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ABSTRACT

Trichoderma is a fungus with important applications in agriculture, as a biocontrol agent for pathogenic fungi
or other pests that cause various diseases in crops. The pathogenic fungus Mycena citricolor causes "ojo de
gallo" or "Rooster Eye" in coffee crops, mainly in areas above 1000 m.a.s.l. Therefore, its management of
coffee crops, which is an economically important product for Ecuador, is vital. In this sense, this study sought
to evaluate the percentage inhibition of mycelial growth using dual antagonist/pathogen in vitro cultures, to
assess the mycoparasitic activity of Trichoderma spp., and to test its crude extract as a biocontroller of Mycena
citricolor. The evaluated strains were molecularly characterized with the ITS-5.8S DNArn marker. The results
determined four different Trichoderma species: T. asperellum, T. harzianum, T. spl, and T. sp2. It was deter-
mined that three of the four Trichoderma species evaluated were effective, with inhibition values exceeding
40% and significantly different (p < 0.05) between treatments. These Trichoderma species show promise as
mycoparasitic biocontrol agents against the pathogen M. citricolor. The crude extract from 7. harzianum alone
was ineffective in controlling the growth of M. citricolor, suggesting the need for further analysis of solvent-
extracted extracts.
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INTRODUCTION

Fungi are diverse organisms that contribute significantly to natural ecosystems and agriculture through their
roles in nutrient cycling and pest biocontrol !. However, several fungal species are considered devastating
pathogens, destroying strategic crops such as coffee (Coffea arabica L.) 2. In Ecuador, coffee is an agricultural
product of national economic importance, with a reported production of 5,421 metric tons (mt) that contributes
to global exports, generating between USD 120 and 150 million according to the Ministry of Agriculture and
Livestock (2024) (accessed via the Agricultural Public Information System [SIPA] on January 9, 2026). Nev-
ertheless, its productivity is severely threatened by the basidiomycete fungus Mycena citricolor (Berk. & M.A.
Curtis) Sacc. (Mycenaceae; Index Fungorum, 2026), which causes one of the most critical diseases affecting
coffee plantations **.

While global reports estimate damage between 13% and 90%, local studies in Ecuadorian plantations have
quantified significant yield impacts, including reduced cherry quality and premature defoliation, particularly
in shaded, high-humidity microclimates typical of the Andean foothills *. This represents a direct economic
loss that potentially affects international exports to countries such as Colombia, the United States, Germany,
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France, Japan, and Russia >%. In some cases, the losses caused by this agent are more severe than those trig-
gered by coffee rust (Hemileia vastatrix Berk. & Broome) 2.

The disease determined by Mycena citricolor on coffee plants is commonly known as "ojo de gallo" (Rooster
Eye). It predominantly affects plantations situated above 1,000 m.a.s.l, where fructifications appear on leaves
and fruits under excessive shade and humidity ”-8. Consequently, the agricultural sector is increasingly seeking
environmentally friendly solutions, such as biological competitors that control pathogens while increasing
production *!°, In countries like Costa Rica, where this pathogen is a major constraint, integrated management
programs have successfully incorporated native Trichoderma strains. These isolates promote plant growth and
exhibit potent antagonism against M. citricolor, effectively reducing disease incidence and severity while
preventing plant mortality '!. Despite these advances, identifying specific biological competitors remains a
global priority.

Fungi such as Ascomycetes (e.g., Trichoderma spp.) can be pest biocontrol agents or competitors of agricul-
tural pathogens, some of which are effective by directly attacking pests (e.g., fungi, bacteria, or nematodes)
or by activating the plant immune system '>!3. Species such as Trichoderma asperellum and T. harzianum,
have been reported to have biocontrol potential, acting antagonistically against several pathogenic organisms:
nematodes (e.g., Meloidogyne sp.), Oomycetes (e.g., Pythium spp., Phytophthora spp.), Ascomycetes (e.g.,
Fusarium spp. Rhizoctonia spp.), and Basidiomycetes fungi (e.g., Mycena citricolor, Hemileia vastatrix)
14,15,16

Trichoderma species have also been documented to act indirectly by strengthening the immune systems of
various plant hosts '7!®. Consequently, Trichoderma extracts and formulations have been implemented as
biological control agents worldwide, including several applications across Latin America '°. To ensure effi-
cacy, these promising species must be thoroughly characterized at multiple levels, particularly through mo-
lecular analysis using the ITS-5.8S rDNA marker, which is recognized as the universal fungal barcode *°.

