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Abstract 26 

Brazilian olive growing is expanding but faces major phytosanitary challenges, 27 

particularly anthracnose caused by Colletotrichum spp. and Fusarium wilt caused by 28 

Fusarium spp. Disease management in olive orchards has traditionally relied on chemical 29 

fungicides, which may result in phytotoxicity, accumulation of heavy metals in the soil, 30 

environmental contamination, and selection of resistant pathogen populations. In this 31 

study, the antagonistic potential of Bacillus spp. and Trichoderma spp. isolates was 32 

evaluated through in vitro assays against Colletotrichum acutatum, C. gloeosporioides, 33 

C. nymphaeae, Fusarium oxysporum, and F. solani, as well as through bioassays on olive 34 

fruits (Olea europaea L., cv. Arbequina) inoculated with C. acutatum and C. 35 

gloeosporioides. In vitro assays showed that Bacillus sp. CRS3 inhibited the mycelial 36 

growth of C. acutatum by up to 46%, whereas Trichoderma asperelloides and T. virens 37 

were more effective against F. oxysporum and F. solani, reaching inhibition levels of 49% 38 

and 41%, respectively. In fruit bioassays, the efficacy of the antagonists was pathogen 39 

dependent. Bacillus sp. CRS3 and B. velezensis KC1 significantly reduced anthracnose 40 

severity, whereas Trichoderma isolates did not provide effective fruit protection. Overall, 41 

these results demonstrate that Bacillus spp., particularly isolates CRS3 and KC1, 42 

represent a promising alternative for the control of olive anthracnose, while Trichoderma 43 

spp. shows greater potential for the management of soilborne pathogens such as 44 

Fusarium. The integration of these antagonistic microorganisms into disease management 45 

programs may reduce reliance on chemical fungicides and contribute to more sustainable 46 

olive production systems. 47 

 48 

Keywords: Olive fruit; Anthracnose; Fusarium wilt; Biological control; Sustainability 49 
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Introduction 51 

 52 

The olive tree (Olea europaea L.) is a perennial crop of major agronomic, economic, and 53 

cultural importance throughout the Mediterranean Basin (Talhinhas et al. 2018; Fraga et 54 

al. 2020). In recent decades, increasing global demand for olive oil and table olives has 55 

driven the expansion of olive cultivation into new regions, supported by advances in 56 

climatic zoning, orchard mechanization, and plant breeding (Chacón-Ortiz et al. 2024; 57 

Martins et al. 2024). In Brazil, olive growing has expanded rapidly, particularly in the 58 

state of Rio Grande do Sul, where approximately 6,500 ha are currently planted, with 59 

about 5,000 ha already in commercial production (Secretaria da Agricultura, Pecuária, 60 

Produção Sustentável e Irrigação, 2024). However, expansion into non-traditional 61 

growing regions has been accompanied by technical and phytosanitary challenges that 62 

may limit sustainable olive production.  63 

Olive trees are susceptible to several diseases affecting both aerial tissues and the root 64 

system. Emerging pathogens such as Xylella fastidiosa subsp. pauca have raised 65 

phytosanitary concerns and have already been detected in olive trees in Brazil (Coletta-66 

Filho et al. 2016; Canale et al. 2025). Among fungal diseases affecting aerial tissues, 67 

anthracnose caused by Colletotrichum spp. is considered the most economically 68 

important fruit disease of olive worldwide. 69 

Anthracnose, mainly associated with Colletotrichum acutatum, C. gloeosporioides, 70 

and C. nymphaeae, causes necrotic lesions on leaves, shoots, and fruits, often 71 

accompanied by characteristic orange sporulation, premature fruit drop, and substantial 72 

yield losses, particularly under humid conditions (Talhinhas et al. 2018; Moral et al. 73 

2021). Even low levels of fruit infection may significantly impair olive oil quality by 74 
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increasing acidity and peroxide values and reducing oxidative stability through the 75 

degradation of phenolic compounds (Martins et al. 2019; Azevedo-Nogueira et al. 2020). 76 

Important diseases are also caused by soilborne pathogens, including Verticillium 77 

dahliae, Fusarium spp., and Phytophthora spp., which may cause vascular wilt, root 78 

decay, and progressive plant decline (Trabelsi et al. 2017). Fusarium oxysporum and F. 79 

solani are associated with root and vascular wilt, causing leaf chlorosis, branch dieback, 80 

and eventual plant death (Trabelsi et al. 2017; Domingues et al. 2020). These fungi can 81 

persist in soil for long periods and colonize vascular tissues, resulting in severe 82 

physiological stress and plant decline (Bishop and Cooper 1983; Gordon 2017). Their 83 

occurrence in olive nurseries and orchards in southern Brazil reinforces the need for 84 

