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Abstract: Essential oils are widely recognized for their antifungal properties, their effectiveness
against fungi fungal remains an area of active research. This study evaluates the antifungal potential
of essential oils from oregano (Origanum wvulgare), rosemary (Salvia rosmarinus), clove (Syzygium
aromaticum), thyme (Thymus), cinnamon (Cinnamomum verum), and basil (Ocimum basilicum) in
inhibiting the growth of fungi associated with banana rot, Fusarium spp., Colletotrichum spp., and
Verticillium spp. Dilutions containing all the relevant fungal species were prepared and inoculated
onto PDA medium supplemented with chloramphenicol for fungal growth assessment. Subcultures
were performed weekly to obtain isolated and purified fungal strains, followed by macroscopic and
microscopic analysis to identify the genera. Growth inhibition was quantified through in vitro
inhibition and ex vivo. Results revealed that thyme exhibited the highest antifungal activity, with
complete inhibition at 1000 ppm, while the cinnamon and oregano essential oils showed effective
inhibition at 600 ppm. In contrast, rosemary, basil, and clove did not demonstrate significant
inhibitory effects at the tested concentrations. These findings suggest that specific essential oils offer
a natural alternative for controlling banana rot fungi, supporting their potential use in integrated
disease management strategies.
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1. Introduction

Bananas (Musa paradisiaca) are among the most significant crops globally due to their substantial
economic and nutritional value, particularly in tropical and subtropical regions. Ecuador is one of the
leading banana exporters, the production of bananas serves as a cornerstone of both the local and
national economy [1,2]. Known for their high quality, flavor, and nutritional content (including
vitamins, minerals, and carbohydrates) [3].

Despite their importance, banana production faces significant challenges, particularly in
postharvest stages with fungal diseases such as crown rot, vascular wilt, and fruit decay, caused by
various fungal, compromise both the quality and shelf life of the fruit [4-6]. These diseases are
responsible for considerable economic losses each year and hinder global banana trade, especially in
regions with high humidity and warm temperatures that favor fungal proliferation [7,8]. Among the
fungus are Fusarium pseudocircinatum, Fusarium verticilloides, Colletotrichum tengchongense, Fusarium
napiforme, and Verticillium dahliae, which affect the banana plant is vascular system, leading to
reduced fruit yield and quality [9-11].

The control of these fungal pathogens has traditionally relied on synthetic fungicides, but
growing concerns about their environmental impact, development of fungicide resistance, and
potential health risks have spurred interest in finding alternative, more sustainable methods [12,13].
The essential oils (EOs), derived from plants such as Origanum vulgare (oregano), Syzygium
aromaticum (clove), Cinnamomum verum (cinnamon), Thymus vulgaris (thyme), and Salvia rosmarinus
(rosemary), have emerged as promising natural antifungal agents [14-16].

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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These oils contain bioactive compounds such as carvacrol, eugenol, cinnamaldehyde, and
thymol, which have demonstrated potent antimicrobial and antifungal properties in various
agricultural contexts [17,18]. However, while essential oils have been studied for their antimicrobial
activity, there remains a significant gap in the literature regarding their effectiveness specifically
against the fungus pathogens affecting bananas, particularly under postharvest conditions [1,19].

This research aims to evaluate the antifungal efficacy of these essential oils against Fusarium
pseudocircinatum, Colletotrichum tengchongense, Suarium napiforme, Fusarium verticilloides, and
Verticillium dahlige, isolated from banana peels. Essential oils are complex mixtures of volatile
compounds, primarily terpenoids, phenolic compounds, and alcohols, each contributing to their
bioactivity [20,21].

Among the essential oils considered in this study, oregano oil (Origanum vulgare) stands out due
to its high carvacrol content (60-80%), a phenolic compound known for its potent antimicrobial and
antioxidant properties [15,22]. Carvacrol has been shown to disrupt fungal cell membranes by
integrating into the lipid bilayer, increasing membrane permeability and leading to cell death [23],
thymol shares similar mechanisms of action, p-cymene and <-terpinene, also contribute
synergistically to its antifungal activity [24].

