombinant protein was detected
in the insoluble fraction. Following purification by nickel affinity chromatography, rMrB3 was recovered
from the imidazole-containing elution fractions, in which a predominant band corresponding to the
recombinant protein was observed (Fig. 1D).

The identity of rMrB3 was confirmed by LC-MS/MS, which identified seven unique peptides matching
the protein sequence of Moniliophthora roreri deposited under accession number ESK97039.1. The
analysis achieved 30.78% sequence coverage across the 406-amino acid protein and an identification
confidence level above 95%. The identified peptides were distributed throughout the protein sequence,
covering both the N-terminal and C-terminal regions (Fig. SSA-C, Table S2).

2.4 Assessment of the structural stability of rMrB3 by
circular dichroism

Circular dichroism (CD) spectroscopy revealed similar spectral profiles for the recombinant MrB3 protein
(rMrB3) at 25°C and 95°C (Fig. 1E). Under both conditions, the spectra exhibited a negative peak at
approximately 208-210 nm, followed by a gradual increase in ellipticity at longer wavelengths, indicating
a similar spectral profile.

2.5 Functional characterization of the recombinant effector
protein rMrB3 in plants

To evaluate the biological activity of recombinant rMrB3, bioassays were conducted using host and
nonhost plants of Moniliophthora roreri.

In the leaves of Solanum lycopersicum cv. Micro-Tom (Fig. 3A), the application of rMrB3 induced
progressive phenotypic changes throughout the experimental period, characterized by the development
of necrosis, wilting, and leaf tissue collapse. These symptoms intensified over the days following
treatment, culminating in pronounced leaf deterioration by day 15.

In the leaves of Theobroma cacao cv. Catongo (Fig. 3B), the application of rMrB3 induced mild
phenotypic changes, which were mainly localized along the margins of the leaves. These changes were
characterized by chlorotic and darkened areas, as well as small, irregular necrotic lesions, particularly in
the basal region and along the leaf edges. These symptoms were more evident at a concentration of 3.2
pumol L7, whereas treatment with 2.2 pmol L= resulted in less pronounced marginal alterations. Despite
these changes, no wilting or widespread leaf tissue collapse was observed during the assessment
period, and the control leaves remained visually intact.
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In contrast, leaves of the CCN 51 genotype showed no visible alterations throughout the assessment
period, even when treated with the highest concentrations of rMrB3 (8.80 and 26.99 pmol L") (Fig. S6).

2.6 Reactive oxygen species accumulation induced by
rMrB3

The ability of recombinant rMrB3 to induce the accumulation of reactive oxygen species was assessed
by detecting hydrogen peroxide (H,0,) via 3,3'-diaminobenzidine (DAB) staining in Solanum lycopersicum
leaves (Fig. 4).

The characteristic brown staining resulting from DAB oxidation in the presence of H,0, was observed in
leaf discs from plants treated with rMrB3, with greater staining intensity than that in the control at the
time points evaluated (Fig. 4). An increase in DAB staining intensity over the assessment period was
observed in leaves treated with rMrB3 compared with the control. After three days of treatment with
rMrB3, the brown staining intensity in the treated leaf discs was approximately 6%, indicating greater
H,0, accumulation than that in the control and an intensification of the response over the assessment
period.

2.7 Identification of a Theobroma cacao protein potentially associated with rMrB3 and structural
prediction of the MrB3-TcLRR complex

Analysis of the eluted fractions from the affinity capture assay using rMrB3 immobilized on CNBr-
Sepharose revealed a Theobroma cacao protein with the potential to interact with rMrB3 (Fig. 5A; Table
S3). The protein was identified as a leucine-rich repeat (LRR) protein (accession AOA061ECS2), with an
estimated molecular mass of 52.42 kDa and an isoelectric point (pl) of 5.78 (Fig. 5B).

Identification was based on the detection of the LASLPSLR peptide in two of the three fractions analyzed
(LI and LIII), with a charge state of 2+. In fraction LI, the peptide had a score of 6.69 and an intensity of
145,000, whereas in fraction LIlI, it had a score of 5.34 and an intensity of 16,600, corresponding to peak
values of 75.0% and 64.7%, respectively (Fig. 5C; Table S3).

The refined structural models of MrB3 and TcLRR exhibited good stereochemical quality, as indicated by
Ramachandran plot analysis (Fig. S7A-D). Molecular docking generated putative complex models
between the two proteins, featuring a well-defined interface and clustering of hotspot residues in the
contact region between MrB3 and TcLRR (Fig. 5D). A close-up view of the interface revealed a predicted
hydrogen bond between Asn186 of MrB3 and Ser362 of TcLRR (Fig. 5E).

The best-ranked complex had a HADDOCK score of - 68.7 £ 2.4 and a Z score of - 2.6, distinguishing it
among the clusters obtained. A total of 130 structures were grouped into 12 clusters, corresponding to
65% of the water-refined models. The main cluster comprised 33 structures and exhibited an intracluster
RMSD of 0.7 A. The mean restraint violation was 0.1 +0.1 (Table S4).
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The complex interface had a buried surface area of 1511.8 + 6.3 A2. Independently, PDBePISA estimated
an interface area of 731.4 A2 per monomer, corresponding to an approximate total buried surface area of
1462.8 A2, with an interface solvation free-energy gain (AiG) of - 7.5 kcal mol-* (Table S4). PRODIGY
estimated a binding free energy of - 12.5 kcal mol-" and a predicted dissociation constant of 7.4 x 10-1°
M. These structural and energetic parameters are summarized in Fig. 5F and detailed in Table S4.

A total of 77 intermolecular contacts were identified at the interface between MrB3 and TcLRR, including
contacts involving charged, polar, and nonpolar residues. One hydrogen bond between the proteins was
also identified. In addition, the LASLPSLR peptide, previously identified in TcLRR by LC-MS/MS, was
located in the region corresponding to the predicted interaction hotspot identified by molecular docking
(Fig. 5E).

Conservation analysis of the MrB3 residues involved in the in silico-predicted interaction with TcLRR
revealed that Asn186 (N), Pro190 (P), and Asn194 (N) are conserved between Moniliophthora roreri and
M. perniciosa. The alignment of the MrB3 sequence with its homologs (Fig. S8) also revealed a
conserved pattern in the region corresponding to the interaction residues among M. roreri, M. perniciosa,
S. scandens, P. conissans, and T. constricta, represented by the sequence NxDxPxLXxSD.

Within this region, a single amino acid deletion between Pro190 and Asn194 was identified as a
characteristic feature of M. roreri and M. perniciosa. The region corresponding to the residues involved in
the predicted interaction with TcLRR exhibited lower conservation in sequences from organisms
belonging to other taxonomic groups than in those from species of the genus Moniliophthora.

In the conservation analysis of TcLRR, Ser359, Pro361, and Ser362, which are involved in the predicted
interaction with MrB3, were conserved among the analyzed sequences from the genus Theobroma (Fig.
S9). Similarly, the LASLPSLR sequence, which was experimentally identified via LC-MS/MS, was
conserved among the TcLRR proteins analyzed.

The TcLRR protein identified as potentially associated with rMrB3 lacked a kinase domain in its predicted
structure. In addition, a predicted region with features of a lipid anchor was identified, as shown in Fig.
S10. These characteristics are consistent with a plasma membrane-associated protein displaying
features of a receptor-like protein (RLP).

Identification of TcLRR by affinity capture followed by LC-MS/MS, together with molecular modeling of
its association with MrB3, provided experimental and computational evidence supporting a possible
association between the two proteins. In parallel, treatment with rMrB3 resulted in H,0, accumulation in
leaves, indicating the induction of a response associated with oxidative stress.

3 Discussion

3.1 MrB3 exhibits predictive features consistent with a
secreted effector protein from Moniliophthora roreri
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The identification of effector proteins is a key strategy for understanding the molecular mechanisms
employed by phytopathogenic fungi during host colonization. In the present study, selection of the MrB3
candidate was based on the integration of transcriptomic data and in silico analyses, leading to the
identification of a protein that exhibits several features commonly associated with fungal effectors,
including a relatively low molecular mass, a signal peptide, the absence of transmembrane domains, and
the absence of known conserved domains identified by the NCBI Conserved Domain Database (CDD)
[130]. Additionally, InterProScan analysis revealed that the region spanning residues 17-225 was
associated with the SPARK domain-containing protein family, although this annotation does not
establish a specific molecular function for MrB3. This combination of features has been widely
described in effector proteins secreted by biotrophic [69], hemibiotrophic [62], and necrotrophic fungi [36,
110].

The absence of known conserved domains identified by the NCBI CDD [130] is also consistent with
features reported for several effector proteins. Unlike highly conserved metabolic enzymes, effectors
often exhibit rapid evolution, high sequence variability, and restricted taxonomic distribution, reflecting
the strong selective pressures associated with coevolution with their hosts [22, 115, 69]. Although
InterProScan annotation indicates a region associated with the SPARK domain-containing protein family,
the absence of known conserved domains in the CDD [130], together with the limited functional
characterization of this family, hinders the assignment of a specific molecular function to MrB3. This
limitation is particularly relevant for fungal effectors, whose identification and functional
characterization can be challenging because of low sequence conservation, the absence of well-
characterized homologs, and the structural and functional diversity of these proteins [56, 54, 67]. These
features may also hinder functional annotation via conventional approaches based solely on sequence
similarity [115, 113].

Another relevant finding was the classification of MrB3 as a probable apoplastic effector by EffectorP-
fungi 3.0. Apoplastic effectors play important roles during the early stages of infection by modulating
plant immunity, inhibiting defense-related enzymes, and protecting the pathogen cell wall against
hydrolytic proteins produced by the host [100, 105]. The presence of a predicted signal peptide further
supports this hypothesis and suggests that MrB3 may be secreted through the conventional
endoplasmic reticulum—Golgi pathway before it reaches the extracellular space [100].

IUPred3 analysis identified residues with a propensity for disorder distributed throughout the protein
sequence. However, no continuous segments consistent with extensive intrinsically disordered regions
were observed using the long-disorder mode, which is optimized for predicting global structural disorder.
Therefore, these results were interpreted as evidence of local disorder propensity rather than the
presence of clearly delineated intrinsically disordered regions [29].

These regions are frequently observed in effector proteins because of the conformational plasticity they
confer, potentially facilitating recognition of multiple molecular partners and enabling rapid adaptation to
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the different conditions encountered during plant—pathogen interactions [115, 105]. This structural
flexibility may represent an important adaptive advantage for effector proteins from M. roreri.

Additionally, the identification of multiple potential N-glycosylation sites suggested that MrB3 may
undergo posttranslational modifications during secretion. In phytopathogenic fungi, N-glycosylation is
frequently associated with increased structural stability, protection against proteolytic degradation, and
maintenance of the biological activity of secreted proteins, potentially influencing their persistence in the
apoplastic environment [42].

Collectively, these features indicate that MrB3 has characteristics consistent with those of secreted
effector proteins and support its relevance as a candidate involved in the molecular mechanisms
underlying the pathogenicity of M. roreri.

3.2 Evolutionary relationships suggest conservation of
MrB3 features

Phylogenetic analysis revealed that MrB3 was among the homologous proteins from Basidiomycota,
which are predominantly Agaricomycetes, with the closest relationships to proteins from Moniliophthora
perniciosa and Paramarasmius palmivorus. The high sequence identities observed for these homologs,
particularly those from M. perniciosa (80.14%) and P. palmivorus (70.11%), together with the high support
values for the corresponding clusters, indicate sequence conservation among closely related
phylogenetic lineages. In contrast, the proteins from Naganishia adeliensis, Saitozyma podzolica, and
Naganishia albida, which were used as the outgroup, presented the lowest sequence identities to MrB3
(30.35-31.82%) and formed a distinct clade with 100% bootstrap support, which was consistent with
their greater divergence from the ingroup.

The occurrence of MrB3 homologs in species with different lifestyles, including phytopathogenic and
predominantly saprotrophic fungi, suggests that this protein family is not restricted to pathogenic
organisms [7]. This distribution may indicate the conservation of ancestral features associated with
broader functions that were subsequently modified or recruited in different ecological contexts [22, 69].
In phytopathogenic fungi, the diversification of proteins involved in host interactions may occur through
several evolutionary processes, including sequence diversification and functional changes associated
with selective pressures imposed by host interactions [115, 104-105]. However, the presence of
homologs in saprotrophic species does not, by itself, allow an ancestral function or specific recruitment
for pathogenicity to be inferred.

