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Abstract: Cocoa is the main crop in Ecuador’s agricultural sector and is the most important to the
country’s economy. This crop is mainly threatened by moniliasis caused by Moniliophthora roreri
and Moniliophthora perniciosa. Monialisis is a disease that causes the watery rot of cocoa beans,
causing serious yield losses at crop harvest and great economic losses. In this research, we used
50 Trichoderma spp. cultivated in two culture media, PDA and MEA, to demonstrate mycelial growth
and antagonistic capacity against two cacao-crop pathogens: M. roreri and M. perniciosa. Multivariate
methods, namely a PCA biplot and a GGE biplot, indicated that four strains of Trichoderma spp. (17,
33, 42 and 44) cultivated on the PDA medium had the highest mycelial characteristic values and
antagonistic capacities against Moniliophthora perniciosa. The experimental test showed that the lowest
incidence of moniliasis and highest yield of cocoa occurred when using the treatments based on the
Trichoderma spp. The results obtained in this study allow the use of strain 42 to control moniliasis in
cocoa, avoiding economic losses.

Keywords: biplots; moniliasis; multivariate methods; Trichoderma

1. Introduction

Cocoa (Theobroma cacao), originally from South America, has already been domesti-
cated, and is currently being produced in tropical regions of America, Africa and Asia,
particularly in the Caribbean and Latin America [1]. This crop requires temperatures
between 26 and 27 °C and annual rainfall between 1300 and 2800 mm to achieve higher
production and a lower proliferation of pests and diseases [2]. Cocoa production employs
around 6 million farmers worldwide [3]. In 2019-2020, Latin America produced 0.9 million
tons of cocoa. The Ivory Coast and Ghana are responsible for the highest production (2.1
and 0.8 million tons, respectively), followed by Ecuador (0.32 million tons) [4]. In addition,
Ecuador leads in the production and export of fine-aroma cocoa, with 62% of the world
market. This product is highly desired due to its unique flavor characteristics [5-7].

Cocoa plantations can be seriously affected by fungal pests, such as Moniliophthora
roreri and Moniliophthora perniciosa [8], also known as moniliasis, which attack the tissues,
fruits, floral cushions and buds of the plant. Moniliophthora perniciosa infects cocoa when
the spores penetrate the meristematic tissues, including pods and flower cushions, leading
to the formation of witch’s broom and fruit loss [9]. Moniliophthora roreri causes frosty pod
rot; it is found in most major cocoa-producing areas and causes serious yield losses [10].
Chemical fungicides are used to control moniliasis; however, the chemical pesticides used
generate resistance in pathogens, cause damage to the environment in various forms, do
not prevent the proliferation of secondary pests, and are not compatible with organic
production [11]. Alternative control methods, such as biological control, have been found
to reduce plant diseases as effectively as chemical fungicides [12].
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Biological control in plants refers to the protection of crops using phytosanitary mi-
croorganisms that have antagonistic interactions with the pathogens that cause different
diseases [13]. The main mechanisms of action of biological agents against pathogens are
indirect and direct methods. Indirect methods use phytopathogenic agents that compete
for nutrients and space and, in this way, invade and kill the mycelium of the antagonist.
Direct methods use secondary metabolites to inhibit the growth of the pathogen. The
success of the direct method is linked to the cultivation of phytosanitary microbes in the
correct culture medium to stimulate the production of secondary metabolites and not allow
competitive advantage against the antagonist [14].

Endophytic fungi are the most widely used biological agents against different pathogens,
such as Moniliophthora roreri and Moniliophthora perniciosa, as well as bacteria, insects and
weeds. Phytopathogens have great benefits, such as their low environmental impact and
protecting crops against different pests. This is in contrast to chemical pesticides, which are
specific to different plant diseases [15]. Trichoderma is the main endophytic fungal species. It
is widely known for its ability to antagonize the growth of different plant pathogens through
competition for nutrients and space. Additionally, Trichoderma spp. produces enzymes
that degrade the cell wall, such as chitinases, glucanases and proteases, to parasitize the
antagonistic fungi [16]. For these reasons, it is important to evaluate the biological activities
of Trichoderma spp. against two pathogens that affect cocoa, M. roreri and M. perniciosa,
using data science techniques in order to help farmers make correct decisions.

The databases used in data science can be analyzed using big data techniques and come
from different sources: experiments, the Internet or government repositories. Data science
uses a series of techniques to analyze multiple variables while providing more precise
information by analyzing the structure of data. The most important data science techniques
are machine learning modeling, natural language processing, sentiment analysis, neural
networks or deep learning analysis used in regression analysis, classification, clustering
analysis, association rules, time series analysis, sentiment analysis, behavior patterns,
anomaly detection, factor analysis, log analysis and deep learning using the internal
structure of data. These numerical methods can be applied to considerable masses of
data; they allow data scientists to establish relationships between data and detect the most
significant [17]. Conventional statistical techniques have been used in the area of plant
biotechnology to improve different commercial properties, such as yield and tolerance
of biotic and abiotic stresses; however, reduction methods, such as PCA biplot and GGE
biplot, focus on multiple variables and present them in fewer, complex variables [18].

The main goal of this research was to use the multivariate PCA biplot and GGE
biplot techniques to determine the strains of Trichoderma spp. with the strongest mycelial
characteristics and antagonistic capacities against two cocoa-crop pathogens: Moniliophthora
roreri and Moniliophthora perniciosa. Additionally, the incidence of monialisis and the
efficiency of the treatment were determined using the DUNCAN test at a significance level
of p < 0.05 between the treatments with or without biosolution based on the Trichoderma
spp. used.

