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Abstract: There has been increasing interest in the study of microorganisms associated with tropical
plant species, particularly fungi, due to their potential applications in biological control and the pro-
duction of pharmacologically active compounds. This study aimed to identify and characterize the
fungal community associated with cacao (Theobroma cacao L.) fruits in three cantons of the Orellana
province in the Ecuadorian Amazon. Fungi were isolated directly from cacao fruits and subjected
to cultural, morphological, and molecular characterization. Fungal diversity was assessed using
relative abundance and species richness metrics. A total of 464 fungal isolates were obtained,
representing 56 morphotypes and 14 genera, all belonging to the phylum Ascomycota. Penicillium
sp. (27.8%), Epicoccum sp. (20.5%), Lasiodiplodia sp. (10.1%), Trichoderma sp. (9.91%), and Fusarium sp.
(9.70%) were the most predominant genera. La Joya de los Sachas exhibited the highest fungal
richness (14 genera), as supported by a Shannon diversity index of 2.30. This study provides in-
sights into the distribution and diversity of fungal communities inhabiting cacao fruits in the
northern Ecuadorian Amazon, which may have implications for both disease management and the
discovery of novel bioactive compounds. Further research is warranted to investigate the functional
roles of these fungi, including their potential as biocontrol agents or sources of novel
pharmaceuticals. Additionally, exploring the influence of environmental factors and agricultural
practices on cacao fruit mycobiota could further enhance our understanding of this complex
ecosystem.

Keywords: Cacao; Amazon; Fungal diversity; Biological Control

1. Introduction

Plants ubiquitously associate with diverse microorganisms [1], forming complex interactions
that span the spectrum from mutualism to antagonism [2]. Fungi, in particular, play a critical role in
shaping the diversity and composition of terrestrial plant communities. Despite their importance, our
understanding of these intricate plant-fungal interactions remains limited. Current research has
documented such ecological relationships for less than 5% of the estimated 1.5 million extant fungal
species [3]. This vast and largely unexplored fungal kingdom encompasses a wide functional
diversity, with some species acting as plant pathogens, capable of infecting crops at any stage of
development, while others contribute to improved crop health and resilience [4]. This underscores
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the need for further research to elucidate the complex interplay between plants and their associated
fungal communities.

Fungi specially endophytic fungi represent a remarkably diverse group of microorganisms that
contribute significantly to plant health [5]. These fungi colonize the internal tissues of a wide range
of plant hosts, including mosses, liverworts, ferns, conifers, and angiosperms, typically developing
asymptomatically within healthy aerial tissues [6]. Endophytes exert beneficial effects on their hosts
through various mechanisms, including the production of phytohormones that promote plant
growth and antimicrobial compounds that defend against pathogens [1]. Furthermore, they compete
with plant pathogens for resources and ecological niches [7], effectively limiting pathogen
establishment and proliferation. While research on plant-associated microbes has often focused on
plant pathogens and mycorrhizal fungi, particularly in temperate environments and agricultural
systems, increasing attention is being directed towards the potential of endophytic fungi for
biological control and the production of pharmacologically active compounds [3].

The dominant phylum among fungi is Ascomycota, while Basidiomycota and Mucoromycota
are less frequently observed in this ecological group [9]. These fungi have been identified in
association with an estimated 300,000 plant species (it's unlikely to be three million as there are only
about 391,000 known plant species), colonizing diverse plant tissues, including leaves, flowers,
petioles, roots, and fruits [10]. Coevolutionary processes between fungi and their hosts have been
documented, often resulting in a reduction of fungal virulence or pathogenicity [11]. The nature of
the interaction between fungi and their plant hosts can vary considerably, spanning a spectrum from
symbiotic to mutualistic to pathogenic [12,13], depending on environmental conditions and the
health status of the host plant [8].

Several studies have investigated the fungal communities associated with cocoa (Theobroma cacao
L.). For instance identified six fungal species belonging to four taxa: Lasiodiplodia pseudotheobromae,
Arthrinium rasikravindrae, Diaporthe sp., Lasiodiplodia theobromae, and Colletotrichum sp., representing
four families: Botryosphaeriaceae, Apiosporaceae, Diaporthaceae, and Glomerellaceae [7].
Furthermore, some researchers [4,14] reported that various fungi, including Trichoderma,
Pestalotiopsis, Curvularia, Tolypocladium, Colletotrichum sp., Botryosphaeria sp., Xylaria sp., Clonostachys
sp., Fusarium spp., Acremonium sp., and Phomopsis sp., isolated from T. cacao, are environmentally
acquired and contribute to plant defense mechanisms. These mechanisms include induced systemic
resistance, pathogen eradication, and pathogen inhibition through the secretion of bioactive
substances [1].

