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Abstract

Bananas are the most widely consumed tropical fruit worldwide. Its pro-
duction is an important source of economic income in Latin American
and Caribbean countries. Recently, banana crops have been affected by
the attack of overly aggressive pathogens such as Fusarium oxysporum
and Mycosphaerella fijiensis. Chemical control is a widely used strategy,
which has led to the excessive use of agrochemicals in banana production.
There is great concern worldwide about the state of banana crops, which
makes environmentally friendly alternatives necessary to cope with the
actual threats. Ecuador is one of the main banana producers in the world,
so it is essential to innovate production systems by implementing biolo-
gically sustainable alternatives to minimize environmental impacts and
warranty productivity. This review aims to consolidate key information
on banana-associated fungi, including isolation and introduction techni-
ques of endophytic fungi. Finally, relevant research on biotechnological
strategies based on endophytic and mycorrhizal fungi to improve banana
production is included. We expect this review will provide insights into
experimental investigations in the design of fungal inoculants.

Keywords: banana, production, sustainable crops, endophytic fungi,
mycorrhizal fungi.

Resumen

El banano es la fruta tropical de mayor consumo mundial. Su produc-
cién es un importante ingreso econdmico en paises de Latinoamérica y
el Caribe. Recientemente, el cultivo de banano se ha visto afectado por
el ataque de patdgenos muy agresivos como Fusarium oxysporum 'y My-
cosphaerella fijiensis. El control quimico es una estrategia ampliamente
utilizada, que ha llevado al uso excesivo de agroquimicos en la produc-
cioén bananera. Existe una gran preocupacion mundial por el estado de
los cultivos de banano, siendo necesario encontrar alternativas amigables
con el medio ambiente. Ecuador es uno de los principales productores
de banano en el mundo, por lo que es fundamental innovar el sistema de
produccidon mediante la implementacion de alternativas bioldgicamente
sostenibles para minimizar el impacto ambiental y garantizar la producti-
vidad. La presente revision pretende consolidar informacion clave sobre
los hongos asociados al banano, incluyendo técnicas de aislamiento e
introduccion de endofitos. Finalmente, se incluyen investigaciones re-
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levantes sobre estrategias biotecnoldgicas basadas en hongos endofiticos y micorrizicos para mejorar la produccion de
banano. Nuestro objetivo es que esta revision proporcione informacion para la investigacion experimental en el diseno
de inoculantes fingicos.

Palabras clave: banano, produccion, cultivos sostenibles, hongos endofitos, hongos micorrizicos.

1. Introduction
1.1. General information on bananas
1.1.1. Characteristics of the banana tree

Musa spp. (banana) is a group of perennial herbaceous plants belonging to the Kingdom Plantae, class An-
giosperma, subclass Monocotyledon, order Zingiberales, family Musaceae, genus Musa (Sabio et al., 1999).
Banana comes from Southeast Asia, normally cultivars are the product of natural hybridization between two
species: Musa balbisiana, native to the east coast of India, and Musa acuminata, native to Thailand, Malaysia
and Myanmar (Mejia Calderdn, 2018).

The banana plant consists of a pseudostem, leaves, inflorescence, fruits and root. The pseudostem is for-
med by a set of overlapping leaf sheaths that can reach 3 to 6 m in height. The leaves are large, approximately
2 to 4 m long by 0.50 m wide. The leaves’ size allows to determine the stage in which the crop is, depending
on the shapes presented by them (Mejia Calderon, 2018). Additionally, the inflorescence presents a complex
structure supported by a true stem, located in the highest part of the pseudostem. It has female flowers from
which the fruit clusters emerge, and -as they develop-, the distal portion of the inflorescence becomes male
flowers, producing fertile or infertile pollen (Vézina & Baena, 2020).

The fruit is an elongated, curved berry approximately 10-15 cm long. The skin is thick, smooth, and
green, yellow or red in color, depending on the variety (Infoagro, 2022). Each 100 g of ripe, fresh fruit con-
tains: water (~74 g), protein (~1.1 g), total lipids (~0.3 g), carbohydrates (~21.8), dietary fiber (~2.0 g), sodium
[Na] (~1.0 mg), potassium [K] (~385.0 mg), calcium [Ca] (~8.0 mg), magnesium [Mg] (~30 mg), phosphorus
[P] (~22 mg), iron [Fe] (~0.42 mg), copper [Cu] (~0.11 mg), zinc [Zn] (~0.18 mg), manganese [Mn] (~0, 2
mg), B-carotene (~68.0 pg), vitamin E ~0.29 mg), vitamin C (~11.7 mg), thiamine (~0.04 mg), riboflavin
(~0.07) and niacin (~0.61 mg) (Casallas Malaver, 2010), the amount of nutrients will depend on the type of
genome, variety, altitude and climatic conditions of the crop (Blasco Lopez & Gomez Montano, 2014; Dipta
etal., 2021; Kookal & Thimmaiah, 2018).

Moreover, the root supports the plant and allows water and nutrients to be transported through the root
hairs toward the entire plant structure. The root system consists of primary, lateral, secondary and tertiary
roots, whose number depends on the limitations and damage caused during the growth process. Under normal
conditions, banana roots can reach 5 to 10 m in length, this allows the plant to take up a greater volume of soil
(Lépez & Espinoza, 1995). The nutrients absorbed in large quantities through the banana root system are: K,
P and nitrogen [N]; while, Mg, Ca, Zn, Fe, Cu, Na, sulfur [S], boron [B], molybdenum [Mo] and chlorine [CI]
are absorbed in smaller quantities (Turner & Rosales, 2003).

1.1.2. Banana growing worldwide

Banana is the fourth most important exported fruit worldwide, its cultivation covers approximately 5,029,997
ha, with more than 1,000 banana varieties worldwide (Ancasi-Espejo et al., 2016), representing 20.2 million
tons of annual exports (Food and Agriculture Organization of the United Nations [FAO], 2020). Its production
is mostly concentrated in African countries (73%), Latin America and the Caribbean (25%), while only 2%
is found in Asian nations. In Latin America and the Caribbean, specifically, the largest banana producers are
Ecuador, Colombia, Panama, Venezuela, Costa Rica and Peru (Ancasi-Espejo et al., 2016).

Ecuadorian bananas are particularly recognized worldwide for their quality and flavor. Their export re-
presents the country’s third highest income, after oil and shrimp (Banco Central del Ecuador [BCE], 2021).
Banana exports represent 2% of the national GDP (Ministerio de Comercio Exterior, 2017). International de-
mand is such that 30% of the bananas consumed in the world come from Ecuador, consolidating this country as
one of the main banana producing and exporting countries worldwide (Fierro Ulloa & Villacres Rojas, 2014).
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During 2020, the banana plantation area in Ecuador was 160,600 ha. The cultivated areas at the national level
are mainly distributed in coastal provinces such as Los Rios, El Oro and Guayas, which account for 86.0% of
national exports, while in the Andean region banana plantations account only for 9.7%. The most popular and
most exported varieties in Ecuador are Cavendish, baby banana and red banana, the latter being the variety of
great demand in the international market, because of its size, color and flavor (Instituto Nacional de Estadisti-
cas y Censos [INEC], 2020).

The main regions and countries where Ecuadorian bananas are exported are the European Union (27%),
Russia (20.13%), Middle East (13.89%), United States (9.96%), Southern Cone (6.79%), Eastern Europe
(6.89%), Africa (6.72%), East Asia (5.30%), United Kingdom (1.28%), Oceania (0.91%), and Norway (0.47%)
(Asociacion de Comercializacion y Exportacion de Banano [ACORBANEC], 2021).

2. Fungal-plant relationship
2.1. Soil micro-ecology

Soil is a complex mixture of minerals, organic matter, water and living organisms (van Konijnemburg, 2006).
Its quality plays a fundamental role in maintaining the balance between carbon dioxide [CO-] production and
consumption in the biosphere (Garcia de Salamone, 2011). As part of living organisms, microbial communities
are the most important functional component of soil biota (Orduz Tovar et al., 2021), as they participate in the
decomposition of organic matter, fixation of atmospheric N2, mineralization of organic N-, solubilization of
P and S (Garcia de Salamone, 2011). In addition, microorganisms collaborate in the production of antibiotics
and formation of symbiotic associations to improve nutrient absorption in plants, protection of plants against
pathogens and decomposition of pollutants, among others (Pfenning & Magalhaes de Abreu, 2012).

The presence or absence of edaphic microflora is a useful biological marker to evaluate the general state
of the soil (Silberman et al., 2013). The product of the metabolic process of these microorganisms on organic
matter is related to the optimum physicochemical conditions of the soil (Ramos & Zuiiiga, 2008). That is,
changes in the structure and function of the microbial community are linked to the alteration of the terrestrial
system, as a result of the emission of greenhouse gases (CO2, NO or N20) and the loss of nitrogen by leaching
(Garcia de Salamone, 2011). Therefore, on many occasions soil microorganisms determine the availability
of nutrients, being considered as tools for soil management and plant nutrition (Murillo Cuevas et al., 2019).

The presence of microorganisms in the soil is variable; thus, microbial diversity decreases at greater
depth. Similarly, microbiological communities vary among soils, specifically due to differences in the amount
and type of organic matter, pH, climatic factors, vegetation, nutrient availability and mineralogy (Osorio-Vega,
2009).

