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The leaf surface combines biochemical substances and pre-existing morphological

structures, as well as the presence of microorganisms. This dynamic environment

constitutes a plant’s initial defense, as well as the first contact of phytopathogens

during invasion. Spore germination starts on the phylloplane and is a fundamental

process for fungal development, and hence the establishment of disease. In this

review, we address the phylloplane’s innate defense mechanisms and biochemical

reactions involved in the early stage of phytopathogenic fungal development. The

focus is present the pre-infection molecular and biochemical processes of the

interaction between Theobroma cacao and Moniliophthora perniciosa, showing how

the defense mechanisms of the phylloplane can act to inhibit proteins involved at the

beginning of fungal spore germination. We conclude that the phylloplane of the cocoa

resistant genotype to M. perniciosa has performed chemical compounds, pre-existing

morphological structures and the presence of microorganisms that participate in the

pre-infection defense of the plant. Also, the inhibition of proteins involved in the

germination mechanism of M. perniciosa basidiospores by chemical and structural

compounds present in the cocoa phylloplanemay decrease the disease index. Therefore,

understanding how the phylloplane defense acts in the fungal spore germination

process is essential to develop pre-infection control strategies for cacao plants against

witches’ broom.

Keywords: leaf surface, Theobroma cacao, Moniliophthora perniciosa, innate defense, spore germination

INTRODUCTION

The phylloplane, defined as the leaf surface, serves as plant’s initial defense against pathogens
due to its structural characteristics and functional aspects (Figure 1). Structurally, the phylloplane
includes the leaf cuticle, which in turn consists of a mixture of cutin and hydrophobic wax, and in
some plants simple and glandular trichomes (Figures 1, 2B). This layer constitutes the first barrier
against foliar pathogen contact and invasion. The cuticle contributes to the protection against
mechanical damage, prevents dehydration of the phylloplane and protects the leaf tissues against

https://www.frontiersin.org/journals/agronomy
https://www.frontiersin.org/journals/agronomy#editorial-board
https://www.frontiersin.org/journals/agronomy#editorial-board
https://www.frontiersin.org/journals/agronomy#editorial-board
https://www.frontiersin.org/journals/agronomy#editorial-board
https://doi.org/10.3389/fagro.2022.871908
http://crossmark.crossref.org/dialog/?doi=10.3389/fagro.2022.871908&domain=pdf&date_stamp=2022-05-27
https://www.frontiersin.org/journals/agronomy
https://www.frontiersin.org
https://www.frontiersin.org/journals/agronomy#articles
https://creativecommons.org/licenses/by/4.0/
mailto:pirovani@uesc.br
https://doi.org/10.3389/fagro.2022.871908
https://www.frontiersin.org/articles/10.3389/fagro.2022.871908/full


Zugaib et al. Cacao Phylloplane: First Battle Field

FIGURE 1 | Pre-infection communication of pathogen and the phylloplane. Preformed proteins in a non-germinated spore and leaf cross-section. The arrows indicate

simple (green), stellate (red), long glandular (gray), and short glandular (blue) trichomes.

UV irradiation (Kerstiens, 1997; Nawrath, 2006). Stomata act
to control water and gas exchange between the plant and the
environment (Vacher et al., 2016). The closing of the stomata
may be involved in the innate immune system of the plant.
Guard cells, which are related to the opening and closing
of stomata, have the ability to detect microbe- or pathogen-
associated molecular patterns (MAMPs or PAMPs) in response
to infection (Burkhardt and Hunsche, 2013). Thus, the stomata
actively close when exposed to PAMPs/MAMPs, which prevents
the invasion of pathogenic bacteria in plant tissues (Melotto
et al., 2006; Baker et al., 2010). Glandular trichomes constitutively
secrete substances that act as functional factors in the plant’s
innate defense (Agrios, 2005; Shepherd et al., 2005; Shepherd
and Wagner, 2007; Almeida et al., 2017). Trichomes assist in
plant functions during water absorption, defense against insects,
larvae nutrition (Werker, 2000), secretion of antipathogenic
proteins (Morrissey and Osbourn, 1999; Kroumova et al., 2007;
Almeida et al., 2017) and secondary metabolites (Nagel et al.,
2008; Bednarek and Osbourn, 2009). In addition, trichomes
develop defense mechanisms dependent on sulfur (Wienkoop
et al., 2004; Amme et al., 2005) and glutathione (Gutierréz-Alcalá
et al., 2000), which protect the plant against oxidative stress. The
biochemical events of phylloplane defense are also influenced