Syzygium aromaticum (clove) essential oil contains eugenol (70-85%), a compound with
antifungal properties. Eugenol acts by denaturing proteins, including enzymes critical to fungal
metabolism, and by inhibiting vital cellular processes such as ATP synthesis and cellular respiration,
ultimately resulting in fungal cell death [20,25]. The antioxidant activity was IC50 values of 4.82 +
0.06 x 102 ug/mL and EC50 values of 3.47 + 0.2 x 102 pg/mL. The results indicate that essential oil
exhibits significant in vitro antioxidant activity and moderate antibacterial activity [26]

Cinnamon essential oil (Cinnamomum verum), rich in cinnamaldehyde (60-70%) and eugenol (5-
15%), is another promising candidate for antifungal control [17,27]. Cinnamaldehyde disrupts fungal
cell membranes and inhibits ergosterol biosynthesis, a key component of the fungal cell membrane,
thereby impairing fungal growth and nutrient transport, has been shown to be effective against
Fusarium species wilt in bananas [28]. A study examined the antifungal activity of essential oils and
their compounds on the growth of Fusarium spp. isolated from papaya rot [29]

Thyme oil (Thymus vulgaris), which contains high conntrations of thymol (30-50%) and carvacrol
(10-20%), has demonstrated broad-spectrum antifungal activity by integrating into fungal cell
membranes, causing membrane leakage and disrupting the integrity of the cell [30,31]. Ocimum
basilicum, or basil, is also from the Lamiaceae family and is rich with bioactive compounds such as
eugenol, rosmarinic acid, and flavonoids and is primarily valued for its antioxidant properties.
Additionally, offers anticancer, antimicrobial, anti-inflammatory, and antioxidant benefits [32].

Finally, rosemary oil (Salvia rosmarinus), with 1,8-cinee (20-50%) and carnosol (5-15%), induces
oxidative stress in fungal cells. The generation of reactive oxygen species (ROS)leads to oxidative
damage to fungal proteins, lipids, and DNA, accelerating fungal cell death [14].

The antifungal effects of these essential oils are primarily explained by their ability to disrupt
the fungal cell membrane, inhibit ergosterol biosynthesis, and induce oxidative stress. Disruption of
the fungal cell membrane increases its permeability, allowing ions, proteins, and essential metabolites
to leak out, ultimately resulting in the death of the cell [21]. Cinnamaldehyde, carvacrol, and thymol,
in particular, have been shown to disrupt ergosterol biosynthesis, which is essential for maintaining
the structure and function of the fungal membrane [33].

Rosmarinic acid in rosemary oil and eugenol in basil oil induce the production of reactive oxygen
species ROS, which causes oxidative damage to cellular components, leading to cell death [14,16].
These mechanisms of action are particularly relevant for the control of Fusarium, Colletotrichum and
Verticillium species, which are responsible for banana postharvest diseases.

While essential oils show great promise as natural antifungal agents, it is crucial to consider their
potential phytotoxicity. High concentrations of essential oils can cause damage to plant tissues,
leading to symptoms such as chlorosis, necrosis, and reduced growth, particularly when applied
directly to the plant [12]. Previous studies have highlighted the importance of determining the
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optimal concentration for antifungal efficacy, ensuring that essential oils can be used effectively
without harming the plant.

Emulsions containing essential oils in concentrations ranging from 0.1-1% have been reported
as safe for use on postharvest fruits, is necessary specific tolerance tests on fruit of banana, are
necessary to ensure the safety of these concentrations. It is essential to balance antifungal efficacy
with phytotoxicity to ensure the safe and effective application of essential oils [21].

In conclusion, this study evaluates the antifungal potential of essential oils applicate in
postharvest of banana, against Fusarium pseudocircinatum, Colletotrichum tengchongense, Suarium
napiforme, Fusarium verticilloides, and Verticillium dahline affecting bananas. This research will
contribute valuable insights into the potential use of essential oils as natural, sustainable alternatives
to synthetic fungicides.

2. Materials and Methods

2.1. Isolation and Purification of Microorganisms

In this study, Musa paradisiaca was used, specifically Ecuadorian bananas of export quality. The
fruits were exposed to environmental conditions until visible signs of deterioration developed,
including fungal growth on the peel covering at least 50% of the banana’s surface

The isolation and purification of pathogenic fungi from infected banana peels (Musa paradisiaca)
were conducted using Potato Dextrose Agar (PDA) medium (Difco™), which is widely recognized
for its ability to support fungal growth. PDA was prepared by dissolving 39 g of the medium in 1 L
of distilled water, followed by sterilization in an autoclave at 121°C for 15 minutes [34,35]. To prevent
bacterial contamination, chloramphenicol (Merck, Ecuador) was added at a final concentration of 0.5
g/L [36,37].