It is estimated that 10° to 10® bacteria, 10° to 107 actinomycetes, 10* to 10° fungi, 10* to 10° algae, and
10® to 10° protozoa can be found in one gram of dry soil (Osorio-Vega, 2009). Although the most abundant
microorganisms in the soil are bacteria, fungi, due to their larger size, represent ~70% of the biomass (Calvo
Vélez et al., 2008).

Fungi play various roles in the ecosystem, according to the environment in which they grow they can be:
saprophytes responsible for transforming organic and inorganic matter (Barrios & Sandoval, 2018); parasitic
fungi, which cause damage to the host (cell death); mutualistic symbiont fungi that associate with other orga-
nisms for a balanced benefit, without causing any immediate negative effect (lichens, endophytes, mycorrhi-
zae) (Lutzoni et al., 2004; Marin, 2018).

2.2. Endophytic fungi

Endophytic fungi are filamentous fungi associated with most plant species, distributed from the Arctic to
the tropics, both in natural ecosystems and in modified ecosystems (agricultural fields) (Cepero de Garcia et
al., 2012; Paris, 2016). They are localized in intercellular and intracellular spaces of plant vascular bundles
(Giusiano et al., 2019). The largest proportion of this group belongs to the phyla Ascomycota, Basidiomycota,
Zygomycota and Glomeromycota (Sanchez-Fernandez et al., 2013).

Depending on their role in the ecosystem, endophytic fungi are organized into decomposers, parasitic and
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mutualistic (Giusiano et al., 2019). This will depend on the environmental and genetic conditions of both the
fungus and the host plant. In the case of pathogenic microorganisms, they remain unexpressed in the plant until
environmental conditions are favorable to induce disease. While saprophagous fungi absorb nutrients from the
host until they cause its death (Silva-Valenzuela et al., 2020). On the other hand, mutualistic fungi are charac-
terized by having a symbiotic relationship with the host plant. That is, plant provides photosynthates from pho-
tosynthesis to the fungus (Sanchez-Fernandez et al., 2013). Meanwhile, endophytic fungi produce secondary
metabolites to induce plant growth, increase tolerance to abiotic factors (water stress, salinity, drought, high
temperatures), and favor the solubilization and mineralization of organic and inorganic P, zinc (Zn), among
others (Abello & Kelemu, 2006; Hobbie & Horton, 2007; Peteira Delgado et al., 2021; Wang et al., 2014).

Plant protection by mutualistic endophytic fungi occurs through direct (enzyme production), indirect
(strengthening host defenses) and biological (occupation of the ecological niche) mechanisms (Aragon &
Beltran-Acosta, 2018; Pulido Agudelo & Nino Moreno, 2015). It is important to note that the fungus-plant
antagonist relationship will depend on the infective capacity of the fungus, plant status, environmental factors
and stage of development of the organisms involved (Salgado Salazar & Cepero de Garcia, 2005).

2.3. Mycorrhizae

The term mycorrhiza was coined in 1885 by the German biologist Albert Frank, from the Greek mycos which
refers to fungus and the Latin rhiza which means root (Grageda-Cabrera et al., 2012). Mycorrhiza is defined
as the association between soil fungi and plant roots (Smith & Read, 2008, Villegas Rios & Cifuentes, 2004).

Mycorrhizae are classified according to the fungal species that interacts with plants and the nutritional
strategy of the fungus (Honrubia, 2009). The most relevant groups are ectomycorrhizas that act by forming a
mantle on the root to penetrate the cells of the cortex, and arbuscular mycorrhizas that invade the root without
the need to form a mantle (Camargo Ricalde et al., 2012), the latter group being the most predominant, since
they have the capacity to establish a symbiotic relationship with approximately 80% of plant species (Camare-
na-Gutiérrez, 2012), as they contribute to nutrient absorption and disease resistance in plants (Sarabia Ochoa
et al., 2010).

2.3.1. Arbuscular mycorrhizae

It is a mutualistic symbiotic relationship between fungi of the phylum Glomeromycota and the root system of
vascular plants, such association occurs through the formation of arbuscules, mycelia, vesicles and branched
absorbing structures in the external and internal part of the root cortex (Cuenca et al., 2007). Arbuscular my-
corrhizal fungi [AMF] differ from necrotrophic pathogenic fungi because the former do not produce enzymes
that degrade carbon compounds (Rillig et al., 2016).

Arbuscules are the most important structures of AMF because they are involved in nutrient exchange
between the plant and the fungus (Cuenca et al., 2007). On the one hand, AMF help plants in the uptake of
low mobility elements (P, Cu and Zn), in increased water absorption (Lovera & Cuenca, 2007), in protection
against root pathogens, and also increase tolerance to heavy metals present in soil and extreme pH conditions
(Belezaca et al., 2019). AMF also favor the transfer of nutrients between nearby plants through the formation
of hyphal bridges (Barrera Berdugo & Rodriguez Lopez, 2010). On the other hand, plants contribute approxi-
mately 20% of photosynthetic products to the fungus (Parniske, 2008).

3. Studies and biotechnological strategies for the utilization of endophytic fungi in bananas
3.1. Isolation methods of endophytic fungi associated with banana root

The isolation phase of endophytic fungi must have a precise surface disinfection stage of plant tissues to avoid
unintentional isolation of epiphytic fungi (Sinno et al., 2020). Therefore, for the isolation of endophytic fungi
from banana root, a sterilization method suggested by Pocasangre et al. (2000) is followed, which consists of
washing the plant material with running water, followed by rinsing with a solution of sodium hypochlorite
(5%) for 5 min, then washing the samples in triplicate with sterile water and allowing them to air dry on a
sterilized paper towel, and finally peeling off the outer layer of the root with a scalpel. This method has been
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validated by multiple studies, being considered in many cases a traditional method for the isolation of banana
endophytic fungi, despite the slight modifications that some authors have used (Cao et al., 2002; Méndez-Cas-
tillo et al., 2017; Nuangmek et al., 2008; Pocasangre et al., 2000; Savani et al., 2021; Ting et al., 2008; Xia et
al., 2011; Zakaria et al., 2016).

Once the roots have been sterilized, the root is cut into fragments approximately 1-1.5 cm long and placed
in Petri dishes with a solid medium specific for fungi, such as potato dextrose agar [PDA], supplemented with
antibiotics. The isolates are left to incubate in the dark for several days at 25-30 °C. To verify the effectiveness
of the sterilization procedure, aliquots of water from the final sterilization rinse are placed in Petri dishes with
the same culture medium as a negative control, and in case of growth of microorganisms, the sample is discar-
ded (Cao et al., 2002).

Zapata Henao et al. (2019) propose an alternative method of disinfection, which consists of placing the
sample in an airtight container for 30 min in a gaseous atmosphere (chlorine gas, Cl,), caused by the reaction
of 100 ml of 6.25% sodium hypochlorite [NaCIO] and 5 ml 37% hydrochloric acid [HCI]. The tissues obtained
are seeded on PDA with 150 ppm streptomycin and incubated at 25 °C for 8-10 days to obtain pure isolates.

Tests contrasting the protocols of the traditional method proposed by Pocasangre et al. (2000) versus the
alternative method of Zapata Henao et al. (2019) showed that sterilization with CI2 is the most efficient method
for removing contaminants from the root surface, since it was possible to obtain a greater heterogeneity of
taxonomic groups of endophytic fungi than with the traditional method.

3.2. Banana endophytes

Over the last few years, several isolation and characterization studies of endophytic fungi associated with ba-
nana have been carried out in different regions of the world, succeeding in isolating and identifying different
taxonomic groups of endophytic fungi through molecular techniques and/or morphological characters of pure
cultures (Cao et al., 2002; Gnanasekaran et al., 2015; Méndez-Castillo et al., 2017; Nuangmek et al., 2008;
Nufez-Trujillo et al., 2013; Pocasangre et al., 2000; Savani et al., 2021; Shitole et al., 2019; Souza Junior et
al., 2018; Thangavelu & Gopi 2015; Ting et al., 2008; Xia et al., 2011; Zakaria et al., 2016; Zapata Henao et
al., 2019). The results obtained from these investigations are shown in Table 1, considering the species with
the highest frequency of occurrence.

3.3. Biotechnological strategies for banana cultivation

The increase in world population puts pressure on natural resources to meet food demand (Alori et al., 2017,
Yadav et al., 2021). Specifically, in order to increase crop yields, the use of agrochemicals has been adopted
(Ahmad et al., 2018). However the increasing and continuous application of these products have contributed
to air pollution and to the deterioration of soil productive capacities (increased salinity and pH imbalance)
(Adesemoye et al., 2017; Sharma et al., 2021). For this reason, innovative and environmentally friendly alter-
natives have been sought to reduce the use of chemical fertilizers (Guevara et al., 2014; Rashid et al., 2016).
Within this context, microbial inoculation could be considered as a potential strategy to promote agricultural
productivity and sustainability (Garcia et al., 2021).

Microbial inoculants are formulations based on one or several strains of live, soil-derived microorganis-
ms (plant growth-promoting rhizobacteria, mycorrhizal fungi and rhizobia). Their application, either alone
or in combination, on seeds, plants and soil, facilitates plant growth, improves crop adaptation and promotes
resistance to environmental factors (drought). Additionally, they increase the nutrient availability of the host
plant through biophysical and biochemical activities performed by these microorganisms on the soil surface
(Alori et al., 2017; Jack et al., 2021; Restrepo Franco et al., 2015).