effective and sustainable management strategies (Oliveira et al. 2022). 85 

Management of fungal diseases in olive orchards has traditionally relied on copper-86 

based fungicides and, more recently, systemic or translaminar compounds such as 87 

triazoles and strobilurins (Sergeeva 2011; Buonaurio et al. 2023). However, repeated use 88 

of a limited number of fungicide active ingredients may increase the risk of selecting 89 

resistant pathogen populations, compromising long-term disease management 90 

(Mikaberidze et al. 2014; Petrović et al. 2024). Intensive fungicide use may also result in 91 

phytotoxicity, accumulation of copper and other metals in soil, disruption of beneficial 92 

microbial communities, and environmental contamination (Van Zwieten et al. 2004; 93 

Ibarra-Laclette et al. 2022; Grzanka et al. 2024). In this context, biological control using 94 

beneficial microorganisms has emerged as a promising alternative to chemical fungicides, 95 

particularly for perennial crops such as olive (Álvarez et al. 2019; Zhang et al. 2020). 96 

Species belonging to the genera Trichoderma and Bacillus have received particular 97 

attention due to their broad antagonistic activity and ecological adaptability (Harman et 98 

al. 2004; Ongena and Jacques 2008).  99 
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Trichoderma species suppress plant pathogens through multiple mechanisms, 100 

including mycoparasitism, competition for nutrients and space, antibiosis, production of 101 

hydrolytic enzymes, and induction of plant defense responses (Harman et al. 2004; 102 

Poveda et al. 2019a, 2019b). Several studies have demonstrated the potential of 103 

Trichoderma species to suppress Colletotrichum and Fusarium and other fungal 104 

pathogens associated with olive (Amira et al. 2017; Carrero-Carrón et al. 2016; Marques 105 

et al. 2018)  106 

Likewise, Bacillus species are important bacterial biocontrol agents due to their 107 

ability to produce antifungal metabolites, particularly cyclic lipopeptides such as iturins, 108 

fengycins, and surfactins (Caulier et al. 2019; Andrić et al. 2020). These compounds can 109 

disrupt fungal membranes, inhibit spore germination, and contribute to plant defense 110 

responses (Ongena and Jacques 2008; Abdelkhalek et al. 2020). Bacillus velezensis, B. 111 

subtilis, and B. amyloliquefaciens have shown antagonistic activity against Fusarium and 112 

Colletotrichum species in several crops, while their ability to form resistant endospores 113 

favors persistence and stability under variable environmental conditions (Shoda 2000; 114 

Reva et al. 2004; Xu et al. 2018; Walaszczyk et al. 2024). 115 

Despite advances in microbial biological control, studies on olive diseases have 116 

largely focused on in vitro antagonism or soil and nursery applications, with fewer studies 117 

integrating laboratory screening with fruit protection assays. Furthermore, information on 118 

the performance of locally sourced Bacillus and Trichoderma isolates in emerging olive-119 

growing regions of South America remains limited. Therefore, the present study aimed 120 

to evaluate the antagonistic potential of selected Bacillus and Trichoderma isolates 121 

against Colletotrichum and Fusarium species associated with olive diseases, integrating 122 

in vitro antagonism assays with detached fruit bioassays.  123 

 124 
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Materials and methods 125 

 126 

Phytopathogenic and antagonistic isolates 127 

Isolates of Colletotrichum acutatum, C. nymphaeae, C. gloeosporioides, Fusarium 128 

solani, and F. oxysporum were used in this study. These isolates had been previously 129 

purified and preserved in sterile distilled water and were obtained from studies conducted 130 

jointly by the Federal University of Rio Grande do Sul (UFRGS) and the Plant Pathology 131 

Laboratory of CEAGRO/DDPA, Porto Alegre, RS, Brazil (Finger et al. 2019; Oliveira et 132 

al. 2022). The F. solani isolate was obtained from the André Tosello Foundation, 133 

Campinas, SP, Brazil. Antagonistic isolates of Bacillus spp. and Trichoderma spp. were 134 

obtained from the microbial collections of CEAGRO and CEFLOR (DDPA/SEAPI-RS). 135 

Details regarding the isolates and their origins are presented in Table 1. Two commercial 136 

biofungicides were used as reference controls: Serenade® (based on Bacillus subtilis) and 137 