Samples were collected from 30 bananas showing visible signs of fungal infection on the peel.
Approximately 20 g of infected tissue were aseptically removed from each banana. The peel
fragments were immersed in sterile distilled water and manually agitated for 2 minutes. This process
was repeated twice with fresh sterile water, discarding the used water after each step [38—40].

For spore extraction, the cleaned peel fragments were transferred to 200 mL Erlenmeyer flasks
containing a 0.05% (v/v) aqueous solution of Tween 80. This surfactant facilitated the release of fungal
spores from the infected tissue. The suspension was vortexed for 2 minutes to ensure homogeneity
[41,42]. Four serial dilutions were prepared from the initial suspension, using a 0.1% aliquot of the
previous dilution at each step to ensure proper spore distribution mixing in a vortex [43].

Aliquots of 0.1 mL from each dilution were plated onto Petri dishes containing PDA
supplemented with 0.05% chloramphenicol. The plates were incubated at 25°C and monitored every
48 hours to observe fungal colony development [44]. Visible fungal colonies were carefully selected
with a sterile loop to avoid cross-contamination and were subcultured weekly onto fresh PDA plates
until pure cultures were obtained [43,45].

2.2. Morphological Identification

The purified fungal strains were analyzed macroscopically and microscopically to confirm their
identity. Pure cultures were maintained on PDA at 25°C for short-term studies and preserved at -
80°C in a 15% glycerol solution for future molecular studies.

The morphological identification of fungal pathogens involved a comprehensive analysis of
macroscopic and microscopic characteristics to determine their genus [40]. Pure fungal cultures were
prepared and evaluated weekly over a four-week period, with each analysis conducted in triplicate
to ensure reproducibility. These evaluations were performed following inoculation on potato
dextrose agar (PDA) medium. The macroscopic examination focused on key morphological traits,
including colony shape, elevation, edges, color, texture, and surface appearance [46].

Observations of the upper and lower surfaces of the Petri dishes provided additional insights
into fungal colony characteristics. The recorded macroscopic features were systematically compared
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against bibliographic information obtained from specialized literature, such as books and guides on
fungal morphology, to identify the genus of the pathogens [5,47].

Microscopic analysis were conducted to observe fungal reproductive structures, including
hyphae, conidia, mycelium, and spores. For this, a conventional method using adhesive tape was
employed to collect the aerial mycelium, which was then mounted on microscope slides. These slides
were examined for triplicate under a compound microscope with 40X and 60X objective lenses.
Detailed observations focused on hyphae, spore formation, and other specialized microscopic
structures. Results were cross-referenced with descriptive fungal morphology guides to confirm the
findings [48].

2.3. Molecular Identification Through DNA Sequencing

Fungal species isolated from Musa paradisiaca (banana) were identified molecularly using DNA
sequencing methods to ensure precise species identification. Genomic DNA was extracted from pure
fungal colonies using the Invitrogen commercial kit, strictly adhering to the manufacturer’s
instructions. To evaluate the quality and quantity of the extracted DNA, spectrophotometry was
conducted using a Nanodrop spectrophotometer, alongside 1% agarose gel electrophoresis to verify
DNA integrity [49].

The ribosomal DNA fragment corresponding to the Internal Transcribed Spacer (ITS) region was
amplified using the universal primers ITS1 (5-TCCGTAGGTGAACCTGCGG-3") and ITS4 (5'-
TCCTCCGCTTATTGATATGC-3"). The PCR amplification was optimized in a thermocycler, and the
resulting amplicons were visualized on a 1.5% agarose gel stained with ethidium bromide under UV
light to confirm amplification. Purified amplicons were subsequently sent to Macrogen Inc. for
sequencing [41].

The obtained sequences were analyzed using BioEdit software for alignment and further
comparison with publicly available databases, such as the NCBI GenBank. The BLASTn algorithm
was employed to identify fungal species based on sequence similarity. Identification was confirmed
with a threshold of >98% similarity to the deposited sequences in the database [36,41].

2.4. Ex Vivo Fungal Activity

The antifungal activity of fungal pathogens isolated from Musa paradisiaca (banana) was assessed
in an ex vivo analysis under controlled conditions of approximately 13°C y 95% humidity relative.
The fungi analyzed included Fusarium pseudocircinatum, Fusarium verticilloides, Colletotrichum
tengchongense, Fusarium napiforme, and Verticillium dahliae, all of which were isolated from banana peel
samples. These pathogens were selected based on their relevance in postharvest diseases of bananas
during storage of 15 fungi total.