The development of biological inoculants, mainly those of fungal origin, require a specific procedure, sin-
ce their functionality and persistence depend on the interaction with other organisms present in the rhizosphere
(competition, parasitism, or cooperation), and the environment. Thus, correct methods and tools for isolation,
formulation and subsequent administration must be taken into account (Pozo et al., 2021). Biotechnological
strategies applied in soil management and associated organisms could contribute to crop sustainability (Bejara-
no Perona & Cano Vidal, 2007). According to, Rashid et al. (2016) endophytic fungi are capable of producing
secondary metabolites, which promote plant growth and improve their resistance to abiotic and biotic factors.

In the case of banana, it has been confirmed that there is a great diversity of endophytic fungi, especially
in the root (Goémez-Lama Cabanas et al., 2021). Despite this, Srivastava and Singh (2019) mention that, for
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the development of inoculants in banana, an initial evaluation of the mycorrhizal strain must be carried out to

match the dose and type of inoculant appropriate for each crop of Musa spp. For this reason, Ochieno (2020)

proposes a protocol for the analysis of endophytes in banana (Figure 1).

Table 1. Endophytic fungi isolated from bananas.

Species Type of Country of Identification technique References
sample investigation
Aspergillus spp. Corm Brazil Identification through mor- Cao et al. (2002); Sikora et
Root China phological characters al. (2003); Nuifiez-Trujillo et
Rhi b Indi al. (2013); Souza Junior et al.
1zosphere ndia (2018); Shitole et al. (2019)
Spain Molecular identification
Thailand (rtDNA)
A. oryzae Corm Spain Molecular identification Nuiez-Trujillo et al. (2013)
(rDNA)
A. niger Root India Identification through mor- Gnanasekaran et al. (2015); Shi-
phological characters. tole et al. (2019)
A. creneus Root India Identification through mor- Gnanasekaran et al. (2015);
A. funiculosus phological characters.
A. itaconicus
A. flavus Corm India Identification through mor- Gnanasekaran et al. (2015);
phological characters. Nunez-Trujillo et al. (2013)
Spain Molecular identification
(rDNA)
A. versicolor Leaf Brazil Molecular identification Souza Junior et al. (2018)
(rDNA).
Corndana sp. Leaf Thailand Identification through mor- Nuangmek et al. (2008)
Nodulisporium spp. Root phological characters.
Chaetonium spp. Corm Spain Molecular identification Nuitez-Trujillo et al. (2013)
(rDNA)
Fusarium spp. Corm Colombia Molecular identification Pocasangre et al. (2000); Sikora
Spain (rDNA) et al. (2003); Nuilez-Trujillo et
R . Thailand al. (2013); Méndez-Castillo et al.
acquis ailan (2017)
Fusarium oxysporum Root India Molecular identification Sikora et al. (2003); Ting et
Malaysia (rDNA) al.(2008); Zakaria et al. (2012)
Thailand
Fusarium solani Root Root Malaysia Molecular identification Sikora et al. (2003); Zakaria &
Thailand (rDNA) Rahman (2011)
Fusarium proliferatum Root Malaysia Molecular identification Zakaria et al. (2012)
Rhizopus oryzae (rDNA).
Rhizopus stolonifer
Rhizoctonia solani
Hypocreales spp. Leaf Brasil Molecular identification Souza Junior et al. (2018)
Nigrospora zimmermanii (tDNA)
Peroneutypa scoparia
Penicillium spp. Root Espana Molecular identification Cao et al. (2002); Sikora et al. (2003);
Leaf China (rDNA) Nuilez-Trujillo et al. (2013); Cosovea-
nu et al. (2016).
Corm
Penicillium radicum Corm Spain Molecular identification Nuiez-Trujillo et al. (2013)

(tDNA)
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Species Type of Country of Identification technique References
sample investigation
Penicillium solitum Raquis Colombia Molecular identification Meéndez-Castillo et al. (2017)
(rDNA)
Verticillium spp. Corm Colombia Identification through mor- Zapata Henao et al.(2019); Poca-
Leaf Honduras phological characters sangre et al. (2000)
Guatemala
Trichoderma spp. Corm Colombia Identification through mor- Pocasangre et al. (2000); Zapata
Pseudostem phological characters Henao et al.(2019)
T. asperellum Root China Molecular identification Xia et al. (2011)
(rDNA)
T. atroviride Root Malaysia Molecular identification Xia et al. (2011); Zakaria et al.
China (rDNA) (2016).
T. reesei Root India Molecular identification Savani et al. (2021)
(rDNA) Molecular identifi-
cation (rDNA)
T viride Root India Identification through mor-  Shitole et al. (2019)
phological characters
T. harzianum Root India Microscopic identification Thangavelu & Gopi (2015);
Root Corm Colombia and morphological cha- Meéndez-Castillo et al. (2017);
. racters Shitole et al. (2019)
Raquis ] ) )
Molecular identification
(rDNA)
T. koningii Root India Identification through mor- Gnanasekaran et al. (2015);
Corm phological characters Thangavelu y Gopi (2015)
T. pseudokoningii Root India Microscopic identification Thangavelu y Gopi (2015)
Corm and morphological charac-
ters
| 1. Endophyte
isolation from
healthy plants.
2. Culture, identification,
~ | purification and storage
of microorganisms.
3. Laboratory
bioassays against
target pests.
4. Bioassays in the [4a. Ensure | | 4b. Development i'4c. Establish
laboratory with endo- { non-pathogenicity of a cost-effective _| the success
phyte-enhanced plants. 'in guests. and effective | of colonization.

Siembra 12(1) (2025)

inoculation technigue, |

5. Field experiments of '5a. Marking of
endophyte-inoculated promising
.endophyte strains.

plants.
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the mode of action
and persistence of

| endophytes.

| 6.0n-farm experimenis\
with endophyte-
enhanced plants

Figure 1. Research protocol for the development of inoculants from banana endophytic fungi

(Adapted from Ochieno, 2020).
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3.3.1. Methods for the application of fungal inoculants in bananas

Colonization of endophytic fungi in banana crops can be done using inoculation techniques such as: foliar
spraying, soil spraying, root dipping or injection (Vega, 2018).

Foliar spraying is based on the administration of a microbial formulation on leaves with appropriate spra-
ying equipment (Preininger et al., 2018). Whereas soil spraying involves the application of conidial suspen-
sions around the root zone of seedlings (Bamisile et al., 2018). The root dipping technique is based on breaking
the banana root tip and dipping in a conidial suspension for a given time, prior to planting seedlings (Chaves et
al., 2009). Finally, the injection process consists of applying a conidial formulation through a syringe into the
banana pseudostem or corm (Ibarra, 2019; Kavino & Manoranjitham, 2018).

Akello et al. (2007) conducted a study for the introduction of Beauveria bassiana on banana, comparing
three inoculation methods: root and rhizome immersion in a conidial suspension, injection of conidia into the
plant, and inoculation of a mixture of conidia with solid substrate. It was shown that immersion of roots and
rhizomes in conidial suspensions was the most suitable inoculation method for banana.

3.3.2. Benefits of the application of endophytic fungi in bananas

The application of fungal inoculants endemic to bananas such as: Fusarium oxysporum, Paecilomyces lila-
cinus, Penicillium spp., Fusarium spp., Trichoderma harzianum, Trichoderma asperellum, Talaromyces pi-
nophilus, either alone or in combination, improve the development of Musa spp. (Castillo et al., 2019; Chaves
et al. 2016; Dubois et al. 2004; Mwaura et al. 2010; Patel et al. 2021; Pérez Vicente et al. 2009; Ting et al.
2008). Several studies have reported that endophytic fungi isolated from Musa species have the potential to
promote plant growth, and also improve disease resistance (Zapata Henao et al., 2019; Mwaura et al., 2010;
Waweru et al., 2014).

Fusarium oxysporum has been shown to act as a biocontrol agent against eggs of Cosmopolites sordidus
and Radopholus similis (Dubois et al. 2004). Likewise, the joint application of F. oxysporum and Serratia
marcescens inhibited the accelerated wilt caused by Fusarium oxysporum f. sp. cubense race 4 (Foc R4T)
infection, and promoted the development of healthy and diseased plants (Ting et al. 2008). Also, it has been
shown that fungi such as Paecilomyces lilacinus, Penicillium spp. and Fusarium spp., from banana leaves
deposited in the soil with the presence of Sigatoka, control the spread of the fungus Mycosphaerella fijiensis,
due to its ability to take advantage of the chitin present in the pseudothecia of the pathogen (Carr-Rodriguez,
2009). Other studies have confirmed that a non-pathogenic strain of Fusarium oxysporum causes the death and
paralysis of the endoparasite Helicotylenchus multicinctus, which causes superficial lesions of the banana root
(Delgado Parraga, 2012; Mwaura et al. 2009). Individual administration of 7richoderma harzianum and Tri-
choderma asperellum in the root system and soil significantly reduced the incidence and severity of Foc TR4
(Chaves et al. 2016; Pérez Vicente et al. 2009). Likewise, the introduction of 7" harzianum and arbuscular my-
corrhizae acted as a biological control against Foc TR4, and significantly increased plant height, pseudostem
diameter, and banana root weight (Castillo et al., 2019). Finally, the fungus Talaromyces pinophilus, isolated
from the banana rhizosphere, decreased the presence of Aspergillus niger by secreting B-glucanase and chiti-
nase, and stimulated the growth of banana plantations through the production of banana plantations through
the production of siderophores, indole-3-acetic acid (IAA), and phosphate solubilization (Patel et al., 2021).