Beyond the previously discussed fungi associated with T. cacao, several pathogenic fungi and
oomycetes cause diseases affecting the flowering, foliage, and fruit of this crop. These pathogens
include Phytophthora spp., Moniliophthora roreri, Moniliophthora perniciosa, Ceratosystis cacaofunesta, and
Oncobasidium theobromae. Among these, Phytophthora spp. and Moniliophthora roreri are particularly
significant, causing substantial global cocoa production losses, estimated between 20% and 60% [14—
16]. These pathogens often exhibit resilience to adverse environmental conditions, including high
temperatures, excessive rainfall, and elevated relative humidity [17]. Furthermore, climate change
may influence the distribution and severity of plant diseases, potentially altering host resistance [18].

While research has explored fungal communities associated with T. cacao in various regions,
there remains a significant gap in our understanding of fungal diversity within cocoa fruits
specifically in the northern Ecuadorian Amazon. This knowledge gap is critical because fungi can
play important roles in plant health, including disease resistance and nutrient acquisition.
Furthermore, the unique environmental conditions of the northern Ecuadorian Amazon may harbor
novel or understudied fungal species with potential biotechnological applications. Therefore, this
study aims to comprehensively characterize the diversity of fungi associated with T. cacao fruits in
this region using a combined cultural, morphological, and molecular approach. This multifaceted
approach will provide a robust assessment of fungal diversity, enabling a deeper understanding of
the ecological roles of these fungi and their potential contributions to cocoa cultivation in the
Amazon.
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2. Materials and Methods

2.1. Samples Collection

A total of 59 healthy cocoa (Theobroma cacao L.) fruit samples from traditional varieties were
collected for this study. These samples were obtained from cocoa producers in the northern region of
the Ecuadorian Amazon. Collection sites were located within Orellana province, Ecuador,
encompassing three specific locations: Loreto (0°47'28"S, 77°22'19"W, 373 m a.s.l.), Francisco de
Orellana (0°37'36"S, 77°07'40"W, 292 m a.s.l.), and La Joya de los Sachas (0°45'41"S, 77°05'01"W, 330
m a.s.l.). These locations represent distinct microclimates within the region. Loreto has an average
temperature of 23.6°C, 81-89% relative humidity, and 2516 mm of annual rainfall. Francisco de
Orellana experiences an average temperature of 26°C, 86-89% relative humidity, and 2800-4500 mm
of annual rainfall. La Joya de los Sachas is characterized by an average temperature of 25°C, 90%
relative humidity, and 4534 mm of annual precipitation. Healthy cocoa fruit samples were placed in
sterile plastic bags, transported in a cooler, and stored at 4-8°C in the laboratory until processing.

2.2. Isolation of Fungi Associated with Healthy Cocoa Fruits

Fungal isolation was conducted using a sterilized scalpel to excise five tissue fragments
(approximately 25 mm?) from each cocoa fruit. Under sterile conditions within a laminar flow
chamber, the fragments were surface-sterilized by sequential immersion in 70% alcohol for 30 s, 2%
sodium hypochlorite for 2 minutes, and three rinses with sterile distilled water for 30 s each.
Fragments were then transferred to sterile paper towels for drying. Subsequently, the sterilized
fragments were placed on Petri dishes containing potato dextrose agar (PDA, Difco™) supplemented
with chloramphenicol (25 pg/mL) and streptomycin (25 pg/mL). Plates were incubated at 26°C in
darkness for 12 days [14]. Pure cultures were obtained by transferring a portion of mycelium from
the initial plates to PDA plates. These plates were sealed with parafilm, incubated at 26°C in darkness
for 12 days in an inverted position. Monosporic cultures were prepared [19], briefly, a small portion
of mycelium from pure cultures was transferred to test tubes containing 10 mL of sterile distilled
water using a sterilized toothpick. After shaking for 10 s, the resulting suspension was spread onto
synthetic nutrient-poor agar in Petri dishes. Excess water was removed, and the plates were sealed,
labeled, and incubated laterally at 26°C for 24 h. Germinated spores were identified using a
stereoscope, and single spores were excised with a scalpel and transferred to PDA plates. These plates
were sealed, labeled, and incubated at 26°C, with daily monitoring of isolate growth. All fungal
isolates obtained from T. cacao fruits were preserved using the method described by Castellani [20]
and stored at 4-8°C.

2.3. Morphological and Cultural Characterization

Following the adhesive strip method [21,22], a drop of lactoglycerol was applied to a microscope
slide, and a transparent adhesive tape was used to lift a portion of the fungal colony, taking care to
avoid the formation of air bubbles. Microscopic and cultural analyses were conducted using a Leica
DML optical microscope equipped with phase contrast and/or a Leica DMR epifluorescent light
microscope equipped with a 50 W mercury lamp and a 450-490 nm excitation filter. Fungal
identification was primarily based on macroscopic colony characteristics and the micromorphology
of reproductive structures. Cultured colonies were characterized based on myecelial color (obverse
and reverse) [23], margin shape, surface texture, elevation, edge characteristics, and mycelium color,
using standard colors according to the Pantone Color Matching System. Trichoderma isolates were
characterized following some methods of [24-28]. For each fungi isolate, 10 random measurements
were taken of the following structures: hyphae, conidia, conidiophores, conidiogenous cells, and
pycnidia.
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2.4. DNA Extraction, Amplification and Sequencing

