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ABSTRACT

Hass avocado is established as a fundamental pillar of global agricultural trade, with market
projections showing sustained growth toward the end of the decade. In Colombia, the
industry has achieved notable expansion in both cultivated area and total export value, its
competitiveness is threatened by anthracnose (Colletotrichum spp.), which causes high
rejection rates in international markets. This study evaluated the field efficacy of a
biopesticide based on Trichoderma koningiopsis Th003 for anthracnose management in two
commercial orchards in Popayan and San Vicente Ferrer, Colombia. Four doses (1.5, 1.0, 0.5,
and 0.1 g L") were applied as foliar sprays at 15-day intervals over a six-month period.

Disease incidence and severity were assessed at fruit phenological stages 712, 715, and 719,
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and phytotoxicity was additionally evaluated at 3 g L™'. No anthracnose incidence was
detected at stage 712. Disease pressure increased markedly thereafter, reaching 100%
incidence at harvest (stage 719). Under these conditions, the severity index was the most
informative variable for differentiating treatment performance. The 1.5 and 1.0 g L' doses
consistently showed the lowest severity values at stages 715 and 719, with a clear positive
dose response pattern. At harvest, the 1.5 g L™ dose achieved efficacy values of 56% in San
Vicente Ferrer and 43% in Popayan, whereas the 1.0 g L' dose reached 35% and 29%,
respectively. No phytotoxic effects were observed at 3 g L™'. These results support the use of
T koningiopsis Th003, particularly at 1.5 and 1.0 g L', as a biological option for crop

integrated management.

Keywords: Biopesticide, dose response, incidence, severity index, phytotoxicity.

INTRODUCTION

Avocado (Persea americana Mill.) is a globally important fruit crop whose production and
trade have expanded markedly in recent years. According to FAOSTAT, global avocado
production reached approximately 11.35 million metric tons in 2024 (FAOSTAT 2025), while
the Food and Agriculture Organization (FAO) estimated that global avocado exports rose by
13 percent to 3.3 million tonnes in 2025, positioning avocado among the most actively traded

major tropical fruits worldwide. (FAO 2025).
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In Colombia, avocado cultivation has established itself as one of the most important crops,
with approximately 40,000 hectares planted in 2025 primarily in the departments of
Antioquia, the Coffee Axis, Tolima, Huila, Cauca, and Valle del Cauca, with an estimated
harvest of 206,352 tons, the country exported more than 201,000 tons in the same year,
generating revenues close to US$375 million. Europe remains the primary destination for
Colombian avocados, accounting for 60% of total exports (with a value of US$134.2 million
and a growth of 10.8% compared to 2024), where the Netherlands is the largest buyer,

holding a 35.8% market share (Analdex 2025).

However, the productivity and competitiveness of Hass avocado are affected by various
phytosanitary limitations, with anthracnose, caused by the Colletotrichum spp. species
complex, being one of the most significant. This disease has a wide geographical distribution,
causing economic losses in all avocado-growing regions. The pathogen not only induces
direct yield losses by infecting vegetative and reproductive structures but also drastically
affects postharvest quality. Colletotrichum sp., can infect the fruit in the field and remain
quiescent until environmental or physiological conditions favor symptom expression (Law
et al. 2025). This behavior makes anthracnose especially difficult to manage, as visible
symptoms may develop during advanced stages of fruit development or near harvest, when
losses are directly associated with the degradation of fruit quality and reduced marketability,
reporting rejection rates of up to 52.5% in Colombian packing houses, which generates
significant economic losses (Jaramillo et al. 2023; Ramirez-Gil et al. 2020; Bernal et al.

2025).
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Conventionally, the primary method for controlling Colletotrichum sp., has been the
application of synthetic chemical fungicides, employing a variety of active ingredients such
as azoxystrobin, difenoconazole, fludioxonil, prochloraz (with limited use in avocado), and
thiabendazole, which have allowed for the mitigation of negative impacts on yields (Bernal
et al. 2025). However, the risk of adverse effects on the environment and human health,
coupled with the loss of biological efficacy in the field and increasing regulatory restrictions
on the use of certain active ingredients (Hejazi et al. 2022; Bernal et al. 2025; Codex
Alimentarius 2025), has sparked interest in unconventional control methods (Diallo et al.

2021; Choudhary et al. 2025).

Under this scenario of transition toward sustainable agriculture, it has become imperative to
validate effective biological alternatives, such as the use of biopesticides formulated from
antagonistic microorganisms. These alternatives allow for the mitigation of the disease's
impact without compromising the safety of the final product or its competitiveness in

international markets (Bernal et al. 2025).