2. Materials and Methods
2.1. Fungi Strains

This study used 50 strains of Trichoderma spp., 1 strain of Moniliophthora roreri and
1 strain of Moniliophthora perniciosa. Strains were maintained on PDA dishes and deposited
in the fungal collection of the Research and Development Laboratory of Ecuahidrolizados.

2.2. Culture Media

The PDA medium was prepared by combining 39 g of potato dextrose agar in 1 L
of distilled water in an Erlenmeyer flask, whereas the MEA medium was prepared by
dissolving 18 g of malt extract and 15 g of bacteriological agar in 1 L of distilled water using
a flask.
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In both cases, the flask was sterilized in an autoclave at 15 psi (121 °C) for 15 min.
Subsequently, 10 mL of the sterile medium was poured into Petri dishes. Dishes with
solidified medium were placed in plastic bags and incubated at 28 °C for 24 h to verify
sterility. Next, the Petri dishes without contamination were used for the propagation of the
mycelium of the fungi [19,20].

2.3. Mycelial Growth

The mycelial growth of 50 Trichoderma spp. on PDA dishes or MEA plates was
determined using the modified Gompertz equation (Equation (1)) [21,22]:

log N = A + Cxexp{—exp[—B(t—M)]} 1)

Equation (1). Modified Gompertz model, where:

A, B, C = parameters of the model;

t = days;

M = day with maximum growth rate;

log N = growth kinetics.

Based on the growth kinetics, the maximum growth, pmax, (Equation (2)) and the lag
time A (Equation (3)) were calculated [21,23]:

Hmax = (B * C)/e )

Equation (2). Maximum growth, where:
e = The Euler constant.

A= [ln(l + (umax/v) ]/umax 3)

Equation (3). Lag time, where:
V = HUmax.

2.4. Antagonistic Capacity

Discs 5 mm in diameter of M. roreri or M. perniciosa containing 7 days of mycelial
growth were placed at one end of the Petri dishes containing PDA or MEA, 1.5 cm from the
edge. Otherwise, 5-millimeter-diameter discs of Trichoderma spp. with 4 days of mycelial
growth were placed at the opposite end of the Petri dish, and the confrontations were kept
6 cm equidistant from each other. The linear growths of the two colonies facing each other
were recorded twice a day until the total colonization of the Petri dish.

The percentage of pathogen inhibition (ATP) was determined based on the radial
growth of the mycelium of the pathogen controls with respect to the clashes between
Trichoderma spp. and pathogens, using Equation (4) [24]:

(RFP — RIP)

ATP =100 * |[RPC — RPC

4)

Equation (4). Pathogen inhibition, where:

RPC = growth radius of the control pathogen mycelium on the final day;

RFP = growth radius of the pathogen mycelium in the presence of the antagonist on
the final day;

RIP = growth radius of the mycelium of the pathogen on the day the confrontation
began, even without the antagonist (culture on the seventh day).

2.5. Experimental Test

The experimentation was carried out on the “Esmeraldas” farm located in the Province
of Los Rios, which has 15-year-old cocoa plantations.

On the farm, 15 subplots were established. Each subplot was made up of 25 trees in a
5 x 5 square. The biosolution was obtained through a dose of 1 x 10° conidia/mL"!, and
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0.2 L of the biosolution was sprayed per cocoa tree at intervals of 15 days for 5 months. The
experimental design was as follows:

Subplots 1, 2 and 3 = Control treatment without biosolution;

Subplots 4, 5 and 6 = Treatment with biosolution using Trichordema strain 17 “T1”;

Subplots 7, 8 and 9 = Treatment with biosolution using the Trichordema strain 33 “T2”;

Subplots 10, 11 and 12 = Treatment with biosolution using the Trichordema strain
42 “T3”;

Subplots 13, 14 and 15 = Treatment with biosolution using the Trichordema strain
44 “T4”.

The incidence of cocoa pods with symptoms of monialisis was determined by using
Equation (5), while the efficiency of the treatment was calculated using Equation (6) [25]:

DP
=" x 100 (5)

Equation (5). Incidence of cocoa pods, where:

I = Incidence (%);

DP = Number of damaged pods;

TP = Total pods.
E_ FIWoT — FIWT

B FIWoT

Equation (6). Efficiency of the treatment, where:

E = Efficiency (%);

FIWoT = Percentage of final incidence without application of Trichoderma spp.;

FIWT = Percentage of final incidence with application of Trichoderma spp.

The yield was estimated in kg of dry cocoa beans, and the dry weight was calculated
as 40% of the fresh weight of the cocoa [25].

x 100 (6)

2.6. Statistical Analysis

The mycelial characteristics of maximum velocity, lag phase and the antagonistic
capacity percentage of pathogen inhibition were measured in triplicates and the data were
subjected to data mining techniques, such as PCA biplot and GGE biplot, using R software
ver. 4.1.1.

The results of the experimental test were studied using one-way analysis of variance
(ANOVA) to determine the significance of individual differences at the p < 0.05 level, the
yield of cocoa pods and the efficiency of the treatment (with or without solution). After
these tests, if statistical differences were found, the Duncan test with « = 0.05 was applied.
The analyses were carried out using statistical software (Statgraphic ver. 16).

2.6.1. PCA Biplot

Principal components analysis is used in cases of continuous variable. Its purpose is to
reduce the number of variables by representing the data matrix in a lower dimensionality
than the original [26].