3.3.3. Benefits of Arbuscular Mycorrhizal Fungi (AMF) in Bananas

In recent years, several studies have been carried out focused on the introduction of AMF in bananas, to test
its effects on crop yields. Some of these AMF have been isolated from asymptomatic banana plants, including
Rhizophagus irregularis (formerly Glomus intrarradices), Acualospora scrobiculata, Glomus spp., Glomus
etunicatum, Gigaspora margarita, Funneliformis mosseae (anteriormente Glomus mosseae) and Glomus mi-
crocarpum (Elsen et al., 2008; Gbongue et al., 2019; Lin et al., 2021; Oye Anda et al., 2015; Rufyikiri et al.,
2000; Srivastava & Singh, 2019).

The introduction of Rhizophagus irregularis induced the resistance of Radopholus similis and Pratylen-
chus coffeae, reducing the presence of nematodes by up to 84% (Elsen et al., 2008). It delayed the symptoms
caused by M. fijiensis (black Sigatoka) and significantly increased the presence of Si, P, and Ca in banana
shoots and roots (Gbongue et al., 2019; Oye Anda et al., 2015). It strengthened the root cell wall through the
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production of lignin (Lin et al., 2021). In a similar fashion, water absorption in banana plants increased un-
der aluminum stress (Rufyikiri et al., 2000). The application of Acualospora scrobiculata associated with R.
irregularis, positively favored root development under conditions of water stress and the assimilation of pho-
tosynthates in the leaves, in addition to increasing the absorption of water and nutrients in bananas (Srivastava
& Singh, 2019).

In a similar fashion, the introduction of Glomus etunicatum in conjunction with Gigaspora margarita in-
tensified P, N and K levels in bananas (Mwashasha et al., 2011). Likewise, it has been shown that G. margarita
promotes the growth of banana seedlings and promotes protection against FocR4T (Borges et al., 2007). On
the other hand, the inoculation of Glomus clarum (native to bananas) and G. etunicatum in banana seedlings
enhanced Ca concentration and tolerance to salt stress (Yano-Melo et al., 2003), while the addition of Glomus
spp. and G. proliferum increased pseudostem height, leaf surface area, and root dry weight, and decreased root
necrosis index (Declerck et al., 2002). Finally, the association of Funneliformis mosseae and Glomus micro-
carpum increased the content of foliar chlorophyll and nutrients such as N, P and K in bananas (Kammadavil
Sahodaran et al., 2019).

4. Perspectives

Ecuador is one of the main banana producing countries worldwide (FAO, 2021). Bananas, like other crops, are
not exempt from problems, limitations, and challenges. The application of chemical fertilizers and pesticides
on a large scale has not changed over time in the Ecuadorian banana sector. Therefore, it is necessary to im-
prove or renew strategies in the banana production system, implementing alternative technologies that involve
biological processes, not only to reduce environmental impact, but also to increase productivity and minimize
production costs (Dawson, 2016; Elbehri et al., 2015). After learning about the importance of microorganisms
in various production systems, perception changed towards maintaining the productivity of the desired crops
(Hazarika et al., 2015). As a consequence, in recent years, the inoculation of endophytic fungi as a biological
strategy in agriculture is gaining interest in the scientific community (Yashavantha Rao et al., 2020). This is
mainly due to the fact that the ability of fungi to promote plant growth, control pathogens, and increase re-
sistance to stress (water and saline) has been widely proven (Ripa et al., 2019; Silva-Valenzuela et al., 2020).

It has been shown that bananas harbor a highly variable microbial community of fungi and bacteria
(Goémez-Lama Cabanas et al., 2021). Despite this, to date, research focused on the inoculation of endophytic
fungi in Musa spp. as a biotechnological strategy, is still very limited worldwide. A large part of these trials
have focused mainly on biocontrol against pests ((Foc R4T, M. fijiensis) (Carr-Rodriguez, 2009; Castillo et al.,
2019; Chaves et al., 2016; Gbongue et al., 2019; Pérez Vicente et al., 2009; Ting et al., 2008) and parasites (R.
similis) (Dubois et al., 2004; Elsen et al., 2008). However, these studies have been carried out in vitro, so it is
necessary to carry out field tests to understand the mechanisms that favor or hinder endophytic colonization in
plants, particularly in adverse climatic conditions, and in this way design options that allow the optimal func-
tioning of microorganisms in the growth, health and nutrition of bananas. Another little-explored application is
the development of inoculants with endemic banana fungi that have a growth-promoting effect. Consequently,
field studies and development of inoculants with potential for biotization are promising topics that open paths
for innovation in the agricultural system and deserve to be investigated in more detail to take advantage of the
potential of fungi associated with banana roots.

5. Conclusions

It was possible to collect relevant information on the isolation and characterization of endophytic fungi related
to bananas with biotechnological potential, a large part of these studies have been carried out in various coun-
tries in Asia and Europe. Various studies have proven that bananas, mainly the roots, harbor a highly variable
community of fungi, of which the genera Fusarium and Trichoderma are the groups with the highest appearan-
ce in bananas. In view of this, many studies with a biotechnological focus are aimed at the biocontrol of pests
(Foc TR4, M. fijiensis) and parasites (R. similis), using bioinputs based on microorganisms.

Siembra 12(1) (2025) | e7053 ISSN-e: 2477-8850

9/17



10/17

Fungi associated with banana crops (Musa spp.) with biotechnological potential for the development of inoculants

Contributor roles

e Betty Peregrina Acaro Reyes: investigation, writing — original draft.
e Stefania Cevallos: conceptualization, validation, writing — review & editing.

Ethical implications

Ethics approval not applicable.

Conflict of interest

The authors declare that they have no affiliation with any organization with a direct or indirect financial interest
that could have appeared to influence the work reported.

References

Abello, J. F., & Kelemu, S. (2006). Hongos endofitos: ventajas adaptativas que habitan en el interior de las
plantas. Revista Ciencia y Tecnologia Agropecuaria, 7(2), 55-57. https://doi.org/10.21930/rcta.vol7
num?2_art:70

Adesemoye, A. O., Yuen, G., & Watts, D. B. (2017). Microbial inoculants for optimized plant nutrient use in
integrated pest and input management systems. In V. Kumar, M. Kumar, S. Sharma, & R. Prasad (eds.),
Probiotics and Plant Health (pp. 21-40). Springer Singapore. https://doi.org/10.1007/978-981-10-3473-
22

Ahmad, M., Pataczek, L., Hilger, T. H., Zahir, Z. A., Hussain, A., Rasche, F., Schafleitner, R., & Solberg, S.
@. (2018). Perspectives of Microbial inoculation for sustainable development and environmental mana-
gement. Frontiers in Microbiology, 9, 2992. https://doi.org/10.3389/fmicb.2018.02992

Akello, J., Dubois, T., Gold, C. S., Coyne, D., Nakavuma, J., & Paparu, P. (2007). Beauveria bassiana (Balsa-
mo) Vuillemin as an endophyte in tissue culture banana (Musa spp.). Journal of Invertebrate Pathology,
96(1), 34-42. https://doi.org/10.1016/j.jip.2007.02.004

Alori, E. T., Dare, M. O., & Babalola, O. O. (2017). Microbial Inoculants for Soil Quality and Plant Health.
In E. Lichtfouse (ed.), Sustainable Agriculture Reviews. Sustainable Agriculture Reviews, vol 22 (pp.
281-307). Springer, Cham. https://doi.org/10.1007/978-3-319-48006-0_9

Ancasi-Espejo, R. G., Montero-Tonconi, J. R., Ferreira-Castedo, N. J., & Muiioz-Guzman, 1. (2016). De-
terminacion un mejor medio de cultivo en la fase de establecimiento para la propagacion in vitro de
platano (Musa paradisiaca L). Journal of the Selva Andina Research Society, 7(2), 104-111. http://www.
scielo.org.bo/scielo.php?script=sci_arttext&pid=S2072-92942016000200008

Aragén, S. M., & Beltran-Acosta, C. (2018). Los hongos enddfitos en el control bioldgico de fitopatdgenos
e insectos plaga. In A. M. Cotes (ed.), Control biologico de fitopatdogenos, insectos y acaros. Volumen
2: Aplicaciones y perspectivas (pp. 850-877). Corporacion Colombiana de Investigacion Agropecuaria
[AGROSAVIA]. http://hdl.handle.net/20.500.12324/34157

Asociacion de Comercializacion y Exportacion de Banano [ACORBANEC]. (2021). Analisis de las exporta-
ciones de banano de enero a diciembre del 2021. https://acorbanec.com/biblioteca/

Bamisile, B. S., Dash, C. K., Akutse, K. S., Keppanan, R., Afolabi, O. G., Hussain, M., Qasim, M., & Wang,
L. (2018). Prospects of endophytic fungal entomopathogens as biocontrol and plant growth promoting
agents: An insight on how artificial inoculation methods affect endophytic colonization of host plants.
Microbiological Research, 217, 34-50. https://doi.org/10.1016/j.micres.2018.08.016

Banco Central del Ecuador [BCE]. (2021). Evolucién de la balanza comercial enero-diciembre 2020. ht-
tps://www.bce.fin.ec/index.php/component/k2/item/299-evoluci%C3%B3n-de-la-balanza-comer-
cial%0Apub.econ@bce.ec

Barrera Berdugo, S. E., & Rodriguez Lopez, N. (2010). Efecto de hongos micorrizicos arbusculares en plan-
tulas de Elaeis guineensis (Palmaceae) con alto nivel de fosforo en el suelo. Acta Bioldgica Colombia-

Siembra 12(1) (2025) | 7053 ISSN-¢: 2477-8850



Acaro Reyes y Cevallos 11/17

na, 15(1), 105-113. https://revistas.unal.edu.co/index.php/actabiol/article/view/9201

Barrios, M. B,.., & Sandoval, M. C. (2018). Caracterizacion de hongos presentes en suelos con usos contras-
tantes. Revista de Divulgacion Técnica Agropecuaria, Agroindustrial y Ambiental, 5(1), 3-9.