Among the most outstanding antagonists the species of the genus 7richoderma have been
extensively studied as biological control agents because they can suppress plant pathogens
through multiple mechanisms, including competition for nutrients and space,
mycoparasitism, antibiosis, enzymatic degradation of pathogen structures, and induction of

plant defense responses (Oyesola et al. 2024; Guzman-Guzman et al. 2025).

In avocado, Trichoderma strains have shown promising potential for disease management.

Lopez-Lopez et al. (2023) reported strong antagonistic activity of native isolates against
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important avocado fruit pathogens, including Colletotrichum gloeosporioides. More
recently, Chamarro-Anaya et al. (2025) demonstrated that native Trichoderma strains
isolated from avocado crops significantly inhibited C. gloeosporioides in vitro and promoted
avocado plant growth. Evidence specifically involving 7. koningiopsis in avocado was
reported by Andrade-Hoyos et al. (2020), who identified two endophytic strains of this
species (T-K8 and T-K11) and showed under greenhouse conditions that Trichoderma
treatments, which included these isolates, reduced wilt symptoms and seedling death caused

by Phytophthora cinnamomi.

Among the Trichoderma species with demonstrated biocontrol potential, Trichoderma
koningiopsis Th003, the active ingredient of biopesticide Tricotec® WG, has shown
biological and agronomic attributes that support its integration into crop protection programs,
including rapid growth, adaptability to different environmental conditions, and compatibility
with pesticides commonly used in agricultural systems. Previous studies have reported its
effectiveness against economically important fungal pathogens, supporting its potential
integration into disease management programs (Moreno Velandia et al. 2020; Zapata

Narvéez et al. 2023; Zapata-Narvaez and Botina-Azain 2023).

Despite this accumulated evidence, information regarding the field performance of T.
koningiopsis Th003 specifically for the management of anthracnose in Hass avocado under
commercial conditions remains limited. Therefore, the objective of this study was to
determine the field efficacy of Tricotec® WG (7richoderma koningiopsis Th003) in reducing

the severity of anthracnose in Hass avocado fruits.
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MATERIAL AND METHODS

Field sites

The study was conducted between November 2024 and June 2025 in two commercial Hass
avocado orchards in Colombia, which focus on oil production and fruit supply for the
domestic market. The first fruit orchard was in Popayan, Cauca, a city situated in
southwestern Colombia, between the western and central mountain ranges of the Andes
(1,874 m above sea level), The second orchard was in San Vicente Ferrer, a municipality
located in the Eastern subregion of the department of Antioquia (Colombia), in the Central

Mountain Range (2,270 m above sea level).

Treatments and applications

Four doses of the biopesticide based on T koningiopsis Th003, were evaluated: 1.5 gL (1.5
x 10% conidia mL ™), 1.0 g L' (1 x 10° conidia mL), 0.5 g L' (5 x 10° conidia mL""), and

0.1 gL' (1 x 10° conidia mL™") determining its efficacy relative to untreated control.

The trial was established using a Randomized Complete Block Design (RCBD) with four
replicates. The experimental unit consisted of three trees, on which four branches were
marked (according to the cardinal points: North, South, East, and West). From each branch,
five fruits were evaluated, for a total of 240 fruits per treatment. For each treatment, the

necessary amount of biopesticide was prepared according to the evaluated dose and
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dispensed into 20-liter capacity backpack sprayers for application. The aerial part of the trees
was sprayed, covering branches, leaves, flowers, and fruits, with an application frequency of

every fifteen days for six months, using an application volume of 1.5 liters per tree.

Disease assessment and efficacy calculation

Disease assessments were performed three times during fruit development. The first
assessment was conducted one month after trial establishment on fruits at phenological stage
712 (first fruitlet abscission), according to the scale described by Alcaraz et al. (2013). The
second assessment was conducted three months after trial establishment on fruits at
phenological stage 715 (50% of final fruit size). The third assessment was conducted at
harvest on fruits at phenological stage 719 (90% or more of final fruit size). In the final

evaluation.

At each evaluation, disease incidence and severity were recorded. Incidence was calculated
as the percentage of fruits showing symptoms associated with anthracnose damage,

according to Equation (1).