In this context, Trichoderma spp. has emerged as a strategic candidate for the Ecuadorian coffee sector. The
novelty of this study lies in leveraging local biodiversity to combat Mycena citricolor through a "green" strat-
egy, thereby reducing reliance on synthetic fungicides and promoting environmental health. Given the aggres-
siveness of this pathogen in coffee plantations—particularly in the Ecuadorian landscape—it is imperative to
evaluate the antagonistic effects of native Trichoderma species to develop effective, sustainable biocontrol
agents.

MATERIAL AND METHODS

Strains applied in the study: Trichoderma spp. and the pathogen

The strains morphologically assigned to 7richoderma spp. isolated from soil (codes F11, F11#2, J1, and CEFI)
(Figure 1) were obtained from the HUTPL mycotheque. The pathogen Mycena citricolor was collected from
a coffee plantation located in the El Cristal farm (4°07'14.4" S, 79°11'56.6" W; 1,800 m.a.s.l.) in southern
Ecuador. This region is characterized by a cloud forest microclimate, with an average annual humidity of 82%
to 85% and a mean annual temperature of 12°C to 15°C (with fluctuations from 6°C to 22°C depending on
altitude). Furthermore, the area receives annual precipitation of 1,500-2,000 mm 2!. Fructifications of M. cit-
ricolor were extracted from parts of the plant affected by Rooster Eye, such as leaves, fruits, and coffee leaf
litter (Figure 2). Mycena citricolor was isolated directly on Potato Dextrose Agar (PDA) supplemented with
0.01% chloramphenicol 2.
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Figure 1. Trichoderma mycelial growth in a Petri dish with PDA. Each strain corresponds to the codes: A) = F11; B) = J1;
C) = F11#2; D) = CEFL. Structures such as hyphae and conidiophores (bottom, black arrows) and conidia (bottom, green
arrows) typical for Trichoderma spp. according to each strain, respectively. Scale Bars = 20pum in 100X magnification.

f

Figure 2. Cultivation of Mycena citricolor and damage to Coffea arabica coffee. A) Basidiocarp of M. citricolor. B) leaf with
circular damage caused by M. citricolor. C) healthy coffee fruit (green color) and fruit showing infection with Rooster Eye
(red color). D) leaf litter on soil with fruiting bodies of M. citricolor. E) Growth of M. citricolor (PS00H) on PDA culture
medium. Scale bars A) =3mm. B, C, D, E) =2cm.

Molecular analysis

All strains used in the study were genetically identified using the following steps: DNA was extracted with
Invitrogen® commercial kit (Purelink DNA plant), amplified by PCR applying the universal primers ITS1 5'-
TCC GTA GGT GAA CCT GCG G-3' and NL4 5'-GGT CCG TGT TTC AAG ACGG-3' ?* with PCR
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conditions: initial denaturation at 94°C for 3 minutes, 35 cycles, each consisting of a denaturation step at 94°C
for 30 seconds, annealing at 55°C for 30 seconds, and extension at 72°C for 2 minutes, and a final extension
at 72°C for 10 minutes. The PCR reaction volume was 20 pL: 18 puL of Platinum ® PCR Supermix from
Invitrogen, 0.2 pL of each primer, 0.4 pL of 10% BSA (bovine serum albumin), and 1.5 pL of DNA. PCR
products were verified by electrophoresis on 1% agarose gel plus 1X Gel Red solution (Biotium) 2*. Amplified
PCR products were purified with the PureLink PCR Purification Kit (Invitrogen) and sequenced at Macrogen
Seoul, Korea.

Dual antagonism tests

Dual antagonism tests were carried out in 9-cm-diameter Petri dishes containing PDA medium. At a distance
of 2 cm from the border of the dish, a 5 mm diameter agar disc with mycelium of the pathogen (M. citricolor)
was placed, and at the opposite end, a 5 mm diameter disc colonized with mycelium of the antagonist 7richo-
derma spp. was placed. The spacing between the discs was approximately 4 cm, as recommended by Howell
25 (Figure 3A). Positive growth controls with similar diameters were planted in Petri dishes designated for
antagonists and pathogens, as detailed in the design (Table 1). All cultures were incubated at 27°C for 5 days,
with 70% relative humidity and pH 5.5 as optimal growth conditions for fungi *°. Radial measurements of the
mycelium were taken every 24h.