Bejarano Perona, P., & Cano Vidal, M. (2007). Las micorrizas. AMBIENT, 27, 33-36. https://ambientonline.
es/wp-content/uploads/2020/06/AMBIENT-2007.pdf#page=39

Belezaca Pinargote, C., Calle Gill, D., Prieto Benavides, O., Lopez Tobar, R., Solano Apuntes, E., & Meza
Bone, F. (2020). Hongos formadores de micorriza arbuscular asociados a plantaciones de Ochroma
pyramidale (Cav. ex Lam.) Urb. (balsa) en el Tropico Himedo Ecuatoriano. Ciencia y Tecnologia,
12(1), 57-63. https://doi.org/10.18779/cyt.v12i1.312

Blasco Lopez, G., & Gomez Montatfio, F. J. (2014). Propiedades funcionales del platano. Revista Médica de
La Universidad Veracruzana, 14(2), 22-26. https://www.medigraphic.com/cgi-bin/new/resumen.cgi?I-
DARTICULO=61315

Borges, A. J. da S., Trindade, A. V., Matos, A. P. de, & Peixoto, M. de F. da S. (2007). Reducao do
mal-do-panama em bananeira-maga por inoculagao de fungo micorrizico arbuscular. Pesquisa Agrope-
cuaria Brasileira, 42(1), 35—41. https://doi.org/10.1590/S0100-204X2007000100005

Calvo Vélez, P., Reymundo Meneses, L., & Zuiiiga Davila, D. (2008). Estudio de las poblaciones microbia-
nas de la rizosfera del cultivo de papa (Solanum tuberosum) en zonas altoandinas. Ecologia Aplicada,
7(1-2), 141. https://doi.org/10.21704/rea.v7i1-2.369

Camarena-Gutiérrez, G. (2012). Interaccion planta-hongos micorrizicos arbusculares. Revista Chapingo Se-
rie Ciencias Forestales y del Ambiente, 18(3), 409-421. https://doi.org/10.5154/r.rchscfa.2011.11.093

Camargo Ricalde, S. L., Montafio Arias, N. M., de la Rosa Mera, C. J., & Montao Arias, S: A. (2012).
Micorrizas: Una gran unién debajo del suelo. Revista Digital Universitaria, 13(7), art. 72. https://reposi-
torio.unam.mx/contenidos/5040959

Cao, L. X., You, J. L., & Zhou, S. N. (2002). Endophytic fungi from Musa acuminata leaves and roots
in South China. World Journal of Microbiology and Biotechnology, 18(2), 169-171. https://doi.or-
g/10.1023/A:1014491528811

Carr-Rodriguez, C. (2009). Aislamiento y seleccion de hongos antagonistas en plantaciones de banano (Musa
AAA) para el combate biologico de la Sigatoka negra. Instituto tecnoldgico de Costa Rica. https://hdl.
handle.net/2238/2779

Casallas Malaver, L. F. (2010). Evaluacion del analisis fisicoquimica del banano comun (Musa sapientum
1) transformado por accion de la levadura Candida guilliermondii. Pontificia Universidad Javeriana.
https://doi.org/10.60794/bt1j-mf10

Castillo, A., Puig, C., & Cumagun, C. (2019). Non-Synergistic Effect of Trichoderma harzianum and Glomus
spp. in reducing infection of Fusarium Wilt in Banana. Pathogens, 8(2), 43. https://doi.org/10.3390/pa-
thogens8020043

Cepero de Garcia, M. C., Restrepo Restrepo, S., Franco-Molano, A. E., Cardenas Toquica, M., y Vargas Estu-
pinan, N. (2012). Ecologia. In Biologia de Hongos (pp. 19-38). Universidad de los Andes.

Chaves, N. P., Pocasangre, L. E., Elango, F., Rosales, F. E., & Sikora, R. (2009). Combining endophytic fun-
gi and bacteria for the biocontrol of Radopholus similis (Cobb) Thorne and for effects on plant growth.
Scientia Horticulturae, 122(3), 472-478. https://doi.org/10.1016/j.scienta.2009.05.025

Chaves, N. P, Staver, C., & Dita, M. A. (2016). Potential of Trichoderma asperellum for biocontrol of
Fusarium wilt in banana. Acta Horticulturae, 1114, 261-266. https://doi.org/10.17660/ActaHor-
tic.2016.1114.35

Cosoveanu, A., Trujillo Martin, E., Giménez Marino, C., Reina, M., Flavin, R. M., & Cabrera, R. (2016).
Endophytic fungi isolated from Musa acuminata ‘Dwarf Cavendish’ and their activity against phytopa-
thogenic fungi. Journal of Agriculture Biotechnology, 1(1), 35-43. https://www.lawarencepress.com/ojs/
index.php/JAB/article/view/267/index.html

Cuenca, G., Caceres, A., Oirdobro, G., Hasmy, Z., & Urdaneta, C. (2007). Las micorrizas arbusculares
como alternativa para una agricultura sustentable en areas tropicales. Interciencia, 32(1), 23-29. https://
ve.scielo.org/scielo.php?pid=S0378-18442007000100006

Dawson, C. (2016). Banano. Perfil de INFOCOMM. Conferencia de las Naciones Unidas sobre el Comercio
y Desarrollo [UNCTAD]. https://unctad.org/es/system/files/official-document/INFOCOMM cp01 Ba-
nana_es.pdf

Declerck, S., Risede, J. M., Rufyikiri, G., & Delvaux, B. (2002). Effects of arbuscular mycorrhizal fungi on

Siembra 12(1) (2025) | e7053 ISSN-e: 2477-8850



12/17

Fungi associated with banana crops (Musa spp.) with biotechnological potential for the development of inoculants

severity of root rot of bananas caused by Cylindrocladium spathiphylli. Plant Pathology, 51(1), 109—
115. https://doi.org/10.1046/j.0032-0862.2001.656.x

Delgado Parraga, A. (2012). Determinacion del nivel critico del nematodo Helicotylenchus multicinctus en
plantas de banano (Musa AAA) y platano (Musa AAB), establecidas en invernadero y area comercial.
Universidad Técnica de Babahoyo. https://dspace.utb.edu.ec/handle/49000/255

Dipta, B., Bhardwaj, S., & Kaushal, M. (2021). Overview of nutrient and disease management in banana.
In M. Kaushal, & R. Prasad (eds.), Microbial Biotechnology in Crop Protection (pp. 55-78).Springer.
https://doi.org/10.1007/978-981-16-0049-4 2

Dubois, T., Gold, C. S., Coyne, D., Paparu, P., Mukwaba, E., Athman, S., Kapinduand, S., & Adipala, S.
(2004). Merging biotechnology with biological control: Banana Musa tissue culture plants enhanced by
endophytic fungi. Uganda Journal of Agricultural Sciences, 9(1), 445-451. https://www.ajol.info/index.
php/ujas/article/view/134983

Elbehri, A., Calberto, G., Staver, C., Hospido, A., Roibas, L., Skully, D., Siles, P., Arguello, J., Sotomayor,
I., & Bustamante, A. (2015). Cambio climatico y sostenibilidad del banano en el Ecuador: Evaluacion
de impacto y directrices de politica. Organizacion de las Naciones Unidas para la Alimentacion y la
Agricultura [FAO]. https://openknowledge.fao.org/server/api/core/bitstreams/a0ecba08-d28b-4bfY-
a704-b2be519f697f/content

Elsen, A., Gervacio, D., Swennen, R., & de Waele, D. (2008). AMF-induced biocontrol against plant para-
sitic nematodes in Musa sp.: a systemic effect. Mycorrhiza, 18(5), 251-256. https://doi.org/10.1007/
s00572-008-0173-6

Fierro Ulloa, I. J., & Villacres Rojas, C. E. (2014). Diagnoéstico de la cadena logistica de exportacion del
banano ecuatoriano hacia estados unidos de américa. Saber, Ciencia y Libertad, 9(1), 77-90. https://doi.
org/10.18041/2382-3240/saber.2014v9n1.1985

Food and Agriculture Organization of the United Nations [FAO]. (2021). Banana market review — Prelimi-
nary results 2020. FAO. https://openknowledge.fao.org/handle/20.500.14283/cb5150en

Food and Agriculture Organization of the United Nations [FAO]. (2020). Analisis del mercado del banano:
Panorama general de febrero 2020. FAO. https://openknowledge.fao.org/server/api/core/bitstreams/fe-
596dcc-7171-48b0-b1fc-035cb3a27f4e/content