Fungi were stored for 7 to 10 days before analysis, and inoculum concentrations were
standardized to 106 conidia/mL of each inoculum, to maintain consistent infection levels [28]. Bananas
harvested at physiological maturity were selected for uniform size, color, and absence of visible
damage. The fruits were disinfected with a 1% sodium hypochlorite solution for 5 minutes, rinsed
with sterile distilled water, and dried at room temperature [50]. Inoculation was performed using the
wound method, where 100 pL of the adjusted fungal inoculum was applied. The fruits were
maintained at approximately 13 °C and 95% relative humidity [51].

Observations were recorded at regular intervals to measure lesion diameter and fungal growth
diameter using a millimeter ruler, with four replicates for each treatment. Fungal growth diameter
was monitored weekly for up to 6 weeks post inoculation, providing a comprehensive timeline of
pathogen progression. The inhibition index and severity of infection were calculated in triplicate,
based on the diameter of fungal growth, this analysis enabled the classification of pathogens.
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2.5. In Vitro Antifungal Activity with Essential Oils

The in vitro antifungal activity of essential oils derived from six plant species was evaluated
under controlled laboratory conditions. The essential oils included oregano (Origanum vulgare),
rosemary (Salvia rosmarinus), clove (Syzygium aromaticum), thyme (Thymus vulgaris), cinnamon
(Cinnamomum verum), and basil (Ocimum basilicum). These oils were extracted using steam distillation,
a standard method for isolating bioactive compounds from plants.

Specifically, oregano oil was obtained from dried leaves, cinnamon oil from dried bark, and
clove oil from dried flower buds, while rosemary, basil, and thyme oils were extracted from fresh
leaves and flowers. The oils were procured from commercial suppliers and diluted in a 0.05% Tween
80 solution to form homogeneous emulsions with concentrations of 200, 400, 600, 800, and 1000 ppm
[43].

The emulsions were incorporated into cooled Potato Dextrose Agar (PDA) medium before
solidification. The medium was inoculated with fungal pathogens and incubated at 25°C to observe
the inhibitory effects of the essential oils on fungal growth. Negative controls included PDA medium
without essential oils, allowing for baseline fungal growth comparisons.

Each experimental condition was conducted in quadruplicate, and the percentage of growth
inhibition was assessed every 48 hours. Observations focused on determining the concentration of
each essential oil that effectively inhibited fungal growth. The study employed a 6 x 5 mixed factor
model to analyze the antifungal activity, with six types of essential oils and five concentration levels
as independent variables, and the percentage of growth inhibition as the dependent variable.

Analyses identified the most effective essential oil and concentration for fungal inhibition.
Results demonstrated significant variability in the antifungal efficacy of oils, providing valuable
insights into their potential applications as natural antifungal agents in biocontrol and agriculture.
By evaluating a diverse range of essential oils at varying concentrations, this study contributes to the
development of eco-friendly alternatives for managing pathogens.

3. Results

3.1. Morphological Identification

Table 1 presents the pure fungi isolated from banana peel rot on a selective medium (PDA +
Chloramphenicol), stored in PDA at approximately 25°C. It also includes macroscopic images of the
front and reverse sides of Fusarium pseudocircinatum, Colletotrichum tengchongense, Fusarium napiforme,
Fusarium verticilloides, and Verticillium dahliae.

Table 2 shows the aerial mycelium of the fungi. These observations offer visual details that
complement the morphological analysis and microscopic images viewed under 40X and 60X
magnifications.
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Table 1. Macroscopy images of (a) Fusarium pseudocircinatum, (b) Colletotrichum tengchongense, (c¢) Fusarium verticilloides, (d) Fusarium napiforme, (e) Verticillium dahliae considering the
appearance of the front side and (f) Fusarium pseudocircinatum, (g) Colletotrichum tengchongense, (h) Fusarium verticilloides, (i) Fusarium napiforme, and (i) Verticillium dahliae of reverse
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Table 2. Microscopy images of (a) Fusarium pseudocircinatum, (b) Colletotrichum tengchongense, (c) Fusarium verticilloides, (d) Fusarium napiforme, (e) Verticillium dahliae to 40 X and (f)

Fusarium pseudocircinatum, (g) Colletotrichum tengchongense, (h) Fusarium verticilloides, (i) Fusarium napiforme and (i) Verticillium dahliae. to 60 X.
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3.2. Molecular Identification Through DNA Sequencing

Table 3 summarizes the results of the ITS region sequencing of Fusarium pseudocircinatum,
Colletotrichum tengchongense, Fusarium napiforme, Fusarium verticilloides, and Verticillium dahlige fungi
isolated from banana peels, listing the identified fungal organisms, the genetic fragments used, and
the similarity percentages obtained through comparison with the database. The high similarity of the
sequences (298%) ensures the reliability and accuracy of the identification of the fungal genera and
species present in the analyzed samples.