In this analysis, the centered and/or scaled matrix of rank r is approximated through
its orthogonal projection of lower rank through q linear and independent vectors. These
matrices represent the columns of a matrix named T, such that T'T = 1. The solution is to
find T, which should be symmetrical and positively definite, such that it minimizes the
mean squared error of the predictions || X. — X||:

Xe 2 X TIT = ZT'

where Z contains the main components.
If T is equal to the previous equation, its columns coincide with the eigenvectors
associated with the q largest eigenvalues of the variance-covariance matrix.
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In addition, if the DVS of the previous equation is considered, it is found that [27,28]:
X & (UDV’)VV’ = UDIV' = UDV’

2.6.2. GGE Biplot

The biplot construction procedure consists in finding the best matrix X* of rank 2. The
term GGE is the contraction of G+GE. A biplot representing the GGE of a MET dataset is
called a GGE biplot. The GGE biplot model was used for phenotypic stability analysis [29].
The above equations can be written as [30]:

Yijk = 1+ + B + 65

or as:
Yijk — u— Bj = i+ 05

where:
Yiji = Expected yield of genotype i in environment j;
1 = Global mean of all observations;
~; = Main effect of genotype i;
Bj = Main effect of environment j;
0jj = Interaction between genotype i and environment j.

3. Results and Discussion

The focus of this research was to identify the Trichoderma spp. cultivated on two
media (PDA or MEA dishes) with the highest mycelial characteristics (maximum velocity
and lag phase), as well as the antagonistic capacity against two cocoa-crop pathogens:
Moniliophthora roreri and Moniliophthora perniciosa. The incidence of monialisis and the
efficiency of the treatment with or without biosolution based on the Trichoderma spp.
were calculated.

The numeration of the strains was conducted using the following distribution: 1-50:
Trichoderma spp. cultivated on PDA dishes or Trichoderma spp. growth on MEA plates.

3.1. PCA Biplot Algorithm for Mycelial Characteristics and Antagonistic Capacity of
Trichoderma spp.

Figure 1 presents the factorial graph of planes 1-2 (PCA Biplot). Figure 1a shows that
the accumulated inertia amounted to 72.5%, whereas Figure 1b shows that the accumulated
inertia amounted to 95.7%. Additionally, the groups were determined using the biplot
coordinates based on three variables: mycelial growth, the antagonistic capacity against
Moniliophthora roreri and the antagonistic capacity against Moniliophthora perniciosa.

Figure 1a shows the presence of 50 strains of Trichoderma cultivated on PDA plates.
Cluster 1 (color red) shows the presence of 14 Trichoderma spp. with the strongest relation
to the antagonistic capacity against Moniliophthora roreri. Clusters 2 and 3 (blue and brown
colors, respectively) denote the presence of the 21 strains of Trichoderma with the highest
mycelial growth. Cluster 3 (brown color) indicates the presence of the 15 Trichoderma spp.
with the highest phase lag. On the other hand, Figure 1b shows the growth of 50 Trichoderma
spp- on MEA dishes. Cluster 1 (red color) indicates the presence of the 20 Trichoderma
spp. with the strongest relation to the antagonistic capacity against Moniliophthora roreri.
Cluster 2 (brown color) shows the presence of the 10 strains of Trichoderma with a direct
relation to the antagonistic capacity against Moniliophthora perniciosa. Cluster 3 (blue color)
indicates the presence of the 20 Trichoderma spp. with the highest mycelial speed. Arzate-
Vega [31] indicated that the antagonistic fungus presents greater aggressiveness towards
the resistance of the phytopathogen if there are fewer days of contact.
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Figure 1. (a) PCA biplot for mycelial characteristics and antagonistic capacity of Trichoderma spp.

cultivated on PDA medium. (b) PCA biplot for mycelial characteristics and antagonistic capacity of
Trichoderma spp. growth on MEA medium.
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The antagonistic activities of Trichoderma fungi against Moniliophthora roreri and Monil-
iophthora perniciosa have been studied in different research works; these activities include the
inhibition of the growth of these pathogens and a reduction in the symptoms of moniliasis.
Trichoderma fungi presented an inhibition percentage of 23% for M. roreri and 27% for Monil-
iophthora perniciosa [32], whereas other studies showed that endophytic biocontrol agents,
such as Trichoderma spp., are antagonists of Moniliophthora roreri because they germinate
and penetrate the surface of the crop to establish their systems in infection, demonstrating
a 23.8% reduction in the presence of moniliasis in cocoa crops [33]. In another study, seven
microorganisms were isolated from the cocoa rhizosphere and their antagonism capacities
were studied against the pathogen Moniliophthora roreri. Trichoderma spp. presented the
highest percentage of inhibition and sporulation of Moniliophthora roreri [34].

Trichoderma spp. use several biological control mechanisms that can encourage plant
growth and induce defense responses [35]. Trichoderma spp. are mainly used for bioremedi-
ation in soils with high herbicide or pesticide contents, helping to reduce these contents [36].
The implementation of this genus of fungi removes the brooms produced by Monilioph-
thora perniciosa, which prevents the spread of the disease in healthy ears and reduces the
incidence of infection [37]. Trichoderma provides good control relative to taking no action,
reducing the effects on the Ecuadorian economy of infection with this crop.

3.2. GGE Biplot for Mycelial Characteristics and the Antagonistic Capacity of Trichoderma spp.

Figure 2 presents the factorial graph of planes 1-2 (GGE biplot). Figure 2a shows that
the accumulated inertia amounted to 72.5%, while Figure 2b indicates that the accumulated
inertia amounted to 95.7%. The GGE biplot shows the Trichoderma strains (green color) that
presented the highest values of mycelial growth and antagonistic capacity.