The predicted signal peptide in MrB3 and most of the homologs analyzed suggest that secretion-
associated features are conserved in parts of this protein family. However, the absence of this feature in
the proteins from Moniliophthora perniciosa and Schizophyllum commune indicates that signal peptides
are not universal among the identified homologs. Thus, the data support partial conservation of
secretion-associated features but do not establish extracellular secretion as an ancestral property
shared by the entire family.
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The identification of the SPARK domain by InterProScan in MrB3, most of its homologs, and proteins
from the outgroup suggest that this structural feature is conserved across different Basidiomycota
lineages [52, 73]. This pattern may reflect structural or functional constraints during evolution, whereas
other regions of effector proteins may have undergone greater diversification [113]. However, the
specific molecular function of the SPARK domain in fungal effector proteins has not yet been
established. Therefore, its identification provides information about the structural organization of the
proteins analyzed but does not, by itself, allow their biological function or direct involvement in plant-
pathogen interactions to be inferred [52, 73, 69].

The presence of residues with a propensity for structural disorder in proteins exhibiting different levels of
divergence suggests that this feature may contribute to the structural diversity of the family, although its
relationship with the function of MrB3 cannot be established from this analysis alone.

Collectively, these results indicate that MrB3 belongs to a family of homologous proteins distributed
across different Basidiomycota lineages, with partial conservation of sequence, domain, and secretion-
associated features among its homologs. The phylogenetic proximity of MrB3 to proteins from M.
perniciosa and P. palmivorus, together with the recurrent occurrence of the SPARK domain and signal
peptides among homologs, suggests that certain protein features were maintained during the
diversification of this family. In particular, the occurrence of the SPARK domain in outgroup proteins
further supports the hypothesis that this domain represents a conserved feature of the family, regardless
of phylogenetic proximity to MrB3.

Conversely, the occurrence of homologs in fungi with different lifestyles, the absence of signal peptides
in some members, and variation in disorder profiles indicate diversification of their molecular features.
The structural and functional diversity of fungal effectors, including differences in secretion signals and
conserved domains, has been described in several plant—fungus systems [22, 69]. Furthermore,
intrinsically disordered regions may contribute to the structural and functional variability of effector
proteins [67].

These findings suggest that certain structural features are conserved in MrB3 but do not directly
establish an effector function or a specific role in pathogenicity for its homologs. Domain annotation and
the prediction of structural features provide hypotheses regarding protein organization and potential
function, but experimental validation is needed to confirm biological activity [52, 73]. This caution is
particularly relevant for fungal effector proteins, whose functions may vary depending on the pathogen
and host context [109].

3.3 Heterologous production and experimental validation
of rMrB3 reveal activity consistent with that of
necrotrophic effectors

The production of recombinant effector proteins represents an important step in the functional
characterization of factors involved in the virulence of phytopathogenic fungi, enabling the investigation
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of their effects on plant cells and the identification of potential host targets [54]. However, the
heterologous expression of these proteins often presents an experimental challenge, primarily because
of the diversity of their structural and biochemical properties, the presence of cysteine residues, and the
requirement for proper folding to maintain protein stability and biological activity [113, 54, 104, 105].

In the present study, the use of a synthetic open reading frame (ORF) optimized for Escherichia coli,
which was cloned and inserted into the pET-32a vector in fusion with thioredoxin, enabled the production
of sufficient amounts of recombinant rMrB3 for subsequent functional assays. Fusion proteins are
commonly used as a strategy for the heterologous expression of fungal proteins and may improve the
solubility, stability, and subsequent purification of recombinant proteins [85]. Cysteine residues are found
in several classes of fungal effectors, particularly secreted proteins, in which these residues may
participate in disulfide bond formation, contributing to structural stability and the maintenance of protein
function [18, 54, 67]. In this context, thioredoxin fusion was employed as a strategy to facilitate the
recovery of rMrB3 during heterologous expression, helping to obtain recombinant protein under
conditions suitable for subsequent functional assays and biochemical analyses.

Although most of the rMrB3 was recovered from the insoluble fraction, solubilization with urea followed
by its subsequent removal enabled the recovery of soluble protein after nickel-affinity chromatography.
This property allowed the protein to be used in bioassays and subsequent biochemical analyses,
indicating that it remained soluble after processing. Similar results have been reported for recombinant
proteins expressed in Escherichia coli, in which inclusion body formation does not necessarily preclude
the recovery of soluble protein following appropriate recovery procedures [113].

Experimental confirmation of the identity of rMrB3 by LC—-MS/MS represents another relevant aspect of
this study. Unlike the simple confirmation of molecular mass by SDS—PAGE, mass spectrometry
provides direct evidence of the composition of the expressed protein through the identification of
peptides distributed along its sequence. The sequence coverage of approximately 30%, together with the
identification of multiple unique peptides and high statistical confidence scores, meets internationally
accepted criteria for proteomic validation, providing strong confidence in the identity of the protein used
in the experiments [87, 86].

In addition to validating the recombinant protein, the agreement between the transcriptomic and
proteomic data further supports the robustness of the strategy used to identify MrB3. The integration of
RNA-seq, heterologous production, and mass spectrometry substantially reduces the likelihood of
annotation errors and provides a solid experimental basis for subsequent functional assays. This
integrative approach has been increasingly used in the characterization of effector proteins because it
combines independent evidence of gene expression and protein presence, thereby increasing the
reliability of biological inference [28].

In this context, the experimental validation of rMrB3 establishes a robust platform for investigating its
function during the interaction between M. roreri and T. cacao, allowing the effects observed in bioassays
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to be attributed to the recombinant protein produced rather than to contaminants derived from the
expression system.

3.4 rMrB3 exhibits high thermal stability and preserves its
secondary structure

The high degree of overlap between the circular dichroism spectra obtained at 25°C and 95°C indicates

that the recombinant protein rMrB3, expressed as a thioredoxin fusion, retained its spectral profile after
heating. Although minor differences in signal intensity were observed, particularly between 190 and 210
nm, no substantial changes in the overall spectral shape were detected, suggesting that the increase in

temperature did not induce significant alterations in the protein's secondary structure [41].

The experimentally observed thermal stability is consistent with the structural analyses, which predicted
two structurally favorable disulfide bonds between the Cys25-Cys92 and Cys41-Cys76 residues. These
pairs presented lower bond energies and x® angles close to 90°, which are parameters that are
compatible with the expected geometry of disulfide bonds [20]. Considering that disulfide bonds can
contribute to the stabilization of the three-dimensional structure of proteins, particularly secreted
proteins, these interactions may be associated with the maintenance of the structural integrity of rMrB3
under the evaluated temperature conditions.

3.5 r Mr B3 triggers differential responses in host and nonhost plants, highlighting its role in
modulating plant defense responses

Bioassays performed with the recombinant protein rMrB3 demonstrated that its biological activity
depends on the genetic background of the plant host, as evidenced by the contrasting responses
observed in Solanum lycopersicum, Theobroma cacao cv. Catongo (Fig. 3A-B), and Theobroma cacao cv.
CCN 51 (Fig. S6). The induction of severe necrosis in tomato, together with the absence or substantial
reduction in symptoms in cacao genotypes with different levels of resistance, indicates that MrB3 may
be involved in molecular mechanisms related to the recognition and modulation of plant immunity.

The response observed in S. lycopersicum is consistent with the activation of defense mechanisms
following the recognition of pathogen-associated molecules. In nonhost species, effector proteins may
be recognized directly or indirectly by the plant and trigger immune responses, including the production
of reactive oxygen species, the activation of defense-related genes and, under certain conditions,
localized cell death [97, 136]. However, the intensity and outcome of these responses may vary
depending on effector function and pathogen lifestyle. Whereas some effectors from biotrophic
pathogens suppress immunity but may be recognized as elicitors in incompatible interactions [115],
effectors from necrotrophic pathogens may also induce changes in cellular homeostasis and cell death,
potentially favoring the colonization of host tissues [136]. Therefore, these responses should be
interpreted in the specific context of the plant—pathogen interaction.
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The progressive increase in hydrogen peroxide accumulation observed following rMrB3 application
further supports the hypothesis that this protein triggers responses associated with plant defense.
Reactive oxygen species production is an early response of plant immunity and involves cell signaling
and other mechanisms that may contribute to restricting pathogen development [26]. In addition to
exerting direct antimicrobial effects, H,0, contributes to cell wall strengthening, the activation of
mitogen-activated protein kinase (MAPK)-dependent signaling cascades, and the induction of the
hypersensitive response, which is frequently associated with limiting the colonization of plant tissues
[104]. Thus, the substantial H,0, accumulation in tomato leaves suggests that rMrB3 is efficiently
perceived by the immune system of this species, resulting in the activation of defense mechanisms
associated with the observed necrosis.

In contrast, the responses observed in the T. cacao genotypes suggest that the effects of rMrB3 may
vary according to the host's genetic background. The Catongo genotype, which is associated with
greater susceptibility to frosty pod rot [104], also exhibits differences in the modulation of defense-
related proteins during infection by Moniliophthora perniciosa compared with genotypes displaying
greater resistance to witches' broom disease [104]. In this genotype, rMrB3 application caused mild
alterations, predominantly along the leaf margins, even at the highest concentration tested. This pattern
indicates that the phenotypic response to the effector may be influenced by both the host's genetic
characteristics and the specificity of the plant—pathogen interaction.

Conversely, the absence of severe symptoms and the moderately resistant phenotype observed in CCN
51, even at the highest rMrB3 concentrations tested, suggest that this genotype may possess more
effective mechanisms for perceiving, neutralizing, or tolerating the effects triggered by the effector (Fig.
S6). Recent studies have shown that CCN 51 has a greater capacity to activate defense-related genes,
increased efficiency in producing antimicrobial metabolites, and faster physiological responses to
infection by Moniliophthora spp., traits that contribute to its partial resistance to disease [123]. The CCN
51 genotype is recognized for its moderate resistance to witches' broom disease (WBD), which is caused
by Moniliophthora perniciosa [13]. Although the molecular mechanisms underlying this resistance remain
incompletely understood, the results obtained in this study indicate that rMrB3 may be involved in an
early stage of this differential interaction.

Effector proteins perform distinct functions depending on the pathogen's lifestyle and the compatibility
of the interaction established with the host. In compatible interactions, these proteins frequently
suppress components of plant immunity and promote colonization [104-105]. In incompatible
interactions or in nonhost species, effector proteins may be recognized directly or indirectly by plant
receptors, triggering defense responses and changes in cellular homeostasis that may result in localized
cell death. However, the significance of this cell death depends on the type of plant—pathogen
interaction: it may contribute to resistance against biotrophic pathogens or favor colonization by
necrotrophic pathogens [105]. This behavior has been described for effector proteins from Phytophthora
infestans, Cladosporium fulvum, and Magnaporthe oryzae, whose activities vary according to the host's
genetic background [97, 115, 136].
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The use of effectors as complementary tools for genotype discrimination was also proposed by Santos
et al. [104], who suggested evaluating MrB1 as a potential susceptibility marker in cacao breeding
programs. In this context, MrB3 could be investigated as part of an effector panel, together with MrB1
and other candidate proteins from M. roreri. The combined application of these effectors to contrasting
genotypes and segregating materials from breeding programs may help identify phenotypic patterns
associated with different host responses. However, this possibility requires further experimental
validation through the assessment of a larger number of genotypes, standardization of application
concentrations and conditions, and comparison of effector-induced responses with independent data on
resistance to frosty pod rot.

Taken together, these results indicate that rMrB3 may trigger differential responses in host and nonhost
plants, involving changes in cellular homeostasis, H,0, accumulation, and necrosis development. The
intensity of these responses varied between the S. lycopersicum and T. cacao genotypes evaluated,
indicating that the effects of the protein may depend on the host's genetic background. However, the
data do not support the conclusion that rMrB3 acts exclusively as a virulence determinant or that its
presence is directly associated with greater susceptibility to frosty pod rot. Future studies evaluating
rMrB3 as part of an effector panel and across contrasting T. cacao genotypes may clarify its potential as
a complementary tool for characterizing defense responses and identifying plant materials of interest
for breeding programs.

