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Abstract
Objective: Anthracnose is a disease caused by Colletotrichum species and is a significant disease in the 
strawberry crop. This study aims to identify at the level of species Colletotrichum spp. isolates collected 
from symptomatic strawberry plants in Tucumán, Argentina’s second most important strawberry 
production area.

Methods: 45 isolates of Colletotrichum were collected and characterized. Morphological characterization 
was conducted by analyzing fungal cultural characteristics, the growth rate in potato dextrose agar plates, 
conidial morphology and size, and sexual state. Phytopathological characterization was carried out by 
plant-pathogen interactions under controlled conditions in infection chambers. Molecular characterization 
was performed by polymerase chain reaction analysis of regions of amplified mitochondrial small rRNA 
genes.

Results: Preliminary morphological characterization led to three distinctive groups, based on conidial 
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shape and size, and colony type, colour, and growth, whereas the phytopathological characterization, 
led to two distinct groups based on the severity of symptoms, virulence, and host specificity. Molecular 
analyses confirmed the identity of three isolates representing each of the microbiological groups (i.e., 
isolate F7 of Colletotrichum acutatum (C. acutatum), isolate L9 of C. acutatum, isolate M11 of C. 
acutatum), demonstrating that they correspond to C. acutatum species. Based on the analysis of ribosomal 
DNA internal transcribed spacers sequences, and using specific microsatellites, we found a high genetic 
variability among all C. acutatum sequences. Implications of these results, as well as biological products 
commercially available and research advancing the field of biological control agents, were also discussed.

Conclusion: This is the latest study to report with confidence that the species of Colletotrichum present in 
Tucumán, Argentina corresponds to C. acutatum, and such species are genetically diverse. 
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1 INTRODUCTION 
Colletotrichum species is the causal agent of anth- 

racnose, affecting a wide range of plants and crops with 
high agronomical value worldwide[1-4]. The Colletotrichum 
acutatum (C. acutatum) species complex is known as 
especially destructive on fruits such as strawberry[5-7], 
apple[8-11], citrus[12-16], olive[17-21], cranberry[22,23], 
blueberry[24-27] and peach[28].

Anthracnose disease, also known as black spot, fruit 
rot, or crown rot, is one of the most important diseases 
affecting the strawberry crop[29]. The term “anthracnose”, 
was initially used to describe a new disease of strawberries 
caused by Colletotrichum fragariae (C. fragariae)[30], but 
was later generalized and used to refer to all diseases caused 
by fungi that belong to the Colletotrichum species[31,32]. 
These pathogens can attack crowns, leaves (petioles and 
leaflets), peduncles, pedicels, fruits, flowers, buds, runners 
and roots[33-35]. There are three species of Colletotrichum 
known as the etiological agents of anthracnose disease 
in strawberry crops:  C. acutatum J.H. Simmonds, C. 
fragariae Brooks, and Colletotrichum gloeosporioides 
(C. gloeosporioides) (Penz.) Penz. and Sacc. in Penz. 
(Teleomorph Glomerella cingulata (G. cingulata) 
(Stoneman) Spauld. & H. Schrenk)[32,34,36-38]. 

The Colletotrichum species is a complex and confusing 
genus that has undergone various taxonomic revisions in 
the last years[1,3,39]. Traditionally, the Colletotrichum species 
has been characterized mainly based on phenotypical 
features, by analysing the colony colour and morphology, 
conidia size and shape, presence of setae, and the 
existence of the teleomorph Glomerella ciculata and G. 
cingulata[2,32,33,40]. However, morphological analyses alone 
are insufficiently informative because these characters can 

be influenced by environmental conditions - such as the 
culture media, light, and temperature, leading to ambiguous 
determinations[41-43]. Therefore, molecular analysis has been 
incorporated because it allows for precise discrimination 
among Colletotrichum species[1,44-48]. Currently, the 
polyphasic approach is the most precise methodology 
used to characterize Colletotrichum species; it involves 
the evaluation of both morphological features and DNA 
sequences such as the internal transcribed spacer (ITS) 
ribosomal DNA (rDNA).

Strawberry (Fragaria x ananassa Duch.) is a highly 
valued fruit worldwide due to its nutritive and nutraceutical 
features. Argentina is the third-largest producer of 
strawberries in South America, with approximately 1,300 
hectares and a production of around 45,500 tons per year[49]. 
The provinces of Santa Fe, Tucumán, and Buenos Aires 
concentrate around 70% of the country’s total production of 
strawberries, with Tucumán as the second most productive 
area of Argentina[49].

Anthracnose caused by Colletotrichum spp. is a serious 
threat to strawberry production, especially in warm and 
humid climates, such as those encountered in Tucumán, 
Argentina[34]. Therefore, to implement the correct disease 
control methods, it is necessary to first determine which 
species of Colletotrichum are currently present in the 
strawberry productive area of interest. Few studies were 
performed to screen the Colletotrichum species present in 
Tucumán, Argentina[50-52] and revealed that approximately 
80% of the etiological agents corresponded to C. fragariae, 
19% to C. acutatum, and to a much lesser extent to C. 
gloeosporioides. However, such information is no longer 
reliable because of two main reasons. Firstly, those 
studies were based solely on phenotypical characterization; 
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secondly, the composition of pathogen populations 
present in the soil may change over time, and those 
studies were performed more than two decades ago. 
Therefore, this study aims to perform an assessment 
of Colletotrichum species present in the crop area of 
Tucumán, Argentina. Results revealed that C. acutatum is 
the predominant species in the region, presenting a broad 
microbial, phytopathological and genetic diversity.

2 MATERIALS AND METHODS
2.1 Obtention of the Fungal Isolates, Propagation, and 
Maintenance

Fungal isolates were obtained from the crown of 
strawberry plants and pre-harvested fruits of the cultivars 
“Pájaro”, “Chandler” and “Sweet Charlie” cultivated 
in three productive areas of Tucumán, Argentina, 
namely, Lules (L), Famaillá (F) and El Manantial (M), 
that presented symptoms of disease compatible to 
anthracnose. Isolations were performed on a potato 
dextrose agar (PDA) supplemented with streptomycin 
(300mg/mL) and incubated at 28°C under continuous 
fluorescent light for 10 days[32]. After the incubation, 
each isolate was single-spore propagated to obtain pure 
cultures following the needle method[53], and thereafter 
maintained on PDA slants at 4°C.