Table 3. Sequencing results for fungi isolated from the samples of Musa paradisiaca.

Organism Fragment % identity
Fusarium pseudocircinatum ITS 99.55 %
Fusarium napiforme ITS 98.92 %
Colletotrichum tengchongense ITS 99.58 %
Fusarium verticilloides ITS 99.11 %
Verticillium dahliae ITS 99.04 %

3.3. Fungal Activity Ex Vivo

The severity of fungal infection in banana samples was assessed through ex vivo analysis, where
20 banana samples were monitored over a 6-week period. Fungal growth was evaluated for various
species, including Fusarium pseudocircinatum, Colletotrichum tengchongense, Fusarium napiforme,
Fusarium verticilloides, and Verticillium dahlia.

Figure 1 provides a visual representation of this growth over time. The analysis utilized an ANOVA
approach to examine the impact of different treatments and concentrations on fungal development.
Statistically significant differences were observed between treatments (p < 0.05), suggesting that both the
type of treatment and its concentration have a notable influence on fungal growth.

Average Weekly Growth with Standard Deviation

Fungal Species
|
Verticilliumdahliae N
—4— Colletotrichumtengchongense . &
—4— Fusariumnapiforme P4
0.8 | —+ Fusariumverticilloides ,/
—4— Fusariumpseudocircinatum // .
1/ ¥
,//
/‘/
—~ 0.6
£
=
&=
]
2
2
(]
= L
04
=
= |
g
0.2
0.0
1 1 1 1 L 1 |
0 1 2 3 4 5 6
Week

Figure 1. Fungal growth (cm) during 6 weeks in 20 banana samples inoculated with Fusarium pseudocircinatum,
Colletotrichum tengchongense, Fusarium verticilloides, Fusarium napiforme, Verticillium dahliae stored at 13°C and 95%
HR approximately.
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3.4. In Vitro Antifungal Activity with Essential Oils

Figures 2, 3, 4, 5, and 6 illustrate the growth of Fusarium pseudocircinatum, Colletotrichum
tengchongense, Fusarium napiforme, Fusarium verticilloides, and Verticillium dahliae, in PDA medium
with essential oil concentrations of 200, 400, 600, 800, and 1000 ppm. The essential oils evaluated
include oregano, basil, cinnamon, rosemary, thyme, and clove, showing their effects on fungal
growth at different concentrations.

200 ppm 400 ppm 600 ppm 800 ppm 1000 ppm Control 200 ppm 400 ppm 600 ppm 800 ppm 1000 ppm Control

Figure 2. Analysis in vitro of Fusarium pseudocircinatum in PDA medium with essential oils of basil, cinnamon,
clove, oregano, rosemary, and thyme 200, 400, 600, 800 y 1000 ppm, stored to 25°C (n=4).

OREGANO

) @ C
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200 ppm 400 ppm GOOpm 800 pm 1000 ppm Control

Figure 3. Analysis in vitro of Colletotrichum tengchongense in PDA medium with essential oils of basil, cinnamon,
clove, oregano, rosemary, and thyme 200, 400, 600, 800 y 1000 ppm, stored to 25°C (n=4).

CINNAMON BAS'

CLOVE
) !
Y N N N\

OREGANO - ROSEMARY

ed:

200 ppm 400 ppm 600 ppm 800 ppm 1000 ppm Control 200 ppm 400 ppm 600 ppm 800 ppm 1000 ppm Control

Figure 4. Analysis in vitro of Fusarium verticilloides in PDA medium with essential oils of basil, cinnamon, clove,
oregano, rosemary, and thyme 200, 400, 600, 800 y 1000 ppm, stored to 25°C (n=4).
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200 ppm 400 ppm 600 ppm 800 ppm 1000 ppm Control 200 ppm 400 ppm 600 ppm 800 ppm 1000 ppm Control

Figure 5. Analysis in vitro of Fusarium napiforme in PDA medium with essential oils of basil, cinnamon, clove,
oregano, rosemary, and thyme 200, 400, 600, 800 y 1000 ppm, stored to 25°C (n=4).