(1)

ber of t tic fruit
Tcidence{%) = ( number of symptomatic fruits ) 100

total number of fruits evaluated

Disease severity was assessed using a visual scale for lenticel anthracnose lesions (symptoms

often manifest as lenticel-centered lesions, where the infection radiates from the lenticels,



163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

forming circular, sunken brown-to-black spots as the fruit ripens) described by Grisales et al.
(2016). Severity classes were defined according to the estimated percentage of fruit surface
affected as follows: grade 0, 0% (no visible symptoms); grade 1, 0.1-1.9% (first visible
lesions, consisting of small brown to black spots); grade 2, 2—5.9% (slightly larger or more
numerous lesions, still within the tolerance threshold); grade 3, 6—-10.9% (intermediate
severity, with darker lesions that may begin to crack); grade 4, 11-49.9% (moderately severe
lesions affecting up to nearly half of the fruit epidermis); and grade 5, 50—-100% (severe
damage, with extensive lesion coverage on the fruit surface). Based on these ratings, a

severity index (SI) was calculated according to Equation (2).

57 — 2 X si) @)

Where #; is the number of fruits in each severity class, s; is the severity score of that class,

and N is the total number of fruits evaluated.

The efficacy of T. koningiopsis Th003 was estimated from severity index values using

Abbott’s formula, as shown in Equation (3):
-T
Efficacy(%) = (CT) % 100 (3)

where C is the severity index of the untreated control and T is the severity index of each

treatment.
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Phytotoxicity assessment

Phytotoxic effects of biopesticide on Hass avocado fruits were evaluated by visual inspection
at all four tested doses in both locations. In addition, phytotoxicity was assessed at a higher
dose of 3 g L' (3 x 10° conidia mL™), using the same experimental unit structure as three
trees, but with two replicates. In this essay, external color changes were visually assessed in
20 fruits per experimental unit. Phytotoxicity was classified according to the severity scale

shown in Table 1, adapted from EWRS (Champion, 2000).

Table 1. Visual severity scale used to assess phytotoxic effects on Hass avocado fruits

(modified from EWRS; Champion, 2000).

Level Descriptor
0 Absence of symptoms
1 Trace symptoms of chlorosis
2 Slight symptoms, chlorosis
3 Spots or strong discoloration
4 Heavy spotting extensively distributed

Statistical analysis

Disease incidence and severity data were subjected to an analysis of variance (ANOVA), and

means were compared using Fisher's LSD test (a = 0.05).
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RESULTS

No incidence of anthracnose was observed in fruits at phenological stage 712 in any of the
treatments for either location. In contrast, at stage 715 in the San Vicente Ferrer location,
significant statistical differences were observed between treatments; the control presented
the lowest incidence (87%), while the application of 1 g L™! of the biopesticide reported the
highest disease incidence (98%, Fig. 1). Meanwhile, for the Popayan location, no significant
differences were found between treatments, with an observed incidence ranging between

99% and 100%.

100 —

80 b
60

40

Incidence (%)

20

0
15g L™ 1gL™ 0.5gL™" 0.1gL™ Control

O San Vicente O Popayan Treatment

Fig. 1 Anthracnose incidence in Hass avocado fruits at phenological stage 715. Letters

indicate significant differences according to Fisher's LSD test (p < 0.05).

Regarding the severity index (SI) in fruits at phenological stage 715, in the San Vicente Ferrer

location, the untreated control (SI = 1.15) and the 1.5 g L! dose (SI = 1.17) exhibited the
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lowest levels, showing significant statistical differences compared to the rest of the
treatments (Figure 3). Meanwhile, in Popayan, the 1.5 g L' dose was significantly
distinguished by recording the lowest severity (SI = 2), whereas the highest impact occurred

with the control, which reached an SI= 3.5 (Fig. 3).
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Fig. 2 Severity index for anthracnose in avocado fruits at phenological stage 715. Letters

indicate significant differences according to Fisher's LSD test (p < 0.05).

The incidence of anthracnose in fruits at phenological stage 719 was 100% in both locations

(Fig. 3).
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Fig. 3 Anthracnose incidence in Hass avocado fruits at phenological stage 719. Letters

indicate significant differences according to Fisher's LSD test (p < 0.05).

Regarding severity in fruits at phenological stage 719, the location of San Vicente Ferrer
showed the lowest SI (1.6) with the 1.5 g L'! dose, which was significantly different from the
other treatments. This was followed by the 1 g L' dose (SI = 2.4), while the control recorded
the highest severity with a value of 3.7 (Fig. 4). In Popayan, the trend was similar: the 1.5 g
L dose achieved the lowest severity (SI = 2.7), showing significant differences from the
rest, followed by the 1 g L dose (SI = 3.4). The highest disease index in this location was

reported with a 0.1 g L™! dose, reaching an SI of 4.2 (Fig. 4).
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Fig. 4 Severity index for anthracnose in avocado fruits at phenological stage 719. Letters

indicate significant differences according to Fisher's LSD test (p < 0.05).