2.1 Conidial Suspensions 
Fungal isolates were grown on PDA in Petri dishes at 

28°C under continuous fluorescent light for 10 days to 
induce conidia formation. The fungal culture surface was 
gently scraped with a Pasteur pipette to remove conidia 
and suspended in sterile distilled water. Then, conidial 
suspensions were filtered through gauze under axenic 
conditions to remove mycelial debris. Suspensions were 
then diluted with sterile distilled to a final concentration 
of 1.5×106conidia/mL, and used for morphological 
characterization. For phytopathological assays, Tween 20 
was added to the conidial suspensions (2drops/L).

2.2 Staining of Colletotrichum Hyphae
Fungal hyphae and dead leaves of the cultivar (cv.) 

‘Pájaro’ were stained by boiling infected leaves for 5min in 
a solution of ethanolic lactophenol trypan blue. Then, the 
stained leaves were cleared in chloral hydrate (2.5g/mL) at 
room temperature by gentle shaking until no more coloured 
solution emerged. Then, the leaves were imbibed in glycerol 
20% for 1h and observed using an optic microscope (BH-2, 
Olympus, Japan). 

2.3 Morphological Characterization of the Fungal 
Isolates
2.3.1 Cultural Characteristics and Growth Rate

Fungal cultures were grown by transferring a 4mm 
diameter mycelium plug from a fresh PDA culture to a new 
PDA contained in a 90mm diameter Petri plate. Cultures 
were incubated at 28°C for 12 days under continuous 

fluorescent light[32]. Three replicate plates were prepared for 
each isolate, and the measures were performed using the 
best-grown plate after 12 days of incubation. 

2.3.2 Conidial Morphology and Size Determination
To determine the conidia morphology and size of each 

fungal isolate, conidial suspensions were prepared by 
scraping freshly grown plates. These plates were previously 
grown on PDA at 28°C under continuous fluorescent light 
for 10 days to induce conidia formation, and suspended 
in sterile distilled water at a final concentration of 
1.5×106conidia/mL. For morphological determination, 
100 conidia were randomly chosen and analysed under 
an optic microscope (BH-2, Olympus, Japan). For size 
determination, 25 conidia were randomly chosen, and the 
length and width were measured under Scanning Electron 
Microscopy (SEM; JSM-35, JEOL, Japan), and expressed 
as an average.

2.3.3 Sexual State Determination
Perithecia formation was examined in the fungal 

cultures of each isolate during their growth on a PDA 
medium at 28°C under continuous fluorescent light, once 
a week, for two months[40,51,54].

2.4 Molecular Identification of the Fungal Isolates
The molecular characterization was carried out by 

Commonwealth Mycological Institute (CABI) BioScience 
(International Mycology Institute, UK Centre, Egham, 
England). DNA from each isolate was extracted according 
to Sreenivasaprasad et al.[44] and Buddie et al[48]. Polymerase 
chain reaction (PCR) assay was performed using specific 
primers for Colletotrichum species. The primers used to 
amplify a region of the small rRNA mitochondrial gene 
of ascomycetes are (from 5´ to 3´): NMS1 (forward: 
CAGCAGTGAGGAATATTGGTCAATG) and NMS2 
(reverse: GCGGATCATCGAATTAAATAACAT)[55], which 
have been proven to distinguish the Colletotrichum species 
(Buddie, CABI BioScience, personal communication). The 
single arbitrary primers (CAG)5 (CAGCAGCAGCAGCAG) 
and (GACA)4 (GACAGACAGACAGACA) were 

obtained from minisatellites[46], whilst the primers 
CaInt2 (forward: GGGGAAGCCTCTCGCGG) from 
the internally transcribed spacer region of the nuclear 
ribosomal DNA region of C. acutatum[44] and ITS4 (reverse: 
TCCTCCGCTTATTGATATGC) from the nuclear rDNA[56]. 
Control experiments were performed with DNA from 
previously identified and characterized C. acutatum, C. 
fragariae, C. gloeosporioides, Colletotrichum coccodes and 
other species available at International Mycology Institute 
(CABI, England). The PCR reactions and the amplification 
programs used were similar to that reported by Li et al.[55] 
for NMS1/NMS2, Freeman and Rodriguez[46] for (CAG)5/
(GACA)4, and Sreenivasaprasad et al.[44] for CaInt2/ITS4. 
The PCR was carried out using the Pegasus Taq enzyme 
(APBiotech, USA), the PCR products were analyzed in a 2% 
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agarose gel, and the bands were visualized upon staining with 
bromide ethidium.

2.5 Strawberry Plants Maintenance 
Fragaria x ananassa strawberry plants of the 

cultivars ‘Pájaro’, ‘Chandler’, ‘Sweet Charlie’, ‘Enzed 
Donna’, ‘Oso Grande’, ‘Selva’, ‘Camarosa’, ‘Rosalinda’ 
and ‘Gaviota’ were used for the phytopathological 
assays. They were purchased as dormant crowns from 
commercial nurseries, planted in 8cm pots filled with a 
pasteurized substrate (humus:perlome, 2:1), and grown in 
a greenhouse for 6 weeks. Thereafter, grown plants were 
evaluated to be anthracnose free to serve as the mother 
plants for agamic propagation. Runners of each cultivar 
were rooted in a similar pasteurized substrate as described 
above, under axenic conditions, and maintained in growth 
chambers at 28°C, 70%  RH with a light cycle of 16h per 
day, for 14 to 16 weeks. Plants were watered every other 
day with 50mL of sterile distilled water. All senescent 
leaves and petioles were removed periodically until 10 
days before the phytopathological assays, leaving only 
three unfolded healthy shoots per plant prior to the assay.

2.6 Phytopathological Assays
Phytopathological assays between the different 

strawberry cultivars and the Colletotrichum isolates were 
conducted. Cultivars ‘Pájaro’, ‘Chandler’, and ‘Sweet 
Charlie’ were used as reference genotypes of strawberries 
and challenged towards all the fungal isolates. Whereas 
cultivars ‘Enzed Donna’, ‘Oso Grande’, ‘Selva’, 
‘Camarosa’, ‘Rosalinda’, and ‘Gaviota’ were also tested 
against the fungal isolates isolate F7 of C. acutatum (F7) 
and isolate M11 of C. acutatum (M11). The experimental 
design was randomized with 8 plants per genotype and 
the experimental unit. Four plants of each cultivar were 
sprayed with a conidial suspension of the correspondent 
isolate (1.5×106conidia/mL) until run-off. In addition, 
four plants were used as controls and sprayed with sterile 
distilled water until run-off. Immediately after inoculation, 
plants were placed in infection chambers at 28-30°C, with 
100% RH for 48h in the dark. Then, plants were transferred 
to growth chambers to assess disease symptoms and 
severity. Phytopathological assays were repeated twice 
under identical experimental conditions.