3.6 The effector protein MrB3 potentially interacts with the
Theroma cacao protein TcLRR

The identification of host proteins that directly interact with effector proteins is one of the most relevant
approaches for elucidating the molecular mechanisms underlying the pathogenicity of phytopathogenic
fungi. In this study, an affinity chromatography strategy followed by mass spectrometry identified a
Theobroma cacao protein containing a leucine-rich repeat (LRR) domain as a potential interaction partner
of the MrB3 effector protein. Subsequent structural validation through molecular docking provided
independent evidence supporting this proposed interaction, strengthening the hypothesis that this
protein may participate in the early events of host colonization.

LRR domain-containing proteins constitute one of the major classes of receptors involved in the
perception of pathogen-associated signals in plants [8, 117]. These domains are characterized by
leucine-rich repeats that form a structurally versatile surface for molecular recognition, enabling specific
interactions with molecules derived from microorganisms or with effector proteins secreted during
infection [26, 84]. Owing to their structural organization, LRR domain-containing proteins may function as
plasma membrane-localized receptors or as intracellular components of effector-triggered immunity [8,
117].

The structural model of the MrB3—-TcLRR complex, supported by the HADDOCK score, interface area,
binding affinity, and dissociation constant, indicates that complex formation is energetically favorable.
Furthermore, the agreement among the results obtained via different computational tools, including
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HADDOCK, PDBePISA, and PRODIGY, increases confidence in the proposed interaction. The overlap
between the predicted interface and the LASLPSLR peptide previously identified by LC-MS/MS provides
additional evidence for the biological plausibility of this structural model, as it integrates independent
experimental findings with computational analyses.

Although the experiments performed do not establish that TcLRR is a resistance receptor, the proposed
interaction suggests that this protein may participate in processes associated with pathogen recognition
or the modulation of defense responses during infection by M. roreri. In several plant—pathogen systems,
effector proteins interact with LRR domain-containing proteins to alter their stability, interfere with their
recognition capacity, or modify signaling cascades associated with plant immunity [8, 117]. Thus, the
proposed interaction involving MrB3 represents a biologically plausible mechanism that is consistent
with the virulence strategies described for other phytopathogenic fungi.

Another aspect supporting this hypothesis is that the TcLRR protein investigated in this study was
experimentally identified in leaves of the Catongo genotype, which is known to be susceptible to frosty
pod rot. Although susceptibility to this genotype results from the interplay of multiple genetic and
physiological factors, structural or functional differences in proteins involved in pathogen recognition
may influence the effectiveness of the immune response. In this context, the interaction between MrB3
and TcLRR may represent one of the molecular components associated with the establishment of
compatibility between the fungus and its host. This hypothesis should be investigated in future studies
involving different T. cacao genotypes.

The integrated use of affinity chromatography, proteomic identification, and structural modeling
represents one of the main methodological advances of this study. Whereas computational approaches
alone can predict only potential interaction partners, prior experimental identification of the target
protein substantially narrows the search space and increases the robustness of subsequent structural
analyses. This strategy enhances the reliability of biological inference and demonstrates the potential of
integrating experimental proteomics with molecular modeling to identify targets of effector proteins in
plant pathogens.

Taken together, these results indicate that TcLRR is a strong candidate target protein of MrB3 during the
interaction between M. roreri and T. cacao. The experimental and structural evidence obtained in this
study provides a consistent basis for proposing this molecular model and expands our understanding of
the mechanisms underlying the pathogenicity of the causal agent of frosty pod rot.

3.7 A mechanistic model for the role of MrB3 during the interaction between Moniliophthora roreri and
Theobroma cacao

The results obtained in this study support the proposal of a mechanistic model for the role of the
effector protein MrB3 during the interaction between Moniliophthora roreri and Theobroma cacao. The
combination of transcriptomic analyses, structural characterization, heterologous production, bioassays,
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experimental identification of a target protein, and molecular modeling provides complementary
evidence supporting the involvement of this protein in the early stages of fungal pathogenicity.

The high expression of the mrna_11825 transcript during spore germination in media supplemented with
the cacao extract suggested that MrB3 is produced during the early stages of pathogen development, a
period considered critical for infection establishment. During this phase, hemibiotrophic fungi secrete
effector proteins capable of modifying the plant extracellular environment, reducing the effectiveness of
immune responses and facilitating the colonization of plant tissues [75, 105]. The presence of a
functional signal peptide and the predicted apoplastic localization are consistent with this secretion
strategy.

The bioassays demonstrated that the recombinant protein exhibits biological activity when directly
applied to plant tissues, inducing distinct responses depending on the genotype evaluated. Whereas
Solanum lycopersicum developed extensive necrosis accompanied by increased reactive oxygen species
production, Theobroma cacao leaves presented responses that depended on the genetic material tested.
These differences indicate that MrB3 activity is closely associated with the host's capacity to recognize
and respond to the protein, supporting the concept that effector proteins perform specific functions in
compatible and incompatible interactions [115, 97].

The experimental identification of an LRR domain-containing protein by affinity chromatography and LC-
MS/MS represents one of the main findings of this study. In plants, proteins belonging to this family play
a central role in perceiving pathogen-associated signals and activating defense pathways. The predicted
structural interaction between MrB3 and TcLRR, supported by the results obtained via HADDOCK,
PDBePISA, and PRODIGY, suggests that this protein may represent an important component of the
mechanisms involved in the recognition or modulation of plant immunity.

Although the available data do not establish the functional outcome of this interaction, it is possible to
hypothesize that MrB3 alters the activity of TcLRR or of components associated with its signaling
pathway. In different plant—pathogen systems, effector proteins alter the stability, subcellular
localization, or interaction capacity of proteins that regulate immunity, resulting in the suppression or
redirection of defense responses to the pathogen's benefit [55, 44, 117]. The high predicted affinity of the
MrB3-TcLRR complex is consistent with this type of mechanism.

Another relevant aspect is that MrB3 has no functionally characterized homologs in public databases. Its
phylogenetic distribution among Basidiomycota, together with the absence of known conserved
domains identified by the NCBI CDD, suggests that this protein represents a previously undescribed
effector that may be associated with mechanisms specific to the interaction between M. roreri and
species of the genus Theobroma. Although InterProScan associated the region spanning residues 17-
225 with the SPARK domain-containing protein family, this annotation alone does not establish a specific
molecular function for MrB3. This characteristic increases the biotechnological interest of the protein, as
poorly characterized effectors may represent novel targets for studies of genetic resistance, the
development of diagnostic tools, and disease control strategies.
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The results of this study also demonstrate the potential of integrating transcriptomics, experimental
proteomics, and structural biology to identify novel effectors and their potential molecular partners.
Traditionally, studies of effector proteins have focused on gene expression analyses or computational
predictions. In the present study, however, the sequential use of RNA-seq, recombinant protein
production, affinity chromatography, mass spectrometry, molecular docking, and structural modeling
enabled the construction of an evidence framework based on independent and complementary
approaches, substantially strengthening the biological inferences.

Accordingly, we propose that MrB3 is secreted during the early stages of the interaction between M.
roreri and T. cacao and reaches the apoplastic space, where it interacts with an LRR domain-containing
host protein. This interaction may contribute to the modulation of plant defense pathways and facilitate
infection establishment, eventually leading to tissue colonization and the development of frosty pod rot.
The results presented here provide a consistent experimental basis for future investigations into the
molecular mechanisms underlying the pathogenicity of M. roreri.

The conservation of the MrB3 residues Asn186, Pro190, and Asn194 between M. roreri and M. perniciosa
suggests that this protein region is conserved within the genus Moniliophthora. The presence of the
NxDxPxLxSD motif in the analyzed sequences further supports this conservation, whereas the deletion
of one amino acid between Pro190 and Asn194 observed in M. roreri and M. perniciosa represents a
shared feature of these species.

Conversely, the lower conservation of this region in organisms outside the genus Moniliophthora may
indicate that sequence-specific features in the region of MrB3 are involved in the predicted association
with TcLRR. Similarly, the residues Ser359, Pro361, and Ser362 of TcLRR, as well as the experimentally
identified LASLPSLR sequence, are conserved among proteins from the genus Theobroma. Taken
together, these conservation patterns in the Moniliophthora and Theobroma proteins may be associated
with the specific features of their proposed associations and, potentially, with the coevolutionary history
of this pathosystem.

On the basis of these results, we propose that MrB3 may be perceived by a T. cacao membrane receptor
represented by the protein TcLRR, triggering a defense response associated with the accumulation of
reactive oxygen species. This hypothesis is supported by the experimental identification of TcLRR as a
protein potentially associated with rMrB3 and by the observed accumulation of hydrogen peroxide
following treatment with the recombinant protein.

The TcLRR protein may be classified as a receptor-like protein (RLP), as it lacks a kinase domain. RLPs
are frequently described as membrane receptors related to receptor-like kinases (RLKs) but lack a
cytoplasmic kinase domain [82]. In the case of TcLRR, the absence of a kinase domain, together with the
presence of a predicted lipid anchor-like region (Fig. S10), may be associated with its localization at the
plasma membrane.
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Given these characteristics, we hypothesize that TcLRR may act as a coreceptor in the perception of
MrB3, participating in the signaling process leading to ROS production and H,0, accumulation. This
hypothetical mechanism may be similar to the mechanism described for REXG1 in Nicotiana
benthamiana [129]. A representation of this model is provided in the Supplementary Material (Fig. S10).

4 Conclusion

This study contributes to the functional characterization of a novel effector protein, MrB3, from the
phytopathogenic fungus Moniliophthora roreri, the causal agent of frosty pod rot in cacao. The
integration of transcriptomic approaches, in silico analyses, heterologous production, biological assays,
experimental proteomics, and structural modeling demonstrated that MrB3 features are consistent with
secreted effector proteins, including the presence of a signal peptide, the absence of transmembrane
domains, intrinsically disordered regions, and predicted apoplastic localization.

Recombinant expression and experimental validation of the protein by mass spectrometry provided a
reliable basis for functional studies. In addition, circular dichroism spectroscopy demonstrated that the
recombinant protein retained its spectral profile even after heating to 95°C, indicating high thermal
stability and supporting the structural predictions obtained through in silico analyses.

The bioassays demonstrated that rMrB3 is biologically active, inducing distinct responses in different
plant species and genotypes. The induction of necrosis and wilting, together with increased reactive
oxygen species production in Solanum lycopersicum and the differential responses observed among the
Theobroma cacao genotypes indicate that protein activity depends on the host's genetic background and
support its potential role in modulating plant defense responses.

One of the main advances of this study was the experimental identification of an LRR domain-containing
T. cacao protein as a potential interaction partner of MrB3 through affinity chromatography coupled with
mass spectrometry. The strong agreement between the experimental results and molecular docking
analyses provided independent and complementary evidence supporting the proposed interaction
between these proteins, establishing a consistent molecular model to explain some of the biological
effects observed in the bioassays.

Phylogenetic analyses indicated that MrB3 belongs to a group of poorly characterized proteins
apparently restricted to Basidiomycota, suggesting that this effector may represent an evolutionary
innovation associated with the adaptation of M. roreri to its host. The absence of functionally
characterized homologs and known conserved domains identified by NCBI CDD, together with the
InterProScan annotation of a region associated with the SPARK domain-containing protein family
spanning residues 17-225, further highlights the limited characterization of this protein and increases
its potential relevance for studies on the evolution of pathogenicity, plant—pathogen interactions, and the
identification of novel targets for plant breeding programs.
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Taken together, these results expand our understanding of the molecular mechanisms underlying the
interaction between M. roreri and T. cacao, identifying MrB3 as a novel effector and TcLRR as a potential
molecular target in the host. The integrative strategy employed in this study demonstrates the potential
of combining transcriptomics, experimental proteomics, and structural biology for the discovery and
functional characterization of effector proteins in phytopathogenic fungi.

Although these data provide consistent evidence supporting the interaction between MrB3 and TcLRR,
further studies are needed to validate this model under physiological conditions. Protein—protein
interaction assays, functional analyses in plants, assessment of defense-related gene expression, and
reverse genetics approaches may clarify the molecular mechanisms through which MrB3 modulates
plant immune responses and contributes to the pathogenicity of M. roreri. These investigations may
support the development of novel strategies for managing frosty pod rot, including the identification of
molecular markers for resistance and potential targets for disease control.