Genomic DNA was extracted from monoconidial cultures using the Wizard® Genomic DNA
Purification Kit. DNA was quantified on 1% agarose gels against a 50 ng lambda DNA molecular
weight marker (Promega, Madison, WI, USA), and visualized using a Loccus Biotechnology
Molecular Imaging Transilluminator. DNA quality and concentration were assessed using a
Nanodrop® 2000c (Thermo Fisher Scientific, Waltham, MA, USA) spectrophotometer by measuring
the 260/280 absorbance ratio. DNA was then diluted to a final concentration of 50 ng/uL. The internal
transcribed spacer region of ribosomal DNA was amplified by PCR using 0.2 uM of ITS1/ITS4
primers [30], 1x Taqg DNA Polymerase Master Mix (Promega, Madison, WI, USA), and approximately
50 ng of template DNA in a total reaction volume of 50 puL. PCR cycling conditions were as follows:
initial denaturation at 95°C for 5 min, followed by 35 cycles of 95°C for 1 min, 56°C for 45 s, and 72°C
for 90 s, with a final extension at 72°C for 10 min, using a Thermo Fisher Scientific thermocycler
(Thermo Fisher Scientificc Waltham, MA, USA). Amplification success was confirmed by
electrophoresis on a 1% agarose gel. Amplicons were purified using the NZYGelpure kit and sent to
Macrogen for Sanger sequencing. Resulting electropherograms were analyzed using 4Peaks
software, and sequences were analyzed using the BLAST algorithm at the National Center for
Biotechnology Information (www.ncbi.nlm.nih.gov).

2.5. Fungal Diversity Analysis

The analyses of taxonomic composition were performed using the relative abundance matrix of
genera identified, later grouped in Operational Taxonomic Unit (OTUs), where each genus reflects
one OTU. Plots with genera taxonomic composition were constructed using R 4.4.1 program (R
Development Core Team) with the ggplot library. Analysis of fungal diversity was calculated using
the Hill series (effective number of genera) with the library iNEXT using the relative abundance of
the taxa found in the samples. The alpha diversity, which analyzes the diversity within each sample,
was estimated by local (La Paz, Bajo Huino, La Belleza, San Carlos, San Jacinto and Calumefia)
obtaining Richness (g = 0), Shannon diversity (g = 1), and Simpson diversity (g = 2).

3. Results

3.1. Analysis of the Diversity of Fungi Present in Cocoa Fruits

A total of 464 fungal samples were isolated from T. cacao fruits. Most of the isolates were
identified by their morphological and molecular characteristics, being the most abundant fungi of the
genus Penicillium sp. (27.8%), Epicoccum sp. (20.5%), Lasiodiplodia sp. (10.1%) Trichoderma sp. (9.91%)
and Fusarium sp. (9.70%); and, the least frequent Nigrospora sp, Clonostachys sp., Diaporthe sp., Daldinia
sp., Neopestalotiopsis sp., Alternaria sp., Purpureocillium sp., Coniochaeta sp. and Geotrichum (Table 1).

Table 1. Fungi isolated from T. cacao healthy fruits in the province of Orellana.

Fungal isolates Number of isolates Frequency (%)
Penicillium 129 27.80

Epicoccum 95 20.47
Lasiodiplodia 47 10.13
Trichoderma 46 9.91

Fusarium 45 9.70

Nigrospora 25 5.39
Clonostachys 17 3.66

Diaporthe 16 3.45

Daldinia 11 2.37

Neopestalotiopsis 11 2.37
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Alternaria 6 1.29
Purpureocillium 4 0.86
Coniochaeta 4 0.86
Geotrichum 2 0.55
Not identified 6 1.06