To check pathogen identity, after 50 days post-infection 
(dpi), isolations from crowns of those plants that 
developed the disease were performed and compared 
with the strains initially used for the inoculations.

2.6.1 Disease Severity Rating (DSR)
The DSR was evaluated at 50dpi and scored on a 

scale ranging from 1 to 5, using a disease index based on 
petiole symptoms (lesion length and extent), according 
to Delp and Milholland[31]. A score of 1 denotes a healthy 
petiole (no lesion); 2 denotes petioles with lesions 

<3mm; 3 denotes lesions of 3-10mm; 4 denotes lesions 
of 10-20mm with girdling petiole; 5 denotes an entirely 
necrotic petiole, equivalent to a dead plant. Plants with a 
DSR >3 were considered susceptible.

2.7 Statistical Analyses
Data from microbiological and phytopathological assays 

were analysed using InfoStat software[57]. ANOVA analyses 
were performed to detect significant variances, followed by 
the Tukey test at a 95% confidence level[58,59]. 

3 RESULTS
3.1 Microbiological Characterization of Colletotrichum 
Isolates

More than 200 fungal isolates were obtained from the 
crowns and fruits of strawberry plants collected in three 
different productive locations in Tucumán, Argentina. 
They were initially characterized as Colletotrichum spp. 
because plants presented symptoms compatible with 
anthracnose. A preliminary screening was performed 
according to whether any distinguishable macro or 
microscopic difference was observed among the isolates, 
which allowed the selection of  45 isolates. Considering the 
geographical location of the collection of these isolates, we 
first classified them into three groups, viz. L, F and M. L, F 
and M, followed by the numbering of their isolation order 
(Table 1). 

Thereafter, based on morphological characteristics, the 
45 isolates were divided into three distinctive groups, 
mainly according to conidial shape and colony colour, 
namely M-group 1 (the M denotes “morphological 
classification”, which included 10 isolates), M-group 2 (4 
isolates), and M-group 3 (31 isolates) (Table 1). Colonies 
of the M-group 1 isolates were olive to dark grey with 
a white centre, presenting abundant aerial mycelium 
(Figure 1A), and the underside was dark-olive to dark 
grey, with an average diameter of 8.3cm (Figure 1B). 
Colonies of M-group 2 isolates presented white to pale 
beige colonies with abundant aerial mycelium (Figure 
1C), and the underside was grey to dark-olive near the 
centre and white at the edges, with an average diameter 
of 4.6cm (Figure 1D). Whereas colonies of M-group 3 
isolates showed white colonies during the first two days 
of growth, but later turned orange with scarce aerial 
mycelium, abundant asexual fructification bodies (e.g., 
acervuli) (Figure 1E), and the underside colonies were 
pink-orange, with an average diameter of 7.1cm (Figure 
1F). 

Regarding conidia, morphologies and sizes were observed 
among the isolates from the three morphological groups. 
Those from M-group 1 were cylindrical bodies with both 
ends rounded, with sizes ranging between 11.0-8.9mm long 
and 4.1-3.2mm wide (Figure 2A; named as Cylindrical-1 
in Table 1). Conidia from M-group 2 were predominantly 
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Table 1. Microbiological and Phytopathological Characteristics of 45 Isolates of Colletotrichum from the Main 
Strawberry Production Area in Tucumán, Argentina

Isolate N° Locationa Conidialb

Shape
Colonyc 
Colour

Colony d 

Diameter
Ascigerouse 

State
M-Groupf DSR 

Pájaro
DSR 

Chandler
DSR

Sweet Charlie
P-Groupg

L4 L Cylindrical-1 C1 8.3 - 1 1.2 ± 4.5 ± 1.9 ± 1
L6 L Cylindrical-1 C1 7.9 - 1 1.5 ± 4.8 ± 1.8 ± 1
L12 L Cylindrical-1 C1 7.5 - 1 2.0 ± 4.7 ± 1.4 ± 1
F1 F Cylindrical-1 C1 8.2 - 1 1.8 ± 4.0 ± 1.6 ± 1
F7* F Cylindrical-1 C1 7.4 - 1 1.0 ± 5.0 ± 1.8 ± 1
F11 F Cylindrical-1 C1 8.0 - 1 1.0 ± 3.2 ± 2.1 ± 1
5 M Cylindrical-1 C1 7.2 - 1 1.1 ± 3.5 ± 2.4 ± 1
M3 M Cylindrical-1 C1 7.0 - 1 1.4 ± 4.8 ± 1.9 ± 1
M15 M Cylindrical-1 C1 8.1 - 1 1.2 ± 4.1 ± 1.9 ± 1
M23 M Cylindrical-1 C1 8.9 - 1 1.1 ± 4.6 ± 2.0 ± 1
L21 L Cylindrical-1 C2 4.1 - 2 5.0 ± 1.4 ± 1.5 ± 2
L11 L Cylindrical-1 C2 3.5 - 2 4.8 ± 1.7 ± 1.8 ± 2
L5 L Cylindrical-1 C2 3.2 - 2 4.7 ± 2.3 ± 2.1 ± 2
L9* L Cylindrical-1 C2 4.6 - 2 5.0 ± 2.4 ± 2.4 ± 2
L2 L Fusiform C3 6.8 - 3 5.0 ± 1.2 ± 1.2 ± 2
L3 L Fusiform C3 6.5 - 3 5.0 ± 1.5 ± 1.6 ± 2
L21 L Fusiform C3 6.3 - 3 4.5 ± 1.6 ± 1.5 ± 2
L32 L Fusiform C3 7.1 - 3 4.8 ± 2.0 ± 1.0 ± 2
L27 L Fusiform C3 7.9 - 3 5.0 ± 2.3 ± 1.2 ± 2
L41 L Fusiform C3 6.5 - 3 4.0 ± 2.5 ± 2.1 ± 2
L32 L Fusiform C3 6.4 - 3 5.0 ± 3.0 ± 2.2 ± 2
L39 L Fusiform C3 7.1 - 3 5.0 ± 2.7 ± 2.2 ± 2
L8 L Fusiform C3 7.5 - 3 5.0 ± 1.2 ± 1.5 ± 2
L14 L Fusiform C3 7.4 - 3 5.0 ± 1.5 ± 1.3 ± 2
L25 L Fusiform C3 7.3 - 3 4.2 ± 1.7 ± 2.3 ± 2
L43 L Fusiform C3 6.8 - 3 4.1 ± 2.6 ± 1.9 ± 2
L29 L Fusiform C3 6.7 - 3 4.7 ± 2.0 ± 1.9 ± 2
F15 F Fusiform C3 6.8 - 3 5.0 ± 2.6 ± 1.7 ± 2
F16 F Fusiform C3 7.2 - 3 5.0 ± 2.7 ± 1.6 ± 2
F19 F Fusiform C3 7.3 - 3 5.0 ± 2.0 ± 1.5 ± 2
F23 F Fusiform C3 6.2 - 3 5.0 ± 2.3 ± 1.5 ± 2
F45 F Fusiform C3 6.3 - 3 5.0 ± 2.8 ± 1.0 ± 2
F32 F Fusiform C3 6.7 - 3 4.6 ± 2.7 ± 1.2 ± 2
F12 F Fusiform C3 7.5 - 3 4.2 ± 3.0 ± 1.4 ± 2
F17 F Fusiform C3 7.8 - 3 4.7 ± 2.1 ± 1.0 ± 2
F2 F Fusiform C3 7.9 - 3 5.0 ± 1.6 ± 1.3 ± 2
F46 F Fusiform C3 6.5 - 3 5.0 ± 1.7 ± 1.8 ± 2
F26 F Fusiform C3 6.3 - 3 5.0 ± 1.8 ± 1.7 ± 2
M12 M Fusiform C3 6.4 - 3 4.8 ± 1.9 ± 1.6 ± 2
M46 M Fusiform C3 6.2 - 3 5.0 ± 1.5 ± 1.8 ± 2
M47 M Fusiform C3 6.7 - 3 4.7 ± 1.2 ± 1.9 ± 2
M43 M Fusiform C3 7.2 - 3 4.6 ± 1.7 ± 1.5 ± 2
M33 M Fusiform C3 7.4 - 3 4.9 ± 1.4 ± 1.2 ± 2
M2 M Fusiform C3 7.4 - 3 5.0 ± 1.3 ± 1.1 ± 2
M11* M Fusiform C3 6.7 - 3 5.0 ± 3.2 ± 1.0 ± 2