MR

Compaonent 2 34.03 %

2 0 2 4 6
Component 1 38.47 %

(a)

Figure 2. Cont.
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Figure 2. (a) GGE biplot of myecelial characteristics and antagonistic capacity of Trichoderma spp.
cultivated on PDA plates. Groups of Trichoderma spp. showed similar characteristics (G1: 18, 30, 38);
(G2: 28, 45); (G3: 15, 19, 34); (G4: 31, 36). (b) GGE biplot for mycelial characteristics and antagonistic
capacity of Trichoderma spp. growth on MEA dishes. MG = mycelial growth, MP = antagonistic
capacity (M. permiciosa), MR = antagonistic capacity (M. roeri), PL = phase lag. Note: MR is not
presented in Figure 2b.

Figure 2a shows the 50 strains of Trichoderma cultivated on the PDA plates. It was
observed that nine of the Trichoderma strains presented a stronger relation to mycelial
growth, six presented a stronger relation to the antagonistic capacity against Moniliophthora
perniciosa and two showed a higher relation to the antagonistic capacity against Monilio-
phthora roeri. Figure 2b indicates the growth of 50 Trichoderma spp. on the MEA dishes.
Six of these strains showed a stronger relation to mycelial growth and to the antagonistic
capacity against Moniliophthora perniciosa. In conclusion, the PCA biplot and GGE biplot
indicated that the strains 17, 33, 42 and 47 cultivated on the PDA plates presented higher
values of mycelial growth and antagonistic capacity against Moniliophthora perniciosa in
comparison with the Trichoderma spp. grown on the MEA dishes. The most commonly
used medium in the propagation of different kinds of fungi is PDA due to its nutritional
composition [38]. Different authors have indicated that fungi strains grown in this medium
presented the strongest mycelial characteristics [39]. However, the use of MEA medium
in the propagation of Trichoderma spp. was studied to obtain a low degree of sporulation.
Trichoderma spores obtained in liquid media lose their viability due to physical factors,
such as their thinner cell walls and greater number of organelles [40]. The highest spore
production is obtained in solid media with the presence of a source of sugars [41]; for this
reason, it is important to generate spores in solid media cultures.

Spore production is stimulated by the following factors: a solid culture medium with
a high lignin content, the incubation temperature, the moisture content, the incubation
period, and the inoculum concentration. The lignin present in the culture medium generates
a physical-chemical barrier against microbial attack. The optimal temperature for the
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maximum production of Trichoderma spores is 25 °C. High temperatures affect microbial
growth due to alterations in the membrane structure and protein degradation, while low
temperatures affect the production of spores [42]. The optimal moisture content in the
culture for spore production is 65%. A lower moisture content in the culture medium
reduces the solubility of nutrients and increases the surface tension of the water, whereas a
higher moisture content hinders gas exchange, reducing the efficiency of the medium [43].
The maximum spore density occurs after 31 days of incubation. Finally, the optimal
inoculum concentration is 5%. Low inoculum concentrations delay the lag phase, while high
concentrations increase the competition for nutrients in the substrate [44]. The reduction
in the useful life of the Trichoderma spores in the conservation process is influenced by the
temperature. The optimal storage temperature is 4 °C, while high temperatures affect the
viability of Trichoderma spores [45]. An adequate dose of spores of Trichoderma strains makes
it possible to obtain an adequate amount for use in biopesticides that enhance plant health
in different horticultural crops [46].

The use of two culture media in the propagation of the fungi makes it possible to
obtain strains with different characteristics and, through the use of statistical techniques
such as PCA biplot and GGE biplot, we can determinate the specific strain of Trichoderma
with the highest values of mycelial growth and antagonistic capacity against cocoa-crop
pathogens, with the aim of controlling monialisis infection. The cultivation of Trichoderma
spp. on PDA allows us to obtain strains with better characteristics than those cultivated on
MEA plates.

3.3. Field Responses of Trichoderma spp. against Monialisis Caused by Moniliophthora perniciosa

The use of the biosolution based on the Trichoderma spores of the strains 17, 33, 42 and
44 cultivated on the PDA plates showed effects on the final incidence of cocoa monialisis,
the efficiency of the treatments and the crop yield (Table 1).

Table 1. Effect of treatments with Trichoderma spp. against monialisis caused by Moniliophthora

perniciosa.
Treatment Incidence (%) Efficiency (%) Yield (kg/ha)
Control 1822 - 533.50 ¢
T1 5.8¢ 704 P 721.802
T2 10.1P 543°¢ 615.20P
T3 3.14d 7512 753.102
T4 9.7b 60.8 ¢ 630.50

Control = Treatment without biosolution; T1 = Treatment with biosolution using Trichordema strain 17;
T2 = Treatment with biosolution using Trichordema strain 33; T3 = Treatment with biosolution using Trichordema
strain 42; T4 = Treatment with biosolution using Trichordema strain 44. Different letters in each column indicate
significant differences between the effects of five treatments based on Trichoderma spp. against monialisis at level
p <0.05, according to Duncan’s test, n = 3.

Treatment 3 presented the lowest incidence of monialisis, of 3.1%, while the control
treatment showed the highest incidence (18.2%). On the other hand, the highest efficiencies
were presented by treatments 1 and 3, which demonstrated values of 70.4% and 75.1%,
respectively; the lowest efficiencies were presented by treatments 2 and 4, with values
between 54.3 and 60.8%, respectively. The highest cocoa yields were obtained using
treatments 1 and 3, which showed values of 721.80 and 753.10 Kg/ha, respectively; the
lowest yield value was obtained with the control treatment, which presented a value of
533.50 Kg/ha.