ICB Nutrissolo® (based on Trichoderma spp.). 138 

 139 

Table 1 Phytopathogenic and antagonistic microorganisms used. 140 

Species Isolate Source and GenBank accession 

number 

Colletotrichum acutatum OLI12 UFRGS / CEAGRO-DDPA 

Colletotrichum gloeosporioides CAK2 UFRGS / CEAGRO-DDPA 

Colletotrichum nymphaeae BRK3 UFRGS / CEAGRO-DDPA 

Fusarium oxysporum FUSGA4 UFRGS / CEAGRO-DDPA 

Fusarium solani 7967 Fundação André Tosello 

Bacillus velezensis CRE4 CEAGRO-DDPA / OQ268070.1 

Bacillus velezensis KC1 CEAGRO-DDPA / OQ268068.1 

Bacillus sp. CRS3 CEAGRO-DDPA / PV954828 

Trichoderma asperelloides TA DDPA/CEFLOR/SEAPI 

Trichoderma virens TV DDPA/CEFLOR/SEAPI 
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In vitro antagonism assays 141 

Antagonistic activity of Bacillus spp. against phytopathogenic fungi 142 

Direct antagonism assays between Bacillus spp. and phytopathogenic fungi were 143 

conducted on potato dextrose agar (PDA) commercial medium (Kasvi), prepared 144 

according to the manufacturer's instructions Bacterial suspensions were obtained from 145 

pure cultures grown on tryptone soy agar (TSA) commercial medium (Oxoyd), prepared 146 

according to the manufacturer's instructions  and incubated at 28 ± 1 °C for 24 h. Cell 147 

density was adjusted using a spectrophotometer to an optical density of OD₆₀₀ = 0.4, 148 

corresponding to approximately 10⁹ CFU mL⁻¹, equivalent to the concentration used for 149 

commercial biofungicide Serenade®, which served as a reference. 150 

In each Petri dish containing solidified PDA, 5 µL of the bacterial suspension were 151 

streaked along one edge of the plate. On the opposite edge, a 5-mm-diameter agar plug 152 

was placed, excised from the actively growing margin of seven-day-old colonies of C. 153 

acutatum, C. gloeosporioides, C. nymphaeae, F. oxysporum, and F. solani, previously 154 

cultured on PDA at 25 ± 2 °C. 155 

Plates were arranged in a completely randomized design with four replicates per 156 

treatment and incubated at 25 ± 2 °C under a 12 h light/12 h dark photoperiod. Evaluations 157 

were performed at 7 and 14 days after assay establishment by measuring the mean 158 

diameter of pathogen mycelial growth. The percentage of inhibition was calculated 159 

relative to the untreated control (without Bacillus). 160 

 161 

Antagonistic activity of Trichoderma spp. against phytopathogenic fungi 162 

Antagonism assays between Trichoderma spp. and phytopathogenic fungi were also 163 

performed on PDA medium. Agar plugs (5 mm in diameter) were obtained from the 164 

margins of seven-day-old cultures of Trichoderma virens and T. asperelloides grown on 165 
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PDA at 25 ± 2 °C. Each antagonist plug was placed on one side of the plate, approximately 166 

5 mm from the plate edge. On the opposite side, an agar plug of the same size was placed, 167 

taken from seven-day-old cultures of C. acutatum, C. gloeosporioides, C. nymphaeae, F. 168 

oxysporum, or F. solani.  169 

Control treatments consisted of plates containing only the phytopathogen, without the 170 

antagonist. For comparative evaluation of the commercial biofungicide ICB Nutrisolo 171 

Trichoderma®, 20 µL of the product, applied at the recommended dose, was evenly 172 

distributed on 20 mL of solidified PDA medium. Plates were incubated at 25 ± 2 °C under 173 

a 12 h light/12 h dark photoperiod in a completely randomized design with four replicates 174 

per treatment. Evaluations were performed seven days after assay establishment by 175 

measuring mycelial growth along two perpendicular axes. The percentage of mycelial 176 

growth inhibition was then calculated. 177 

 178 

Calculation of mycelial growth inhibition 179 

Based on the values obtained from the antagonism assays, the percentage of mycelial 180 

growth inhibition (PMGI) was calculated using the formula proposed by Menten et al. 181 

(1976): 182 

PMGI = [(CRcontrol − CRtreatment) / CRcontrol] × 100, 183 

where CRcontrol represents the radial growth of the pathogen in the control treatment, and 184 

CRtreatment represents the radial growth observed in the presence of the antagonist. 185 

 186 

Statistical analysis  187 

In vitro assays were conducted in a completely randomized design with four replicates 188 

per treatment, each replicate consisting of one Petri dish. Data were subjected to analysis 189 

of variance (ANOVA), and mean values were compared using Tukey’s test at a 190 
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significance level of α = 0.05. Statistical analyses were performed using RStudio software 191 

(R Core Team, 2015). 192 

 193 

Bioassay on olive fruits 194 

Fruit collection and preparation 195 

Healthy olive fruits (cv. Arbequina) were collected in February 2025 at the Agronomic 196 

Experimental Station of UFRGS, from an area with no history of fungicide application. 197 