Treatments (replicates n = 5) Antagonists evaluated
T1 Trichoderma sp. (F11) vs. M. citricolor (PSO0H*)
T2 Trichoderma sp. (J1) vs. M. citricolor (PSO00H*)
T3 Trichoderma sp. (CEFI) vs. M. citricolor (PSO0H*)
T4 Trichoderma sp. (F11#2) vs. M. citricolor (PSO0H¥*)
C1 Trichoderma sp. F11
C2 Trichoderma sp. J1
C3 Trichoderma sp. CEFI
C4 Trichoderma sp. F11#2
C5* M. citricolor PSOOH*

Table 1. Treatments (T) and controls (C) were evaluated in the dual antagonism tests. * Pathogenic fungus.

For each replicate, we measured the Antagonistic growth radius (AGR) and Pathogenic growth radius (PGR)
to observe nutrient and space competition according to growth rate. In addition, the percentage inhibition of
radial growth (PIRG) was calculated to verify the efficacy of the treatments using the formula PIRG = (R1-
R2)/(R1) x 100 %, where R1 represents the radial growth of the pathogen in the control treatment and R2 the
radial growth of the pathogen in confrontation.

Mycoparasitism (MICMO) was assessed by macroscopic observation of dual cultures (antagonist effect on
the pathogen via invasion of the growth space) using the scale in Table 2.
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Rating Antagonistic capacity Biocontrol potential
0 No surface invasion of the pathogenic strain Very bad
1 Y4 surface invasion of the pathogenic strain Bad
2 Y5 surface invasion of the pathogenic strain Deficient
3 Partial surface invasion of the pathogenic strain Good
4 Total invasion of the surface of the pathogenic strain, sporulation on it Very good

Table 2. Antagonistic capacity assessment scale 25,

Antagonist/pathogen crude extract test

The Trichoderma isolate exhibiting the highest radial growth inhibition percentage (PIRG) was selected for
crude extract evaluation. To recover the enzymatic complex, the isolate was inoculated into Yeast Extract
Peptone Dextrose (YPD) liquid medium and incubated under constant agitation for seven days. The secretome,
containing potential lytic enzymes such as chitinases and B-1,3-glucanases, was harvested by filtration through
a 0.22 um membrane to remove mycelial fragments. The resulting filtrate was freeze-dried for 48 hours to
preserve the integrity of the synergistic enzymatic complex or preserve other thermolabile compounds 2¢.
Finally, the lyophilizate was reconstituted in sterile distilled water to a final concentration of 160 mg/mL for
subsequent antagonistic assays. Minimum inhibitory concentration (MIC) tests were performed by inoculating
25 uL at three concentrations (8 mg/mL, 4 mg/mL, and 2.5 mg/mL) onto PDA medium with a Mycena citri-
color (0.2mm diameter disc). Positive control (only inoculated with M. citricolor) and negative control (with-
out inoculation) were applied (Figure 3B). Pathogen growth on cell culture plates was monitored for five days.
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Figure 3. A) Scheme of dual antagonist/pathogen antagonism test adapted from . B) Design for inhibitory action on plate
at different concentrations of fungal extract (7Trichoderma spp.) against the pathogen Mycena citricolor (white circle) and C+
and C- (respective controls). Image created with BioRender (https://biorender.com/).
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Statistical analysis

Differences in AGR, PGR, and PIRG among treatments were assessed using ANOVA, followed by Tukey
post hoc tests. Before the analyses, normality was tested using the Shapiro-Wilk test. All analyses were per-
formed in the statistical program R 27, with a significance level of 0.05.

RESULTS

Specimens analyzed

The morphotypes belonging to Trichoderma and Mycena citricolor strains were molecularly corroborated,
revealing four distinct genotypes for Trichoderma spp.: two with species identity and two currently un-
described (Table 3). The pathogen was identified as Mycena citricolor (Table 3).