Other authors have presented similar results. Leiva et al. [25] used five treatments
based on Trichordema spp. biosolutions against frosty pod rot on cocoa trees, showing
incidence values between 5.62 and 20.32%, efficiencies ranging from 38.99 to 71.99% and
yields from 787 to 1115 Kg/ha. Loguercio et al. [47] showed incidence values against
Moniliophthora perniciosa from 5 to 78.89% by using two biosolutions based on Trichoderma
spp. Krauss and Soberanis [48] and obtained higher yields of cocoa when using treatments
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based on Trichoderma spp. formulations than when using the control treatment (without
the Trichoderma spp. formulation). Trichoderma spp. strains have the capacity to be possible
biocontrol agents against phytopathogenic fungi, since they can produce secondary metabo-
lites, antibiotics and mycotoxins that are capable of degrading the resistant structures of
pathogenic fungi [49].

Biological formulations based on cells or spores need to pass through a product-
stabilization process in prolonged storage in order to maintain the viability of the biological
compounds and the functionality of the product [50]. The propagation, growth and sporu-
lation of fungi are dependent on different environmental conditions, such as the culture
medium, pH, temperature, light, humidity and mixture of atmospheric gases [51]. The use
of solutions based on Trichoderma spores has presented important results in the control of
various plant diseases [52]. The application of biopesticides based on Trichoderma spores is
an economical and environmentally friendly method against various pests. Additionally, it
makes it possible to obtain higher yields in different crops, encouraging the production of
healthy and safe organic crops [53]. The application of this biological formulation in the
crop has shown that it improves the antioxidant machinery and tolerates water stress [54].
This is an important predictor because the correct choice of Trichoderma strain can control
moniliasis infection in cocoa and does not generate economic losses for farmers.

4. Conclusions

The cultivation of Trichoderma spp. on two culture media allowed us to obtain strains
with different specific characteristics for use in different industrial applications.

The use of the PDA medium in the propagation of Trichoderma spp. allowed us to
obtain strains with better characteristics than those cultivated in the MEA medium.

The multivariate techniques, PCA biplot and GGE biplot, indicated that the four
strains of Trichoderma cultivated on the PDA medium presented the highest values of
mycelial growth and antagonistic capacity against cocoa-crop pathogens.

The use of treatment 3 on the cacao trees produced the lowest incidence of moniliasis
and the highest cacao yields.

Author Contributions: Conceptualization, ].D.V.-C. and EG.-V,; formal analysis, ].D.V.-C.; investiga-
tion, E.G.-V.; methodology, ].D.V.-C. and EG.-V,; supervision, P.V.-G. and P.G.-V.; writing—original
draft, EG.-V,, ].D.V.-C., PV.-G. and P.G.-V.; writing—review and editing, P.V.-G. and P.G.-V. All
authors have read and agreed to the published version of the manuscript.

Funding: This work is funded by the Universidad Estatal de Milagro (UNEMI) Scholarship.
Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors are grateful to Facultad de Ciencias e Ingenieria de la Universidad
Estatal de Milagro (UNEMI) and Ecuahidrolizados Industry.

Conflicts of Interest: The authors state no conflict of interest.

1. Ceccarelli, V.; Lastra, S.; Loor Solorzano, R.G.; Chacén, W.W.; Nolasco, M.; Sotomayor Cantos, I.A.; Plaza Avellan, L.E; Lopez,
D.A.; Fernandez Anchundia, EM.; Dessauw, D.; et al. Conservation and use of genetic resources of cacao (Theobroma cacao L.) by
gene banks and nurseries in six Latin American countries. Genet. Resour. Crop Evol. 2022, 69, 1283-1302. [CrossRef]

2. Ramirez, C.H.E.; Gaona, O.D.].C.; Londofo, G.A.C.; Bustamante, E.G.M. Ylield of cocoa under different agroforestry systems in a
dry tropical forest in western Colombia. Bioagro 2022, 34, 39-50. [CrossRef]

3.  Wattnem, T.; Wiegel, ].; Gonzalez, C.; Reyes, B. Who Defines Fine Chocolate? The Construction of Global Cocoa Quality Standards
from Latin America. Int. J. Sociol. Agric. Food 2022, 28, 73-87.

4. Garcia, A.; Pico, B.; Jaimez, R. La cadena de produccion del Cacao en Ecuador: Resiliencia en los diferentes actores de la
produccion. Novasinergia 2021, 4, 152-172.


http://doi.org/10.1007/s10722-021-01304-3
http://doi.org/10.51372/bioagro341.4

Sustainability 2023, 15, 4223 11 of 12

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.
27.
28.
29.

30.

Villacis, A.H.; Alwang, J.R.; Barrera, V.; Dominguez, ]. Prices, specialty varieties, and postharvest practices: Insights from cacao
value chains in Ecuador. AgriBus 2022, 38, 426-458. [CrossRef]

Jensch, C.; Schmidt, A.; Strube, J. Versatile Green Processing for Recovery of Phenolic Compounds from Natural Product Extracts
towards Bioeconomy and Cascade Utilization for Waste Valorization on the Example of Cocoa Bean Shell (CBS). Sustainability
2022, 14, 3126. [CrossRef]

Valenzuela-Cobos, ].D.; Guevara-Viejo, F.; Vicente-Galindo, P.; Galindo-Villardén, P. Food Sustainability Study in Ecuador: Using
PCA Biplot and GGE Biplot. Sustainability 2022, 14, 13033. [CrossRef]