Fruits were surface disinfested by immersion in 2.5% sodium hypochlorite for 10 min, 198 

followed by 70% ethanol for 3 min, and rinsed with sterile distilled water. To standardize 199 

infection and ensure pathogen penetration, a small wound was made at the centre of each 200 

fruit using a sterile needle, as fruits collected under field conditions do not always present 201 

complete epidermal integrity. 202 

 203 

Preparation of suspensions 204 

Bacterial suspensions of Bacillus spp. were prepared by transferring 20 µL of inoculum 205 

preserved in mineral water to Petri dishes containing TSA, followed by incubation at 28 206 

°C for 24 h. Resulting colonies were scraped using a sterile Drigalski loop in phosphate 207 

buffer containing Tween 20, and the suspension was adjusted in a spectrophotometer to 208 

OD₆₀₀ = 0.4, corresponding to approximately 10⁹ CFU mL⁻¹. Trichoderma spp. isolates 209 

were cultured on PDA for seven days at 26 ± 1 °C under a 12 h photoperiod. Colonies 210 

were scraped to obtain conidial suspensions, which were filtered through double-layer 211 

gauze and adjusted to a concentration of 1 × 10⁷ spores mL⁻¹. 212 

For C. gloeosporioides and C. acutatum, isolates were cultured on oat agar medium 213 

prepared with 30 g of oat flakes, 15 g of agar, and 1 L of distilled water, and incubated 214 

for seven days at 25 ± 2 °C under a 12h photoperiod to stimulate sporulation. Conidial 215 
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suspension was filtered through double-layer gauze and adjusted using a Neubauer 216 

chamber to 1.5 × 10⁵ conidia mL⁻¹, which was used for fruit inoculation by immersion. 217 

Two pathogenic isolates (C. gloeosporioides and C. acutatum), two fungal antagonists 218 

(T. virens and T. asperelloides), and two bacterial antagonists (B. velezensis KC1 and 219 

Bacillus sp. CRS3) were evaluated. 220 

 221 

Treatments and experimental design 222 

Fruits were immersed for 20 min in suspensions of Bacillus or Trichoderma. After 24 h, 223 

fruits were inoculated by immersion in a conidial suspension (1.5 × 10⁵ conidia mL⁻¹). 224 

The negative control consisted of fruits immersed in sterile water only. After treatment, 225 

fruits were placed in sterile plastic boxes and incubated at 25 °C under high relative 226 

humidity and a 10/14 h (light/dark) photoperiod for nine days. The treatments evaluated 227 

are described in Table 2. 228 

 229 

Table 2 Treatments applied to evaluate the efficacy of antagonists against Colletotrichum 230 

spp. in olive fruits 231 

Treatment Pathogen Biocontrol agent 

T1 C. acutatum KC1 

T2 C. acutatum CRS3 

T3 C. acutatum T. virens 

T4 C. acutatum T. asperelloides 

T5 C. acutatum Inoculated control 

T6 C. gloeosporioides KC1 

T7 C. gloeosporioides CRS3 

T8 C. gloeosporioides T. virens 

T9 C. gloeosporioides T. asperelloides 

T10 C. gloeosporioides Inoculated control 

T11 - Non inoculated control 

 232 
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Disease severity assessment 233 

Disease severity was assessed every three days from the appearance of the first visible 234 

symptoms. A disease severity scale was adopted as follows: 0 = no symptoms; 1 = small, 235 

localized punctiform or circular lesions; 2 = coalescent lesions without acervuli; 3 = 236 

coalescent lesions with acervuli; and 4 = fully affected fruit. 237 

Disease severity was quantified using the Disease Severity Index (DSI), calculated 238 

according to the formula: 239 

 240 

 241 

where nᵢ is the number of fruits in severity class i; i is the severity class value (0 - 4); N is 242 

the total number of fruits evaluated, and 4 is the maximum severity class. 243 

Each treatment consisted of 15 olive fruits, evenly distributed among three plastic 244 

containers, each containing five fruits. Each container was considered an experimental 245 

unit, resulting in three replicates per treatment. 246 

 247 

Statistical analysis 248 

Fruit bioassays were conducted in a completely randomized design using a 2x5 factorial 249 

arrangement, with two Colletotrichum species (C. acutatum and C. gloeosporioides) and 250 

five antagonist treatments (including the untreated control). Each treatment combination 251 

consisted of three experimental replicates, with each replicate represented by one plastic 252 

container containing five fruits, resulting in a total of 15 fruits per treatment combination. 253 

Disease severity data were subjected to analysis of variance (ANOVA), considering the 254 

effects of Colletotrichum species, antagonist treatment, and their interaction. When 255 

significant effects were detected, means were compared using Tukey’s test at a 256 
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significance level of α = 0.05. Statistical analyses were performed using R software (R 257 