by microorganisms harboring in this region (Figure 2A; Lindow
and Leaveu, 2002; Remus-Emsermann et al., 2014; Bringel and
Couée, 2015; Santana et al., 2018). These constitutive structural
and functional resistance strategies act to prevent pathogen
adhesion and disease development. Secondary metabolites and
proteins secreted by the phylloplane have been identified as
the chemical mediators that perform the plant’s innate defense
(Wagner, 1991; Wagner et al., 2004; Shepherd et al., 2005;
Shepherd and Wagner, 2007; Li et al., 2014; Sallets et al., 2014;
Sasse et al., 2016). Specifically, the phylloplanins from Nicotiana
tabacum leaf wash were the defense protein identified in the
secretion of short glandular trichomes (Shepherd et al., 2005).
The antifungal properties of this protein highlights its putative
role in the pre-infection defense mechanisms of other plants
including the cacao tree (Theobroma cacao).

The cacao tree is economically important because its beans are
the raw material to produce chocolate (Judd et al., 2009). Fungal
diseases cause losses of around 90% of the economic potential
of this crop (Pereira et al., 1989). The fungus Moniliophthora
perniciosa (previouslyCrinipellis perniciosa), the agent of witches’
broom disease, is especially damaging in Brazil and other
producing countries in South and Central America (Aime and
Phillips-Mora, 2005). The interaction of the fungus with the host
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FIGURE 2 | Abaxial surface of Theobroma cacao leaf. (A) Stomata (red arrow) and adhered microorganisms of the phylloplane (yellow arrow). (B) Glandular (white

arrow) and simple trichomes (blue arrow).

begins with the adhesion of its basidiospores to the phylloplane,
followed by germination of the basidiospores and the formation
of germ tubes (Figure 3). The onset of infection is characterized
by the penetration of the germ tube into the leaf tissue through
the base of trichomes (Frias et al., 1991), the stomatal pores,
and by direct cuticular penetration (Sreenivasan and Dabydeen,
1989; Sena et al., 2014) and the development of primary hyphae
in the apoplast (Sena et al., 2014). On the other hand, evidence
exists of direct penetration of M. perniciosa basidiospores into
meristematic tissues (Sena et al., 2014). The germination of
fungal spores is dependent on the activity of their preformed
proteins (Figure 1; Oh et al., 2010; El-Akhal et al., 2013;
Mares et al., 2016, 2017), and a favorable environment on the
phylloplane of the host plant (Agrios, 2005). The identification
of pre-infection biochemical mechanisms involved in the T.
cacao—M. perniciosa interaction may lead to a new strategy
to manage this pathogen by preventing its adherence and
disease development.

In this review, we explore the state of the art of the
biochemical mechanisms involved in the germination of
fungal spores, the defense mechanisms of the phylloplane
and the role of microorganisms residing on the phylloplane
in these processes. We highlight the research associated with
the pre-infection mechanisms involved in the T. cacao—
M. perniciosa interaction. Finally, we suggest directions for
future experimental investigations aimed at the development
of technological strategies to control witches’ broom
in cocoa.

COCOA PHYLLOPLANE: THE FIRST
BATTLEFIELD

The management strategies available to control witches’ broom
disease are based on the development of resistant cocoa
genotypes (Lopes et al., 2004; Silva et al., 2010; Pires et al.,
2012). To achieve this, genetic improvement programs have
considered factors such as improved seed yield and quality,
genetic compatibility among genotypes and selection of genes of
resistance to pests and pathogens (Lopes et al., 2011). However,
the resistance shown by the selected clones has been overcome
due to the adaptive evolution of M. perniciosa (Gramacho et al.,
2016). On the other hand, several authors have suggested that the
cocoa phylloplane has structural and functional characteristics
useful in pre-infection defense (MacAgnan et al., 2009; Nyadanu
et al., 2012; Almeida et al., 2017; Santana et al., 2018). These
characteristics can be explored to develop technologies that
optimize a preventive defense of the plant itself and produce
varieties with a stronger and more durable resistance. A potential
candidate for the biochemical mediation of this innate response
is the phylloplanin protein (Shepherd et al., 2005; Shepherd and
Wagner, 2007; Freire et al., 2017).