Armengot, L.; Ferrari, L.; Milz, ].; Velasquez, F; Hohmann, P.,; Schneider, M. Cacao agroforestry systems do not increase pest and
disease incidence compared with monocultures under good cultural management practices. Crop Prot. 2020, 130, 105047. [CrossRef]
Anzules-Toala, V.; Pazmifno-Bonilla, E.; Alvarado-Huaman, L.; Borjas-Ventura, R.; Castro-Cepero, V.; Julca-Otiniano, A. Control of
cacao (Theobroma cacao) diseases in Santo Domingo de los Tsachilas, Ecuador. Agron. Mesoam. 2022, 33, 45939. [CrossRef]
Leiva, S.; Rubio, K.; Diaz-Valderrama, J.R.; Granda-Santos, M.; Mattos, L. Phylogenetic Affinity in the Potential Antagonism of
Trichoderma spp. against Moniliophthora roreri. Agronomy 2022, 12, 2052. [CrossRef]

Ferreira, F.V.; Musumeci, M.A. Trichoderma as biological control agent: Scope and prospects to improve efficacy. World ]. Microbiol.
Biotechnol. 2021, 37, 90. [CrossRef]

Verma, A.; Johri, B.N.; Prakash, A. Antagonistic Evaluation of Bioactive Metabolite from Endophytic Fungus, Aspergillus flavipes
KF671231. J. Mycol. 2014, 2014, 371218. [CrossRef]

Islam, M.R,; Juthy, P.S.; Haque, M.M.; Rahman, M.M. Identification of plant growth promoting antagonistic bacteria against
Xanthomonas oryzae pv. oryzae in Bangladesh. Fundam. Appl. Agric. 2019, 4, 1068-1080. [CrossRef]

Kohl, J.; Kolnaar, R.; Ravensberg, W.J. Mode of action of microbial biological control agents against plant diseases: Relevance
beyond efficacy. Front. Plant Sci. 2019, 10, 845. [CrossRef]

Ortiz, A.; Sansinenea, E. The role of beneficial microorganisms in soil quality and plant health. Sustainability 2022, 14, 5358.
[CrossRef]

Rajani, P; Rajasekaran, C.; Vasanthakumari, M.M.; Olsson, S.B.; Ravikanth, G.; Shaanker, R.U. Inhibition of plant pathogenic
fungi by endophytic Trichoderma spp. through mycoparasitism and volatile organic compounds. Microbiol. Res. 2021, 242, 126595.
[CrossRef]

Sarker, I.H. Data science and analytics: An overview from data-driven smart computing, decision-making and applications
perspective. SN Comput. Sci. 2021, 2, 377. [CrossRef]

Niazian, M.; Niedbata, G. Machine learning for plant breeding and biotechnology. Agriculture 2020, 10, 436. [CrossRef]
Valenzuela-Cobos, ].D.; Rodriguez-Grimén, R.O.; Zied, D.C.; Grijalva-Endara, A.; Garcés-Moncayo, M.F,; Garin-Aguilar, M.E,;
Sanchez-Hernandez, A.; Valencia del Toro, G. Chemical composition and biological properties of Pleurotus spp. cultivated on
different concentrations of peat moss and wheat straw. Emir. J. Food Agric. 2019, 31, 830-836. [CrossRef]

Hernandez, A.A.S.; Cobos, ].D.V,; Martinez, ].H.; Arce, R.V,; Gomez, Y.d.G.y.; Segura, P.B.Z.; Aguilar, M.E.G.; Lara, H.L.; del Toro,
G.V. Characterization of Pleurotus djamor neohaplonts recovered by production of protoplasts and chemical dedikaryotization.
3 Biotech 2019, 9, 24. [CrossRef]

Wawrzyniak, J. Model of Fungal Development in Stored Barley Ecosystems as a Prognostic Auxiliary Tool for Postharvest
Preservation Systems. Food Bioprocess Technol. 2021, 14, 298-309. [CrossRef]

Liu, H.; Chen, N.; Feng, C.; Tong, S.; Li, R. Impact of electro-stimulation on denitrifying bacterial growth and analysis of bacterial
growth kinetics using a modified Gompertz model in a bio-electrochemical denitrification reactor. Bioresour. Technol. 2017, 232,
344-353. [CrossRef] [PubMed]

Cobos, J.D.V,; Paramo, D.; Aguilar, M.E.G.; Hernandez, A.S.; Lara, H.L.; del Toro, G.V. Production of hybrid strains among
Pleutorus and Lentinula and evaluation of their mycelial growth kinetics on malt extract agar and wheat grain using the Gompertz
and Hill models. Emir. ]. Food Agric. 2017, 29, 927-935.

Urbez-Torres, J.R.; Tomaselli, E.; Pollard-Flamand, J.; Boule, J.; Gerin, D.; Pollastro, S. Characterization of Trichoderma isolates
from southern Italy, and their potential biocontrol activity against grapevine trunk disease fungi. Phytopathol. Mediterr. 2020, 59,
425-439.

Leiva, S.; Oliva, M.; Hernandez, E.; Chuquibala, B.; Rubio, K.; Garcia, F; Torres de la Cruz, M. Assessment of the Potential of
Trichoderma spp. Strains Native to Bagua (Amazonas, Peru) in the Biocontrol of Frosty Pod Rot (Moniliophthora roreri). Agronomy
2020, 10, 1376. [CrossRef]

Greenacre, M.; Groenen, PJ.; Hastie, T.; d’Enza, A.I; Markos, A.; Tuzhilina, E. Principal component analysis. Nat. Rev. Methods
Primers. 2022, 2, 100. [CrossRef]

Gabriel, K.R. The biplot-graphical display of matrices with applications to principal component analysis. Biometrica 1971, 58,
453-467. [CrossRef]

Galindo, M.P. Una alternativa de representacion simultanea: HJ-Biplot. Qiiestiic 1986, 10, 13-23.