Core Team, 2015).  258 

 259 

Results 260 

 261 

Antagonistic activity of Bacillus spp. against phytopathogenic fungi. 262 

All Bacillus isolates significantly reduced the mycelial growth of Colletotrichum spp. and 263 

Fusarium spp. (p < 0.001), with inhibition levels varying among antagonist isolates and 264 

target pathogens. At 7 days after incubation, isolates CRE4 and KC1 inhibited the growth 265 

of C. acutatum by 10.4% and 9.5%, respectively, whereas KC1 (21.2%) and CRS3 266 

(14.4%) showed greater inhibition against C. gloeosporioides. For F. oxysporum, 267 

mycelial growth inhibition reached 12.1% with CRS3 and 8.6% with KC1. Negative 268 

inhibition values were observed for KC1 against C. nymphaeae (−2.5%), indicating 269 

stimulation of fungal growth under these conditions (Table 3). 270 

 271 

Table 3 Percentage of mycelial growth inhibition (PMGI) of Colletotrichum spp. and 272 

Fusarium spp.  273 

Pathogens 

Bacillus isolates  
Serenade 

CRE4 CRS3 KC1 

7 d 14 d 7 d 14 d 7 d 14 d 7 d 14 d 

C. acutatum 10.4 abB 28.8 aA  8.8 abB 46.5 aB 9.5 bB  26.3 aA 26.6 aA 43.1 aB 

C. gloeosporioides 12.9 aB 22.9 bB  14.4 aB  21.7 bB  21.2 aAB  20.9 bB 24.8 abA  40.0 aC 

C. nymphaeae 7.8 abA 30.9 aA  10.6 abA 32.1 cC -2.5 cB 14.4 cC 16.9 abcA  42.8 aC  

F. oxysporum 7.4 abA 18.6 cC 12.1 abA

  

24.9 aB  8.6 bA  25.4 aB  15.0 bcA  30.7 bC  

F. solani 2.3 bA 13.7 dD 3.1 bA  15.6 dD  5.2 bcA  6.7 dD 7.3   cA  32.2 bC 

Means followed by the same lowercase letter within a column and the same uppercase 274 

letter within a row do not differ according to Tukey’s test (p < 0.05) when compared at 275 

the same time point (7 or 14 days). Lowercase letters compare pathogens within each 276 

antagonist treatment and incubation period; uppercase letters compare antagonist 277 
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treatments within each pathogen and incubation period. Means followed by the same 278 

letter do not differ significantly according to Tukey’s test (p < 0.05). 279 

 280 

At 14 days after incubation, inhibition levels increased substantially for most 281 

treatments. The isolate CRS3 suppressed C. acutatum growth by up to 46.5%, whereas 282 

CRE4 and KC1 showed inhibition levels of 28.8% and 26.3%, respectively. The 283 

commercial biofungicide Serenade® consistently exhibited higher inhibition rates, 284 

exceeding 40% against all Colletotrichum isolates. For F. oxysporum and F. solani, 285 

inhibition levels were lower than those observed for Colletotrichum spp., although still 286 

significantly different from the untreated control (Table 3). 287 

 288 

Antagonistic activity of Trichoderma spp. against phytopathogenic fungi. 289 

The isolates Trichoderma virens and T. asperelloides consistently reduced the mycelial 290 

growth of all phytopathogens evaluated, confirming their antagonistic potential under in 291 

vitro conditions. Inhibition percentages ranged from 33.1% to 49.3%, with the highest 292 

reductions observed against Fusarium species. For F. oxysporum, mycelial growth was 293 

reduced by 49.3% with T. virens and 49.1% with T. asperelloides, whereas inhibition 294 

against F. solani reached 40.1% and 41.6%, respectively (Table 4). 295 

High inhibitory activity was also observed against Colletotrichum species. T. virens 296 

reduced the growth of C. gloeosporioides by 43.1% and C. nymphaeae by 37.6%, while 297 

T. asperelloides promoted reductions of 47.2% and 38.9%, respectively. For C. acutatum, 298 

both Trichoderma isolates showed similar inhibition levels, close to 33% (Table 4). 299 

Overall, these results indicate that Trichoderma spp. were effective in suppressing the in 300 

vitro growth of the different phytopathogens tested. 301 

 302 

 303 
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Table 4 Percentage of mycelial growth inhibition (PMGI) of Colletotrichum spp. and 304 