Garcia de Salamone, I. E. (2011). Microorganismos del suelo y sustentabilidad de los agroecosistemas. Re-
vista Argentina de Microbiologia, 43(1), 1-3. https://www.redalyc.org/articulo.0a?id=213019226001

Garcia, M. V. C., Nogueira, M. A., & Hungria, M. (2021). Combining microorganisms in inoculants is agro-
nomically important but industrially challenging: case study of a composite inoculant containing Brad-
yrhizobium and Azospirillum for the soybean crop. AMB Express, 11(1), 71. https://doi.org/10.1186/
s13568-021-01230-8

Gbongue, L.-R., Lalaymia, 1., Zeze, A., Delvaux, B., & Declerck, S. (2019). Increased silicon acquisition in
bananas colonized by Rhizophagus irregularis MUCL 41833 reduces the incidence of Pseudocercospora
fijiensis. Frontiers in Plant Science, 9, 1977. https://doi.org/10.3389/fpls.2018.01977

Giusiano, G., Rodolfi, M., Mangiaterra, M., Piontelli, E., & Picco, A. M. (2019). Hongos endofitos en 2
plantas medicinales del nordeste argentino. I: Analisis morfotaxondémico de sus comunidades foliares.
Boletin Micoldgico, 25, 15-27. https://doi.org/10.22370/bolmicol.2010.25.0.70

Gnanasekaran, P., Salique, S. M., & Panneerselvam, A. (2015). Isolation and identification of soil myco-
flora in banana field at Manachanallur, Tiruchirappalli Dt., Tamil Nadu, India. International Journal of
Current Microbiology and Applied Sciences, 4(7), 729-740. http://www.ijcmas.com/vol-4-7/P.%20Gna-
nasekaran,%20et%20al.pdf

Gomez-Lama Cabanés, C., Fernandez-Gonzalez, A. J., Cardoni, M., Valverde-Corredor, A., Lopez-Cepero,
J., Fernandez-Lopez, M., & Mercado-Blanco, J. (2021). The banana root endophytome: Differences
between mother plants and suckers and evaluation of selected bacteria to control Fusarium oxysporum
f.sp. cubense. Journal of Fungi, 7(3), 194. https://doi.org/10.3390/jof7030194

Grageda-Cabrera, O. A., Diaz-Franco, A., Pefia-Cabriales, J. J., & Vera-Nuiez, J. A. (2012). Impacto de los
biofertilizantes en la agricultura. Revista Mexicana de Ciencias Agricolas, 3(6), 1261-1274. https://doi.
org/10.29312/remexca.v3i6.1376

Guevara, Y., Herndndez, A., San Juan, A., & Gémez, E. (2014). NITROFIX: Alternativa para la agricultura
orgénica y sostenible. Agricultura Organica, 2, 14-15.

Hazarika, T. K., Bhattacharyya, R. K., & Nautiyal, B. P. (2015). Growth parameters, leaf characteristics and

Siembra 12(1) (2025) | 7053 ISSN-¢: 2477-8850



Acaro Reyes y Cevallos

nutrient status of banana as influenced by organics, biofertilizers and bioagents. Journal of Plant Nutri-
tion, 38(8), 1275-1288. https://doi.org/10.1080/01904167.2014.957399

Hobbie, E. A., & Horton, T. R. (2007). Evidence that saprotrophic fungi mobilise carbon and mycorrhizal
fungi mobilise nitrogen during litter decomposition. New Phytologist, 173(3), 447-449. https://doi.
org/10.1111/j.1469-8137.2007.01984.x

Honrubia, M. (2009). Las micorrizas: una relacion planta-hongo que dura mas de 400 millones de afios. Ana-
les del Jardin Botanico de Madrid, 66(S1), 133-144. https://doi.org/10.3989/ajbm.2226

Ibarra, J. (2019). Integracion de inductores de resistencia con aplicacion foliar e inyeccion en el control de la
Sigatoka negra (Mycosphaerella fijiensis Morelet) en banano y platano. Universidad Técnica Estatal de
Quevedo. https://repositorio.uteq.edu.ec/handle/43000/4630

InfoAgro. (2022). El cultivo del platano. InfoAgro. https://www.infoagro.com/frutas/frutas_tropicales/plata-
no.htm

Jack, C. N., Petipas, R. H., Cheeke, T. E., Rowland, J. L., & Friesen, M. L. (2021). Microbial Inoculants:
Silver Bullet or Microbial Jurassic Park? Trends in Microbiology, 29(4), 299-308. https://doi.or-
g/10.1016/5.tim.2020.11.006

Kammadavil Sahodaran, N., Arun, A. K., & Ray, J. G. (2019). Native arbuscular mycorrhizal fungal isolates
(Funneliformis mosseae and Glomus microcarpum) improve plant height and nutritional status of bana-
na plants. Experimental Agriculture, 55(6), 924-933. https://doi.org/10.1017/S0014479719000036

Kavino, M., & Manoranjitham, S. K. (2018). In vitro bacterization of banana (Musa spp.) with native en-
dophytic and rhizospheric bacterial isolates: Novel ways to combat Fusarium wilt. European Journal of
Plant Pathology, 151(2), 371-387. https://doi.org/10.1007/s10658-017-1379-2

Kookal, S. K., & Thimmaiah, A. (2018). Nutritional composition of staple food bananas of three cul-
tivars in India. American Journal of Plant Sciences, 09(12), 2480-2493. https://doi.org/10.4236/
ajps.2018.912179

Lin, P., Zhang, M., Wang, M., Li, Y., Liu, J., & Chen, Y. (2021). Inoculation with arbuscular mycorrhizal fun-
gus modulates defense-related genes expression in banana seedlings susceptible to wilt disease. Plant
Signaling & Behavior, 16(5), 1884782. https://doi.org/10.1080/15592324.2021.1884782

Lopez, A., & Espinoza, J. (1995). Manual de nutricion y fertilizacion del banano. International Plant Nutri-
tion Institute. http://nla.ipni.net/article/NLA-3008

Lovera, M., & Cuenca, G. (2007). Diversidad de hongos micorrizicos arbusculares (HMA) y potencial mico-
rrizico del suelo de una sabana natural y una sabana perturbada de la Gran Sabana, Venezuela. Inter-
ciencia, 32(2), 108. https://ve.scielo.org/scielo.php?script=sci_arttext&pid=S0378-18442007000200008

Lutzoni, F., Kauff, F., Cox, C. J., McLaughlin, D., Celio, G., Dentinger, B., Padamsee, M., Hibbett, D.,
James, T. Y., Baloch, E., Grube, M., Reeb, V., Hofstetter, V., Schoch, C., Arnold, A. E., Miadlikowska,
J., Spatafora, J., Johnson, D., Hambleton, S., Crockett, M., Shoemaker, R., Sung, G-H., Liicking, R.,
Lumbsch, T., O'Donnell, K., Binder, M., Diederich, P., Ertz, D., Gueidan, C., Hansen, K., Harris, R.
C., Hosaka, K., Lim, Y-W., Matheny, B., Nishida, H., Pfister, D., Rogers, J., Rossman, A., Schmitt, I.,
Sipman, H., Stone, J., Sugiyama, J., Yahr, R., & Vilgalys, R. (2004). Assembling the fungal tree of life:
progress, classification, and evolution of subcellular traits. American Journal of Botany, 91(10), 1446-
1480. https://doi.org/10.3732/ajb.91.10.1446

Marin, C. (2018). Conceptos fundamentales en ecologia de hongos del suelo: una propuesta pedagogica y de
divulgacion. Boletin Micologico, 33(1), 32. https://doi.org/10.22370/bolmicol.2018.33.1.1168

Mejia Calderon, G. (2018). Cultivo de platano (Musa paradisiaca). Centro Nacional de Tecnologia Agro-
pecuaria y Forestal "Enrique Alvarez Cordova". https://centa.gob.sv/download/guia-tecnica-culti-
vo-de-platano/

Méndez-Castillo, L., Prieto-Correa, E., & Jiménez-Junca, C. (2017). Identification of fungi isolated from
banana rachis and characterization of their surface activity. Letters in Applied Microbiology, 64(3), 246-
251. https://doi.org/10.1111/lam.12712

Ministerio de Comercio Exterior. (2017). Informe sector bananero ecuatoriano. Ministerio de Comercio
Exterior. https://www.produccion.gob.ec/wp-content/uploads/2019/06/Informe-sector-bananero-espa%-
C3%B10l1-04dic17.pdf

Murillo Cuevas, F. D., Adame Garcia, J., Cabrera Mireles, H., & Fernandez Viveros, J. A. (2019). Fauna y
microflora edafica asociada a diferentes usos de suelo. Ecosistemas y Recursos Agropecuarios, 6(16),
23-33. https://doi.org/10.19136/era.a6n16.1792

Siembra 12(1) (2025) | e7053 ISSN-e: 2477-8850

13/17



14/17

Fungi associated with banana crops (Musa spp.) with biotechnological potential for the development of inoculants

Mwashasha, R. M., Kahangi, E. M., Jefwa, J. M., & Vanlauwe, B. (2011). Mycorrhiza and tissue-culture
banana production. Acta Horticulturae, 911, 365-374. https://doi.org/10.17660/ActaHortic.2011.911.42