Efficacy of Tricotec® WG in the control of anthracnose in Hass avocado fruits

The application of the biopesticide based on T koningiopsis Th003 doses of 1.5 g L™ and 1
g L' proved to be the most effective in reducing the severity of anthracnose in Hass avocado
fruits (stage 719). With the higher dose, an efficacy of 56% was achieved in San Vicente and
43% in Popayan, while the 1 g L' dose reached 35% and 29%, respectively. Furthermore, a
direct relationship between dose and effectiveness was observed, as efficacy decreased as the
biopesticide dose was reduced (Fig. 5). This result is particularly relevant given that the

greatest damage caused by the disease was recorded at this stage.
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Fig. 5 Efficacy of the evaluated doses of the biopesticide based on 7. koningiopsis Th003

controlling anthracnose in Hass avocado fruits at phenological stage 719.

Phytotoxicity assessment

No phytotoxic effects were observed in fruits treated with the biopesticide at any of the
evaluated doses in either orchard. Likewise, fruits exposed to the additional 3 g L dose
showed no visible external color changes or symptoms of damage, and all observations were
classified as grade 0 according to the phytotoxicity scale shown in Table 1. Representative
fruits from the 3 g L' treatment retained a healthy appearance and showed no visible
alterations in external color (Fig. 6). These observations indicate that the product did not
cause visible injury to Hass avocado fruits, even at a dose above the range evaluated for

disease management.
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Fig. 6 External appearance of Hass avocado fruits treated with the biopesticide based on 7.

koningiopsis Th003 at 3 g L'! during phytotoxicity assessment.

DISCUSSION

The results obtained in both locations showed that anthracnose pressure became extremely
high as fruit development progressed. Although no disease incidence was detected at stage
712, incidence increased sharply at stage 715 and reached 100% at harvest (stage 719) in
both orchards. This pattern is consistent with the epidemiological behavior of Colletotrichum
in avocado, in which infections may remain quiescent during early stages of fruit
development and become evident as fruit maturity advances and environmental conditions
favor symptom expression (Dowling et al., 2020). Under such conditions, symptom presence
becomes almost generalized, and incidence loses discriminatory power among treatments. In
the present study, this was particularly evident at harvest, when all treatments reached
complete incidence and treatment differences were expressed mainly through severity. This
interpretation is consistent with reports from commercial Hass avocado orchards in
Colombia, where anthracnose and lenticel damage were identified among the most relevant

postharvest problems, and where disease expression was associated with multiple preharvest
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agronomical factors (Ramirez-Gil et al., 2021). This was further compounded by the constant
rainfall recorded during the final four months of the trial in both locations (averaging 303
mm in San Vicente and 233 mm in Popayan) (IDEAM, 2026), which contributed to
maintaining an environment conducive to pathogen development, particularly high relative

humidity within the tree canopy (Dowling et al., 2020).

Given this scenario, the severity index (SI) was the parameter that allowed for the
differentiation of the performance of the evaluated biopesticide doses in reducing damage or
disease spread in fruits that were already infected or contained quiescent infections (Dowling
et al. 2020). At both phenological stages 715 and 719, the 1.5 g L' and 1 g L™! doses of the
biopesticide consistently showed the lowest disease severity, while the lowest dose showed
the poorest performance. This indicates that the principal effect of the biopesticide was not
to prevent symptom occurrence completely, but to reduce lesion development and therefore
the extent of visible damage on the fruit surface. From a biological and agronomic standpoint,
this is highly relevant because in Hass avocado, external lesion severity directly affects fruit
appearance, commercial acceptability, and the probability of rejection during
commercialization. The fact that severity remained responsive while incidence saturated
highlights the importance of prioritizing this variable when evaluating biological alternatives

under high disease pressure.

A clear positive dose-response relationship was observed in both locations, where a higher
concentration of the biopesticide translated into greater efficacy, which progressively
decreased as the dose was reduced. These results indicate that the biological activity of 7.

koningiopsis Th003 was dose dependent under commercial conditions, and that the two
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highest doses had the greatest capacity to limit anthracnose severity during the most critical
stage for fruit quality. This pattern reinforces the view that, under sustained disease pressure,
the most meaningful outcome of biocontrol is often the attenuation of disease development

rather than complete exclusion of infection.