In the canton of Loreto, 13 genera were found in the two localities, seven in La Paz and six in
Bajo Huino. In the two localities, four genera were found in common (Penicillium sp.: 33.33 and
36.61%, Epicoccum sp.: 22.22 and 27.78%, Lasiodiplodia sp. 18.52 and 4.17% and Fusarium sp.: 14.81 and
4.17%). In addition, in the two localities the fungal were grouped in three (Diaporthe sp.: 1.86,
Alternaria sp.: 5.56 and Purpureocillium sp. 3.7%) and two (Trichoderma sp.: 18.05 and Nigrospora sp.:
9.72%) different genera, respectively. In the canton Francisco de Orellana, in the locality of La Belleza,
in order of abundance, ten genera were determined: Penicillium sp. (25.53%), Lasiodiplodia sp.
(21.28%), Trichoderma sp. (15.96%), Epicoccum sp. (15.95%), Diaporthe sp. (6.38%), Geotrichum sp.
(4.26%), Clonotachys sp. (3.19%), Daldinia sp. (3.19%), Neopestalotiopsis sp. (2.13%) and Alternaria sp.
(2.13%). In La Joya de los Sachas, 14 genera and three genera in common were identified in the three
localities (Penicillium sp.: 38.14, 2.27 and 22.33%, Fusarium sp.: 4.12, 4.55 and 27.18% and Clonotachys
sp.: 4.12, 4.55 and 7.77%). In San Carlos and La Calumena, three genera were found in common
(Epicoccum sp.: 25.77 and 22.34, Lasiodiplodia sp.: 9.27 and 4.85%, Nigrospora sp.: 12.37 and 5.82%). In
San Carlos and San Jacinto two genera were identified in common: Coniochaeta sp. (2.6 and 9.09%)
and Geotrichum sp. (2.07 and 2.27%) as well as in San Jacinto and La Calumefia, Diaporthe sp. (9.09
and 4.85%) and Daldinia sp. (6.28 and 4.85%). In addition, in San Carlos and San Jacinto, four more
genera were identified (two per locality), in San Carlos the genera Alternaria sp. (1.04%) and
Purpureocillium sp. (2.6%) and in San Jacinto Trichoderma sp. (40.91%) and Neopestalotiopsis sp.
(20.14%). Finally, fungal not identified by genus were found in the locality La Belleza in Francisco de
Orellana (4.26%) and in San Carlos in Joya de los Sachas (2.07%) (Figure 1).
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Figure 1. Relative abundance at genus level of fungi isolated from T. cacao fruits in the province of
Orellana.

The analysis of relative abundance for the group of fungal microoganisms identified in the fruits
of T. cacao allowed them to be grouped in the fungal phylum Ascomycota. On the other hand, the
analysis by class grouped the fungal into Sordariomycetes (39.85%), Dothidiomycetes (31.89%),
Eurotiomycetes (27.8%) and Saccharomyces (0.43%). In addition, in the two localities (La Paz and
Bajo Huino) of Loreto canton, in Francisco de Orellana (La Belleza) and in two localities (San Carlos
and La Calumefia) in La Joya de los Sachas, three classes of fungi (Eurotiomycetes, Dothidiomycetes,
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Sordariomycetes) were present; and Saccharomyces was identified in two localities (San Carlos and
San Jacinto) of La Joya de los Sachas.

In the localities La Paz and Bajo Huino, the fungal were grouped in Eurotiomycetes (33.33 and
36.12%), Dothidiomycetes (46.3 and 31.94%) and Sordariomycetes (20.37 and 31.94%), respectively.
In the canton of Francisco de Orellana, the most abundant class was Dothidiomycetes (39.09%),
followed by Sordariomycetes (35.11%) and finally Eurotiomycetes (25.53%). In the canton of La Joya
de los Sachas, in San Carlos, San Jacinto and La Calumefia, Eurotiomycetes (38.14, 2.27 and 22.33%)
and Sordariomycetes (24.74, 95.46 and 50.49%), respectively, were identified. Also, the class
Dothidiomycetes (36.09 and 27.18%) was identified only in San Carlos and La Calumefa; and
Saccharomycetes (2.27 and 1.03%) in San Carlos and San Jacinto (Figure 2).
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Figure 2. Relative abundance at the class level of fungi from T. cacao fruits in the province of
Orellana.

The analysis at order level, allowed classifying the fungal in seven orders, Eurotiales and
Hypocreales (26.29 and 25.86%, respectively) were present in the six localities; Pleosporales,
Xylariales and Botryosphaeriales (20.46, 11.95, 9. 68%, respectively) were only found in five localities;
Diaporthales, Coniochaetales and Saccharomycetales (3.70 and 1.51, 0.55%, respectively), were the
lowest frequency orders and were present in four and two localities, respectively.

In addition, the greatest number of orders were present in Cantones Francisco de Orellana and
La Joya de los Sachas, six for each locality. On the other hand, in Loreto, in the two localities the
fungal were grouped in five orders. In La Paz and Bajo Huino there was more presence of Eurotiales
(36.11 and 33.33%), Pleosporales (27.68 and 27.78%) and Hypocreales (18.52 and 22.22%) respectively.
Botryosphaeriales were present in greater numbers in La Paz (18.52%) with respect to Bajo Huiruno
(4.17%). the order Xylariales was only present in Bajo Huiruno (9.72%) and Diaporthales in La Paz
(1.85%). In Francisco de Orellana, the fungal microorganisms were grouped into six orders, the most
frequent were Eurotiales (25.53%), Botryosphaeriales (21.28%), Hypocreales (19.16%),
Saccharomycetales (18.08%), Xylariales (9.57%), Diaporthales (6.38%). In La Joya de los Sachas, the
abundance of microorganisms by locality was very variable, in San Carlos the orders identified were
Eurotiales (38.15%), Pleosporales (26.8%), Xylariales (14.44%), Hypocreales (10.31%),
Botryosphaeriales (9.27%) and Saccharomycetales (1. 03%); in San Jacinto the orders Hypocreales
(50%), Hylariales (34.95%), Diaporthales (9.1%), Coniochaetales (9.09%) and Saccharomyecetales (2.
27%); and, in La Calumefia Hypocreales (34.96%), Eurotiales (22.33%), Pleosporales (22.33%),
Hylariales (10.68%), Botryosphaeriales (4.85%) and Diaporthales (4.85%) were present (Figure 3).
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Figure 3. Relative abundance at order level of fungi isolated from T. cacao fruits in Orellana
province.