Notes: References: a: name of the main strawberry production areas in Tucumán where the isolates were collected; L: Lules; F: Famaillá; M: 
Manantial. b: Three different conidia shapes were described; Cylindrical-1 (cylindrical conidia with straight sides and rounded on both ends), 
Cylindrical-2 (cylindrical conidia with one pointed end and the other rounded), Fusiform (with both ends tapered to a point). c: Colony colours of 
12-day-old cultures on PDA; C1 (olive to dark grey with white centre and the underside of the colony dark-olive to dark grey), C2 (white to pale beige 
and underside of the colony grey to dark-olive near the centre, white at the edges of the colony), C3 (orange with a pink-orange underside). d: Colony 
diameters of 12-day-old cultures on PDA; e: Presence (+) or absence (-) of perithecia; f: Groups are classified according to isolates’ microbiological 
analyses; g: Groups classifies according to isolates’ phytopathological analyses. *Authenticated isolates by Commonwealth Mycological Institute 
(CABI); F7 (IMI 386394), isolate L9 of C. acutatum (L9: 386396), M11 (386395).

cylindrical with one pointed end and the other rounded with 
sizes ranging between 14.5-12.7mm long × 4.5-3.9mm wide 
(Figure 2B; named as Cylindrical-2 in Table 1). Conidia from 

M-group 3 were fusiform, with both ends tapered to a point 
and sizes ranging between 21.3-18.7mm long × 6.1-4.8mm 
wide (Figure 2C; named Cylindrical-3 in Table 1). 
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Figure 1. Morphology of Colletotrichum isolates colonies. 
Upper and underside view of Colletotrichum isolates F7, L9 and M11, 
representing the microbiological groups 1, 2 and 3, respectively. (A, D) 
F7 isolate, (B, E) L9 isolate and (C, F) M11 isolate.

Figure 2. Microscopic observations of Colletotrichum 
conidia. A: Isolate F7, cylindrical conidia with both rounded 
ends; B: Isolate L9, predominantly cylindrical conidia with a 
pointed end and the other rounded one; C: Isolate M11, fusiform 
conidia with both ends tapered; D: Sexual fruiting structures 
(perithecia) of isolate L9 (M-group 2).

A B

C D

3.2 Phytopathological Characterization: Strawberry - 
Colletotrichum Interaction

The phytopathological assays were carried out between 
the 45 isolates of Colletotrichum and the cultivars 
‘Pájaro’, ‘Chandler’, and ‘Sweet Charlie’ of F. ananassa 
strawberry plants. Based on their phytopathological 
behaviour, we clustered the fungal isolates into two 
different groups, namely pathogenic group 1 (P-group 1) 
and pathogenic group 2 (P-group 2). P-group 1 showed 
low virulence towards plants of cv. ‘Pájaro’ (DSR 
average=1.33±0.34), and moderate towards cv. ‘Sweet 
Charlie’ (DSR average=1.88±0.27). In general, these plants 
developed some visible lesions in leaflets and petioles in the 
first 10 days, and none or very few small lesions on petioles 
after 50dpi, suggesting the plant-pathogen interactions 
were incompatible. On the contrary, such fungal isolates 

showed high virulence against plants of cv. ‘Chandler’ 
(DSR average=4.32±0.60), which showed distinct lesions 
in petioles in the first 10dpi (Figure 3A). Whereas leaflets 
started to display brown circular spots surrounded by a 
chlorotic zone when symptoms in petioles continued to 
advance until developing the typical lesions of anthracnose 
by 15dpi (Figure 3B). The disease symptoms advanced 
throughout the leaves, and by 20dpi, lesions became darker 
and leaves completely necrotized (Figure 3C), by which 
time the plants were dead (Figure 3D). 

Figure 3. Phytopathological compatible interaction 
between an isolate of Colletotrichum and the strawberry 
cv. Chandler. The fungal isolate pertained to P-group 1 and 
rapidly infected the plant, causing its death 20 days post-
infection (dpi). A: Initial symptoms of anthracnose in petioles 
pointed with the arrow, 10dpi; B: Advancing symptoms in 
petioles (pointed with the largest arrow), and initial foliar 
symptoms (pointed with shorter arrows), like brown circular 
spots, 15dpi; C: Complete leaves necrotized by 20dpi pointed 
with the arrows; D: Dead plants by 20dpi.