Fusarium spp. seven days after exposure to two Trichoderma species and the commercial 305 

product ICB® on PDA medium (25 ± 2 °C) 306 

Pathogen Trichoderma species 
ICB® 

 T. virens T. asperelloides 

C. acutatum 33.7 bB 33.1 bB 56.9 bA 

C. gloeosporioides 43.1 abA 47.2 aA 51.0 bcA 

C. nymphaeae 37.6 bB 38.9 abB 54.0 bcA 

F. oxysporum 49.3 aB 49.1 aB 74.2 aA 

F. solani 40.1 abA 41.6 abA 45.0 cA 

Means followed by the same lowercase letter within a column and the same uppercase 307 

letter within a row do not differ according to Tukey’s test (p < 0.05). CV (%) = 11.85% 308 

 309 

Evaluation of the efficacy of antagonistic microorganisms in protecting olive fruits 310 

against anthracnose 311 

The efficacy of the antagonistic microorganisms was evaluated based on their ability to 312 

reduce anthracnose severity in olive fruits inoculated with C. acutatum and C. 313 

gloeosporioides. At three days after inoculation, no significant interaction among the 314 

evaluated factors was detected, although fruits inoculated with C. gloeosporioides 315 

exhibited more severe symptoms than those inoculated with C. acutatum. At this early 316 

stage, punctiform and circular lesions predominated, corresponding to severity levels 1 317 

and 2 on the disease severity scale. 318 

At six days after inoculation, disease severity increased, with the occurrence of 319 

coalescent lesions and the presence of acervuli on some fruits, corresponding to severity 320 

levels 2 and 3. The Bacillus isolates (CRS3 and KC1) showed superior performance, 321 

significantly reducing disease severity compared with the untreated control and with 322 
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Trichoderma treatments (Table 5; Fig. 1). Fruits treated with KC1 and CRS3 exhibited 323 

restricted necrosis and slower disease progression, whereas untreated fruits showed 324 

generalized rot and tissue collapse.  325 

 326 

Table 5 Anthracnose severity (%) in olive fruits of cv. Arbequina at 6 days after 327 

inoculation with Colletotrichum spp. and treated with Bacillus and Trichoderma isolates. 328 

Pathogens 

 

Antagonistic isolates  

Control CRS3 KC1 TA TV 

C. acutatum 56.7 aA 30.0 bBC 23.3 bC 51.7 aAB 45.0 aABC 

C. gloeosporioides 55.0 aA 66.7 aA 65.0 aA 68.3 aA 63.3 aA 

TA= Trichoderma asperelloides, TV= Trichoderma virens, CRS3= Bacillus sp. and 329 

KC1= B. velezensis. Means followed by the same lowercase letter within a column and 330 

the same uppercase letter within a row do not differ according to Tukey’s test (p < 0.05). 331 

CV (%) = 11.51 332 

 333 

At nine days after inoculation, symptom progression was evident in the control 334 

treatments, with a predominance of fruits classified at severity level 4, characterized by 335 

extensive necrosis and fruit decay.  336 

Although no significant interaction among factors was detected at this stage, a 337 

significant main effect of antagonist treatments was observed. In treatments with T. virens 338 

against C. acutatum, visible colonization by the antagonist was recorded, accompanied 339 

by partial suppression of disease development. In contrast, fruits treated with CRS3 and 340 

inoculated with C. gloeosporioides showed partial containment of symptom progression, 341 

although acervuli formation was still observed (Fig. 2). When data from both 342 

Colletotrichum species were considered, antagonist treatment significantly affected 343 

disease severity. CRS3 and T. virens resulted in the lowest mean severity values, at 73.3% 344 

and 72.5%, respectively, compared with 94.2% in the untreated control (Table 6). 345 
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 346 

Fig. 1 Anthracnose symptoms on olive fruits inoculated with C. acutatum and treated 347 

with different Bacillus sp. strains at 6 days after inoculation. (a) KC1 × CA; (b) CRS3 × 348 

CA; (c) Control (without Bacillus) 349 

 350 

Table 6 Anthracnose severity in olive fruits at 9 days after inoculation with 351 

Colletotrichum spp. treated with different Bacillus spp. strains and two Trichoderma 352 

species 353 

Treatments Severity (%) 

Inoculated Control 94.17 a 

Trichoderma asperelloides 78.33 ab 

Bacillus velezensis (KC1) 75.83 ab 

Bacillus sp. (CRS3) 73.33 b 

Trichoderma virens 72.50 b 
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Means followed by the same lowercase letter do not differ according to Tukey’s test at 354 

the 5% probability level. Values represent means across C. acutatum and C. 355 

gloeosporioides, because the pathogen × antagonist interaction was not significant. 356 

 357 

 358 

Fig. 2 Anthracnose symptoms on olive fruits inoculated with Colletotrichum spp. and 359 

subjected to different biological treatments at 9 days after inoculation. (a) Trichoderma 360 

virens × C. acutatum; (b) Control with C. acutatum; (c) Bacillus sp. CRS3 × C. 361 

gloeosporioides; (d) Control with C. gloeosporioides. Red arrows indicate depressed 362 

necrotic lesions associated with anthracnose symptoms  363 

 364 

 365 

 366 
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Discussion 367 

 368 

The present study evaluated the antagonistic potential of selected Bacillus and 369 