This study presents the first functional characterization of the effector protein MrB3 from Moniliophthora
roreri and provides the first experimental and structural evidence of its interaction with an LRR domain-
containing protein from Theobroma cacao. The demonstration of its high thermal stability, together with
evidence of its biological activity, structural predictions, and identification of a potential molecular target
in the host, advances our understanding of the mechanisms underlying M. roreri pathogenicity and
establishes a solid foundation for future investigations into virulence factors, plant—pathogen
interactions, and the development of innovative strategies for frosty pod rot management and genetic
improvement.

5 Experimental procedures

5.1 In silico identification and characterization of MrB3

The sequence of the candidate effector protein was selected from the transcriptome of Moniliophthora
roreri spores obtained via RNA-seq after 16 h of incubation in a medium containing cacao extract [80].
Initially, differentially expressed transcripts were translated into protein sequences via BLASTX, with the
NCBI nonredundant (nr) protein sequence database used as the reference, enabling the identification of
the corresponding proteins.

Uncharacterized proteins were then filtered according to sequence length, and those containing fewer
than 300 amino acid residues (n = 10) were selected because their size was consistent with that of the
effector proteins described in phytopathogenic fungi [75]. Subsequently, predictive criteria for fungal
effector identification were applied, including the presence of a signal peptide, the absence of
transmembrane and conserved domains, and the presence of cysteine residues. The selection was
guided by data previously reported by Meinhardt et al. [75] concerning the differential expression of
genes encoding secreted proteins during the biotrophic and necrotrophic phases of infection.
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The presence of a signal peptide and its corresponding cleavage site was analyzed via SignalP 4.1
(http://www.cbs.dtu.dk/services/SingnalP), whereas transmembrane domains were assessed via
TMHMM 2.0 (https://services.healthtech.dtu.dk/service.php? TMHMM-2.0). Potential disulfide bonds in
MrB3 were predicted via disulfide by the Design v2.13 server
(http://cptweb.cpt.wayne.edu/DbD2/index.php) on the basis of structural analysis of cysteine residues
[20].

Potential N-glycosylation sites in MrB3 were predicted via the NetNGlyc 1.0 server, with the mature
protein sequence obtained after removal of the signal peptide. This method is based on the identification
of the consensus motif N-X-S/T and neural network algorithms to estimate the probability of
glycosylation [42].

The identification of conserved domains was performed via InterProScan
(https://www.ebi.ac.uk/interpro/search/sequence/) [52] and the NCBI Conserved Domain Database
(CDD; https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi) [130]. The physicochemical properties
were predicted via ProtParam (https://web.expasy.org/protparam/). Protein sequences were analyzed
via EffectorP-fungi 3.0 (https://effectorp.csiro.au/) to predict effector-associated features [113], and the
subcellular localization of MrB3 was predicted via DeepLoc 2.0
(https://services.healthtech.dtu.dk/services/DeepLoc-2.0/) [121].

The predicted structural model of MrB3 was identified in the AlphaFold 3 database
(https://alphafold.ebi.ac.uk/) [126] following a BLASTp search against the nonredundant (nr) protein
database via sequence alignment. The amino acid sequence of the protein was retrieved in FASTA
format from the NCBI and UniProt databases [120]. The predicted structure was then refined and
validated in PDB format via MolProbity (http://molprobity.biochem.duke.edu/) [17] to identify potential
adjustments to torsion angles and eliminate steric clashes. This procedure improved the reliability of the
structural model, enabling its use in functional and molecular interaction studies.

The secondary structure was visualized via PyMOL v3.1.8 [108] (https://www.pymol.org/). Intrinsically
disordered regions were predicted via IUPred3 (https://iupred3.elte.hu/), with residues exhibiting
disorder scores greater than 0.5 considered potentially disordered [29].

To visualize conserved amino acid residues among the sequences, the alignment used for phylogenetic
analysis was imported into Jalview v2.11.5.2 [131]. To investigate the potential interaction of MrB3 with
LRR domain-containing proteins from other species, homologous sequences were searched for in
different Theobroma cacao genotypes. Additional searches were performed for homologous sequences
from Theobroma grandiflorum, Theobroma umbraticum, Nicotiana tabacum, Solanum tuberosum, Solanum
lycopersicum, and sugarcane (Saccharum_hybrid_R570). The sequences were aligned via Clustal Omega
(ClustalO) [111], and the resulting alignment was visualized via Jalview.

5.2 Phylogenetic analysis
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A set of hypothetical proteins was selected via the accession sequence ESK97039.1, corresponding to
MrB3, as the query sequence in BLASTP (https://sky-blast.com/blast/p). The organisms corresponding
to the selected sequences were identified via the NCBI Taxonomy Browser
(https://www.ncbi.nlm.nih.gov/datasets/taxonomy/browser/), and their complete taxonomic
classifications were obtained according to Schoch et al. [107]. Protein sequences were retrieved from
the NCBI Protein (https://www.ncbi.nlm.nih.gov/protein/?term=) and UniProt (https://www.uniprot.org/)
databases [120].

For the phylogenetic analysis, 22 amino acid sequences were used, including the MrB3 sequence, 18
homologous proteins from Basidiomycota, and three sequences selected as the outgroup. The ingroup
comprised MrB3 and 18 homologous proteins from Basidiomycota, primarily representatives of the class
Agaricomycetes, selected on the basis of sequence similarity and phylogenetic proximity to MrB3. To
root the phylogenetic tree, three Basidiomycota proteins belonging to the genera Naganishia and
Saitozyma, classified within the class Tremellomycetes, were selected. These sequences were used as
the outgroup on the basis of their taxonomic positions and the phylogenetic clustering observed relative
to the Agaricomycetes sequences included in the ingroup.

The mature sequences of the 22 proteins were used for phylogenetic analyses after removal of their
predicted signal peptides. Multiple sequence alignment of the mature proteins was performed via the
MAFFT algorithm [57], and the alignment was visualized and edited via AliView [65]. After alignment, 218
positions were retained following partial deletion of positions with less than 95% coverage.

The phylogenetic tree was constructed via MEGA X v.10.2.6 [64], employing the maximum likelihood
method, the JTT evolutionary model [51], and a gamma distribution to model rate heterogeneity among
sites. The robustness of the inferred clades was assessed via 1,000 bootstrap replicates [34]. Among the
trees evaluated, the tree with the highest log-likelihood value (- 6663.13) was selected. The final
phylogenetic analysis comprised 22 amino acid sequences and 218 positions in the analyzed dataset.

5.3 Heterologous expression and purification of
recombinant MrB3

A synthetic open reading frame (ORF) corresponding to the gene encoding the candidate effector protein
MrB3 was synthesized with codons optimized for expression in Escherichia coli and cloned and inserted
into the Ncol and Xhol restriction sites of the pET-32a vector, which contains an ampicillin resistance
gene and the thioredoxin coding sequence, which was used to express rMrB3 as a fusion protein
(https://fastbio.com.br/proteina-recombinante/). The recombinant pET-32a/MrB3 construct was
introduced into competent E. coli Rosetta (DE3) cells via heat-shock transformation [104]. Colonies
carrying the recombinant plasmid were inoculated into Luria—Bertani medium, and protein expression
was subsequently induced by adding isopropyl B-D-1-thiogalactopyranoside (IPTG) to a final
concentration of 0.4 mmol L.
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Following protein expression induction at 37°C for 4 h, cells from approximately 200 mL of culture were
transferred into 50-mL Falcon tubes and harvested by centrifugation at 5,000 rpm for 40 min at 4°C.
After the supernatant was discarded, the cell pellets were stored at - 20°C until purification. To obtain
the soluble fraction, pellets corresponding to approximately 100 mL of culture were resuspended in 10
mL of 1x binding buffer (pH 7.4) without urea, prepared from an 8x binding buffer stock solution and
supplemented with 100 pL of lysozyme (50 uM mL-"). The suspension was incubated at room
temperature for 30 min and subjected to sonication using an ultrasonic processor (Ultrasonic Processor
Gex 130, 130 W) for 20 min, with cycles of 10 s ON and 25 s OFF at 70% amplitude, using a 2-mm probe.

The lysate was then centrifuged at 5,000 rpm for 40 min at 4°C, and the supernatant was collected as
the soluble fraction, whereas the pellet was used to obtain the insoluble fraction. To obtain the insoluble
fraction, the pellet was resuspended in 10 mL of 1x binding buffer containing 6 M urea supplemented
with 100 pL of lysozyme. The suspension was sonicated via the same ultrasonic processor (Ultrasonic
Processor Gex 130, 130 W) for 5 min, with cycles of 10 s ON and 30 s OFF at 70% amplitude, using the
same 2 mm probe. After sonication, the sample was centrifuged at 4,200 rpm for 40 min at 4°C, and the
supernatant was used in the subsequent affinity chromatography purification step. The pellets
containing inclusion bodies (insoluble fraction) and the supernatant containing soluble protein were
collected and analyzed by sodium dodecyl sulfate—polyacrylamide gel electrophoresis (SDS—PAGE),
followed by staining with 0.08% colloidal Coomassie blue [104].

Recombinant proteins were purified by affinity chromatography via a HisTrap FF crude nickel column
(Cytiva) and eluted with elution buffer containing imidazole concentrations ranging from 50 to 500 mmol
L-'. The proteins were subsequently dialyzed via a 10-kDa molecular weight cutoff dialysis membrane
(Spectra/Por) against Tris—HCI buffer at concentrations of 5 or 10 mmol L=, depending on the
subsequent experiment. Protein concentrations were determined via the Bradford method [9] and
confirmed via densitometric analysis of SDS—PAGE bands compared with a bovine serum albumin (BSA)
standard stained with Coomassie blue. For densitometric analysis, gels were scanned and analyzed via
Imaged software and the “Gel Analysis” tool, as described by Schneider et al. [106]. The theoretical
molecular weight of rMrB3 was determined via the ProtParam tool (ExPASy) and used to confirm the
expected band position on the gel and support the correct identification of the protein of interest [106].

5.4 Mass spectrometry analyses

Mass spectrometry analyses were performed on the recombinant protein rMrB3 to confirm its identity,
and protein fractions were obtained after affinity capture assays were performed via protein extracts
from Theobroma cacao fruit husks to identify proteins potentially associated with rMrB3. Sample
preparation was performed via tryptic digestion via a protocol adapted from [127], following strategies
previously employed for protein identification in plant—pathogen interaction studies [96, 25].

To confirm the identity of rMrB3, a sample of the purified recombinant protein was analyzed. The
resulting peptides were subjected to ultrahigh-performance liquid chromatography coupled with tandem
mass spectrometry (LC-MS/MS) via a 1290 Infinity Il UHPLC system coupled to a 6545 LC/Q-TOF mass
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spectrometer (Agilent Technologies, Singapore). MS/MS spectra were processed via the Spectrum Mill
package integrated into the MassHunter Workstation (Agilent Technologies; revision B.07.08.214) and
searched against the NCBI (https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi) and UniProt
(https://www.uniprot.org/) databases [120]. For recombinant protein identification, the Moniliophthora
roreri sequences corresponding to NCBI protein ID ESK97039.1 and UniProt accession V2YZAQ were
used.

Recombinant protein identification was assessed on the basis of sequence coverage, the number of
unique peptides identified, and protein identification confidence. Relative peptide intensities and their
respective individual contributions to sequence coverage were also obtained. The mapping of identified
peptides, sequence coverage and relative intensity values, and a summary of LC—MS/MS identification
parameters are presented in Fig. SSA-C and Table S3.

To identify T. cacao proteins potentially associated with rMrB3, fractions obtained from the affinity
capture assay using the recombinant protein were analyzed according to the protocol described by
Pirovani et al. [95] (Fig. 5A). The resulting spectra were processed and searched against the NCBI
(https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi) and UniProt (https://www.uniprot.org/)
databases [120], considering the Theobroma cacao protein sequences (Table S3). The identified proteins
were classified as potential proteins associated with rMrB3.