Mwaura, P., Dubois, T., Losenge, T., Coyne, D., & Kahangi, E. (2010). (2010). Effect of endophytic Fusa-
rium oxysporum on paralysis and mortality of Pratylenchus goodeyi. African Journal of Biotechnology,
9(8), 1130-1134. https://doi.org/10.5897/AIJB09.964

Mwaura, P., Kahangi, E. M., Losenge, T., Dubois, T., & Coyne, D. (2009). In vitro screening of endophytic
Fusarium oxysporum against banana nematode (Helicotylenchus multicinctus). African Journal of Hor-
ticultural Science, 2, 103-110. http://ir.jkuat.ac.ke/handle/123456789/1537?show=full

nstituto Nacional de Estadisticas y Censos [INEC]. (2020). Boletin Técnico: Encuesta de Superficie y Pro-
duccion Agropecuaria Continua, 2020. Direccion de Estadisticas Agropecuarias y Ambientales.https://
www.ecuadorencifras.gob.ec/encuesta-de-superficie-y-produccion-agropecuaria-continua-2020/

Nuangmek, W., McKenzie, E. H. C., & Lumyong, S. (2008). Endophytic fungi from wild banana (Musa
acuminata Colla) works against anthracnose disease caused by Colletrichum musae. Research Journal
of Microbiology, 3(5), 368-374. https://doi.org/10.3923/jm.2008.368.374

Nuiez-Trujillo, G., Cabrera, R., Cosoveanu, A., Martin Toledo, T., Giménez, C. (2013). Survey of banana
endophytic fungi isolated in artificial culture media from an applied viewpoint. Journal of Horticulture,
Forestry and Biotechnology, 17(2), 22-25. https://journal-hfb.usab-tm.ro/engleza/jhtb2013.html

Ochieno, D. M. W. (2020). Towards consensus on the transfer of Fusarium oxysporum V5w2-enhanced tis-
sue culture banana technology to farmers through public-private partnerships in East Africa. Scientific
African, 10, e¢00605. https://doi.org/10.1016/j.sciaf.2020.e00605

Orduz Tovar, S. A., Machado Cuéllar, L., & Rodriguez Suarez, L. (2021). Importancia de la bio-
ta edafica para la productividad en agroecosistemas. Revista Nova, 6, 27-38. https://doi.
org/10.23850/25004476.3681

Osorio-Vega, N. W. (2009). Microorganismos del suelo y su efecto sobre la disponibilidad y absorcion de
nutrientes por las plantas. In Materia organica biologia del suelo y productividad agricola: Segundo se-
minario regional comité regional eje cafetero (pp. 43-71). Sociedad colombiana de la ciencia del suelo:
CENICAFE: Federacion Nacional de Cafeteros. https://doi.org/10.38141/10791/0003 3

Oye Anda, C. C., Dupré¢ de Boulois, H., & Declerck, S. (2015). The arbuscular mycorrhiza fungus Rhizopha-
gus irregularis MUCL 41833 decreases disease severity of Black Sigatoka on banana c.v. Grande naine,
under in vitro culture conditions. Fruits, 70(1), 37-46. https://doi.org/10.1051/fruits/2014041

Paris, M. (2016). Diversidad y distribucion de hongos endoéfitos en endemismos canarios. Universidad de la
Laguna. http://riull.ull.es/xmlui/handle/915/6750

Parniske, M. (2008). Arbuscular mycorrhiza: the mother of plant root endosymbioses. Nature Reviews Mi-
crobiology, 6(10), 763-775. https://doi.org/10.1038/nrmicro1987

Patel, D., Patel, A., Patel, M., & Goswami, D. (2021). Talaromyces pinophilus strain M13: a portrayal of
novel groundbreaking fungal strain for phytointensification. Environmental Science and Pollution Re-
search, 28(7), 8758-8769. https://doi.org/10.1007/s11356-020-11152-w

Pérez Vicente, L., Batlle Viera, A., Chacén Benazet, J., & Montenegro Moracén, V. (2009). Eficacia de Tri-
choderma harzianum A34 en el biocontrol de Fusarium oxysporum f. Sp. cubense, agente causal de la
marchitez por Fusarium o Mal de Panama de los bananos en Cuba. Fitosanidad, 13(4), 259-264. http://
scielo.sld.cu/scielo.php?script=sci_arttext&pid=S1562-30092009000400006

Peteira Delgado, B., Arévalo Ortega, J., Ynfante Martinez, D., & Martinez Coca, B. (2021). Los hongos
endofitos y sus aplicaciones potenciales en la agricultura. Revista de Proteccion Vegetal, 36(3), 1-20.
https://revistas.censa.edu.cu/index.php/RPV/article/view/1167

Pfenning, L. H., & Magalhaes de Abreu, L. (2012). Hongos del suelo saproéfitos y patogenos de plantas. In F.
M. S. Moreira, E. J. Huising, & D. E. Bignell (eds.), Manual de biologia de suelos tropicales (1* ed) (pp.
243-280). http://cambioclimatico.gob.mx:8080/xmlui/handle/publicaciones/217

Pocasangre, L., Sikora, R. A., Vilich, V., & Schuster, R.-P. (2000). Survey of banana endophytic fungi from
Central America and screening for biological control of Radopholus similis. Acta Horticulturae, 531,
283-290. https://doi.org/10.17660/ActaHortic.2000.531.47

Pozo, M. J., Zabalgogeazcoa, 1., Vazquez de Aldana, B. R., & Martinez-Medina, A. (2021). Untapping the
potential of plant mycobiomes for applications in agriculture. Current Opinion in Plant Biology, 60,
102034. https://doi.org/10.1016/j.pbi.2021.102034

Preininger, C., Sauer, U., Bejarano, A., & Berninger, T. (2018). Concepts and applications of foliar spray

Siembra 12(1) (2025) | 7053 ISSN-¢: 2477-8850



Acaro Reyes y Cevallos 15/17

for microbial inoculants. Applied Microbiology and Biotechnology, 102(17), 7265-7282. https://doi.
org/10.1007/s00253-018-9173-4

Pulido Agudelo, D. P., & Nino Moreno, J. S. (2015). Aislamiento y evaluacidon de hongos solubilizadores de
fosfatos asociados al sistema productivo de banano (Musa paradisiaca) en zonas de los departamentos
de Magdalena, Antioquia y Cundinamarca, Colombia. Corporacion Universitaria Minuto de Dios. http://
hdl.handle.net/10656/3523

Ramos, E., & Zhiiga, D. (2008). Efecto de la humedad, temperatura y pH del suelo en la actividad microbia-
na a nivel de laboratorio. Ecologia Aplicada, 7(1-2), 123. https://doi.org/10.21704/rea.v7i1-2.367

Rashid, M. 1., Mujawar, L. H., Shahzad, T., Almeelbi, T., Ismail, I. M. 1., & Oves, M. (2016). Bacteria and
fungi can contribute to nutrients bioavailability and aggregate formation in degraded soils. Microbiolo-
gical Research, 183, 26-41. https://doi.org/10.1016/j.micres.2015.11.007

Restrepo Franco, G. M., Ceballos Aguirre, N., Sanchez Toro, O. J., & Valenzuela Ospina, K. T. (2015).
Importancia de los inoculantes biologicos en la agricultura. Centro Editorial Universidad Catodlica de
Manizales. https://repositorio.ucm.edu.co/handle/10839/2167

Rillig, M. C., Sosa-Hernandez, M. A., Roy, J., Aguilar-Trigueros, C. A., Valyi, K., & Lehmann, A. (2016).
Towards an Integrated Mycorrhizal Technology: Harnessing Mycorrhiza for Sustainable Intensification
in Agriculture. Frontiers in Plant Science, 7, 1625. https://doi.org/10.3389/fpls.2016.01625

Ripa, F. A., Cao, W., Tong, S., & Sun, J. (2019). Assessment of plant growth promoting and abiotic stress
tolerance properties of wheat endophytic fungi. BioMed Research International, 2019, 6105865. https://
doi.org/10.1155/2019/6105865

Rufyikiri, G., Declerck, S., Dufey, J. E., & Delvaux, B. (2000). Arbuscular mycorrhizal fungi might alleviate
aluminium toxicity in banana plants. New Phytologist, 148(2), 343-352. https://doi.org/10.1046/j.1469-
8137.2000.00761.x

Sabio, C., Salgado, C., Salgado, V., & Viiia, S. (1999). Manual del cultivo de banano. Zamorano: Escuela
Agricola Panamericana. http://hdl.handle.net/11036/2933

Salgado Salazar, C., & Cepero de Garcia, M. C. (2005). Aislamiento de hongos endofitos en rosa (Rosa
hybrida) en Bogotd, Colombia. Revista Iberoamericana de Micologia, 22(2), 99-101. https://doi.
org/10.1016/S1130-1406(05)70016-4

Sanchez-Fernandez, R. E., Sanchez-Ortiz, B. L., Sandoval-Espinosa, Y. K. M., Ulloa-Benitez, A., Armen-
dariz-Guillén, B., Garcia-Méndez, M. C., & Macias-Rubalcava, M. L. (2013). Hongos endofitos: fuente
potencial de metabolitos secundarios bioactivos con utilidad en agricultura y medicina. TIP, 16(2), 132-
146. https://doi.org/10.1016/S1405-888X(13)72084-9