Trichoderma isolates against Colletotrichum and Fusarium species affecting olive trees, 370 

integrating in vitro antagonism assays with detached fruit bioassays. Overall, the results 371 

provide consistent evidence that the evaluated Bacillus and Trichoderma isolates exhibit 372 

antagonistic activity against the target phytopathogens and demonstrate potential for the 373 

management of anthracnose and fusariosis in olive production systems. 374 

The relationship between in vitro antagonism and fruit protection was not uniform 375 

across the microorganisms evaluated, indicating that laboratory screening alone may not 376 

fully predict the performance of antagonists on olive fruits. It should be noted that 377 

commercial products were evaluated exclusively under in vitro conditions, whereas fruit 378 

assays were conducted only with selected isolates. Nevertheless, in vitro antagonism 379 

assays represent a useful first step for screening microbial antagonists, although 380 

subsequent validation under conditions that more closely represent the host environment 381 

is essential. 382 

Under in vitro conditions, Bacillus velezensis KC1 and Bacillus sp. CRS3 showed high 383 

inhibitory activity against C. acutatum and C. gloeosporioides, an effect that was 384 

maintained in the detached olive fruit assays (cv. Arbequina). Both isolates significantly 385 

reduced anthracnose severity, indicating that the antagonistic mechanisms expressed 386 

under controlled conditions remain functional on the fruit surface. 387 

While inhibition of halos and reduced mycelial growth were observed on agar plates, 388 

treated fruits exhibited restricted necrotic lesions and delayed symptom progression. 389 

These observations indicate that Bacillus activity does not rely solely on direct physical 390 

contact but also involves diffusible and persistent mechanisms that remain effective under 391 
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heterogeneous physicochemical conditions. Such conditions include natural barriers such 392 

as the cuticle, epidermis, and the epiphytic microbiota, as discussed by Vorholt (2012). 393 

The inhibition of Colletotrichum spp. observed both in vitro and in vivo is consistent 394 

with previous studies highlighting the extensive biosynthetic capacity of Bacillus spp. to 395 

produce antifungal cyclic lipopeptides, including iturins/bacillomycins, fengycins, and 396 

surfactins (Caulier et al. 2019; Xu et al. 2020). These metabolites act synergistically to 397 

disrupt fungal membranes, inhibit conidial germination, and suppress appressorium 398 

formation. In addition, Bacillus spp. release volatile organic compounds (VOCs), such as 399 

acetoin and 2,3-butanediol, which can inhibit pathogen growth at a distance and activate 400 

plant defence responses, inducing a physiological “priming” state (Kloepper et al. 2004; 401 

Ryu et al. 2004; Grahovac et al. 2023). 402 

Genomic studies have shown that B. velezensis harbors a conserved core of 403 

biosynthetic gene clusters encoding these metabolites, including surfactin, fengycin, 404 

iturins/bacillomycins, bacillibactin, bacilysin, difficidin, and bacillaene, among others 405 

(Xu et al. 2020; Liu et al. 2024; Zheng et al. 2024). Recent evidence integrating genomic, 406 

metabolomic, and field-based assays with B. velezensis strains confirms that these 407 

mechanisms remain functional under real environmental conditions, reinforcing the 408 

effectiveness of biocontrol strategies against phytopathogenic fungi in perennial crops 409 

(Tam et al. 2023). 410 

The combined action of these metabolites, together with competition for nutrients, 411 

production of lytic enzymes (chitinases and glucanases), and exclusion of colonization 412 

sites, likely explains the suppression observed both in Colletotrichum growth and in 413 

disease symptom development on treated fruits. 414 

Beyond direct antibiosis, Bacillus spp. are also recognized for their ability to induce 415 

induced systemic resistance (ISR), involving the activation of defense-related genes such 416 
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as PR-1 and PAL, as reported for B. velezensis (Abdelkhalek et al. 2020) and other 417 

Bacillus species (Kloepper et al. 2004). Although full activation of systemic defense 418 

mechanisms depends on the integrity of the plant system, an aspect limited in detached 419 

fruits, it is plausible that localized defense responses contributed to the reduced 420 

anthracnose progression observed in fruits treated with CRS3 and KC1. In addition, the 421 

ability to form highly resistant endospores confers an adaptive advantage, allowing 422 

survival on dry fruit surfaces under ultraviolet radiation and temperature fluctuations 423 