5.5 Circular dichroism spectroscopy

The circular dichroism (CD) spectra of the recombinant protein MrB3 (rMrB3) were recorded via a Jasco
J-815 spectropolarimeter after the samples were dialyzed against 5 mmol/L Tris—HCI buffer.
Measurements were performed over the spectral range of 190-250 nm, with a resolution of 1 nm, using
a quartz cuvette with a 1.0-mm optical path length at temperatures of 25°C and 95°C. Each spectrum
was obtained by averaging six independent scans to improve the signal-to-noise ratio and data reliability
[41].

5.6 Bioassays in model and host plants for functional
characterization of the candidate effector

Solanum lycopersicum (tomato) and Theobroma cacao (Catongo cultivar, susceptible to Moniliophthora
roreri) plants were used in the bioassays. In tomato plants, compound leaves consisting of three leaflets
were sprayed with 1 mL of recombinant MrB3 protein (rMrB3) at a concentration of 3.2 pmol L-" or with 5
mmol L-" Tris—HCI buffer, pH 7.4 (control). The plants were monitored for 15 days following treatment.

For T. cacao cv. Catongo, leaves were treated with purified protein at concentrations of 2.2 and 3.2 ymol
L-1. A volume of 5 mL of purified protein mixture was applied by submerging the leaves in the mixture.
The control leaves were treated with 5 mmol/L Tris—HCI buffer, pH 7.4. Symptoms were evaluated over
20 days.
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In both assays, the plants were monitored periodically for wilting, necrosis, chlorosis, and other
phenotypic alterations to assess the potential effector activity of the candidate protein rMrB3.

5.7 H,0, accumulation assay

Leaves of Solanum lycopersicum were sprayed with recombinant rMrB3 at a concentration of 3.5 pmol/L,
whereas control leaves were treated with 5 mmol/L Tris—HCI buffer (pH 7.4). After 24, 48, and 72 h of
treatment, leaf discs measuring 1 cm in diameter were collected from treated and control leaves.

The discs were immersed in a 1 mg mL-" solution of 3,3-diaminobenzidine (DAB) prepared in distilled
water acidified with HCI to pH 3.8. The discs were then vacuum infiltrated for 30 min and subsequently
incubated in the same DAB solution for 24 h at room temperature in the dark.

At the end of each incubation period, the discs were boiled in 96% ethanol for 20 min and subsequently
washed with 50% ethanol to remove leaf pigments. The formation of a brown precipitate resulting from
DAB oxidation in the presence of H,0, was recorded via a Leica EZ4 stereomicroscope at 4x
magnification and was used as an indicator of H,0, accumulation.

The intensity of brown staining was subsequently quantified via image analysis via Fiji (ImageJ)
software, allowing H,0, accumulation to be compared between treatments and across the different DAB
incubation periods.

5.8 Identification of Theobroma cacao cv. Catongo target proteins associated with rMrB3 via CNBr-
Sepharose affinity capture and LC-MS/MS

To identify the Theobroma cacao cv. Catongo proteins potentially associated with recombinant rMrB3, an
affinity capture assay was performed in which the recombinant protein was covalently coupled to CNBr-
activated Sepharose resin. Total soluble proteins were extracted from approximately 1 g of young T.
cacao cv. Catongo fruit husks according to the protocol described in [95] and applied in studies
identifying proteins associated with Moniliophthora effectors [25].

Coupling of rMrB3 to the resin, incubation with the protein extract, washing, and elution were performed
according to protocols previously described by Pirovani et al. [96] and Do Carmo Santos et al. [25], with
specific adaptations for the recombinant protein used in this study. The eluted fractions were collected
and subjected to LC-MS/MS analysis, as described in Section 5.4, “Mass spectrometry analyses,” to
identify T. cacao proteins potentially associated with rMrB3.

The identified proteins were considered potential proteins associated with rMrB3 since affinity capture
followed by LC—-MS/MS alone does not confirm direct interactions between the proteins.

5.9 Molecular docking of MrB3 with the Theobroma cacao
LRR protein (TcLRR)
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Structural modeling of the interaction between the candidate effector protein MrB3 from Moniliophthora
roreri and the leucine-rich repeat (LRR)-type protein from Theobroma cacao (AOA061ECS2) was
performed via protein—protein molecular docking with the HADDOCK 2.4 server (High Ambiguity Driven
protein—protein DOCKing), a platform widely used for data-driven docking [27, 125].

The three-dimensional protein structures were obtained from models predicted via AlphaFold 3 [126, 53].
For structural preparation, signal peptides previously predicted via SignalP 4.1
(http://www.cbs.dtu.dk/services/SingnalP) were removed to represent the mature forms of the proteins.
The structures were then prepared via UCSF ChimeraX [89], with water molecules, ions, and other
heteroatoms removed, followed by the addition of hydrogen atoms to prepare the structures for
molecular docking.

The stereochemical quality of the refined structural models of MrB3 and TcLRR was subsequently
assessed via the MolProbity platform (https://molprobity.biochem.duke.edu/) through analysis of
Ramachandran plots and molecular geometry. The percentages of residues located in favored, allowed,
and disallowed regions of the Ramachandran plots were evaluated, along with the overall structural
quality parameters provided by the platform, to assess model reliability before molecular docking
analyses [133]. The Ramachandran plots and structural validation statistics for the models used in this
study are presented in Fig. S7A-D.

The active residues used for docking were defined on the basis of experimental evidence obtained by
mass spectrometry (LC-MS/MS). For MrB3, residues 186, 190, and 194 were selected, corresponding to
experimentally detected and structurally accessible regions. For the LRR protein, residue selection was
based on the LASLPSLR peptide, which was experimentally identified via LC—MS/MS and subsequently
mapped onto the structure to identify the corresponding region involving residues 359, 361, and 362.

Passive residues were automatically defined by HADDOCK on the basis of the spatial proximity of the
selected active residues. Docking was performed using the platform's default parameters. The generated
models were clustered according to structural similarity and ranked on the basis of the HADDOCK score,
Z score, restraint violation energy, and buried surface area (BSA) [125].

The resulting structures were subsequently analyzed via PyMOL v3.1.8 [108] for molecular visualization,
inspection of the protein—protein interface, and identification of residues involved in polar contacts and
hydrophobic interactions.

Declarations

Competing interests

The authors declare that a patent application related to the recombinant effector protein MrB3 described
in this study was filed by the Universidade Estadual de Santa Cruz (UESC), Brazil, on 15 September 2026
under application number BR 10 2026 023156 8. The patent application is pending and relates to the

Page 27/44



protein, its recombinant production and purification, and its potential application in plant defense
modulation. The inventors listed in the patent application are Larissa Karen Silva Oliveira, Carlos
Priminho Pirovani, Eric Guimaraes Aguiar, Keilane Silva Farias, Tais Araujo Santos, Hermanna Vanesca
Viana de Oliveira, and Maria Eduarda Antunes Lima.

Author Contribution

Conceptualization: L.K.S.0.,R.J.S.S,, E.R.G.R.A,, C.PP; Methodology: L.K.S.0,, TA.S,, M.E.A.L, H.V.V.O,
C.H.C.N,, K.S.F; Validation: K.S.F, J.P.C,,R.J.S.S., E.R.G.R.A; Investigation: L K.S.0.,, TA.S, M.E.A.L,; Data
curation: L.K.S.0,, R.J.S.S,, E.R.G.R.A.; Writing - original draft preparation: L.K.S.0., TA.S.; Writing - review
and editing: C.P.P, E.R.G.R.A ; Visualization: L.K.S.0,, TA.S,, R.J.S.S,; Supervision: C.PP, E.R.G.RA;
Resources, Project administration and Funding acquisition: C.P.P. All authors reviewed and approved the
final manuscript.

Acknowledgments

We thank Coordenacéo de Aperfeicoamento de Pessoal de Nivel Superior (CAPES; Funding Code 001)
for financial support and Universidade Estadual de Santa Cruz (UESC) for institutional support. Figures
were prepared by the authors via Canva Pro ( https://www.canva.com/).

Data availability statement

The data that support the findings of this study are available from the corresponding author upon
reasonable request.

References

1. AIME, M. C. & PHILLIPS-MORA, W. The causal agents of witches’ broom and frosty pod rot of cacao
(chocolate, Theobroma cacao) form a new lineage of Marasmiaceae. Mycologia v. 97 (n. 5), 1012-
1022 (2005).

2. ALFANO, J. R, COLLMER, A., Type, I. . I. & Secretion System Effector Proteins. Double Agents in
Bacterial Disease and Plant Defense. Annu. Rev Phytopathol. 42, 385-414.
10.1146/annurev.phyto.42.040103.110731 (2004).

3. ALMEIDA, N. M., DE ALMEIDA, A. A. F,, DE ALMEIDA SANTOS, N. & MORA-OCAMPQ, I. Y. PIROVANI,
C. P. Leaf proteomic profiles in cacao scion-rootstock combinations tolerant and intolerant to
cadmium toxicity. Plant Physiol. Biochem. 203, 107987 (2023).

4. ALTSCHUL, S. F. et al. Ferramenta basica de pesquisa de alinhamento local. J. Mol. Biol. v. 215,
403-410 (1990).

Page 28/44



10.

11.

12.

13.

14.

15.

16.
17.

18.

. ALTSCHUL, S. F. et al. Gapped BLAST e PSI-BLAST: uma nova gerac¢ao de programas de pesquisa de

banco de dados de proteinas. Nucleic Acids Research, (1997). v. 25,n. 17, pp. 3389-3402 .

. BAILEY, B. A. et al. Moniliophthora roreri, causal agent of cacao frosty pod rot. Mol. Plant Pathology.

v. 19, 1580-1594 (2018).

. BARBOSA, C. S. et al. Genome sequence and effectorome of Moniliophthora perniciosa and

Moniliophthora roreri subpopulations. BMC Genom. 19, 509. https://doi.org/10.1186/s12864-018-
4875-7 (2018).

. BELKHADIR, Y., YANG, L., HETZEL, J., DANGL, J. L. & CHORY, J. The growth-defense pivot: crisis

management in plants mediated by LRR receptor kinases. Trends in Biochemical Sciences,
Amsterdam, v. 39, n. 10, pp. 447-456, (2014). 10.1016/j.tibs.2014.08.006

. BRADFORD, Marion, M. A rapid and sensitive method for the quantitation of microgram quantities of

protein utilizing the principle of protein-dye binding. Anal. Biochem. v. 72, 1-2. 10.1016/0003-
2697(76)90527-3 (1976).

BRASIL. Ministério da Agricultura, Pecuaria e Abastecimento/Secretaria de Defesa Agropecuaria.
Portaria n° 372, de 3 de agosto de 2021a. In: Declara o estado do Acre como area sob quarentena
para a praga quarentenaria ausente Moniliophthora roreri. Diario Oficial da Uniao, publicado em 05
de ago. de 20214, ed. 147, segdo 1, p. 3.

BRASIL, Ministério da & Agricultura Pecuaria e Abastecimento/Gabinete da Ministra. Portaria n°
249, de 4 de agosto de 2021b. In: Declara estado de emergéncia fitossanitaria relativo ao risco
iminente de introducao da praga quarentenaria ausente Moniliophthora roreri nos estados do Acre,
Amazonas e Rondoénia. Diario Oficial da Unido, publicado em 06 de agosto de 2021b, ed. 148, segao
1, p.3.

BROOKS, B. R. et al. CHARMM: A program for macromolecular energy, minimization, and dynamics
calculations. J. Comput. Chem. v. 4 (n. 2), 187-217 (1983).

BOZA, E. J. et al. Genetic characterization of the cacao cultivar CCN 51: its impact and significance
on cacao breeding and global production. J. Am. Soc. Hortic. Sci. v. 139, 219-229.
10.21273/JASHS.139.2.219 (2014).

BOGAN, A. A. & THORN, K. S. Anatomy of hot spots in protein interfaces. Journal of Molecular
Biology, London, v. 280, n. 1, pp. 1-9, (1998). 10.1006/jmbi.1998.1843

CALIXTO, P. H. M. et al. Gene identification and comparative molecular modeling of a Trypanosoma
rangeli major surface protease. J. Mol. Model. v. 19, 3053-3064 (2013).

CASE et al. AMBER 2020, University of California, San Francisco, (2020).

CHEN, V. B. et al. MolProbity: all-atom structure validation for macromolecular crystallography. Acta
Crystallogr. D Biol. Crystallogr. 66 (Pt 1), 12-21 (2010).