A B

C D

The opposite phytopathological behaviour was observed 
for the isolates of P-group 2. They were highly virulent 
towards plants of cv. ‘Pájaro’ (DSR average=4.81±0.29), 
and the plant-pathogen interaction was such a compatible 
one that the symptoms of the disease advanced quickly, 
with leaves completely necrotized and petioles strangulated 
by 10dpi. Signs of the pathogen were detected in the dead 
plant by that time (Figure 4). Whereas such fungal isolates 
behaved as low to moderate virulent towards plants of cv. 
‘Chandler’ (DSR average = 2.03±0.58), and cv. ‘Sweet 
Charlie’ (DSR average = 1.59±0.40), which presented 
smaller and fewer lesions on petioles only by 50dpi. Plant-
pathogen interactions between isolates from the P-group 2 

D E F

A B C
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Figure 4. Microscopic observations of the reproductive structures of C. acutatum M11 infecting the strawberry cv. ‘Pájaro’. 
The fungal growth is observed on a lactophenol trypan blue-stained strawberry leaflet 10 days post infection under an optic 
microscope with bright-field settings. A: Setae morphology; B: The stroma; C: A conidiophore. 

A B C

(clustering isolates from M-group 2 and 3) and cv. ‘Pájaro’ 
and ‘Chandler’ were similar, without any statistically 
significant difference between them. However, we found that 
they behaved differently from the isolates from P-group 1 
(clustering the isolates from M-group 1), and such different 
pathogenicity was statistically significant. Moreover, unlike 
the microbiological groups, cv. ‘Sweet Charlie’ behaved as 
a tolerant genotype towards all the isolates which renders it 
useless to screen phytopathological populations (Table 2).

3.3 Molecular Characterization of Colletotrichum 
Isolates

The isolates F7, L9, and M11 were selected as 
representatives of each microbiological group for the 
molecular characterization at the International Mycology 
Institute (CABI, England). Among the 45 isolates, only 
these three presented clear and stable microbiological 
features and showed reliable and stable phytopathological 
behaviours. Most of other isolates met one or the other 
criterion, but it was important to ensure both criteria 
were met. For example, some strains showed high and 
stable virulence but produced little amount of conidia, 
and others yielded a larger number of conidia.

By amplifying regions of mitochondrial small rRNA 
gene by PCR analysis, we confirmed that the isolates 
F7, L9, and M11 (IMI 386394, 386396 and 386395, 
respectively) corresponded to C. acutatum species since 
the same band of approximately 600bp was observed 
for two of the Colletotrichum species used as reference 
control namely, C. acutatum and C. fragariae (Figure 
5A). Whereas such a band was not detected for the third 
reference species used (Colletrotrichum. coccodes), and 
a possible explanation is that despite NMS1 and NMS2 

primers being designed to amplify a mitochondrial small 
rRNA region for fungi belonging to the class Ascomycetes, 
the detection or the intensity of the bands is dependent on 
the different species, as observed by Howard et al[34]. 

Moreover, genomic polymorphisms were observed 
among the isolates F7, L9 and M11 when using the 
minisatellite arbitrary primers (GAGA)4 and (CGT)5 
(Figure 5B) and the specific primers CaInt2/ITS4 (Figure 
5C). Similarly, the band corresponding to the amplification 
product of the specific primers CaInt2/ITS4 (Figure 5C) 
was not detected in the F7 isolate.

3.4 Phytopathogenicity Confirmation of C. acutatum 
Isolates

To confirm the phytopathological behaviour of the 
isolates F7 and M11 of C. acutatum, we further challenged 
them towards commercial strawberry cultivars amply used 
in the productive area of Tucumán. We observed that the 
plant-pathogen interactions were strongly dependent on 
cultivar and fungal strain. Whilst cv. ‘Pájaro’ and ‘Oso 
Grande’ were more susceptible to M11, and ‘Chandler’ 
and ‘Rosalinda’ were more susceptible to F7. Moreover, 
‘Gaviota’, ‘Camarosa’, ‘Selva’ and ‘Sweet Charlie’ showed 
tolerance towards both isolates, whereas ‘Enzed Donna’ and 
‘Rosalinda’ were susceptible and moderately tolerant to both 
isolates. The most contrasting plant-pathogen interactions 
occurred between cv. ‘Pájaro’ and ‘Chandler’ and such 
fungal isolates, whereas cv. ‘Chandler’ displayed the highest 
susceptibility towards F7, and relative tolerance to M11, cv. 
‘Pájaro’ showed the opposite behaviour. The isolate M11 
severely infected cv. ‘Pájaro’, developing a strong compatible 
interaction, while F7 failed to infect it, showing a clear 
incompatible interaction.

Table 2. Phytopathological Groups (P-group) were Observed in the Interaction among Colletotrichum Isolates 
with Strawberry Cultivars

cv. Pájaro cv. Chandler cv. Sweet Charly

P-group Mean DSR Mean DSR Mean DSR

1 1.33±0.34 (a) 4.32±0.60 (b) 1.88±0.27 (c)

2 4.81±0.29 (b) 2.03±0.58 (c) 1.59±0.40 (c)
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Figure 5. Molecular characterization of the Colletotrichum isolates F7, M11 and L9. A: The identity of the isolates was 
confirmed by PCR analysis since the molecular profiles were identical to that of the reference species of C. acutatum (CA). B and C: 
Genomic polymorphisms were observed among the isolates F7, L9 and M11 when using the minisatellite arbitrary primers (GAGA)4 
and (CGT)5 (B) and the specific primers CaInt2/ITS4 (C). References: L: Ladder (100pb molecular marker, 15628019, Invitrogen, 
USA); CA: C. acutatum reference species; CF: C. fragariae reference species; CC: C. coccodes reference species.
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4 DISCUSSION
4.1 A Polyphasic Approach to Characterize Colleto- 
trichum Species Present in the Strawberry Production 
Area of Tucumán

Colletotrichum spp. has traditionally been classified 
based on the shape of the conidia and appressorium, the 
presence of perithecium, and culture characteristics[3,40]. 
The conidia sizes observed among these local isolates 
of Colletotrichum differ from those reported in the 
literature[32,40]. Isolates of M-group 1 produced smaller 
conidia, and isolates of M-group 3 produced larger 
conidia than previously reported ones. The only strains 
that produced perithecia with asci and ascospores typical 
of G. cingulata[2,51,54], were those included in the M-group 
2 (Figure 2D), except isolate L11 (Table 1). All the 
other isolates failed to produce perithecia under the 
experimental conditions assayed in the present study. 
Following this classical methodology based on the analysis 
of cultural and morphological features, the isolates from 
M-group 1 should be featured as C. fragariae, those 
from M-group 2 as C. gloesporioides, and those from 
M-group 3 as C. acutatum. However, it is well known that 
morphological characterization is insufficiently reliable 
to classify Colletotrichum isolates at the species level. 
Indeed, only for the M11 isolate, microbiological criteria of 
classification led to an accurate result, matching such isolate 
as C. acutatum, which later was confirmed by molecular 
analysis.