BASIL ROSEMARY

0 ppm 400 ppm 600 ppm 800 ppm 1000 ppm Control

200 ppm 400 ppm 600 ppm 800 ppm 1000 ppm Control

Figure 6. Analysis in vitro of Verticillium dahliae in PDA medium with essential oils of basil, cinnamon, clove,
oregano, rosemary, and thyme 200, 400, 600, 800 y 1000 ppm, stored to 25°C (n=4).

4. Discussion

4.1. Morphological identification

Regarding the macroscopic analysis in the Table 1 and Table 2, the colonies of Fusarium
pseudocircinatum on PDA medium exhibited a cottony, slightly elevated growth with lobed edges.
The surface of the colonies was dry, with a cottony and moderately rough texture, showing colors
ranging from beige to gray. The underside of the colony also displayed a cottony texture and similar
colors, predominantly white and beige tones. This macroscopic pattern is consistent with previous
descriptions of Fusarium species [52,53].

In Colletotrichum tengchongense, the colonies showed globes to irregular growth, with a cottony
texture and colors varying from beige to black. The colonies had a slightly moist or dry surface, with
well-defined edges and a somewhat rough appearance. These characteristics are consistent with
species of the Colletotrichum genus [54]. This growth pattern, with a dense texture and clear color
differentiation, helps identify the species within the Colletotrichum genus.

For Fusarium napiforme, the colonies in the PDA medium exhibited crateriform growth,
characterized by a cottony and rough texture on the upper surface. The shape of the colonies was
crater-like, with a depressed center surrounded by slightly raised edges. The surface was white to
beige, while the underside of the colonies showed darker tones, ranging from brown to dark brown.
This crateriform growth pattern, combined with the cottony texture, is distinctive for Fusarium
napiforme [53]. The elevated and lobed colony appearance, along with the darker coloration of the
bottom side, helps in distinguishing this species from other Fusarium species [55].
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For Fusarium verticilloides, the colonies on PDA displayed cottony growth with a rough and
elevated texture. The colonies were typically white to beige, with central areas darkening to brown
or black as the colony aged. This growth pattern is characteristic of Fusarium verticilloides [56]. Finally,
for Verticillium dahliae, the colonies on PDA exhibited cottony growth with a soft texture, with a
circular shape and well-defined edges. The color varied from white on the outer areas to darker tones,
such as black, in the center of the colony. This color variation is typical of Verticillium dahliae [10,57].

The microscopic analysis provided additional information for the identification of these species.
Fusarium pseudocircinatum showed hyaline, septate, and thin hyphae, with conidia that were
cylindrical to slightly curved, organized in branched conidiophores, typical of this species [53]. In
Colletotrichum tengchongense, microscopic observations revealed hyaline, septate hyphae, and conidia
that were cylindrical to curved, arranged in branched conidiophores, which is a distinguishing
feature of the Colletotrichum genus [58]. The arrangement of hyphae and conidia is helpful for
confirming the species identity, as it is consistently seen in other species of this genus [59].

For Fusarium verticilloides, the hyphae were hyaline and septate, while the conidia had a fusiform
shape, which is typical for this species [53]. The conidia were organized in branched conidiophores,
a key feature for identifying Fusarium species. In Fusarium napiforme, the hyphae were hyaline and
septate, and the conidia observed were fusiform or ellipsoidal, the arrangement of conidia along the
hyphae and their fusiform [53]. In Verticillium dahliae, the microscopic observations revealed hyaline,
septate hyphae, and conidia that were cylindrical or oval, arranged in branched structures [57]. The
branched conidial structure is a distinctive feature of Verticillium.

4.2. Molecular Identification Through DNA Sequencing

Molecular sequencing of the ITS fragment provided additional confirmation for the
identification of the studied species. Fusarium pseudocircinatum showed a 99.55% identity, indicating
high concordance with reference sequences in the databases, confirming the molecular identification
of the species [56]. This high identity percentage further strengthens the accuracy of macroscopic and
microscopic analyses.

For Colletotrichum tengchongense, sequencing revealed a 99.58% identity, validating the molecular
identification of this species [60]. The high degree of identity with reference sequences indicates that
the macroscopic and microscopic results obtained are consistent with the molecular data. Fusarium
verticilloides, the sequencing analysis of the ITS revealed a 99.11% identity, confirming the correct
molecular identification of the species [56].

For Fusarium napiforme, the ITS sequencing showed a 98.92% identity, further corroborating the
molecular identification of this species, the comparison with reference sequences allowed for the
confirmation of its identity [61]. Finally, Verticillium dahlize showed a 99.04% identity in the ITS
analysis, which also validated the correct molecular identification of the species [62].