Sarabia Ochoa, M., Madrigal Pedraza, R., Martinez Trujillo, M., & Carre6n Abud, Y. (2010). Plantas, hon-
gos micorrizicos y bacterias: Su compleja red de interacciones. Biologicas, 12(1), 65-71. https://www.
biologicas.umich.mx/index.php?journal=biologicas&page=article&op=view&path[|=78&articlesBySa-
meAuthorPage=2

Savani, A. K., Bhattacharyya, A., Boro, R. C., Dinesh, K., & Swamy JC, N. (2021). Exemplifying en-
dophytes of banana (Musa paradisiaca) for their potential role in growth stimulation and management of
Fusarium oxysporum f. sp cubense causing Panama wilt. Folia Microbiologica, 66(3), 317-330. https://
doi.org/10.1007/s12223-021-00853-5

Sharma, P., Kumar, T., Yadav, M., Gill, S. S., & Chauhan, N. S. (2021). Plant-microbe interactions for
the sustainable agriculture and food security. Plant Gene, 28, 100325. https://doi.org/10.1016/j.plge-
ne.2021.100325

Shitole, S., Kadam, V., Bankar, P., Bhosale, A., Chandankar, S., Wagh, S., & Kanade, M. B. (2019). Isolation
and identification of soil fungi of banana fields form Baramati area of Pune district of Maharashtra.
International Journal of Current Microbiology and Applied Sciences, 8(07), 2193-2197. https://doi.
org/10.20546/ijcmas.2019.807.266

Sikora, R. A., Niere, B., & Kimenju, J. (2003). Endophytic microbial biodiversity and plant nema-
tode management in African agriculture. In P. Neuenschwander, C. Borgemeister, & J. Lan-
gewald, Biological control in IPM systems in Africa (pp. 179-192). CABI Publishing. https://doi.
org/10.1079/9780851996394.0179

Silberman, J., Anriquez, A., Albanesi, A., & Grasso, D. (2013). Procedimientos microbioldgicos modernos
aplicados al estudio de comunidades microbianas del suelo. In A. S. Albanesi (ed.), Microbiologia agri-
cola un aporte de la investigacion en Argentina (2% ed) (pp. 123-144). Magna Publicaciones.

Siembra 12(1) (2025) | e7053 ISSN-e: 2477-8850



16/17

Fungi associated with banana crops (Musa spp.) with biotechnological potential for the development of inoculants

Silva-Valenzuela, M., Rojas-Martinez, R. 1., Manzanilla-Lopez, R. H., Macias-Rubalcava, M. L., Aran-
da-Ocampo, S., & Zavaleta-Mejia, E. (2020). Hongos endofitos: Una alternativa bioldgica para el ma-
nejo de nematodos fitoparasitarios. Nematropica, 50(1), 101-116. https://journals.flvc.org/nematropica/
article/view/126284

Sinno, M., Ranesi, M., Gioia, L., d’Errico, G., & Woo, S. L. (2020). Endophytic fungi of tomato and their
potential applications for crop improvement. Agriculture, 10(12), 587. https://doi.org/10.3390/agricultu-
re10120587

Smith, S. E., & Read, D. (2008). Mycorrhizal Symbiosis (3th ed.). Academic Press. https://doi.org/10.1016/
B978-0-12-370526-6.X5001-6

Souza Junior, C. A., Marcon, J., Andrade, P. A. M., Silva, J. A., Faraldo, M. L. F., Verdi, M. C. Q., Filho,
A.A. M., & Azevedo, J. L. (2018). Endophytic bacterial and fungi associated to banana leaves (Musa
spp.) cultivated under organic management. Journal of Agricultural Science, 10(10), 460. https://doi.
org/10.5539/jas.v10n10p460

Srivastava, V., & Singh, A. K. (2019). Mycorrhization alters root morphology, leaf starch and nutrient con-
tent of micropropagated banana under water stress. Indian Journal of Horticulture, 76(1), 44. https://doi.
org/10.5958/0974-0112.2019.00007.0

Thangavelu, R., & Gopi, M. (2015). Combined application of native Trichoderma isolates possessing mul-
tiple functions for the control of Fusarium wilt disease in banana cv. Grand Naine. Biocontrol Science
and Technology, 25(10), 1147-1164. https://doi.org/10.1080/09583157.2015.1036727

Ting, A. S. Y., Meon, S., Kadir, J., Radu, S., & Singh, G. (2008). Endophytic microorganisms as potential
growth promoters of banana. BioControl, 53(3), 541-553. https://doi.org/10.1007/s10526-007-9093-1

Turner, D. W., & Rosales, F. E. (eds.). (2003). Banana root system: Towards a better understanding for its
productive management. In Proceedings of an international symposium held in San José¢, Costa Rica,
3-5 November 2003. Costa Rica. https://www.cabidigitallibrary.org/doi/pdf/10.5555/20053211570

van Konijnemburg, A. (2006). Agricultura organica. El suelo. Sus componentes fisicos (Vol. 1). Estacion
Experimental Agropecuaria Valle Inferior del Rio Negro. http://hdl.handle.net/20.500.12123/16254

Vega. (2018). The use of fungal entomopathogens as endophytes in biological control: a review. Mycologia,
110(1), 4-30. https://doi.org/10.1080/00275514.2017.1418578

Vézina, A., & Baena, M. (2020). Morfologia de la planta del banano. ProMusa. https://www.promusa.org/
Morfolog%C3%ADa+de+la+planta+del+banano#Sistema radicular

Villegas Rios, M., & Cifuentes, J. (2004). Las micorrizas en la evolucion de las plantas. Ciencias, 73, 30-36.
https://www.revistacienciasunam.com/es/80-revistas/revista-ciencias-73/654-las-micorrizas-en-la-evo-
lucion-de-las-plantas.html

Wang, Y., Yang, X., Zhang, X., Dong, L., Zhang, J., Wei, Y., Feng, Y., & Lu, L. (2014). Improved plant
growth and Zn accumulation in grains of rice (Oryza sativa L.) by Inoculation of endophytic microbes
isolated from a Zn hyperaccumulator, Sedum alfredii H. Journal of Agricultural and Food Chemistry,
62(8), 1783-1791. https://doi.org/10.1021/jf404152u

Waweru, B., Turoop, L., Kahangi, E., Coyne, D., & Dubois, T. (2014). Non-pathogenic Fusarium oxysporum
endophytes provide field control of nematodes, improving yield of banana (Musa sp.). Biological Con-
trol, 74, 82-88. https://doi.org/10.1016/j.biocontrol.2014.04.002

Xia, X., Lie, T. K., Qian, X., Zheng, Z., Huang, Y., & Shen, Y. (2011). Species diversity, distribution, and
genetic structure of endophytic and epiphytic Trichoderma associated with banana roots. Microbial
Ecology, 61(3), 619-625. https://doi.org/10.1007/s00248-010-9770-y

Yadav, G., Srivastva, R., & Gupta, P. (2021). Endophytes and their applications as biofertilizers. In P. Bhatt,
S. Gangola, D. Udayanga, & G. Kumar (eds.), Microbial Technology for Sustainable Environment (pp.
95-123). Springer, Singapore. https://doi.org/10.1007/978-981-16-3840-4 7

Yano-Melo, A. M., Saggin, O. J., & Costa Maia, L. (2003). Tolerance of mycorrhized banana (Musa sp. cv.
Pacovan) plantlets to saline stress. Agriculture, Ecosystems & Environment, 95(1), 343-348. https://doi.
org/10.1016/S0167-8809(02)00044-0

Yashavantha Rao, H. C., Chandra Mohana, N., & Satish, S. (2020). Biocommercial aspects of microbial
endophytes for sustainable agriculture. In K. Ajay, & E.K Radhakrishnan (eds.), Microbial Endophytes
(pp. 323-347). Elsevier. https://doi.org/10.1016/B978-0-12-819654-0.00013-2

Zakaria, L., Jamil, M. L., & Anuar, 1. S. (2016). Molecular characterisation of endophytic fungi from roots of
wild banana (Musa acuminata). Tropical Life Sciences Research, 27(1), 153-162. https://pmc.ncbi.nlm.

Siembra 12(1) (2025) | 7053 ISSN-¢: 2477-8850



Acaro Reyes y Cevallos 17/17

nih.gov/articles/PMC4807960/

Zakaria, L., Mazzura, W. C., Kong, W. H., & Baharuddin, S. (2012). Fusarium species associated with fruit
rot of banana (Musa spp.), papaya (Carica papaya) and guava (Psidium guajava). Malaysian Journal of
Microbiology, 8(2), 127-130. http://mjm.usm.my/index.php?r=cms/entry/view&id=51

Zakaria, L., & Rahman, N. H. A. (2011). Endophytic Fusarium spp. from wild banana (Musa acumina-
ta) roots. African Journal of Microbiology Research, 5(21), 3600-3602. https://doi.org/10.5897/
AJMRI11.298

Zapata Henao, S., Henao Vasquez, M. C., Patino Hoyos, L. F., Sanchez Torres, J. D., & Hoyos-Carvajal, L.
M. (2019). Fungal endophytes in bananas cv Manzano affected by Fusarium. African Journal of Agri-
cultural Research, 14(7), 430-438. https://doi.org/10.5897/AJAR2018.13736

Siembra 12(1) (2025) | e7053 ISSN-e: 2477-8850