We further performed phytopathological and mol- 
ecular assays to complement this preliminary classical 
characterization. Such analyses precisely determined that 
the isolates F7 and L9 belong to the same species of C. 
acutatum, though they display typical phenotypical traits 
of C. fragariae and C. gloeosporioides, and are tentatively 
classified as so based on their morphological features. Such 
a disagreement between the information from classical and 
molecular analyses had been reported by Ramallo et al.[47] in 
strawberry. By using Random Amplified Polymorphic DNA 
(RAPD) analyses, they found significant genomic differences 

in a group of isolates that were considered the same species 
according to classical techniques. Likewise, they could 
establish a closer genomic relationship among other isolates 
that were considered different species according to classical 
methods[47]. However, their screening based on morphological 
features and RAPD analysis was still inadequately reliable to 
determine the Colletotrichum population present in Tucumán, 
Argentina; the use of one molecular technique alone is of 
little importance to reach such a conclusion. For instance, 
Ramallo et al’s study, Buddie et al.[48] thoroughly discussed 
the advantages of different molecular techniques for the 
characterization of Colletotrichum species. They especially 
highlighted the difficulty in classifying Colletotrichum 
isolates into species due to the lack of a clear definition 
of species in this taxonomic group. They showed that 
results depend on the particular technique used; therefore, 
information from microbiological and morphological studies 
are still required for a correct classification of these species 
into taxonomic hierarchies. Since then, such a polyphasic 
approach based on morphology and genetic characteristics 
was incorporated, and years later reaffirmed by Cai et al[41].

In the present study, the polyphasic approach was 
applied, resulting in the first study to report with confidence 
that the species present in the main-production strawberry 
region in Tucumán, Argentina correspond to C. acutatum. 
Similarly, using this polyphasic approach, other authors 
have successfully identified many C. acutatum isolates from 
strawberries[1,37,43,60-64].

4.2 Colletotrichum acutatum Species Present in Tucumán 
are Genetically Diverse 

The existence of a large genotypical diversity within 
the population of C. acutatum species in strawberry fields 
in Tucumán, Argentina was revealed. In line with our 
observations, in the first study reporting the presence of 
Colletotrichum species in Tucumán, Ramallo et al.[47]  also 
detected considerable genetic diversity using RAPD PCR. 
Interestingly, alterations in the composition of Colletotrichum 
species may have occurred in the strawberry-productive area 
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of Tucumán over the years as earlier reports indicated that C. 
fragariae was the dominant species present in the area[47,52]. 
The reason for this hypothetical exchange remains elusive, 
but we may speculate that the substitution of strawberry 
cultivars farmers have carried out in the last years, from 
‘Chandler’ and ‘Sweet Charlie’ to ‘Camarosa’, may have 
been the main exchange factor. Another valid possibility 
is that no changes may have occurred ever since and that 
the species initially characterized as C. gloesporoides using 
morphological criteria led to erroneous results. Instead, 
C. acutatum has always been the pathogen present in the 
strawberry productive area of Tucumán. Irrespective of the 
correct answer, what we do know is that C. acutatum is the 
dominant species present in the area, which is necessary to 
know to implement the correct disease control methods.

4.3 The Strawberry Cultivar ‘Pájaro’ Activates A Defen- 
sive Response Towards Pathogens

The cv. ‘Pájaro’ activates an “on/off” defensive response 
depending on which fungus is challenged. Based on 
antecedents, we confirmed that M11 inhibits the plant’s 
innate mechanism of defence and rapidly propagates 
throughout the plant, killing it as fast as 10dpi[65]. Moreover, 
M11 produces a diffusible compound that suppresses the 
biochemical, physiological, molecular and anatomical 
events associated with the defence response induced by an 
elicitor[66]. Unlike M11, isolate F7 induces a mechanism 
of defence in cv. ‘Pájaro’, which may explain the 
incompatibility of the interaction. In this vein, we have 
demonstrated in a previous study that strawberry plants 
previously challenged to an avirulent isolate of C. fragariae 
induced a defence response and acquired strong resistance 
against a virulent strain of C. acutatum[67]. Similarly, 
Racedo et al.[68] demonstrated that the avirulent isolate SS71 
of Acremonium strictum -a strawberry occasional pathogen, 
induced a defence response in the cv. ‘Pájaro’, rendering 
strawberry plants resistant to the subsequent attack of the 
virulent isolate M11 of C. acutatum[69]. 

None of the other strawberry genotypes evaluated in 
this study presented such behaviour. Taken together, the 
current results demonstrate that the severity of the plant-
pathogen interactions depend on the genotypes of the fungi 
and strawberry plants challenged since different strawberry 
cultivars respond differently when challenged by the same 
fungal isolate. This phenomenon has already been reported 
by Denoyes-Rothan et al.[37] and Denoyes-Rothan et al.[70], 
revealing that the interaction between strawberry plants 
and Colletotrichum has to be considered based on specific 
genotypes because each cultivar may differently tolerate the 
attack of pathogens present within the fungal complex at the 
moment of infection. Hence, the importance of assessing 
the populations of pathogens present in an agroecological 
system, together with a correct phytopathological evaluation 
of the pathogens’ genotypes and strawberry cultivars used.

5 CONCLUSION
The present study reports with confidence for the first 

time the presence of C. acutatum species in the main-
production strawberry region in Tucumán, Argentina, and 
the C. acutatum species is genetically diverse. Changes in 
the composition of Colletotrichum species have occurred in 
the strawberry-productive area of Tucumán over the years. 
This knowledge will help to accurately implement the 
correct disease control methods.

5.1 A Revision of Biological Control Agents Available on 
Markets and under Research to Control Colletotrichum 
in the Strawberry Crop

Biological Control Agents (BCAs) have emerged in 
the last few years as a healthier alternative to synthetic 
agrochemicals. They include microbe-derived elicitors, 
microbe-derived extracts, plant-derived extracts, and 
any compound derived from a biological source. In this 
review, we will focus on BCAs with activity towards 
Colletotrichum species for the control of anthracnose in the 
pre- and post-harvest strawberry crop. 

BCAs offer the utmost feature that chemical fun- 
gicides cannot reach -at least until today, to activate 
plants’ innate immune responses, which are supposed 
not to develop fungal resistance. In contrast, traditional 
fungicides act on one particular fungal process, which 
may lead to the emergence of some resistant fungal strains 
to that chemical. Farmers count on alternative practices 
to overcome such resistance, such as changing the current 
fungicide to one with a different mode of action or a multi-
site one, whereby the eventual potential for resistance is 
greatly reduced. Nevertheless, many chemical fungicides 
still negatively impact the environment and human and 
animal health[71]. For instance, many of the fungicides 
recommended for strawberry anthracnose crown rot and 
fruit rot management[72] have been described for their low, 
medium or high risk for resistance evolution, according 
to the principles described in the Fungicide Resistance 
Action Committee (FRAC)[73]. 