Khan, M.M.H; Rafii, M.Y.; Ramlee, S.I; Jusoh, M.; Al Mamun, M. AMMI and GGE biplot analysis for yield performance and
stability assessment of selected Bambara groundnut (Vigna subterranea L. Verdc.) genotypes under the multi-environmental trials
(METs). Sci. Rep. 2021, 11, 22791. [CrossRef]

Burguerio, J.; Crossa, J.; Vargas, M. SAS Programs for Graphing GE and GGE Biplot. The AMMI Analysis and Graphing the Biplot;
Biometrics and Statistics Unit CIMMYT: Mexico City, Mexico, 2001; pp. 29-36.


http://doi.org/10.1002/agr.21730
http://doi.org/10.3390/su14053126
http://doi.org/10.3390/su142013033
http://doi.org/10.1016/j.cropro.2019.105047
http://doi.org/10.15517/am.v33i1.45939
http://doi.org/10.3390/agronomy12092052
http://doi.org/10.1007/s11274-021-03058-7
http://doi.org/10.1155/2014/371218
http://doi.org/10.5455/faa.67224
http://doi.org/10.3389/fpls.2019.00845
http://doi.org/10.3390/su14095358
http://doi.org/10.1016/j.micres.2020.126595
http://doi.org/10.1007/s42979-021-00765-8
http://doi.org/10.3390/agriculture10100436
http://doi.org/10.9755/ejfa.2019.v31.i11.2034
http://doi.org/10.1007/s13205-018-1532-4
http://doi.org/10.1007/s11947-020-02575-x
http://doi.org/10.1016/j.biortech.2017.02.064
http://www.ncbi.nlm.nih.gov/pubmed/28249188
http://doi.org/10.3390/agronomy10091376
http://doi.org/10.1038/s43586-022-00184-w
http://doi.org/10.1093/biomet/58.3.453
http://doi.org/10.1038/s41598-021-01411-2

Sustainability 2023, 15, 4223 12 of 12

31.

32.

33.

34.

35.

36.
37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Arzate-Vega, J.; Santos-Eméstica, O.A.; Michel-Aceves, A.C.; Dominguez-Marquez, V.M. Antagonismo de Trichoderma spp. sobre
Moycosphaerella fijiensis Morelet, agente causal de la Sigatoka Negra del platano (Musa sp.) in vitro e invernadero. Rev. Mex.
Fitopatol. 2006, 24, 98-104.

Mejia, L.C.; Rojas, E.I; Maynard, Z.; Van Bael, S.; Arnold, A.E.; Hebbar, P.; Samuels, G.J.; Robbins, N.; Herre, E.A. Endophytic
fungi as biocontrol agents of Theobroma cacao pathogens. Biol. Control 2008, 46, 4-14. [CrossRef]

Krauss, U.; Hidalgo, E.; Bateman, R.; Adonijah, V.; Arroyo, C.; Garcia, J.; Crozier, J.; Brown, N.; Ten Hoopen, G.M.; Holmes,
K.A. Improving the formulation and timing of application of endophytic biocontrol and chemical agents against frosty pod rot
(Moniliophthora roreri) in cocoa (Theobroma cacao). Biol. Control 2010, 54, 230-240. [CrossRef]

Villamil Carvajal, J.E.; Blanco Valbuena, J.O.; Viteri Rosero, S.E. Evaluacioén in vitro de Microorganismos Nativos por su An-
tagonismo contra Moniliophthora roreri Cif & Par en Cacao (Theobroma cacao L.). Rev. Fac. Nac. Agron. Medellin 2012, 65,
6305-6315.

Ketta, H.A.; Hewedy, O.A.E.R. Biological control of Phaseolus vulgaris and Pisum sativum root rot disease using Trichoderma species.
Egypt. |. Biol. Pest Control 2021, 31, 96. [CrossRef]

Nayak, P; Solanki, H. Pesticides and Indian agriculture—A review. Int. |. Res. Granthaalayah 2021, 9, 250-263. [CrossRef]

Sousa Filho, H.R.; de Jesus, RM.; Bezerra, M.A.; Santana, G.M.; de Santana, R.O. History, dissemination, and field control
strategies of cocoa witches’ broom. Plant Pathol. 2021, 70, 1971-1978. [CrossRef]

Grey, A.B.J.; Cadelis, M.M,; Diao, Y.; Park, D.; Lumley, T.; Weir, B.S.; Copp, B.R.; Wiles, S. Screening of Fungi for Antimycobacterial
Activity Using a Medium-Throughput Bioluminescence-Based Assay. Front. Microbiol. 2021, 12, 739995. [CrossRef]
Ochoa-Velasco, C.E.; Navarro-Cruz, A.R.; Vera-Lépez, O.; Palou, E.; Avila-Sosa, R. Growth modeling to control (in vitro) Fusarium
verticillioides and Rhizopus stolonifer with thymol and carvacrol. Rev. Argent. Microbiol. 2018, 50, 70-74. [CrossRef]

Illescas, M.; Pedrero-Méndez, A.; Pitorini-Bovolini, M.; Hermosa, R.; Monte, E. Phytohormone production profiles in Trichoderma
species and their relationship to wheat plant responses to water stress. Pathogens 2021, 10, 991. [CrossRef]

Valenzuela Cobos, J.; Ramirez Grimoén, R.; Vargas Farias, C.; Grijalva-Endara, A.; Mercader-Camejo, O. Biodegradation of plantain
rachis using phytopathogenic fungi for composting. Rev. Mex. Ing. Quim. 2019, 19, 533-541.