In conclusion, the macroscopic, microscopic, and molecular analyses provided a reliable
identification of the fungal species studied. The combination of these methods is important for the
correct classification.

4.3. Ex Vivo Fungal Activity

This study evaluated the weekly growth of five fungal species inoculated into bananas,
observing variability in both the rate of growth and the severity of colonization over time. Fusarium
pseudocircinatum displayed growth reaching approximately 0.6 cm at six weeks. This suggests that,
while not the most aggressive species, it remains a significant pathogen in banana storage contexts.
The slow growth observed in the initial weeks, followed by a steady increase, is consistent with its
ability to adapt to the environment before proliferating. The relatively high standard deviations
indicate some variability in growth between the inoculated samples, which could reflect
heterogeneity in storage conditions or intrinsic biological variability of the species. This behavior is
also in line with previous studies, which suggest that species of Fusarium, such as Fusarium
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pseudocircinatum, can induce decay when environmental conditions are not adequately controlled
[53].

Colletotrichum tengchongense exhibited the fastest growth among all species studied. By week six,
it reached approximately 0.9 cm, standing out for its aggressiveness in colonization. This pattern is
characteristic of Colletotrichum species, known for their ability to produce rapidly dispersing spores
that efficiently colonize plant tissue, especially under high humidity conditions [63,64]. The growth
graph shows relatively low standard deviations, suggesting that this pathogen colonized the samples
more uniformly. This behavior aligns with previous research that highlights Colletotrichum as one of
the most aggressive pathogens in tropical fruits like banana, due to its high ability to produce
enzymes that degrade plant tissue [51,59].

Fusarium napiforme presented intermediate growth, reaching approximately 0.5 cm by the end of
six weeks. Its colonization rate was not as rapid as Colletotrichum tengchongense, but it remained
constant throughout the observation period. The standard deviations suggest that, while its growth
was slower compared to the more aggressive species, the inoculated samples showed a relatively
uniform response. Describes Fusarium napiforme as a less invasive pathogen than other Fusarium
species, but one that can still cause significant damage under improper storage conditions [61].

Fusarium verticilloide exhibited the fastest growth from week two, reaching a colony size of
approximately 0.8 cm by week six. Its ability to rapidly adapt to storage conditions is highlighted by
its acceleration in the growth rate, making it a high-priority pathogen for banana postharvest
management. The growth graph shows a marked acceleration toward the later weeks, with higher
standard deviations during the initial stages, which could reflect variability in initial colonization.
The growth stabilized, further underscoring its ability to rapidly adapt and occupy the available
substrate [65].

Verticillium dahline the least growth among the species, with limited colonization at
approximately 0.4 cm by the end of six weeks. This reflects its reduced ability to colonize banana
tissue under storage conditions. While Verticillium dahliae is a known pathogen in other crops, its
slower growth in bananas could indicate that it is less efficient in colonizing tropical fruits compared
to other species like Colletotrichum or Fusarium. The standard deviations suggest that the growth of
Verticillium dahline was relatively uniform among the inoculated samples, but its lower aggressiveness
could make it a less immediate threat in banana [62].

The study highlights the importance of considering the specific biological characteristics of each
fungal species when developing control strategies for banana storage. The more aggressive species,
such as Colletotrichum tengchongense and Fusarium verticilloides, exhibited rapid and sustained growth,
emphasizing the need for more stringent control measures to prevent colonization and decay.
Conversely, species such as Fusarium pseudocircinatum and Fusarium napiforme, while less aggressive,
remain relevant in terms of their potential for proliferation under inadequate storage conditions.

4.4. In Vitro Antifungal Activity with Essential Oils

The antifungal activity of essential oils was evaluated in vitro for oregano (Origanum vulgare),
rosemary (Salvia rosmarinus), clove (Syzygium aromaticum), thyme (Thymus vulgaris), cinnamon
(Cinnamomum verum), and basil (Ocimum basilicum). These essential oils of varying concentrations
(200, 400, 600, 800, and 1000 ppm), were extracted using steam distillation. The most effective
concentration was determined through an analysis conducted with four replicates examined every
48 hours to monitor the inhibition and the effectiveness of the essential oil at the given concentration.
Table 3 presents the in vitro evaluation of antifungal activity, "+" sign indicates fungal growth, while

"non

a "-" sign denotes no fungal growth.
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Table 3. Evaluation of antifungal activity in vitro of Fusarium pseudocircinatum, Fusarium verticilloides,

Colletotrichum tengchongense, Fusarium napiforme, and Verticillium dahliae using oregano, rosemary, clove,

thyme, cinnamon and basil essential oils.