The FRAC code list has recently incorporated two 
categories of fungicides of biological and natural origins, 
namely by their mode of action as “P: host plant defence 
induction”, including salicylate-related compounds (codes 
P01-P03, and P 08), anthraquinone elicitors (code P 05), 
microbial elicitors (code P 06), and phosphonates (code P 
08); and “BM: Biologicals with multiple modes of action: 
Plant extracts”, including plant extracts (code BM 01) and 
microbial strains of living microbes or microbially-derived 
extracts and metabolites (code BM 02) (FRAC, 2022). 
In Table 3, we include those OMRI Listed® supplies of 
biological origin that are commercially available, which 
are ratified for use in certified organic operations under the 
United States Department of Agriculture national organic 
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Table 3. Biological Products Commercially Available and OMRI® Listed to Control Anthracnose in the 
Strawberry Crop

Name 
of Pro- 
duct

Microor- 
ganism 
/ Plant 
Species

Type of 
BCAs

Straw- 
berry 
Cultivar 
host

Colleto- 
trichum 
Species 
Target

Mode of 
Action

Crown 
rot Effi- 
cacy

Fruit 
rot 
Effi- 
cacy

Anti- 
fungal
Acti- 
vity

OMRI 
Cer- 
tified

For- 
mu- 
lation

Appli- 
cation 
Method

Doses 
BCAs

Results Link

How- 
ler®

Acremo- 
nium 
strictum 
SS71

Fermen- 
tation 
soluble 
proteins

Fragaria 
sp.

Colleto- 
trichum sp.

Plant 
Defence 
Activator

Yes n.s. No n.s. Liquid Field: pre-
harvest 
spray appli- 
cations in 
suffi- 
cient water 
to cover 
the aerial 
tissues of 
plants with 
min- 
imal run-
off; 3 or 4 
appli- 
cations 
every 30 
days

2 l/ha Howler 
-complements 
but does not 
substitute 
fertilizers 
commonly 
applied into 
the soil; it also 
may improve 
control of 
post-harvest 
infections.

Howler

Tu- 
sal®

T. 
harzianum 
T11
T. 
asperellum 
T25

Whole 
fungi

Cama- 
rosa´

C. acutatum Plant 
Defence 
Activator 
Biofun- 
gicide

Yes n.s. Yes Yes Sus- 
pen- 
sion of 
con- 
idia

Field: Drip 
irrigation; 
addition 
to the soil 
7-days 
before 
planting
Field: Roots 
dipping 
before 
planting

108 cd/
m2

106 cd/
mL

58.6% 
reduction of 
anthracnose 
incidence and 
63.5% in plant 
mortality, 
relative to 
control.

Tusal®

Nata- 
my- 
cin L

Strepto- 
myses 
natalensis

Fermen- 
tation 
crystals

´Mont- 
erey´ 
´Portola´ 
´Fron- 
teras´

C. acutatum 
and C. 
acutatum 
QoI-
resistant

Biofun- 
gicide

Yes Yes Yes Yes Liquid 
sus- 
pen- 
sion

Field: Pre-
plant dip: 
immerse 
bare-root, 
cut-off 
plants or 
tips for 
2-5min.

500 - 
1000 
mg/l

Disease 
severity 
and plant 
mortality 
were reduced 
to similarly 
low levels 
as the 
conventional 
fungicide 
fludioxonil; 
fruit yield 
significantly 
increased 
relative to 
control.

Natamycin 
L

Bot- 
ector®

Aureoba- 
sidium 
pullulans

Whole 
yeast

Fragaria 
sp.

C. acutatum Biofun- 
gicide

n.s. Yes Yes Yes Water 
disper- 
sible 
gra- 
nule

Field: 
Apply 
preven- 
tatively or 
at the first 
sign of 
disease; 6 
appli- 
cations 
per year 
(repeat as 
needed on 
a 7-10 days 
interval) up 
to harvest

1kg/ha
(500-
1,000l/
ha wa-
ter vol- 
ume)

Suppression 
of fruit rot 
appearance; 
reduces the 
number of 
resistant 
pathogens 
in the 
population.

Botector®

https://summit-agro.com/ar/en/wp-content/uploads/2020/11/1568080503_howler_dosis_y_recomendaciones.pdf
https://www.actahort.org/books/842/842_66.htm
https://apsjournals.apsnet.org/doi/10.1094/PDIS-12-17-2033-RE
https://apsjournals.apsnet.org/doi/10.1094/PDIS-12-17-2033-RE
https://cdn.nufarm.com/wp-content/uploads/sites/16/2018/12/20102116/Botector-Product-Solution-Sheet-2019.pdf
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Sere- 
nade  
ASO

Bacillus 
subtilis 
QST 713

Whole 
microbe

Fragaria 
sp.

C. gloeos- 
porioides C. 
acutatum

Plant 
Defence 
Activator

Yes Yes n.s. Yes Suspen- 
sion of 
conidia

Field: Foliar 
appli- 
cation. Can 
be tank-
mixed with 
other in-
furrow 
products 
like fungi- 
cides or 
ferti- 
lizers and 
applied 
using 
existing 
spray or 
chemi- 
gation equi- 
pment

5,6 - 
11,2 l/
ha 2.8-
11,2l/
ha (tank 
mixed)

Activates 
natural plant 
defences 
by priming 
systemic 
responses, 
promoting 
growth 
and stress 
resistance.

Serenade 
ASO

Notes: The supplies are OMRI Listed®. This list is not considered to be complete; any omissions or errors are regretted. Furthermore, indications of 
these products by the authors do not in any way signify an endorsement of the product or manufacturer/distributor. References: BCAs: biological 
control agents; n.s.: not specified; cd: conidia. Metric conversions: to convert litre/hectare to a gallon/acre divide in 11.21; to convert kg/ha to lb./
acre divide in 1.12.