Phylloplanin is the defense protein secreted on the
phylloplane identified so far. The activity of the T-phylloplanin
gene promoter has been identified in short glandular trichomes
of N. tabacum, which suggests that it is the secretory structure
of this protein. Its anti-microbial activity was demonstrated
by the inhibition of germination of Peronospora tabacina
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FIGURE 3 | Theobroma cacao phylloplane and Moniliophthora perniciosa

spore interaction. Adhesion (A), germination and germ tube elongation 2 h (B),

after germination (hAG), club-shaped tip formation 4 hAG (C), germ tube

penetration 6 hAG (D), and development of primary hyphae in the apoplast 2

days after germination (E).

sporangia exposed to N. tabacum leaf wash. Interestingly,
this anti-microbial effect was also evidenced by the exposure
of the pathogen to recombinant phylloplanin produced in
a heterologous system (Shepherd et al., 2005). In addition,
the anti-microbial effect of leaf washing on P. tabacina is
not manifested by silencing the T-phylloplanin gene in a

resistant tobacco variety, making it susceptible to the pathogen
(Kroumova et al., 2007). In fact, phylloplanin has an anti-
microbial property, which demonstrates its biotechnological
potential for the control of plant diseases (King et al., 2011).
However, exogenous phylloplanin application may not be an
economically viable management strategy (King et al., 2011).
On the other hand, strategies to stimulate the endogenous
production of phylloplanin in plants have also been proposed to
explore its antifungal and anti-oomycete potential. For this, it is
necessary to introduce the gene through genetic transformation
of plants. Tobacco plants susceptible to P. tabacina were
transformed with the T-phylloplanin gene directed toward the
apoplast. This showed that the overexpression of this gene
in tobacco plants conferred resistance against P. tabacina
(Kroumova et al., 2013). In addition, the introduction of
the synthetic phylloplanin gene in N. tabacum also provides
immunity to plants susceptible to infection by P. tabacina
(Sahoo et al., 2014). In the same study, the leaf wash of Datura
metel and Helianthus annus also inhibited germination of the
phytopathogen and reduced leaf infection (Kroumova et al.,
2007). However, these results are insufficient to attribute the
antifungal effect observed specifically to phylloplanin. For this
purpose, investigations with antibodies to neutralize the action
of phylloplanin, sequencing of the protein, as well as silencing
or overexpression of the gene are still needed. The ability of
phylloplanin to prevent germination of pathogen spores on the
phylloplane of tobacco and sunflower (Shepherd et al., 2005;
Kroumova et al., 2007) supports the possibility of investigating
this function in the interaction between M. perniciosa and cacao
plants. The phylloplanin inhibitory activity on the germination
of spores was also observed for Pyricularia oryzae, Rhizoctonia
solani, Colletotrichum coccodes, and Aspergillus fumigatus (King
et al., 2011; Mattupalli et al., 2014). This shows that phylloplanin
has an effect against a broad spectrum of fungi and oomycetes,
which favors the idea of exploring its potential in plant breeding
strategies aimed at the pre-infection control of witches’ broom
disease in cocoa.