The present results are consistent with the broader literature on Trichoderma as a biological
control genus, but they also extend it in an important way. Previous work in avocado has
shown that native Trichoderma isolates can strongly antagonize fruit pathogens under
controlled conditions. Lopez-Lopez et al. (2023) reported high antagonistic activity of native
isolates against Colletotrichum gloeosporioides and other avocado fruit pathogens and linked
their effect to increased glucanase and chitinase activity in fruit assays. Likewise, Chamarro-
Anaya et al. (2025) showed that native Trichoderma strains isolated from avocado crops
inhibited C. gloeosporioides in vitro, although their strongest results were associated with 7.
harzianum and T. viride rather than 7. koningiopsis. These studies support the biological
plausibility of Trichoderma based disease suppression in avocado, but they were not

conducted under commercial field conditions.

Evidence involving 7. koningiopsis in avocado has also been reported under greenhouse
conditions. Andrade-Hoyos et al. (2020) identified two endophytic strains of 7. koningiopsis
(T K8 and T K1) and showed that Trichoderma treatments reduced wilt symptoms and
seedling death caused by Phytophthora cinnamomi. However, those results were obtained in
seedlings under greenhouse conditions and involved a soilborne oomycete rather than a fruit
anthracnose pathosystem. Thus, while they support the relevance of 7. koningiopsis as a

beneficial antagonist in avocado, they do not directly address fruit disease suppression under
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orchard conditions. In this sense, the present study adds field-based evidence showing that
repeated canopy applications of a 7. koningiopsis based biopesticide can reduce anthracnose

severity in commercial Hass avocado orchards.

An additional point that strengthens the interpretation of the present results is that
Trichoderma performance in avocado cannot be inferred solely from in vitro antagonism or
endophytic establishment. Salcedo-Sarmiento et al. (2025), working with Trichoderma
against the laurel wilt pathogen in avocado, reported strong in vitro inhibition and some
endophytic colonization, but no significant disease suppression after inoculation of
precolonized seedlings. This illustrates that expression of biocontrol activity depends
strongly on the pathosystem, the formulation, the inoculation route, and the application
strategy. In contrast, the present study showed that under repeated foliar applications during
fruit development, 7. koningiopsis Th003 was able to express a measurable protective effect

against anthracnose under field conditions

From a practical perspective, the consistency of the 1.5 and 1.0 g L' doses across the two
locations indicates that both concentrations have potential for integration into disease
management programs, with 1.5 g L' providing the strongest and most stable response. The
absence of phytotoxicity at all tested doses, including 3 g L', further reinforces the
agronomic relevance of these results, since it shows that the doses with the best disease
suppression were also visually safe for the fruit. This is especially important in Hass avocado
production, where external appearance is directly linked to fruit quality perception and

commercial value. Taken together, the results support the use of 7. koningiopsis Th003 as a
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promising biological tool for reducing anthracnose severity in commercial Hass avocado

orchards, particularly at 1.5 and 1.0 g L™

CONCLUSIONS

Anthracnose pressure, measured as incidence, was extremely high as fruit development
progressed, particularly in the advanced phenological stages. As a result, disease incidence
was a limited factor for discriminating treatment performance, whereas severity was the

variable that allowed for determining the effect of 7 koningiopsis Th003 on fruit damage.

In both locations, the 1.5 g L' and 1 g L' doses of the biopesticide showed the best
performance in reducing disease severity. These results suggest that the bioproduct is more

effective at limiting the progression of lesions than at preventing the initial infection

The positive dose-response pattern observed throughout the trial supports the agronomic
relevance of the two highest doses, particularly 1.5 g L', which provided the most stable
reduction in severity. The 1 g ™! dose also showed favorable performance and may represent
an operationally useful alternative depending on prevailing weather conditions and disease

pressure.

This study also provides field-based evidence to the current literature on the use of
Trichoderma in avocado, which has been predominantly dominated by in vitro, post-harvest,

or greenhouse studies. Therefore, these results strengthen the case for 7. koningiopsis Th003
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as a biologically based option to be integrated into integrated crop management programs to

reduce anthracnose in avocado orchards.

No phytotoxic effects were observed in Hass avocado fruits treated with the biopesticide at
any of the evaluated doses, including 3 g L. This supports the practical feasibility of using
the product under field conditions and reinforces its potential incorporation into integrated

anthracnose management programs for Hass avocado production.
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