Table 4. In vitro and In-field Application of Different BCAs under Research to Control Anthracnose in 
Strawberry

Mic- 
roor- 
gan- 
ism / Plant 
species

Type of 
BCA

Straw- 
berry 
Cultivar 
host

Colle- 
totric-
hum Species 
Target

Formu- 
lation

Mode of 
Action

Crown 
rot 
Efficacy

Fruit 
rot 
Efficacy

Anti- 
fungal 
Activity

Appli- 
cation 
Method

Dosis BCA Results Link

Whole 
bacterium

Bacillus 
velezensis 
NSB-1

´Seol- 
hyang´

C. gloeos- 
porioides

Suspen- 
sion of 
conidia

Biofun- 
gicide

Yes n.t. Yes In vitro: 
Spray until 
run-off; 
appli- 
cations pre- 
and post-
inocu- 
lation of the 
pathogen.

105, 106, 
107CFU/
mL

76.5% protective 
efficacy and 
65% of curative 
control efficacy 
relative to 
control; n.s. 
d. with the 
conventional 
fungicide 
Prochloraz-Mn.

B. 
velezensis 
NSB-1

Field: Spray 
until run-off 
with 7, 10 
or 14 days 
intervals

107CFU/
mL

73,2% and 70,6% 
protection respect 
to non-treated 
plants, when 
applied every 
7 or 10 days 
respectively.

Plant 
Essential 
Oils (EOs)

Achillea 
millefolium 
Mentha 
longifolia 
Ferula 
kuma

´Paros´ C. nymphaeae Suspen- 
sion and 
Vapour 
phase

Biofun- 
gicide

Yes Yes Yes In vitro: 
Drop of EOs 
solution 
or EOs 
vapours on 
PDA plates, 
before 
pathogen 
infection.

600-
2100µL/
L for each 
EOs

All EOs sign. 
reduced 
mycelial growth 
and conidial 
germination both 
in contact and 
vapour phases, 
relative to non-
treated control, 
similar to Captan.

Plant 
Essential 
Oils

Post-harvest: 
Fruits 
treated with 
EOs solution 
+ path- 
ogen inocu- 
lation at the 
same time.

600-
2100µL/
L for each 
EOs

All EOs sign. 
decreased fruits’ 
postharvest 
decay relative 
to non-treated 
control, and 
similar to Captan.

https://s3-us-west-1.amazonaws.com/agrian-cg-fs1-production/pdfs/Serenade_ASO_Label1i.pdf
https://s3-us-west-1.amazonaws.com/agrian-cg-fs1-production/pdfs/Serenade_ASO_Label1i.pdf
https://www.actahort.org/books/1049/1049_106.htm
https://www.actahort.org/books/1049/1049_106.htm
https://www.actahort.org/books/1049/1049_106.htm
https://www.jstage.jst.go.jp/article/jos/69/4/69_ess19119/_article
https://www.jstage.jst.go.jp/article/jos/69/4/69_ess19119/_article
https://www.jstage.jst.go.jp/article/jos/69/4/69_ess19119/_article
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Whole 
fungus and 
bacterium

B. amyl- 
olique- 
faciens Bc2 
T. harzi- 
anum T11

´Sabrina´ C. acutatum Suspen- 
sion of 
conidia

n.s. Yes n.t. Yes In vitro: 
Leaflets 
simul- 
taneously 
inoculated 
with suspen- 
sions of 
either BCA + 
pathogen.

105spores/
mL (T11)

3×105CFU/
mL (Bc2)

In vitro: ‘Both 
BCA controlled 
100% the 
appearance of 
anthracnose, with 
0% incidence on 
the leaflets.

Bac Bc2 
+ Tricho 
T11

´Fortuna´ Field: 6g 
BCA-pre-
inoculated 
substrate 
mixed with 
the soil of a 
ridge with 
500 plants.

105spores/
g mL (T11); 
3×105CFU/
g (Bc2)

Field: Both 
BCA controlled 
anthracnose, 
grey mould 
and powdery 
mildew; they 
also promoted 
increments of 
plant size and 
fruit number.

Bacterium-
derived 
extract

Bacillus 
safensis 
QN1NO-4 
(novel sp.)

´Zhang 
Ji´

C. fragariae PDA-
diluted 
extract

Biofun- 
gicide

Yes Yes Yes In vitro: 
PDA plate 
prepared 
with 
different 
concen- 
trations of 
the extract + 
pathogen.

1.56, 3.12, 
6.25, 12.5, 
25, 50, 100, 
200mg/L

All the 
concentrations 
inhibited 
pathogen 
growth, with the 
EC50 value of the 
extract defined as 
33.81±0.46mg/l.

B. 
safensis 
QN1- 
NO-4

In vitro: Tube 
prepared 
with an 
equal vol of 
pathogen 
spore 
suspen- 
sion + 
extract.

4×EC50
Spore 
germination 
was increasingly 
inhibited with 
higher extract 
doses (100% 
inhibition with 
4×EC50); changes 
in hyphae 
morphology 
and conidia 
ultrastructure.

Post-harvest: 
Fruit 
wounded 
and inocu- 
lated with 
10µL BCA 
+ 10µL 
pathogen.

1×EC50, 2 
×EC50, 4× 
EC50, 8× 
EC50

The extract 
reduced the 
incidence of 
anthracnose in 
harvested fruits; 
fruits’ weight 
and TSS contents 
were maintained 
sign.

Notes: This list was performed based on the criteria that researchers have tested the effect of BCAs at least in vitro at the laboratory level and on 
a greater scale such as greenhouse or field. It is not considered complete, and any omissions or errors are regretted. Furthermore, indications of 
these studies by the authors do not signify an endorsement of the researchers or institutions. References: BCAs, biological control agents; n.s., not 
specified; n.t., not tested; n.s.d., no statistical differences; hpi, hours previous inoculation; sign., significantly; TTS, total soluble solids; EC50, half-
maximal effective concentration of the extract against the pathogen.

program. In Table 4, we include those research that tested 
a BCA -such as whole microbes, microbially-derived 
extracts or plants essential oils, both in vitro and on a 
greater scale like greenhouse and field trials to control 
anthracnose in the strawberry crop. 
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Abbreviation List
BCAs, Biological control agents
C. acutatum, Colletotrichum acutatum
C. fragariae, Colletotrichum fragariae
C. gloeosporioides, Colletotrichum gloeosporioides
CABI, Commonwealth Mycological Institute
cv., Cultivar
Dpi, Days post-infection 
DSR, Disease severity rating
F7, Isolate F7 of Colletotrichum acutatum
FRAC, Fungicide Resistance Action Committee
G. cingulate, Glomerella cingulata
ITS, Internal transcribed spacer 
L9, Isolate L9 of Colletotrichum acutatum
M11, Isolate M11 of Colletotrichum acutatum
PCR, Polymerase chain reaction
PDA, Potato dextrose agar 
RAPD, Random amplified polymorphic DNA 
rDNA, ribosomal
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