Relative abundance at the family level allowed grouping the fungal microorganisms into 15
families. In order of importance, the presence of Aspergillaceae (26.28%), Didymellaceae (19.01%),
Hypocreaceae (12.49%), Botryosphaeriaceae (9 .68%), Nectria-ceae (9.13%), Apiosporaceae (4.65%),
Sporocadaceae (3.76%), Diaporthaceaceaceae (3.70%), Bionectriaceae (3.27%), Hypoxylaceae (2.48%),
Plesporaceae (1.46%), Coniochaetaceae (1.52%), Xylariaceae (1.06%), Ophiocordycipitaceae (0.96%)
and Dipodascaceae (0.55%).

In Loreto canton, in the two localities La Paz and Bajo Huino, microorganisms were grouped
into 9 families, the most abundant being Aspergillaceae (33.33 and 36.11%) and Didymellaceae (22.22
and 22.78%); in addition, two similar but less abundant families were identified in the two sites:
Botryosphaeriaceae (21.28 and 4.17%) and Nectriaceae (14.81 and 4.17%). In La Paz, 3 families were
identified (Plesporaceae 5.56%, Ophiocordycipitaceae 3.70% and Diaporthaceaceae 1.86%) that were
not present in Bajo Huiruno; and two that were present in Bajo Huiruno (Hypocreaceae 18.05% and
Apiosporaceae 9.72%) but not in La Paz. In the canton Francisco de Orellana, in La Belleza, the
microorganisms were grouped in ten families, four similar to those of the canton Loreto and six
different; Aspergillaceae (25.53%), Didymellaceae (15. 95%) Botryosphaeriaceae (15.95%),
Hypocreaceae (15.96%), Diaporthaceaceaceae (6.38%), Coniochaetaceae (4.26%), Biocectriaceae
(3.19%), Hypoxylaceae (3.19%), Plesporaceae (2.13%) and Sporocadaceae (2.13%) (Figure 4).

In the canton of La Joya de los Sachas, in San Carlos, San Jacinto and La Calumena the
microorganisms were grouped in ten, nine and eight families, respectively. In the three localities the
similar families were: Aspergillaceae (38.14, 2.27 and 22.34%), Bionectriaceae (4.12, 4.55 and 7.77%)
and Nectriaceae (4.12, 4.55 and 27.18%). San Carlos and La Calumena presented three identical
families: Didymellaceae (25.77 and 22.34%), Botryosphaeriaceae (9.27 and 4.85%), Apiosporaceae
(12.37 and 5.82%); and, between San Carlos and San Jacinto a similar family Dipodascaceae (1.04 and
2.27%) was identified. In addition, two identical families were identified in San Jacinto and La
Calumena: Diaporthaceaceae (9.09 and 4.85%) and Hypoxylaceae (6.28 and 4.85%). Finally, three
more families were identified in San Carlos (Plesporaceae: 1.04%, Xylariaceae: 2.07% and
Ophiocordycipitaceae: 2.06%) as in San Jacinto: Hypocreaceae 40.91%, Sporocadaceae 20.45% and
Coniochaetaceae 9.09% (Figure 4).
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Figure 4. Relative abundance at the family level of fungal microorganisms isolated from T. cacao fruits
in the province of Orellana.

The highest richness of fungal microorganisms was found in La Joya de los Sachas, with 14
genera, followed by Francisco de Orellana with 9 genera and finally Loreto with 9 genera. The
analysis by locality shows that in La Paz and Bajo Huino 7 and 6 genera were present, respectively.
In La Belleza, 10 genera of the 14 genera were found; and in San Carlos, San Jacinto and La Calumeria,
11, 9 and 7 genera were present, respectively.
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Figure 5. Richness of fungal microorganisms isolated from T. cacao fruits in the province of Orellana.