CHEN, H., QUINTANA, J., KOVALCHUK, A., UBHAYASEKERA, W. & ASIEGBU, F. O. A cerato-platanin-
like protein HaCPL2 from Heterobasidion annosum sensu stricto induces cell death in Nicotiana
tabacum and Pinus sylvestris. Fungal Genet. Biol. v. 84, 41-51. 10.1016/j.fgb.2015.09.007 (2015).

Page 29/44



19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.
32.

33.

COLLEMARE, J., O'CONNELL, R. & LEBRUN, M. H. Nonproteinaceous Effectors: The Terra Incognita
of Plant—Fungal Interactions. New. Phytol. 223, 590-596. 10.1111/nph.15785 (2019).

CRAIG, D. B. & DOMBKOWSKI, A. A. Disulfide by Design 2.0: a web-based tool for disulfide
engineering in proteins. BMC Bioinformatics, London, v. 14, p. 346, (2013). 10.1186/1471-2105-14-
346

DE VRIES, S. J., VAN DIJK, M. & BONVIN, A. M. J. J. The HADDOCK web server for data-driven
biomolecular docking. Nature Protocols, London, v. 5, n. 5, pp. 883-897, (2010).
10.1038/nprot.2010.32

DE WIT, P. J. G. M., VAN DER BURG, H. A.,, THOMMA, B. P. H. J. & STERGIOPOULOQS, I. Fungal effector
proteins: past, present and future. Mol. Plant Pathol. v. 10, 735-747. https://doi.org/10.1111/j.1364-
3703.2009.00591.x (2009).

DI TOMMASQO. P. et al. T-Coffee: A web server for the multiple sequence alignment of protein and
RNA sequences using structural information and homology extension. Nucleic Acids Research, v. 39,
n. SUPPL. 2, pp. 13-17,(2011).

DIAZ-VALDERRAMA, J. R., LEIVA-ESPINOZA, S. T. & CATHERINE-AIME, M. The history of cacao and
its diseases in the Americas. Phytopathology v. 110 (n. 10), 1604-1619 (2020).

DO CARMO SANTOS, M. L. et al. Proteomics analysis reveals three potential cacao target that
interacts with Moniliophthora perniciosa NEP during witches broom disease. Physiol. Mol. Plant
Pathol. v. 124, 101946. https://doi.org/10.1016/j.pmpp.2023.101946 (2023).

DODDS, P. N. & RATHJEN, J. P. Plant immunity: toward an integrated view of plant—pathogen
interactions. Nat. Rev. Genet. v. 11, 539-548. https://doi.org/10.1038/nrg2812 (2010).

DOMINGUEZ, C., BOELENS, R., BONVIN, A. M. & J. J. HADDOCK: a protein—protein docking approach
based on biochemical or biophysical information. Journal of the American Chemical Society,
Washington, v. 125, n. 7, pp. 1731-1737, (2003). 10.1021/ja026939x

DOYLE, S. Fungal proteomics: from identification to function. FEMS Microbiol. Lett. vol. 321 (1), 1-9.
10.1111/j.1574-6968.2011.02292.x (2011).

ERDOS, G., PAJKOS, M. & DOSZTANY], Z. IUPred3: prediction of protein disorder enhanced with
unambiguous experimental annotation and visualization of evolutionary conservation. Nucleic Acids
Research, v. 49, n. W1, pp. W297-W303, 2021. https://doi.org/10.1093/nar/gkab408

EVANS, H. C. Pod rot of cacao caused by Moniliophthora (Monilia) roreri. Phytopathological Papers,
v.24, p. 44, (1981).

EVANS, H. Cacao diseases — The triology revisited. Phytopathology UK. v.97, 1640-1643 (2007).

EVANS, H. C. Frosty Pod Rot (Moniliophthora Roreri). In: BAILEY, B.; MEINHARDT, L. (Eds.). Cacao
Diseases - A History of Old Enemies and New Encounters. Springer International Publishing
Switzerland, cap. 3, pp. 63-96, (2016).

FARGEMAN, N. J. & KNUDSEN, J. Role of long-chain fatty acyl-CoA esters in the regulation of
metabolism and in cell signaling. Biochem. J. v. 323 (n. 1), 1-12 (1997).

Page 30/44



34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

FELSENSTEIN, J. Confidence limits on phylogenies: an approach using the bootstrap. Evolution v. 39
(n. 4),783-791 (1985).

FIGUEROA, M., ORTIZ, D. & HENNINGSEN, E. C. Tactics of Host Manipulation by Intracellular
Effectors from Plant Pathogenic Fungi. Curr. Opin. Plant. Biol. 62, 102054.
10.1016/j.pbi.2021.102054 (2021).

FRIESEN, T. L., FARIS, J. D., SOLOMON, P. S. & OLIVER, R. P. Host-Specific Toxins: Effectors of
Necrotrophic Pathogenicity. Cell. Microbiol. 10, 1421-1428. 10.1111/j.1462-5822.2008.01153.x
(2008).

FRITZLER, J. M. & ZHU, G. Novel anti-Cryptosporidium activity of known drugs identified by high-
throughput screening against parasite fatty acyl-CoA binding protein (ACBP). J. Antimicrob.
Chemother. v. 67 (n. 3),609-617 (2011).

GASTEIGER, E. et al. The Proteomics Protocols Handbook. The Proteomics Protocols Handbook, pp.
571-608, (2005).

GIRALDO, M. C. & VALENT, B. Efetores de patdgenos filamentosos de plantas em acao. Nat. Rev.
Microbiol. 11, 800-814. 10.1038/nrmicro3119 (2013).

GRAMACHO, K. P. et al. Moniliophthora roreri (Cif & Par.) (Agaricales: Marasmiaceae). In: FIDELIS, E.
G. (Eds). Priorizagao de Pragas Quarentendrias ausentes no Brasil. 12 ed. Brasilia, DF: Embrapa, cap.
17, pp. 258-271, (2018).

GREENFIELD, N. J. Using circular dichroism spectra to estimate protein secondary structure. Nature
Protocols, London, v. 1, n. 6, pp. 2876-2890, (2006). 10.1038/nprot.2006.202

GUPTA, R.; BRUNAK, S. Prediction of glycosylation across the human proteome and the correlation
to protein function. In: PACIFIC SYMPOSIUM ON BIOCOMPUTING, 7., 2002.Proceedings [...
Singapore: World Scientific, 2002. pp. 310-322.

HANWELL, M. D. et al. Avogadro: An advanced semantic chemical editor, visualization, and analysis
platform. Journal of Cheminformatics, v. 4,n. 1, pp. 1-17, (2012).

HOGENHOUT, S. A., VAN DER HOORN, R. A. L., TERAUCHI, R. & KAMOUN, S. Conceitos emergentes
em biologia efetora de organismos associados a plantas. Mol. Plant—Microbe Interact. 22, 115-122.
10.1094/MPMI-22-2-0115 (20009).

HUANG, J. et al. CHARMMS36m: na improved force field for folded and instrinsically disordered
proteins. Nat. Methods. v. 14 (n. 1), 71-73 (2016).

SANDERS, J. K. M. & HUNTER C. A., & The nature of pi - pi interactions. J. Am. Chem. Soc. v. 112,
5525-5534(1990).

JANIN, J., BAHADUR, R. P. & CHAKRABARTI, P. Protein—protein interaction and quaternary structure.
Quarterly Reviews of Biophysics, Cambridge, v. 41, n. 2, pp. 133-180, (2008).
10.1017/S0033583508004708

JO, S. et al. CHARMM-GUI 10 years for biomolecular modeling and simulation. J. Comput. Chem. v.
38,1114-1124 (2016).

Page 31/44



49.

50

o1.

92.

53.

o4.

99.

56.

o7.

58.

59.

60.

61.

62.

63.

JO, S. et al. CHARMM-GUI: A web-based graphical user interface for CHARMM. J. Comput. Chem. v.
29 (n. 11), 1859-1865 (2008).

. JOHNSON, E. S. et al. First report of Moniliophthora roreri causing frosty pod rot on Theobroma

cacao in Jamaica. New. Disease Rep. v. 36, 2 (2017).

JONES, D. T,, TAYLOR, W. R. & THORNTON, J. M. The rapid generation of mutation data matrices
from protein sequences. Comput. Appl. Biosci. v. 8 (n. 3), 275-282 (1992).

JONES, P. et al. InterProScan 5: genome-scale protein function classification. Bioinformatics v. 30,
1236-1240 (2014).

JUMPER, J. et al. Highly accurate protein structure prediction with AlphaFold. Nature, London, v. 596,
pp. 583-589, (2021). 10.1038/s41586-021-03819-2

KANJA, C. & HAMMOND-KOSACK, K. E. Proteinaceous effector discovery and characterization in
filamentous plant pathogens. Mol. Plant Pathol. v. 21, 1353-1376. 10.1111/mpp.12980 (2020).

KAMOUN, S. Um catalogo do secretoma efetor de oomicetos patogénicos de plantas. Annu. Rev
Phytopathol. 44, 41-60. 10.1146/annurev.phyto.44.070505.143436 (2006).

KAMOUN, S. Groovy Times: Efetores de patdgenos filamentosos revelados. Opinido atual. Plant.
Biol. 10, 358—-365. 10.1016/j.pbi.2007.04.017 (2007).

KATOH, K. & STANDLEY, D. M. MAFFT multiple sequence alignment software version 7:
improvements in performance and usability. Mol. biology Evol. vol. 30 (4), 772-780.
10.1093/molbev/mst010 (2013).

KESKIN, O., GURSQY, A., MA, B. & NUSSINOV, R. Principles of protein—protein interactions: what are
the preferred ways for proteins to interact? Chemical Reviews. Wash. v. 108 (n. 4), 1225-1244.
10.1021/cr040409x (2008).

KETTLES, G. J. et al. Characterization of an antimicrobial and phytotoxic ribonuclease secreted by
the fungal wheat pathogen Zymoseptoria tritici. New Phytol. v. 217 (n. 1), 320-331.
10.1111/nph.14786 (2018).

KIM, K. T. et al. Andlise de todo o reino de pequenas proteinas secretadas (SSPs) fungicas revela
seu papel potencial na associagao com o hospedeiro. Front. Plant. Sci. 7,00186.
10.3389/fpls.2016.00186 (2016).

KO, J. et al. GalaxyWEB server for protein structure prediction and refinement. Nucleic Acids Res. v.
40, 294-297 (2012).

KOECK, M., HARDHAM, A. R. & DODDS, P. N. O papel dos efetores de fungos biotréficos e
hemibiotréficos na infeccao. Célula Microbiol. 13, 1849-1857. 10.1111/j.1462-5822.2011.01665.x
(2011).

KRAGELUND, B. B., KNUDSEN, J. & POULSEN, F. M. Acyl-coenzyme A binding protein (ACBP).
Biochimica et Biophysica Acta - Molecular and Cell Biology of Lipids, v. 1441, n. 2-3, pp. 150-161,
(1999).

Page 32/44



64.

65.

66.

67.

68.

69.

70.

71

72.

73.

74.

75.

76.

77.

78.

79.

KUMAR, S. et al. MEGA X: Molecular Evolutionary Genetics Analysis across Computing Platforms.
Mol. biology Evol. vol. 35 (6), 1547-1549. 10.1093/molbev/msy096 (2018).

LARSSON, A. AliView: a fast and lightweight alignment viewer and editor for large datasets.
Bioinformatics (Oxford England) 30,22 (2014): 3276-3278. 10.1093/bioinformatics/btu531

LASKOWSI, R. A. et al. PROCHECK - a program to check the stereochemical quality of protein
structures. J. App Cryst. v. 26, 283-291 (1993).

LE NAOUR-VERNET, M. et al. CESAR], Stella. Structure-guided insights into the biology of fungal
effectors. New Phytologist, v. 246, n. 4, pp. 1460-1477, (2025). https://doi.org/10.1111/nph.70075

LEMKUL, J. A. From Proteins to Perturbed Hamiltonians: A Suite of Tutorials for the GROMACS-2018
Molecular Simulation Package, v1.0 Virginia Tech Department of Biochemistry. Living J Comp. Mol.
Sci,v. 1, n. 1, Disponivel em: (2018). http://www.mdtutorials.com/gmx/complex/index.html

LO PRESTI, L. et al. Fungal Effectors and Plant Susceptibility. Annu. Rev Plant. Biol. 66, 513—545.
10.1146/annurev-arplant-043014-114623 (2015).