In T. cacao, the leaf surface has simple and stellate trichomes
along with short and long glandular trichomes (Figure 4;
Nakayama et al., 1996; Almeida et al., 2017; Prihastanti and
Nurchayati, 2020), which can be associated with plant defense.
The amount of short glandular trichomes in the phylloplane of
the resistant cocoa genotype to M. perniciosa (CCN51) infection
is twice that in the susceptible cocoa genotype (Catongo)
(Almeida et al., 2017). Interestingly, microscopic observation
of glandular trichomes present in the cocoa phylloplane shows
the storage of a reddish substance in young leaves of the
resistant cocoa genotype (CCN51) (Figures 4E,F). This suggests
the presence of biologically active compounds, such as secondary
metabolites, phenolic compounds and pre-formed anti-microbial
proteins that can act in the defense of the plant’s phylloplane,
preventing or postponing the entry of microorganisms, including
the fungus M. perniciosa. Young cocoa leaves have short
(Figure 4F) and long (Figure 4E) glandular trichomes with
a reddish head, which secrete a highly oxidizing substance
(Nakayama et al., 1996). In adult leaves, the long glandular
trichomes have a brown head, with accumulation of phenolic
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compounds (Nakayama et al., 1996). T. cacao clones with
resistance to M. perniciosa show the content of total soluble
phenol higher than in susceptible clones (Nojosa et al., 2003).
This may contribute to inhibit the germination of M. perniciosa
basidiospores and could explain the resistance to witches’ broom
and protection against herbivory. Moreover, the phylloplane of
the resistant cocoa genotype (CCN51) shows greater diversity
of symbiont bacteria than phylloplane of the susceptible cocoa
genotype (Catongo), harboring genera of symbiotic bacteria
with antagonistic activity, such as Stenotrophomonas, Lysobacter
and Paenibacillus (Santana et al., 2018). Lysobacter enzymogenes
produces lytic enzymes and has a high level of resistance to
antibiotics, which contributes to the biocontrol action (Folman
et al., 2003; Sullivan et al., 2003). Paenibacillus peoriae shows
anti-microbial activity due to secretion of proteolytic and
chitinolytic enzymes (Von der Weid et al., 2003). Actinobacteria
of the genus Streptomyces have been shown to produce volatile
organic compounds that inhibit the germination ofM. perniciosa
basidiospores on cacao plants (MacAgnan et al., 2009). On the
other hand, the phylloplane susceptible genotype (Catongo) has
genera of bacteria Sphingomonas (Santana et al., 2018). This
genus of bacteria constitutes a large part of the microbiota
of the phyllosphere of plants, being considered an important
microorganism for the biological control of the phylloplane
(Kim et al., 1998; Innerebner et al., 2001). The presence of
Sphingomonas spp. in the phylloplane of Arabidopsis thaliana
reduces the growth of the pathogen P. syringae pv. tomato
DC3000. This antagonistic effect of the bacteria may be due to
competition with the pathogen for the use of the carbon source
present on the leaf surface (Innerebner et al., 2001). In addition,
Sphingomonas have of pigments that provide protection against
UV radiation (Lindow and Brandl, 2003). Favorable evidence of
the participation of water-soluble compounds secreted on the
cocoa phylloplane as a defense mechanism against pathogens
was obtained by comparing plants irrigated in the soil or by
sprinkling before inoculation with M. perniciosa (Almeida et al.,
2017). In fact, the progress and severity of the disease were lower
in plants irrigated in the soil than in plants irrigated by sprinkling.
Leaf washing by sprinkler irrigation doubled disease incidence in
the susceptible genotype and tripled it in the resistant genotype.
This suggests that the chemical substances secreted on the leaf
surface by glandular trichomes and/or by symbiotic bacteria on
the phylloplane confer resistance toM. perniciosa (Almeida et al.,
2017). Also, the antifungal activity in the cocoa leaf wash is
evidenced by its ability to inhibit the germination ofM. perniciosa
basidiospores (Almeida et al., 2017). Besides this, the high level of
epicuticular wax on the surface of cocoa leaves and fruits reduces
infection caused by the oomycetes Phytophthora palmivora and
P. megakarya (Nyadanu et al., 2012). The epicuticular wax layer
can function as a physical barrier, preventing the fungus from
penetrating the intracellular space (Agrios, 2005; Nyadanu et al.,
2012). Furthermore, the layer’s hydrophobicity property provides
less water retention, which reduces the moisture needed for spore
germination and, consequently, prevents pathogen infection
(Koch and Barthlott, 2006; Nyadanu et al., 2012). This suggests
that the cocoa phylloplane accumulates pre-existing compounds,
proteins, microorganisms and morphological structures that

affect the germination of the pathogen (Nyadanu et al., 2012;
Almeida et al., 2017; Santana et al., 2018).

Proteins were identified in the leaf wash of a resistant cocoa
genotypes to M. perniciosa (CCN51), using the 2D SDS-PAGE
technique (Almeida et al., 2017). Among the plant proteins
detected are β-caryophyllene synthase and terpene cyclase,
involved in the biosynthesis of metabolites such as isoprenoids
(terpenes); leucine-rich repeat receptor kinase, involved in the
signaling pathway in defense against pathogens; E3 ubiquitin
ligase PUB 14, related to plant-pathogen interaction; serine
carboxypeptidase S28; C1 domain-containing protein; proteases;
RNAse; and retrotransposon Ty1 (Almeida et al., 2017). However,
the proteins of 37.9% of the spots detected in the 2D gel were
not identified due to the inherent limitation of the technique.
The cacao homolog of phylloplanin was not abundant in the
phylloplane and may be part of this unidentified percentage.
Interestingly, the cocoa leaf wash had an inhibitory effect on the
germination ofM. perniciosa spores, which suggests two possible
hypotheses. First, the techniques used to detect phylloplanin in
the cocoa leaf wash were not sufficiently accurate; or second,
phylloplanin is not a key molecule in the innate pre-infection
defense on the cocoa phylloplane. Although this defense protein
has not yet been detected in 2D gels of the cocoa phylloplane, it
has already been identified in the EST database of whole seedlings
of the ICS1 genotype of T. cacao, a sequence that supposedly
encodes cacao phylloplanin (Argout et al., 2008).