The average values recorded according to the Shannon Diversity (g=1) index in the cantones
Loreto, Francisco de Orellana and La Joya de los Sachas were 1.76, 1.96 and 2.30 respectively. In La
Paz, the Shannon diversity index was 1.65 and Bajo Huino was 1.52. In La Belleza, canton Francisco
de Orellana, the Shannon diversity index was 1.96. Finally, in the caton La Joya de los Sachas, the
diversity of the San Carlos was 1.80, San Jacinto was 1.76 and La Calumena was 1.74 (Figure 6).
According to the Shannon Diversity (q=1) index, the sample population with the highest fungal
diversity value was found in La Joya de los Sachas, with 2.30.
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According to the results of Simpson Diversity (q=2) index, the sample population was found
0.21, in Bajo Huino 0.25, with a higher probability of individuals of the same gender. In Francisco de
Orellana and La Joya de los Sachas the Simpson Diversity (q=2) index was 0.16 and 0.12, respectively.
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Figure 6. Diversity indices of fungal microorganism isolated from T. cacao fruits in the province of
Orellana.

3.2. Cultural, Morphological and Molecular Characterization of Fungal Microorganisms

The relative abundance at the genus level of the fungal present in the fruits of T. cacao allowed
the selection of the five most abundant genera in the three cantons; cultural (Table 2), morphological
(Table 3) and molecular (Table 4) characterization was carried out for these genera. The cultural
characterization of the fungi shows that the morphotypes presented circular, irregular and
filamentous myecelial growth; with flat, curly, filamentous and effuse elevations; with smooth, rough,
wavy, concentric and crenulate surfaces and colors varying from yellow, red, green, black, beige and
gray on the reverse and reverse (Table 2, Figures 10 — 14 a). And, morphological characterization of
morphotypes was performed based on hyphal shape and conidial shape and size (Table 3).

Table 2. Cultural characterization of Fungi isolated of T. cacao fruits in the province of Orellana.

Genera Morphotype Growth Type of elevation Surface Adverse color  Reverse color
Penicillium M.P1 Irregular Flat Orange
Rough smooth Dark-green
M.P2 Circular Curly Gray
Epicoccum M.9 Filamentous Rugged Gold-yellow Red-mahogany
M.15 Curly Corrugated Yellow Yellow
M.7 Curly Corrugated Cream-white Cream-black
Irregular
M.4 Curly Rugged Light-beige Brown
M.5 Corrugated Corrugated Gold-yellow Red-mahogany
M.11 Curly Corrugated Brown Black
Trichoderma M.T1 Irregular Efusa Concentric Dark-green Gold-yellow
M.T2 Irregular Curly Concentric White Off-white
M.T5 Irregular Curly Concentric White Lemon-yellow
Lasiodiplodia M1 Gray Black
Filamentous Curly Filamentous
M.2 White Linen white
Fusarium M.2, M.23 M.27 Circular Curly Rugged White Black
Irregular Curly Rugged Pink Brown and pink

Circular Curly Rugged Yellow- white Yellow
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Table 3. Morphological characterization of Fungi isolated of T. cacao fruits in the province of

Orellana.
Genera Hyphal form  Conidia form Conidial size
Penicillium Septate Globose and elipsoidal 3.5um long x 3.5 um wide
Epicoccum . 12.5-15.25 um long x 10 - 13,.5
Septates Muriform .
um wide
. 2.7 -3.5 um long x 2.7 - .2.8 ym
Trichoderma Septates Oval .
wide
o ) Oval-Subovoid and
Lasiodiplodia Septates L 5.7 ym long x 2.68 um wide
elipsoidal
Fusarium Septates Half moon 20 pm long x 5,1 um wide

Finally, the isolates were identified by ITS sequences in order to determine species richness and
abundance (Table 4). Amplification of the PCR products of the ITS regions of the rDNA of the fungal
isolates generated fragments of 300 to 600 bp with primers ITS1 and ITS4. Such size variations were
initial evidence that they corresponded to different genera. Analysis with BLASTN confirmed this
observation by obtaining first hits with percentage identity values >99% for the genera presented in
Table 4. The results of the BLASTN comparisons corresponded to a local alignment leading to
putative identifications.

Table 4. Most abundant fungal genera present in T. cacao fruits, identified by morphology and
morphological and molecular characterization in Orellana Province.

Percentage  Size (pb)

Morphotypes  Morphological/molecular identification . Accesion
Identity (%)
P1 98.41 378 MK805460.1
Peniciillium sp.

P2 99.72 356 MT606192.1
M.9 Epicoccum nigrum 100.00 362 MH397098.1
M.15 Epicoccum sp. 99.79 470 MG832438.1
M.7 Epicoccum sp. 100.00 450 MG832438.1
M4 Epicoccum sp. 99.00 517 MG832438.1
M.5 Epicoccum sp. 99.26 403 MG832438.1
M.11 Epicoccum sp. 98.90 364 MG832438.1
M.T1 Trichoderma sp. 100.00 389 KJ783298.1
M.T2 Trichoderma sp. 100.00 501 ON705517.1
M.T5 Trichoderma sp 100.00 575 KJ783298.1
M.1 Lasiodiplodia sp 99.84 382 MN249167.1
M.22 Fusarium sp. 100.00 450 MN602837.1
M.23 Fusarium sp. 100.00 465 MT603307
M.27 Fusarium sp. 100.00 514 MN602837.1