Mulatu, A.; Alemu, T.; Megersa, N.; Vetukuri, R.R. Optimization of Culture Conditions and Production of Bio-Fungicides from
Trichoderma Species under Solid-State Fermentation Using Mathematical Modeling. Microorganisms 2021, 9, 1675. [CrossRef]
[PubMed]

Cavalcante, R.S.; Lima, H.L.; Pinto, G.A.; Gava, C.A.; Rodrigues, S. Effect of moisture on Trichoderma conidia production on corn
and wheat bran by solid state fermentation. Food Bioprocess Technol. 2008, 1, 100-104. [CrossRef]

Hamrouni, R.; Molinet, J.; Miché, L.; Carboué, Q.; Dupuy, N.; Masmoudi, A.; Roussos, S. Production of coconut aroma in
solid-state cultivation: Screening and identification of Trichoderma strains for 6-pentyl-alpha-pyrone and conidia production. J.
Chem. 2019, 2019, 8562384. [CrossRef]

Serna-Diaz, M.G.; Mercado-Flores, Y.; Jiménez-Gonzalez, A.; Anducho-Reyes, M.A.; Medina-Marin, J.; Tuoh-Mora, ].S.; Téllez-
Jurado, A. Use of barley straw as a support for the production of conidiospores of Trichoderma harzianum. Biotechnol. Rep. 2020,
26, €00445. [CrossRef]

Hashem, M.; Mostafa, Y.S.; Alamri, S.; Abbas, A.M; Eid, E.M. Exploitation of Agro-Industrial Residues for the Formulation of a
New Active and Cost Effective Biofungicide to Control the Root Rot of Vegetable Crops. Sustainability 2021, 13, 9254. [CrossRef]
Loguercio, L.L.; de Carvalho, A.C.; Niella, G.R.; De Souza, ].T.; Pomella, A.W.V. Selection of Trichoderma stromaticum isolates for
efficient biological control of witches’ broom disease in cacao. Biol. Control 2009, 51, 130-139. [CrossRef]

Krauss, U.; Soberanis, W. Effect of fertilization and biocontrol application frequency on cocoa pod diseases. Biol. Control 2002, 24,
82-89. [CrossRef]

Lyubenova, A.; Rusanova, M.; Nikolova, M.; Slavov, S.B. Plant extracts and Trichoderma spp.: Possibilities for implementation in
agriculture as biopesticides. Biotechnol. Biotechnol. Equip. 2023, 37, 159-166. [CrossRef]

Grzegorczyk, M.; Kancelista, A.; Laba, W.; Piegza, M.; Witkowska, D. The effect of lyophilization and storage time on the survival
rate and hydrolytic activity of Trichoderma strains. Folia Microbiol. 2018, 63, 433—441. [CrossRef]

Jiang, L.; Pettitt, T.R.; Buenfeld, N.; Smith, S.R. A critical review of the physiological, ecological, physical and chemical factors
influencing the microbial degradation of concrete by fungi. Build. Environ. 2022, 214, 108925. [CrossRef]

Ruangwong, O.-U.; Pornsuriya, C.; Pitija, K.; Sunpapao, A. Biocontrol Mechanisms of Trichoderma koningiopsis PSU3-2 against
Postharvest Anthracnose of Chili Pepper. ]. Fungi. 2021, 7, 276. [CrossRef]

Gunjal, A.B. Trichoderma: An Eco-Friendly Biopesticide for Sustainable Agriculture. In Organic Farming for Sustainable Development;
Apple Academic Press: Palm Bay, FL, USA, 2023; pp. 3-21.

Schweiger, R.; Padilla-Arizmendi, F.; Nogueira-Lopez, G.; Rostas, M.; Lawry, R.; Brown, C.; Hampton, J.; Steyaert, ]. M.; Miiller,
C.; Mendoza-Mendoza, A. Insights into metabolic changes caused by the Trichoderma virens-maize root interaction. Mol. Plant
Microbe Interact. 2021, 34, 524-537. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1016/j.biocontrol.2008.01.012
http://doi.org/10.1016/j.biocontrol.2010.05.011
http://doi.org/10.1186/s41938-021-00441-2
http://doi.org/10.29121/granthaalayah.v9.i5.2021.3930
http://doi.org/10.1111/ppa.13457
http://doi.org/10.3389/fmicb.2021.739995
http://doi.org/10.1016/j.ram.2016.11.010
http://doi.org/10.3390/pathogens10080991
http://doi.org/10.3390/microorganisms9081675
http://www.ncbi.nlm.nih.gov/pubmed/34442753
http://doi.org/10.1007/s11947-007-0034-x
http://doi.org/10.1155/2019/8562384
http://doi.org/10.1016/j.btre.2020.e00445
http://doi.org/10.3390/su13169254
http://doi.org/10.1016/j.biocontrol.2009.06.005
http://doi.org/10.1016/S1049-9644(02)00007-5
http://doi.org/10.1080/13102818.2023.2166869
http://doi.org/10.1007/s12223-017-0581-0
http://doi.org/10.1016/j.buildenv.2022.108925
http://doi.org/10.3390/jof7040276
http://doi.org/10.1094/MPMI-04-20-0081-R

	Introduction 
	Materials and Methods 
	Fungi Strains 
	Culture Media 
	Mycelial Growth 
	Antagonistic Capacity 
	Experimental Test 
	Statistical Analysis 
	PCA Biplot 
	GGE Biplot 


	Results and Discussion 
	PCA Biplot Algorithm for Mycelial Characteristics and Antagonistic Capacity of Trichoderma spp. 
	GGE Biplot for Mycelial Characteristics and the Antagonistic Capacity of Trichoderma spp. 
	Field Responses of Trichoderma spp. against Monialisis Caused by Moniliophthora perniciosa 

	Conclusions 
	References