The first characterization of Tcphyll, the cocoa phylloplanin
gene, was performed in silico. The ORF of 477 bp encodes a
predicted protein of 158 amino acid residues with molecular
weight of 16 kDa, presenting signal peptides and possible
glycosylation and phosphorylation sites (Freire et al., 2017).
In addition, a generated dendrogram with predicted protein
sequence in comparison with others plant species’ phylloplanin-
like and allergenic pollen grain proteins containing the Ole e 1
domain showed that the predicted protein, despite the presence
of the Ole e 1 domain, is grouped with proteins similar to
phylloplanin (Freire et al., 2017). These results suggest that it is
a phylloplanin candidate protein.

The expression of the cocoa phylloplanin transcript has been
analyzed in different plant tissues. Expression analysis via RT-
qPCR (quantitative real-time polymerase chain reaction) shows
that the Tcphyll transcript accumulates in different tissues of the
resistant cocoa genotype (Freire et al., 2017). In fact, phylloplanin
is most often seen as a constitutively secreted phylloplane protein
(Shepherd et al., 2005). However, cacao plants inoculated with
M. perniciosa showed an increase in the level of their transcripts
in infected meristem tissues. Specifically, early in the infection,
an increase in expression occurred, followed by a decrease.
Subsequently, in the transition period of the disease from the
biotrophic to the necrotrophic phase (45 days after infection),
a higher level of transcripts was again noted. This suggests
that phylloplanin may also act in the defense response induced
by biotic stresses (Freire et al., 2017). In addition, the Tcphyll
promoter drives GUS expression in short glandular trichomes in
transgenic tobacco plants, similar to the tobacco T-phylloplanin
gene promoter (Shepherd et al., 2005). In transformed plants,
the relative expression of the Tcphyll GUS-promoter also occurs
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FIGURE 4 | Morphology of trichomes on the Theobroma cacao phylloplane. (A) Distribution of simple (STT), stellate (ST), tall (long up to 5mm) glandular (TGT), and

short (measuring about 1mm) glandular (SGT) trichomes on the abaxial leaf surface of resistant cocoa genotype to M. perniciosa (CCN51). (B) Susceptible cocoa

genotype to M. perniciosa (Catongo). (C) Paradermal section of the leaf blade at the level of the central rib. (D) Magnifications of TGT. (E,F) TGT and SGT in young

leaves of the resistant cocoa genotype (CCN51) containing bio-active molecules, respectively.
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in different tissues, such as meristem, young leaf, stem and root
(Freire et al., 2017). Thus, we speculate that the expression of the
cocoa phylloplanin gene in the subepidermal tissues of the plant
and the absence of the protein in the leaf wash are related to the
constant washing of the leaf surface over the years. The cacao tree
is native to a region where the annual rainfall is around 2,300–
3,500mm (Fisch et al., 1998). Thus, cocoa plants submitted to this
selective pressure evolved a lower expression of the phylloplanin
gene on the leaf surface and the occurrence of expression in
subepidermal layers (Freire et al., 2017). This may also explain
the non-detection of this protein in the 2D SDS-PAGE of cocoa
leaf wash (Almeida et al., 2017).

In view of these results, some routes can be explored
experimentally to verify the potential of the phylloplanin as
the battlefield where the cacao tree must win the war against
the witches’ broom pathogen. Initially, the production of
recombinant phylloplanin from cocoa, through the heterologous
protein expression system, is an efficient way to obtain an
immunogen for the manufacture of specific antibody to be used
in functional studies of the protein in the pathosystem. The
polyclonal anti-phylloplanin antibody produced can be used
to detect phylloplanin in different plant tissues of cocoa by
western blotting. These data will provide evidence about where
the highest level of phylloplanin protein accumulation in cocoa
occurs. Furthermore, the recombinant phylloplanin produced
can be used to perform functional bioassays against basidiospores
ofM. perniciosa. Another possibility is to carry out a phylogenetic
analysis with plant phylloplanin sequences deposited in public
databases to understand whether there is any selective pressure
that promotes expression in subepidermal tissues of cocoa (Freire
et al., 2017). Thus, the role of phylloplanin in the defense
mechanism of cacao can be clarified.