Essential oil

Oregano Basil Clove Cinnamon

Rosemary

Thyme

Fungus

Fusarium pseudocircinatum
Colletotrichum tengchongense
Fusarium verticilloides
Fusarium napiforme
Verticillium dahliae

Fusarium pseudocircinatum
Colletotrichum tengchongense
Fusarium verticilloides
Fusarium napiforme
Verticillium dahliae

Fusarium pseudocircinatum
Colletotrichum tengchongense
Fusarium verticilloides
Fusarium napiforme
Verticillium dahliae

Fusarium pseudocircinatum
Colletotrichum tengchongense
Fusarium verticilloides
Fusarium napiforme
Verticillium dahliae

Fusarium pseudocircinatum
Colletotrichum tengchongense
Fusarium verticilloides
Fusarium napiforme
Verticillium dahliae

Fusarium pseudocircinatum
Colletotrichum tengchongense
Fusarium verticilloides
Fusarium napiforme

Verticillium dahlia

Concentration [ppm]
+ + - - -

+ - - - -
+ + + + +
+ + - - -
+ + - - -
+ —~ —~ —~ —
+ + + + +
+ + + + +
+ + + + +
+ + + + -
+ + + o +
+ —~ —~ —~ —
+ + - - -
+ ~ ~ ~ -~
+ + + o +
+ + + + +
+ + + + +
+ + + - -
+ + + + +
+ + + + -
+ + - - -
+ + - - -
+ ~ ~ ~ -~
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The results obtained with Fusarium pseudocircinatum show that oregano oils are highly effective
at concentrations above 200 ppm, inhibiting the growth of the fungus in PDA medium. This finding
is consistent with previous studies that have demonstrated the antifungal activity of these oils,
especially in their ability to control various species of the Fusarium genus, known pathogens that
cause wilting in bananas [15]. These oils could be useful not only for controlling Fusarium in bananas
in general, but also as a tool in post-harvest management, where banana peels are particularly
vulnerable to infections.

In the case of Colletotrichum tengchongense, which causes anthracnose in bananas, is inhibited con
cinnamon, with 400 ppm of clove, oregano and thyme essential oils. This fungus primarily affects the
peel, causing black spots and accelerating the fruit’s deterioration, a phenomenon that has been
documented in previous studies [39,60]. Essential oils, particularly cinnamon, have been shown to be
effective against various species of Colletotrichum in previous studies [66], to managing anthracnose
in bananas, improving post-harvest quality.

The species Fusarium verticilloides, is sensitive to 400 ppm oregano and cinnamon oils. This
fungus is responsible for the rot of the peel, a common problem in the post-harvest stage of bananas.
The findings of this study coincide with previous research that has reported the effectiveness of
oregano oil in inhibiting several Fusarium species [67]. Oregano and cinnamon oils also showed a
positive effect against Fusarium napiforme, another pathogenic fungus associated with the banana
peel. This finding is consistent with previous studies that identified oregano oil as an effective
antifungal agent against various Fusarium species [53].

Verticillium dahlize showed remarkable inhibition by cinnamon, oregano at higher
concentrations, and to 200 ppm of thyme and clove essential oils. Verticillium affects banana plants in
the field and may continue to proliferate during storage if not properly controlled [62]. The use of
essential oils such as oregano, clove, and cinnamon could offer a natural and sustainable alternative
to chemical fungicides, with potential benefits for human health and the environment.

5. Conclusions

The fungal species identified (Fusarium pseudocircinatum, Colletotrichum tengchongense,
Fusarium napiforme, Fusarium verticilloides, and Verticillium dahliae) exhibit varying levels of
aggressiveness. Colletotrichum tengchongense and Fusarium verticilloides are the most invasive,
while Fusarium pseudocircinatum and Fusarium napiforme grow more slowly but remain relevant
under improper storage conditions, and Verticillium dahliae showed the most limited growth.

The essential oil of oregano (Origanum vulgare) and cinnamon (Cinnamomum verum) effectively
inhibited fungal growth at a concentration of 600 ppm.

The essential oils of rosemary (Salvia rosmarinus), basil (Ocimum basilicum), and clove (Syzygium
aromaticum) did not inhibit the fungal growth of Fusarium spp., Colletotrichum spp., and Verticillium
spp. at the concentrations evaluated.
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