4. Discussion

Analysis of the fungal diversity present in the cocoa fruits revealed a rich mycobiome
comprising 14 genera. Penicillium sp. (27.8%), Epicoccum sp. (20.5%), Lasiodiplodia sp. (10.1%),
Trichoderma sp. (9.91%), and Fusarium sp. (9.70%) were the most prevalent. Other genera, including
Nigrospora sp., Clonostachys sp., Diaporthe sp., Daldinia sp., Neopestalotiopsis sp., Alternaria sp.,
Purpureocillium sp., Coniochaeta sp., and Geotrichum sp., were detected at lower frequencies.
Significantly, many of these genera, such as Epicoccum, Lasiodiplodia, Clonostachys, Fusarium, and
Trichoderma, are recognized for their production of metabolites with plant-protective properties [31].

The presence of these potentially beneficial fungi within the cocoa fruit microbiome suggests a
complex interplay between the plant and its associated fungi, potentially contributing to a natural


https://doi.org/10.20944/preprints202412.0400.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 4 December 2024 d0i:10.20944/preprints202412.0400.v1

11

defense system against phytopathogens. This observation warrants further investigation into the
specific roles and interactions of these fungi within the cocoa ecosystem.

Epicoccum spp., representing a substantial portion of the identified fungi, are known for their
antagonistic activity against a broad spectrum of plant pathogens. Previous studies have documented
their inhibitory effects on Pythium ultimum, Aphanomyces cochlioides, and Rhizoctonia solani, as well as
antibiotic activity against Escherichia coli, and multidrug-resistant strains of Bacillus subtilis and
Staphylococcus aureus [32]. Their presence in cocoa fruits may contribute to a natural defense
mechanism against these and other potential pathogens. Further research should explore the specific
mechanisms of action employed by Epicoccum spp. in the cocoa fruit environment, including the
identification and characterization of the bioactive metabolites involved.

Lasiodiplodia spp., often found as endophytes, have demonstrated biocontrol potential against
two major cocoa pathogens, Moniliophthora roreri (causing frosty pod rot) and Moniliophthora perniciosa
(causing witches' broom disease) [33]. This finding highlights the potential of Lasiodiplodia spp. as
biocontrol agents in cocoa cultivation. Further research is needed to investigate the efficacy and
feasibility of utilizing Lasiodiplodia spp. in integrated disease management strategies, including the
development of appropriate formulations and application methods.

Trichoderma spp., widely recognized for their antifungal activity, are also well-represented in the
cocoa fruit mycobiome. Their diverse mechanisms of action, including antibiosis, antagonism,
mycoparasitism, and induced resistance, make them promising candidates for biocontrol
applications. Specifically, Trichoderma asperellum has shown efficacy in suppressing Anthracnose
dieback in cocoa [4]. Further research should focus on optimizing the application of Trichoderma spp.
for disease management in cocoa, including the selection of effective strains, the development of
suitable delivery systems, and the evaluation of their impact on the overall cocoa ecosystem.

The presence of Clonostachys sp. and Fusarium sp., both exhibiting biocontrol activity against
Phytophthora palmivora (causing black pod rot) and M. roreri, further enriches the potential of the cocoa
fruit mycobiome for disease suppression. While some Fusarium species are known pathogens, others
exhibit beneficial properties, highlighting the complexity of fungal interactions within the cocoa
ecosystem. Further research is needed to elucidate the specific roles and interactions of these fungi in
cocoa disease dynamics [34].

The diverse fungal community inhabiting cocoa fruits, particularly the presence of genera
known for their plant-protective properties, offers promising avenues for developing sustainable
disease management strategies. Further research focusing on the specific mechanisms of action,
interactions, and potential applications of these beneficial fungi will be crucial for harnessing the full
potential of the cocoa fruit mycobiome for enhanced disease resistance and sustainable cocoa
production.

Four classes within the Ascomycota Phylum were identified. Sordariomycetes (39.85%),
Dothidiomycetes (31.89%), and Eurotiomycetes (27.8%) were dominant, while Saccharomyces
represented a minor component (0.43%). The observed classes are consistent with those reported in
similar studies conducted across diverse geographical regions, including China, India, Germany,
Spain, the United Kingdom, Brazil, and the United States, where Sordariomycetes (41%),
Dothidiomycetes (25.8%), and Eurotiomycetes (11%) were found [9].