Strain, code, and treatment Accession and % similarity (GenBank) Genotypes
Trichoderma sp. (F11) = T1 MH455287 / 99% Trichoderma harzianum
Trichoderma sp. (J1) =T2 MH455289 / 90% Trichoderma sp. 1
Trichoderma sp. (CEFI) = T3 MH455290 /90 % Trichoderma sp. 2
Trichoderma sp. (F11#2) = T4 MH455285 / 94% Trichoderma asperellum
Mycena citricolor PSO0H MF417760 / 98.15% Mycena citricolor

Table 3. Similarity comparison in the NCBI GenBank database for sequences from the study strains.
AGR and PGR inhibition tests

The Trichoderma species in treatments T1 (7. harzianum vs M. citricolor), T2 (T. sp. 1 vs M. citricolor), and
T4 (T. asperellum vs M. citricolor) showed high antagonist radial growth (AGR), with mean values ranging
between 2.6 and 2.8 cm (Figure 4). In these treatments, the pathogen Mycena citricolor exhibited markedly
reduced radial growth (PGR), with values ranging from 0.6 to 0.8 cm, indicating a strong inhibitory effect.
In contrast, treatment T3 (7. sp. 2 vs M. citricolor) showed a lower AGR value (approximately 1.8—1.9 cm),
which was still higher than the corresponding PGR of M. citricolor (approximately 1.0—1.1 cm), suggesting
a weaker antagonistic effect compared to the other Trichoderma treatments (Figure 4).

The ANOVA indicates a significant difference between treatments (p < 0.0012¢7'%). The post-hoc tests indi-
cated that treatments T1, T2, and T4, and their respective controls (C1, C2, and C4), were not significantly
different, except for C5 corresponding to M. citricolor, which showed significance (p-value <). On the other
hand, the treatment T3 and its control C3 are significantly different from each other (p value <0.05), but not
significantly different from the pathogen control M. citricolor (C5) (p value >0.05). Most treatments show a
significant growth difference against the pathogen (Figure 4).
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Figure 4. Radial growth of Trichoderma spp. (AGR) and Mycena citricolor (PGR) in dual antagonism assays. Growth
controls for each species are shown in green (antagonist) and red (pathogen) plots. Bars represent mean values + stand-

ard error. Detailed data for all treatments are provided in Table 1.

Radial growth inhibition (PIRG)

The percentages of radial growth inhibition (PIRG) were higher in treatments T1 (7. harzianum vs M. citri-
color), T2 (T. sp. 1 vs M. citricolor), and T4 (T. asperellum vs M. citricolor), with values ranging from 47%

to 55%, in contrast to T3, which had a low PIRG of 28%.

Statistically, the ANOVA indicates a significant difference between treatments (p < 0.001). The Tukey test
indicates that only treatment T3 showed significant differences in PIRG compared to the other treatments (p

<0.05) (Figure 5).
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Figure S. Percentage of radial growth inhibition (PIRG) after five days for the different antagonism treatments (7richo-
derma spp. vs. Mycena citricolor) (see Table 1). Red symbols represent mean values + standard error.
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Evaluation of mycoparasitism (MICMO)

Macroscopic observation of the treatments showed that the species used in treatments T1, T2, and T4 had an
efficient inhibitory effect on M. citricolor (Figure 6), with a score of 4 (see Table 2). On the other hand, the
Trichoderma species used in T3 was evaluated as a poor biocontrol agent of M. citricolor (Figure 6), with a
score of 2 (see Table 2).

Figure 6. Macrosopic evaluation of mycoparasitism (MICMO) action, five days after growth of the different treatments
(see Table 1). T1, T2, and T4 were evaluated as efficient biocontrol agents against the pathogen, whereas T3 showed a
poor inhibitory effect (see Table 2). Petri dishes 90mm.

Fungal extract inhibition test

The crude extract from 7. harzianum (T1) did not inhibit the growth of M. citricolor; the positive control
and the different concentrations tested showed similar growth (Figure 7).
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Figure 7. Inhibition test for the fungal extract from 7. harzianum (three different concentrations), evaluated after five
days.
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DISCUSSION

Our results indicated the presence of four Trichoderma genotypes (1. harzianum = T1, T. spl. = T2, T. sp2.
= T3, and T. asperellum = T4), as well as Mycena citricolor, emphasizing the effectiveness of the DNArn
molecular marker ITS-5.8S as a universal barcode 2°. However, we recommend that a multigene analysis
(RPB1, RPB2, tub2/BenA, calmodulin, LSU, and SSU) be carried out in the future to provide a correct de-
scription of the Trichoderma species, given their genetic variability 2®.

Three of the evaluated Trichoderma species (T. asperellum, T. harzianum, and T. sp.1) exhibited a very good
inhibitory action (47% to 55% of PIRG) on the growth of the pathogen M. citricolor, with no significant
differences between them. Trichoderma spp. has already been reported as effective against other fungi, such
as Rhizoctonia solani J. G. Kiihn, with radial inhibition percentages (PIRG) of 60-90% 29, although other
studies found it to be antagonistically effective at 38-46% '°.