Although it is not known whether the cocoa phylloplanin
acts in the initial defense mechanism, it is known that the
protection of the cocoa phylloplane involves preformed water-
soluble compounds - metabolites and proteins (Almeida et al.,
2017) and pre-existing morphological structures - trichomes,
waxes (Nyadanu et al., 2012; Almeida et al., 2017), as well as the
microorganisms harboring in this region (Santana et al., 2018;
Figure 5). Thus, the resistance to the M. perniciosa fungus of
the cocoa genotype CCN51 is influenced by these factors, which
participate in the pre-infection defense mechanism of the plant
and contribute to prevent germination of the pathogen. The
cocoa phylloplane is hence the battleground where the plant’s
innate defense acts to prevent pathogen adhesion and disease
development. Finally, we explore in the next topic the processes
related to the germination of fungal spores, describing protein
groups that are fundamental for the germinal development of the
basidiospores ofM. perniciosa.

GERMINATION OF FUNGAL SPORES:
INITIAL STAGE OF DISEASE
ESTABLISHMENT

Spore germination is a fundamental physiological mechanism
for the development of the fungal life cycle. This phenomenon

is essential for the establishment of the disease, as the
infecting structure of the pathogen comes into contact with
the phylloplane of the host plant (Agrios, 2005). Activation of
dormant spores triggers metabolic activity, inducing growth and
germ tube formation (Schmit and Brody, 1976; Bonnen and
Brambl, 1983; D’Enfert, 1997). In fact, fungal spore germination
depends on specific protein activity at different stages of
the process (Mares et al., 2016, 2017). Specifically, energy
metabolism, heat shock, transcription, and synthesis proteins are
crucial in early stages of fungal spore germination (Oh et al., 2010;
El-Akhal et al., 2013; González-Rodríguez et al., 2015; Mares
et al., 2016, 2017). Thus, a defense strategy of T. cacao against
the fungus M. perniciosa can be based on the inhibition of these
proteins by compounds present in the cocoa phylloplane, in
order to decrease the germination of the fungus’s basidiospores,
and consequently the disease index. Initially, proteomic studies
in non-germinated basidiospores and in different stages of
germination ofM. perniciosawere carried out to identify possible
targets of inhibitors (Mares et al., 2016, 2017).

The first proteomic mapping performed with non-germinated
basidiospores of M. perniciosa identified ribosomal proteins
and proteins involved in transcription and RNA processing
(eukaryotic transcription initiation factor and elongation factor
EF1-Alpha). These are important for the initial phase of fungal
germination, since they participate in protein biosynthesis
(Mares et al., 2016). In addition, proteins involved in the
stress response (oxidoreductases and ascorbate peroxidase), as
well as proteins with pathogenicity functions related to the
metabolic processes of lipids, carbohydrates and proteins were
also identified (Mares et al., 2016, 2017). Among the proteins
involved in metabolism are fumarate reductase, aspartate
aminotransferase, and dihydrolipoyl dehydrogenase, which are
essential for the citric acid cycle (Mares et al., 2016). Also,
proteins related to the invasive development of the hypha are
necessary to trigger the germination of the spore on the surface of
the plant (Mares et al., 2016). On the other hand, the comparison
of the protein profiles of the different germination stages of
the basidiospores of M. perniciosa shows alterations in the
accumulation of proteins during the development of the germ
tube (Mares et al., 2017). Proteins involved in energy metabolism
increase accumulation throughout germ tube development
(Mares et al., 2017). Catalase A and superoxide dismutase (SOD),
proteins associated with the oxidative response, are induced
during primary hyphal growth (2 h after germination) and can
provide detoxification of free radicals generated during the
germination process (Mares et al., 2017). The presence of these
proteins may be related to a tolerance of cocoa pathogens to
the production of ROS by the host plant at the beginning of
infection (Dias et al., 2011). Due to the high activity of catalases
and peroxidases, in vitro, the fungus M. perniciosa tolerates
hydrogen peroxide in concentrations above 4mM (Pungartnik
et al., 2009). Furthermore, the proteins septin and kinesin
induced in basidiospores after 4 h of germination are related to
the control of cell division, and consequently to the filamentation
of the fungus (Mares et al., 2017). Septin may be involved in the
pathogenesis of the fungus, since defects in the filament cells of
the pathogens Ustilago maydis and Magnaporthe oryzae reduce
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FIGURE 5 | Pre-infection defense of the Theobroma cacao phylloplane. Schematic interaction between cocoa phylloplane (chemical and structural mediators and

microorganisms) and inhibition of Moniliophthora perniciosa basidiospores during adhesion, germination, and germ tube formation signaling pathway.