Our study identified eight fungal orders: Eurotiales (26.29%), Hypocreales (25.86%),
Pleosporales (20.46%), Xylariales (11.95%), Botryosphaeriales (9.68%), Diaporthales (3.70%),
Coniochaetales (1.51%), and Saccharomycetales (0.55%). These orders have also been reported in
other studies conducted across Asia, Europe, South America, and North America, albeit in different
proportions (Pleosporales (15%), Hypocreales (13%), Xylariales (9%), Eurotiales (8%),
Botryosphaeriales and Diaporthales (5%), and Saccharomycetales (1%)) [35]. Furthermore, the
identified fungi were classified into 15 families. The observed variation in fungal diversity across the
three cantons of the Orellana province likely reflects the influence of environmental factors, such as
temperature and rainfall, and host-specific factors, including tissue type (leaves, inflorescences, stem,
roots, and fruit), which can affect the presence and abundance of specific microorganisms [35].
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The presence of a diverse fungal community within healthy cocoa fruits, including several
genera recognized for their plant-protective properties, highlights the complex interplay between the
cacao plant and its associated mycobiome. This intricate relationship plays a crucial role in
maintaining fruit health and warrants further investigation to fully understand its dynamics and
potential applications. The discovery of these beneficial fungi within the cocoa fruit microbiome
offers promising avenues for developing sustainable disease management strategies, reducing
reliance on synthetic chemical treatments, and promoting environmentally friendly cocoa cultivation
practices.

Further research is essential to explore several key aspects of this plant-fungal interaction:

Specific Mechanisms of Action: A deeper understanding of the precise mechanisms employed
by these beneficial fungi to suppress pathogens is crucial. This includes investigating the production
of antifungal metabolites, competition for resources, mycoparasitism, and the induction of systemic
resistance in the cacao plant. Identifying and characterizing the bioactive compounds involved will
be essential for developing targeted biocontrol strategies.

Interactions within the Mycobiome: The cocoa fruit mycobiome is a complex community, and
the interactions between different fungal species can influence their overall impact on plant health.
Research should explore the synergistic or antagonistic relationships between beneficial fungi and
potential pathogens, as well as the factors that influence community composition and stability.

Environmental Influences: Environmental factors, such as temperature, humidity, and soil
conditions, can significantly impact the composition and activity of the cocoa fruit mycobiome.
Understanding how these factors influence the prevalence and efficacy of beneficial fungi is crucial
for developing effective biocontrol strategies.

Application Strategies: Developing practical and effective methods for applying beneficial fungi
in cocoa cultivation is essential for translating research findings into real-world applications. This
includes exploring different formulation methods, delivery systems, and application timings to
optimize the efficacy of biocontrol agents.

Impact on Cocoa Quality: While the focus is on disease suppression, it's important to consider
the potential impact of beneficial fungi on cocoa bean quality and flavor. Research should investigate
whether these fungi influence the chemical composition of the beans and the resulting chocolate
products.

By addressing these research questions, we can gain a comprehensive understanding of the role
of beneficial fungi in cocoa fruit health and develop sustainable disease management strategies that
harness the power of the cocoa fruit mycobiome. This approach offers a promising path towards
environmentally friendly and economically viable cocoa production, contributing to the long-term
sustainability of the cocoa industry.

5. Conclusions

Investigations into fungal communities represent a burgeoning field of research, providing
insights into the diverse microorganisms inhabiting plants. This study characterized 464 fungal
isolates from healthy cocoa fruits, classifying them into 56 morphotypes and 14 genera, all within the
Ascomycota phylum. The most prevalent genera were Penicillium (27.8%), Epicoccum (20.5%),
Lasiodiplodia (10.1%), Trichoderma (9.91%), and Fusarium (9.70%), highlighting the rich fungal
diversity associated with cocoa. This diverse assemblage of fungi suggests a complex interplay
between the cocoa plant and its associated mycobiome, warranting further investigation into their
ecological roles and potential impact on cocoa health and disease.

This study revealed a diverse fungal community associated with cocoa fruits, emphasizing the
importance of understanding the intricate interplay between these fungi and their host plant. The
identified genera, including Penicillium, Epicoccum, Lasiodiplodia, Trichoderma, and Fusarium,
represent a complex ecosystem with potential implications for cocoa health and disease management.
The dominance of these genera suggests their adaptation to the cocoa fruit environment and raises
questions about their specific roles and interactions.
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The observed fungal diversity also reflects broader ecological patterns. The dominance of
Ascomycota, particularly Sordariomycetes, Dothidiomycetes, and Eurotiomycetes, aligns with
findings from similar studies conducted in diverse geographical regions. This suggests a conserved
pattern of fungal community structure associated with cocoa across different environments.
Understanding these global patterns can inform broader biocontrol strategies and contribute to a
more holistic understanding of cocoa-fungal interactions.

Further research is crucial to fully explore the potential of these beneficial fungi for developing
sustainable disease management strategies in cocoa cultivation. This includes investigating the
specific mechanisms of action, optimizing application methods, and evaluating the long-term efficacy
and environmental impact of biocontrol strategies. Reducing reliance on synthetic fungicides is a key
goal, as it promotes environmentally friendly agricultural practices and minimizes potential risks to
human health and the environment. By harnessing the natural protective properties of beneficial
fungi, we can move towards more sustainable and resilient cocoa cultivation practices.
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