(McKenney et al. 2013). 424 

In Mediterranean countries, where anthracnose is endemic and causes severe yield and 425 

quality losses, applications of B. subtilis during pre-flowering have shown efficacy 426 

comparable to copper-based fungicides in reducing latent infections (Nigro et al. 2018). 427 

These findings corroborate the potential of Bacillus spp. as sustainable tools within 428 

integrated olive disease management programs, in agreement with the consistent in vitro 429 

and fruit assay performance demonstrated by the Bacillus isolates evaluated in this study. 430 

In contrast to the consistent performance of Bacillus, Trichoderma isolates showed 431 

variable efficacy across the conducted assays. T. virens and T. asperelloides exhibited 432 

strong antagonism against Fusarium spp. under in vitro conditions, with inhibition levels 433 

within ranges reported in previous studies using these species (Modrzewska et al. 2022; 434 

Yao et al. 2023; Sehim et al. 2023). However, in detached fruit assays, T. virens showed 435 

only superficial colonization and limited suppression of C. acutatum lesions at nine days 436 

after inoculation, without significant reductions in disease severity. 437 

These results reflect the distinct ecology of Trichoderma, which is naturally adapted 438 

to the rhizosphere. On aerial surfaces, Trichoderma faces adverse conditions such as 439 

desiccation, ultraviolet radiation, limited substrate availability, and intense competition 440 

with the epiphytic microbiota, all of which may reduce its viability and antagonistic 441 
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activity (Woo et al. 2014; Vindas-Reyes et al. 2024). Similar studies in strawberry and 442 

apple have shown that T. harzianum can colonize flowers and reduce infections by 443 

Colletotrichum and Botrytis but may present variable effectiveness under field conditions 444 

(Freeman et al. 2004). 445 

Thus, the superficial colonization observed in this study does not indicate tissue 446 

damage or detrimental effects to the host but rather reflects an experimental scenario 447 

under controlled conditions. Under field and postharvest environments, abiotic factors 448 

and epiphytic microbial communities are expected to further modulate Trichoderma 449 

growth, reinforcing the need for protective formulations and validation under more 450 

realistic application regimes. This interpretation highlights two practical implications: (i) 451 

the need to optimize formulations to protect antagonist viability under abiotic stress, and 452 

(ii) the importance of field validation considering spray volume, coverage, and 453 

application intervals, to better align biological responses with operational conditions. 454 

Despite limited efficacy on fruits, the strong in vitro performance of Trichoderma 455 

isolates against Fusarium oxysporum and F. solani indicates their potential utility in 456 

managing soilborne pathogens and in nursery substrate treatments for olive production, 457 

as previously reported by Harman et al. (2004). In such contexts, Trichoderma acts 458 

through mycoparasitism, production of lytic enzymes, and induction of systemic 459 

resistance, effectively suppressing root rot diseases in seedlings (Woo et al. 2014). 460 

Innovative formulation strategies have been proposed to overcome the limitations of 461 

Trichoderma in foliar applications. Microencapsulation using natural polymers such as 462 

alginate, chitosan, and gums has been shown to extend conidial viability under radiation 463 

and desiccation stress, enabling gradual release of the antagonist in the field (Vindas-464 

Reyes et al. 2024). In parallel, the combined use of Bacillus and Trichoderma in microbial 465 
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consortia may broaden the spectrum of action and enhance biocontrol resilience (Minchev 466 

et al. 2021; Koskey et al. 2021). 467 

Such integrated strategies may be adapted to critical phenological stages of olive 468 

production, with Bacillus applications during pre-flowering and early fruit ripening, when 469 

the risk of Colletotrichum infection is highest, and Trichoderma applications directed to 470 

soil or nursery substrates to reduce pathogen inoculum pressure. 471 

The integration of Bacillus and Trichoderma into olive disease management programs 472 

represents a sustainable alternative to the continuous use of copper-based and systemic 473 

fungicides. Beyond reducing selection pressure for resistant pathogen populations, these 474 

antagonists contribute to nutrient cycling, soil health, and the maintenance of beneficial 475 

microbial communities (Minchev et al. 2021). 476 

To our knowledge, this study represents one of the first Brazilian reports evaluating 477 

Bacillus and Trichoderma isolates for the protection of olive fruits against anthracnose, 478 

integrating in vitro and in vivo assays. Future research should prioritize continued 479 

evaluation of these antagonists in plant-microbe interactions under controlled conditions 480 

and in the field, both individually and in consortia, as well as validation across different 481 

phenological stages and environmental conditions. Through this progressive and 482 

multidisciplinary approach, the potential observed under laboratory conditions may be 483 

translated into technically viable solutions for olive orchards, reducing the dependence 484 

on chemical fungicides and strengthening the principles of low-impact and sustainable 485 

agriculture. 486 

 487 
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