the symptoms of the disease during infection (Boyce et al., 2005;
Dadgas et al., 2012). Thus, the proteomic approach has mainly
contributed to identify the specific proteins correlated with each
phase of the germination process of M. perniciosa (Mares et al.,
2016, 2017). However, only one study investigated the influence
of leaf washing of resistant (CCN51) and susceptible (Catongo)
cacao genotypes on basidiospore germination in M. perniciosa
(Mares et al., 2020).

The germination level was lower in the fungus exposed to
leaf washes of the resistant genotype. Furthermore, proteins
associated with virulence, such as glycoside hydrolase and
MFS multidrug transporter, were expressed exclusively in the
germinated basidiospores of M. perniciosa exposed to the
leaf washes of the resistant genotype. On the other hand,
M. perniciosa basidiospores exposed to leaf washes of the
susceptible genotype expressed immune response proteins
(Mares et al., 2020). Interestingly, the germination of the
basidiospores was correlated with the differential protein
accumulation when exposed to the leaf washes of resistant
or susceptible genotypes. Proteins specifically accumulated
in M. perniciosa basidiospores germinated in leaf washes
of the resistant genotype may have been induced due to
the differentially secreted molecules. The identification of
chemical mediators in the phylloplane that prevent the
expression of virulence-related proteins seems to be a good

starting point to establish an effective pre-infection defense
in cacao.

The water-soluble components of the cocoa leaf wash induced
the fermentative pathway in the basidiospores of M. perniciosa
at the beginning of germination (Mares et al., 2020). Specifically,
alcohol dehydrogenase (ADH), an enzyme that participates in the
fermentation pathway, was detected exclusively in germinated
basidiospores exposed to cocoa leaf washing by western blot
tests (Mares et al., 2020). This seems to prepare the primary
hyphae for their establishment in the intercellular space at
the beginning of the parasitic phase of the pathogen (Ceita
et al., 2007). Electron micrographs showed that hyphae are
scarce in the parasitic phase and that they are surrounded by a
thick layer of electrodense material (Sena et al., 2014; Teixeira
et al., 2014), which can hinder the diffusion of oxygen into
the interior of the hyphae. Thus, the accumulation of ADH
can facilitate the obtainment of energy by the anaerobic route
by hyphae in the initial phase of the disease. In addition,
catalase, a protein involved in the oxidoreduction process, had
greater expression in the basidiospores germinated in the cocoa
leaf washes of the two varieties in relation to the control.
This shows that the leaf surface of cocoa has defense-eliciting
substances, such as reactive oxygen species (ROS). Chaperone
binding immunoglobulin protein (BiP) increased expression in
germinated basidiospores only in the resistant cocoa leaf wash
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(Mares et al., 2020), indicating the occurrence of stress at the
level of the endoplasmic reticulum. Indeed, a major challenge
at the basic and applied levels of research on the interaction
of M. perniciosa and T. cacao is to identify the mechanism by
which compounds in the phylloplane can influence the proteins
involved in the germination of basidiospores of the pathogen.

In conclusion, we believe that inhibiting and/or disturbing
the beginning of fungal spore germination is an alternative with
potential to develop strategies for pre-infection control of cacao
plants against witches’ broom. The studies carried out involving
the identification of the function of inhibitory compounds that
participate in the defense in the cocoa phylloplane and of
specific proteins in the germination process of M. perniciosa
basidospores contribute to broaden the understanding of the
pre-infection mechanism of the T. cacao - M. perniciosa
interaction. In fact, the experimental challenges consist of
developing research to understand how phylloplane defense
mechanisms act to inhibit the proteins involved in the start
of germination. For example, genetic engineering approaches
can develop cocoa genotypes that overexpress defense proteins
capable of effectively inhibiting M. perniciosa basidiospore
germination. Therefore, we emphasize the importance of

these studies as avenues to find new solutions to solve
old problems.
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