MADHAVI SASTRY, G. et al. Protein and ligand preparation: Parameters, protocols, and influence on
virtual screening enrichments. J. Comput. Aided Mol. Des. v. 27 (n. 3), 221-234 (2013).

. MANDRUP, S. et al. Acyl-CoA-binding protein/diazepam-binding inhibitor gene and pseudogenes. A

typical housekeeping gene family. J. Mol. Biol. v. 228 (n. 3), 1011-1022 (1992).

MANDRUPR, S., FARGEMAN, N. J., KNUDSEN, J. & Structure Function, and Phylogeny of Acyl-CoA
Binding Protein. Cellular Proteins and Their Fatty Acids in Health and Disease, cap. 8, pp. 151-171,
(2004).

MARCHLER-BAUER, A. et al. CDD: NCBI's conserved domain database. Nucleic Acids Research,
(2014).v. 43,n. D1, p. D222-D226.

MARELLLI, J. P. et al. Chocolate under threat from old and new cacao diseases. Phytopathology v.
109, 1331-1343 (2019).

MEINHARDT, L. W. et al. Genome and secretome analysis of the hemibiotrophic fungal pathogen,
Moniliophthora roreri, which causes frosty pod rot disease of cacao: mechanisms of the biotrophic
and necrotrophic phases. BMC Genom. v. 15, 164. https://doi.org/10.1186/1471-2164-15-164
(2014).

MITCHELL, A. L. et al. InterPro in 2019: Improving coverage, classification and access to protein
sequence annotations. Nucleic Acids Res. v. 47, D351-D360 (2019).

MOLCANOQV, K. & KOJIC-PRODIC, B. Toward understanding m-stacking interactions between
nonaromatic rings. IUCrJ, v. 6, n. 2, pp. 156—166, (2019).

MONZANI, P. S. et al. A new topology of ACBP from Moniliophthora perniciosa. Biochimica et
Biophysica Acta - Proteins and Proteomics, v. 1804, n. 1, pp. 115-123, (2010).

MORRIS, G. M. et al. Autodock4 and AutoDockTools4: automated docking with selective receptor
flexiblity. J. Comput. Chem. v. 30, 2785-2791 (2009).

Page 33/44



80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

NASCIMENTO, K. T. S. et al. PIROVANI, C. P. Candidate effector proteins revealed by transcriptional
profiling during development of Moniliophthora roreri, a fungal pathogen of Theobroma cacao.
Genomics v. 117 (n. 5), 111083. 10.1016/j.ygeno.2025.111083 (2025).

NCBI - National Center for Biotechnology Information. Basic Local Alignment Search Tool (BLAST).
Disponivel em: (2023). https://blast.ncbi.nlm.nih.gov/Blast.cgi

Man, N. G. O. U. B. P. et al. Evolutionary trajectory of pattern recognition receptors in plants. Nat.
Commun. v. 15 (n. 1), 308 (2024).

NOOREN, I. M. A. & THORNTON, J. M. Diversity of protein—protein interactions. The EMBO Journal,
Heidelberg, v. 22, n. 14, pp. 3486-3492, (2003). 10.1093/emboj/cdg359

NURNBERGER, T. & BRUNNER, F. Innate immunity in plants and animals: emerging parallels between
the recognition of general elicitors and pathogen-associated molecular patterns. Current Opinion in
Plant Biology, v. 5, n. 4, pp. 318-324, (2002). https://doi.org/10.1016/S1369-5266(02)00265-0

OLIVEIRA, Hermanna Vanesca Viana de; REZENDE. Darilia Christane Bomfim de; PORTO, Joel
Augusto Moura; AGUIAR, Eric Roberto Guimaraes Rocha; NOVAIS, Diogo Pereira Silva de; MORA-
OCAMPQ, Irma Yuliana; SANTOS, Ariana Silva; PIROVANI, Carlos Priminho. Heterologous systems in
the functional characterization of proteins from phytopathogenic fungi: a systematic review. Mol.
Biotechnol. https://doi.org/10.1007/s12033-026-01592-z (2026).

PADLIYA, N. D., GARRETT, W. M., CAMPBELL, K. B., TABB, D. L. & COOPER, B. Tandem mass
spectrometry for the detection of plant pathogenic fungi and the effects of database composition
on protein inferences. Proteomics v. 7,3932-3942 (2007).

PERKINS, D. N., PAPPIN, D. J., CREASY, D. M. & COTTRELL, J. S. Probability-based protein
identification by searching sequence databases using mass spectrometry data. Electrophoresis
3551-3567. https://doi.org/10.1002/(SICI)1522-2683(19991201)20:18 (1999). v. 20, n. 18.
PETERSEN, T. N. et al. SignalP 4.0: discriminating signal peptides from transmembrane regions.
Nature Methods, London, v. 8, pp. 785-786, (2011).

PETTERSEN, E. F. et al. UCSF ChimeraX: structure visualization for researchers, educators, and
developers. Protein Science, Hoboken, v. 30, n. 1, pp. 70—82, (2021). 10.1002/pro.3943
PHILLIPS-MORA, W. et al. Origin, biogeography, genetic, diversity and taxonomic affinities of the
cacao (Theobroma cacao L.) fungus Monilophthora roreri (Cif.) Evans. as determined using
molecular, phytopathological and morpho-physiological evidence. Tese (Doutorado) — Universidade
de Reading, Deparment of Agricultural Botany, School of Plant Sciences, Reino Unido, pp. 1-349,
(2003).

PHILLIPS-MORA, W. et al. First report of Moniliophthora roreri causing frosty pod rot (= moniliasis
disease) of cacao in Mexico. Plant. Pathol. v. 55, 584 (2006a).

PHILLIPS-MORA, W. et al. First report of frosty pod rot (moniliasis disease) caused by
Moniliophthora roreri on cacao in Belize. Plant. Pathol. v. 55, 584 (2006b).

PHILLIPS-MORA, W., AIME, M. C. & WILKINSON, M. J. Biodiversity and biogeography of the cacao
(Theobroma cacao) pathogen Moniliophthora roreri in tropical America. Plant Pathology, Oxford, v. 56,

Page 34/44



94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

n. 6, pp. 911-922, (2007).

PHILLIPS-MORA, W. et al. First report of frosty pod rot caused by Moniliophthora roreri on cacao in
Bolivia. New. Disease Rep. v. 31,29 (2015).

PIROVANI, C. P. et al. Protein extraction for proteome analysis from cacao leaves and meristems,
organs infected by Moniliophthora perniciosa, the causal agent of the witches’ broom disease.
Electrophoresis v. 29, 2391-2401 (2008).

PIROVANI, C. P, SILVA SANTIAGO, A. & SANTOS. Livia Santana; MICHELI, Fabienne; MARGIS,
Rogério; SILVA GESTEIRA, Abelmon; ALVIM, Fatima Cerqueira; PEREIRA, Gongalo Amarante
Guimaraes; MATTOS CASCARDO, Julio Cézar. Theobroma cacao cystatins impair Moniliophthora
perniciosa mycelial growth and are involved in postponing cell death symptoms. Planta v. 232,
1485-1497 (2010).

QUTOB, D. et al. Phytotoxicity and innate immune responses induced by Nep1-like proteins. Plant.
Cell. v. 18, 3721-3744. https://doi.org/10.1105/tpc.106.044180 (2006).

RASMUSSEN, J. T. et al. Acyl-CoA-binding protein (ACBP) can mediate intermembrane acyl-CoA
transport and donate acyl-CoA for-oxidation and glycerolipid synthesis. Biochem. J. 299 (1), 165-
170. 10.1042/bj2990165 (1994).

REYES, B. M. D. et al. G. R. Characterization of the microbiota dynamics associated with
Moniliophthora roreri, causal agent of cocoa frosty pod rot disease, reveals new viral species. Front.
Microbiol. v. 13, 1053562. https://doi.org/10.3389/fmicb.2022.1053562 (2023).

ROCAFORT, M., FUDAL, I. & MESARICH, C. H. Apoplastic Effector Proteins of Plant-Associated Fungi
and Oomycetes. Curr. Opin. Plant. Biol. 56, 9-19. 10.1016/j.pbi.2020.02.004 (2020).

ROSE, T. M., SCHULTZ, E. R. & TODARO, G. J. Molecular cloning of the gene for the yeast homolog
(ACB) of diazepam binding inhibitor/endozepine/acyl-CoA-binding protein. Proceedings of the
National Academy of Sciences, vol. 89, n. 23, pp. 11287-11291. (1992). 10.1073/pnas.89.23.11287.
SAMPERNA, S., MASI, M., VURRO, M., EVIDENTE, A. & MARRA, M. Cyclopaldic Acid, the Main
Phytotoxic Metabolite of Diplodia Cupressi, Induces Programmed Cell Death and Autophagy in
Arabidopsis Thaliana. Toxins 14, 474. 10.3390/toxins14070474 (2022).

SANTOS FILHO, O. A. & BICCA DE ALENCASTRO, R. Modelagem de proteinas por homologia.
Quimica Nova, v. 26, n. 2, pp. 253-259, (2003).

SANTOS, T. A.,, DO CARMO SANTOS, M. L., FERREIRA, M. M., FARIAS, K. S., CARVALHO NETO, C. H. &
de The Moniliophthora roreri effector MrB1 affects cellular homeostasis and induces genotype-
dependent necrosis in Theobroma cacao. Mol. Plant Pathol. v. 27, €70316.
https://doi.org/10.1111/mpp.70316 (2026). CORREAR. X.LOPES, U. V.; PIROVANI, C. P.

SANTOS, T. A.,, REZENDE, D. C. B., SANTOS, A. S. & PIROVAN]I, C. P. Fungal effectors in biotrophic,
necrotrophic and hemibiotrophic pathosystems: a systematic review. Plant Pathology v. 75, €70071.
10.1111/ppa.70071 (2026).

SCHNEIDER, C. A., RASBAND, W. S. & ELICEIRI, K. W. NIH Image to ImageJ: 25 years of image
analysis. Nat. Methods. v. 9, 671-675 (2012).

Page 35/44



107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.
123.

SCHOCH, C. L. et al. NCBI Taxonomy: a comprehensive update on curation, resources and tools.
Database: J. Biol. databases curation 2020 (2020).

SCHRODINGER, L. L. C. The PyMOL molecular graphics system, version 3.0. New York, (2023).
SELIN, C., KIEVIT, T. R, BELMONTE, M. F. & FERNANDO, W. G. D. Elucidando o papel dos efetores nas

interagcdes planta-fungo: progresso e desafios. Front. Microbiol. 7, 00600.
10.3389/fmicb.2016.00600 (2016).

SHAQ, D., SMITH, D. L., KABBAGE, M. & ROTH, M. G. Efetores de fungos necrotréficos de plantas.
Front. Plant. Sci. 12,995. 10.3389/fpls.2021.687713 (2021).

SIEVERS, F. & HIGGINS, Desmond, G. Clustal omega. Current protocols in bioinformatics, v. 48, n. 1, p.
3.13.1-3.13. 16, (2014).

SNELDERS, N. C. et al. An ancient antimicrobial protein co-opted by a fungal plant pathogen for in
planta mycobiome manipulation. Proceedings of the National Academy of Sciences, v. 118, n. 49,
€2110968118, (2021). 10.1073/pnas.2110968118

SPERSCHNEIDER, J. & DODDS, P. N. EffectorP 3.0: Prediction of Apoplastic and Cytoplasmic
Effectors in Fungi and Oomycetes. Mol. Plant-Microbe Interact. 35 (2), 146-156 (2022).

STERGIOPOULOS, I., COLLEMARE, J., MEHRABI, R. & DE WIT, P. J. G. M. Phytotoxic Secondary
Metabolites and Peptides Produced by Plant Pathogenic Dothideomycete Fungi. FEMS Microbiol.
Rev. 37,67-93.10.1111/j.1574-6976.2012.00349.x (2013).

STERGIOPOULOS, I. & DE WIT, P. J. G. M. Fungal effector proteins. Annu. Rev. Phytopathol. v. 47,
233-263. https://doi.org/10.1146/annurev.phyto.112408.132637 (2009).