This suggests that the efficacy of these Trichoderma species varies depending on the pathogen's cell wall
composition (30). Nevertheless, they function as effective biocontrol agents by exhibiting accelerated growth
and early colonization of the substrate. This competition for nutrients and the resulting restriction of pathogen
growth are consistent with previous reports '*3°. T. harzianum is a more efficient competitor for nutrients
compared to the pathogen '°, probably due to the production of inhibitory compounds, such as extracellular
enzymes (peptidases, cutinases, and chitinases) 3! which can alter the cell structure of pathogens such as M.
citricolor 32.

The metabolic characteristics of Trichoderma spp. probably affect their mycoparasitism potential (MICMO),
so that not all Trichoderma strains or species produce the same defense mechanisms, metabolites, or other
effective compounds against pathogens *!**. This explains why one of the species tested in our experiments
(T. sp2, treatment T3) generated a much less efficient control against M. citricolor compared to the species
used in the other three treatments, which were capable of a total invasion on the surface of the pathogenic
strain, with a rating of 4, similar to that reported in other studies **.

The crude fungal extract obtained from 7. harzianum (T1) did not inhibit the growth of M. citricolor. This
negative result is attributed to the extraction method, which yielded low metabolite concentrations. Higher
concentrations could be obtained by applying solvents such as alcohols or acetone during the extraction and
recovery of metabolites 2% 34, Another factor that may have resulted in a lower concentration of active com-
pounds is the culture medium, as 7. harzianum was grown on it before the extraction; studies have shown that
the expression of defense and other metabolites can be enhanced when the antagonistic fungus is grown in the
presence of the pathogenic fungus '% 3. As a result, we suggest that Trichoderma spp. extracts obtained using
a higher metabolite recovery methodology should be reevaluated in the future to assess their efficacy against
M. citricolor. This is especially important since this pathogen attacks at the foliar and fruit levels (Figure 2 A,
B, C), and not only through competition between antagonist/pathogen species that would work efficiently on
M. citricolor fructifications in coffee leaf litter (Figure 2 D).

Currently, the search for biotechnological alternatives and the application of ecological compounds are re-
search priorities 35 for controlling fungal diseases that affect economically important crops. Our study reports
three Trichoderma species with mycoparasitic biocontrol capabilities against M. citricolor, the pathogen caus-
ing the "Rooster Eye" disease in coffee crops. As a next step, we recommend field-testing these Trichoderma
species to assess their usefulness as effective, environmentally friendly alternatives for disease management,
as already suggested by other plant pathogen biocontrol agents 363738,

CONCLUSIONS

This study provides one of the first integrated, locally grounded evaluations of native Trichoderma isolates as
biocontrol candidates against Mycena citricolor (coffee "Rooster Eye") in southern Ecuador, combining ITS-
5.8S rDNA molecular characterization with dual-culture antagonism and mycoparasitism (MICMO) scoring.
Molecular results resolved four distinct Trichoderma genotypes, including one isolate closely matching 7.
harzianum (99% similarity) and another related to 7. asperellum (94%). At the same time, two isolates showed
only ~90% similarity to their closest GenBank matches, suggesting the presence of potentially divergent or
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under-characterized native lineages (here treated as Trichoderma sp. 1 and sp. 2 pending multilocus confir-
mation).

Functionally, three isolates—7. harzianum, Trichoderma sp.1, and T. asperellum—showed consistent and
statistically significant antagonism against M. citricolor, with PIRG values of ~47-55% and high mycopara-
sitic performance (MICMO = 4), signifying strong promise as "green" biocontrol agents for coffee systems.
In contrast, Trichoderma sp. 2 exhibited markedly weaker activity (PIRG ~28%; MICMO = 2), underscoring
the importance of strain-level selection rather than assuming uniform potency across the genus.

Importantly, the lyophilized secretome/crude aqueous extract from 7. harzianum did not inhibit M. citricolor
at the tested concentrations. This result is novel and practically informative: under the evaluated conditions,
inhibition appears to depend more on direct interaction methods (competition and mycoparasitism) than on
water-reconstituted extracellular products alone. Subsequent work should therefore prioritize field validation,
multilocus identification, and optimization of metabolite recovery (e.g., solvent-based extracts and/or induc-
tion conditions) to translate these native isolates into efficient biocontrol tools for Ecuadorian coffee produc-
tion.
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