TANAKA, S. & KAHMANN, R. Efetores associados a parede celular de fungos colonizadores de
plantas. Mycologia 113, 247-260. 10.1080/00275514.2020.1831293 (2021).

TANG, D., WANG, G. & ZHOU, J. M. Receptor kinases in plant—pathogen interactions: more than
pattern recognition. The Plant Cell, Rockville, v. 29, n. 4, pp. 618-637, (2017). 10.1105/tpc.16.00891

TEILUM, K. et al. Different secondary structure elements as scaffolds for protein folding transition
states of two homologous four-helix bundles. Proteins: Struct. Function Genet. v. 59 (n. 1), 80-90
(2005).

Florian, T. E. U. F. E. L. et al. SignalP 6.0 predicts all five types of signal peptides using protein
language models. Nature Biotechnology, (2022). v. 40, n. 7, pp. 1023-1025 .

THE UNIPROT CONSORTIUM. UniProt: the Universal Protein Knowledgebase in 2025. Nucleic Acids
Research, Oxford, v. 53, n. D1, pp. D609-D617, 6 jan. (2025). https://doi.org/10.1093/nar/gkae1010

THUMULURI, V., ALMAGRO ARMENTERQS, J. J., ELSENBERG, H., WINTHER, O. & NIELSEN, H.
DeepLoc 2.0: multilabel subcellular localization prediction using protein language models. Nucleic
Acids Research, Oxford, v. 50, n. W1, pp. W228-W234, (2022). 10.1093/nar/gkac278

TROTT, O. & OLSON, A. J. J. Comput. Chem., 31, n. 2, 455-461, (2010).

VANEGAS, J. ., SUAREZ, J. C., CASANOVES, F. & PHILLIPS-MORA, W. Performance of cacao clones
resistant to frosty pod rot under agroforestry systems and full sun in the Colombian Amazon.

Page 36/44



124.

125.

126.

127.

128.

129.

130

132.

133.

134.

135.

136.

137.

138.

Agroforestry Systems, v. 100, art. 13, (2026).

BONVIN A.M & VANGONE A. and .J.J. Contact-based prediction of binding affinity in protein-protein
complexes. eLife 4, e07454 (2015).

VAN ZUNDERT, G. C. P. et al. The HADDOCK2.2 web server: user-friendly integrative modeling of
biomolecular complexes. Journal of Molecular Biology, London, v. 428, n. 4, pp. 720-725, (2016).
10.1016/j.jmb.2015.09.014

VARADI, M. et al. AlphaFold protein structure database: massively expanding the structural coverage
of protein-sequence space with high-accuracy models. Nucleic Acids Res. 50, D439-D444 (2022).

VILLEN, J. & GYG]I, S. P. The SCX/IMAC enrichment approach for global phosphorylation analysis by
mass spectrometry. Nat. Protoc. 3 (10), 1630-1638 (2008).

WANG, M., WEIBERG, A., DELLOTA, E., YAMANE, D. & JIN, H. Botrytis Small RNA Bc-SiR37

Suppresses Plant Defense Genes by Cross-Kingdom RNAIi. RNA Biol. 14, 421-428.
10.1080/15476286.2017.1291112 (2017).

WANG, Y. et al. Leucine-rich repeat receptor-like gene screen reveals that Nicotiana RXEG1 regulates
glycoside hydrolase 12 MAMP detection. Nat. Commun. v. 9 (n. 1), 594 (2018).

. WANG. J. et al. The conserved domain database in 2023, Nucleic Acids Res.51(D)384-8, (2023).
131.

Andrew, W. A. T.E. R. H. 0. U. S. E. M. et al. Jalview Version 2—a multiple sequence alignment editor
and analysis workbench. Bioinformatics, (2009). v. 25, n. 9, pp. 1189-1191 .

WEIBERG, A. et al. Fungal Small RNAs Suppress Plant Immunity by Hijacking Host RNA Interference
Pathways. Science 342, 118-123. 10.1126/science.1239705 (2013).

WILLIAMS, C. J. et al. MolProbity: More and better reference data for improved all-atom structure
validation. Protein Science, Hoboken, v. 27, n. 1, pp. 293-315, (2018). 10.1002/pro.3330

KASTRITIS, X. U.E.L.R. 0. D.R. . G. U. E. S. J., BONVIN, P. & VANGONE, A. M. J. J. PRODIGY: a web-
server for predicting the binding affinity in protein-protein complexes. Bioinformatics
10.1093/bioinformatics/btw514 (2016).

YAN, Y. et al. Colletotrichum higginsianum como um modelo para compreender as interagcdes
hospedeiro-patégeno: uma revisdo. Int. J. Mol. Sci. 19, 2142. 10.3390/ijms19072142 (2018).
ZHANG, S. & XU, J. R. Effectors in plant—fungal interactions. Virulence, v. 5,n. 7, pp. 761-762,
(2014). https://doi.org/10.4161/viru.29798

ZHANG, S., LI, C., SI, J., HAN, Z. & CHEN, D. Mecanismos de acao de efetores na interagao planta-
patogeno. Int. J Mol. Sci. 23, 6758. 10.3390/ijms23126758 (2022).

ZUGAIB, M. et al. Comparative proteome profile of ungerminated spores and mycelium of the

fungus Moniliophthora roreri, causal agent of frosty pod rot disease in cacao. J. Phytopathol. v. 171,
242-257. https://doi.org/10.1111/jph.13177 (2023).

Figures

Page 37/44



A MrB3 from Moniliophthora roreri
R Prediction disulfide bridges:
Sequence and structural characteristics:

Very likely (Energy < 0.50 and |x3| = 90°)
~——— Likely (Energy 0.50-1.00 and |x3| = 90°)
Unlikely (Energy > 1.00 and |x3| far from 907)

Cys25 Cys4 ys71 Cys76  Cys92 Cysi125 Cys133 Cys174 Cys177 Cys203
i i i i i i i i i i
i ' i i i | 1
i H | 1 ' i i i i

i
i
i
P i L i 1 i
| | T I [l i

1 H i i

1 18-20 256 aa

@ Predicted apoplastic effector (81.5%) @ Predicted extracellular localization (82.3%) | 26kDa | pl4.17
@ SPARK domain (17-225). Predicted InterProScan. %) No transmembrane helices

Cleavage site (90.5%)

C Intrinsic disorder along the MrB3 sequence:

B Prediction of the three-dimensional structure:

14 = |UPred3 (long)
0,75 =
N\
@ I\
g os x
o A/
(7] /
f uf \
0,25 ) [ M\ / Y
/\ / \ | \
\ / vy \
| =~ N ~ | V
M Alpha helices 0 i ‘ i ' B \ ——
N-terminus M Beta sheets 5'0 1;0 15'0 1(')0
Loops
B Predicted disulfide bonds Position
(Disulfide by Design v2.13)
W Predicted disorder
(IUPred3)
D IPTG E
kDa M - + S | P
07 | a— — 10 = - 25°C
66 | — - 95°C
— —
45 -— - MrB3
. 42.61 kDa
| — A
= —_ ?
30 | g— .g
- — -
a
=]
20
14 ’ . - ' -
190 200 210 220 230 240 250

Wavelength (nm)

Figure 1

In silico and experimental characterization of the candidate effector protein MrB3 from Moniliophthora
roreri. (A) Sequence features of the MrB3 protein, including prediction of the signal peptide, disulfide
bonds, extracellular localization, potential activity as an apoplastic effector, the presence of a region
belonging to the SPARK domain-containing protein family identified by InterProScan between residues
17-225, and the absence of transmembrane helices. (B) Predicted three-dimensional structure of the
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mature protein generated by AlphaFold and refined by energy minimization, showing 13 a-helices, two 8-
sheets, loops, and cysteine residues belonging to the predicted pairs involved in disulfide bond formation
(Cys25-Cys92, Cys41-Cys76, Cys71-Cys125, and Cys174—Cys203). (C) Prediction of intrinsic disorder
in the mature protein via IUPred3. Residues with disorder scores >0.5 were considered intrinsically
disordered and corresponded to the Gly196—Asn202 region. (D)Expression profile of recombinant rMrB3
analyzed by SDS—PAGE, highlighting the purified band corresponding to the recombinant protein (42.61
kDa). M, molecular mass marker; (=), total extract without IPTG induction (negative control); (+), total
extract after IPTG induction (pET-32a:MrB3); (S), soluble fraction; (1), insoluble fraction; (P), purified
protein. (E) Circular dichroism (CD) spectra of rMrB3 obtained at 25 °C (blue) and 95 °C (orange),
demonstrating the thermal stability of the protein.
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Figure 2

Phylogenetic analysis and in silico characterization of proteins homologous to MrBASIDIN3 (MrB3) from
Moniliophthora roreri. (A) Phylogenetic tree inferred via the maximum likelihood method with the JTT
model and 1,000 bootstrap replicates. The values at the nodes indicate bootstrap support, and the scale
bar represents the number of substitutions per site. Mature sequences were used after removal of the
predicted signal peptides. The ingroup comprises MrB3 and homologous proteins from Basidiomycota,
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whereas Saitozyma podzolica, Naganishia adeliensis, and N. albida were used as the outgroup to root the
tree. (B) Predicted protein features, including sequence length, protein domain/family identified by
InterProScan, sequence identity to MrB3 determined by BLASTp, lifestyle, and sequence divergence from

MrB3. MrB3 is highlighted in red.
15

1cm

A Solanum lycopersicum (Micro-Tom)

44
&b

B Theobroma cacao (Catongo)

Days after treatment

5 10
Days after treatment

A
A
2

Control
(Buffer)

rMrB3
3.2 ymol L-*

10 15

Control
(Buffer)

rMrB3

rMrB3

3.2 pymol L-* 2.2 pmol L-*

4
A
-

1cm

AA
AA
AA

Figure 3

Page 41/44



Phenotypic changes induced by rMrB3 in the leaves of host and nonhost plants. (A) Leaves of Solanum
lycopersicum(Micro-Tom) treated with rMrB3 (3.2 pmol L") or the control were evaluated for 15 days
after application. (B) Leaves of Theobroma cacao (Catongo genotype) treated with rMrB3 (2.2 and 3.2
pumol L-") or the control, showing concentration- and time-dependent symptoms. Scale bars =1 cm.

Time (days) 1 2 3

tomato leaflet leaf disc / DAB tomato leaflet leaf disc / DAB tomato leaflet leaf disc / DAB
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Figure 4

Accumulation of H,0, in Solanum lycopersicum leaves following treatment with rMrB3. Leaves treated
with rMrB3 (3.5 umol L-") were compared with those treated with 5 mmol L= Tris-HCI buffer (pH 7.4) as
the control at 1, 2, and 3 days after treatment. H,0, production was detected by 3,3"-diaminobenzidine
(DAB) staining of leaf discs obtained from treated leaves. The intensity of brown staining was used as an
indicator of H,0, accumulation and is represented by a visual intensity scale next to each leaf disc. The
staining intensity was quantified via Fiji (ImageJ), which revealed greater H,0, accumulation in leaves
from plants treated with rMrB3 than in those from control plants throughout the experimental period.
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A\ Affinity capture and identification by LC-MSIMS
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Figure 5

Identification of a Theobroma cacao protein associated with rMrB3 and structural prediction of its
interaction with MrB3 (A)Affinity capture assay of T. cacao cv. Catongo proteins using rMrB3 immobilized
on CNBr-Sepharose, followed by elution and identification by LC-MS/MS. (B) Leucine-rich repeat-
containing protein (TcLRR; AOA061ECS2), with an estimated molecular mass of 52.42 kDa and a pl of
5.78. (C)LASLPSLR peptide (2+) identified in fractions LI and LIlI, with scores of 6.69 and 5.34 and
intensities of 145,000 and 16,600, respectively. (D) MrB3—TcLRR complex obtained by molecular docking
via HADDOCK; MrB3 is shown in red, and TcLRR is shown in light blue. (E) Predicted interface
highlighting contact residues and the predicted hydrogen bond between Asn186 of MrB3 and Ser362 of
TcLRR; the LASLPSLR peptide is located within the interface region. (F) Structural and energetic
parameters of the complex obtained via HADDOCK, PDBePISA, and PRODIGY. These results identify
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TcLRR as a candidate protein associated with rMrB3 and provide structural support for a possible
molecular interaction.
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