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Abstract: Guarana, the fruit of Paullinia cupana, is known for its stimulating and medicinal properties by the 

Amazonian indigenous population and communities. However, it presents serious phytopathological 

problems, such as anthracnose disease caused by Colletotrichum spp. The objective of this study was to 

verify if C. siamense, a mycovirus-carrying endophytic fungus, could protect guarana seedlings, by reducing 

or by eliminating characteristic disease symptoms. Other physiological changes in the plant caused by the 

presence of this endophyte were also evaluated. The cuttings of the Cereçaporanga cultivar were dipped in 

a biological control suspension and planted in a specific substrate. After four months in the greenhouse, the 

seedlings were sprayed with a suspension of phytopathogen conidia, and a portion of these seedlings 

received the fungicide indicated for the crop to be compared with the control seedlings. After 28 days, the 

number of lesions, morphophysiological and macro characteristics, and leaf micronutrients were evaluated. 

HIGHLIGHTS 
 

 Colletotrichum siamense and C. fructicola were identified in guarana plants. 

 C. siamense, a mycovirus-carrying endophyte, protects the plant against a phytopathogenic fungus. 

 C. siamense with the mycovirus stimulates the growth of Paullinia cupana plants. 
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The seedlings treated with C. siamense showed a lower percentage of lesions and an increased aerial part 

and root system compared to the other treatments. There were no significant differences between treatments 

regarding the percentage of macronutrients and micronutrients. 

Keywords: mycovirus; amazon; Paullinia cupana. 

INTRODUCTION 

Guarana (Paullinia cupana Kunt. var. sorbilis (Mart.) Ducke), also called guarana-da-Amazônia, 

guaranaina, guaranauva, uarana, or narana, is a species native to the Amazon region and is known for its 

stimulating and medicinal properties. The species has been used for centuries by the indigenous communities 

in the Amazon and more recently by the local population [1]. Guarana plants are commercially cultivated only 

in Brazil, where annual production reaches 2,660 tons of seeds [2], of which 70% are used by soft drink 

industries to produce non-alcoholic carbonated beverages. Drugstores and alternative natural product stores 

sell the rest, mainly in the form of roasted powder seeds [3,4]. 

Together, the states of Amazonas and Bahia represent 95% of the planted area of guarana in Brazil; 

however, in the last ten years, the mean yield in Bahia has been higher than that in Amazonas. Several 

factors contribute to the lower productivity in the Amazon region, such as low technical qualification of 

producers, inadequate cultural treatment, mother plants not undergoing genetic improvement processes, and 

fungal diseases such as over-sprouting and anthracnose [1,4]. Even with the development of pest- and 

disease-resistant cultivars for the Amazon region, productivity remains low. 

The anthracnose disease of guarana plants is caused by Colletotrichum spp., which cause the young 

leaves to crest and fall. In young growing leaves and in immature leaves, the symptoms include necrotic 

lesions with a circular to elliptical shape. When abundant, these lesions cause leaf deformations and rolling, 

especially when they reach the ribs. Mature or old leaves are not infected. Successive attacks of this fungus 

induce the descending death of the branches and subsequently of the entire plant [5]. 

Biological control is an alternative method to the use of agrochemicals that can be efficient with lower 

maintenance cost and less aggression to the ecosystem, which is gaining attention in the world [6]. An 

alternative that has been the subject of numerous studies in recent years is the use of fungi infected with a 

mycovirus to control phytopathogens. A study investigating mycovirus infection in the filamentous fungus 

Cryphonectria parasitica provided a strong basis for future research in fungal hypovirulence or debilitation in 

other species of fungi [7,8]. The interaction between the mycovirus Cryphonectria hypovirus 1 (CHV1) with 

its fungal host C. parasitica is well studied and has been a model for several studies with other pathogenic 

fungi [9,10,11]. The presence of the virus in the host fungus can lead to several physiological changes, 

including decreased virulence in phytopathogenic fungi, thereby leading to the phenomenon of 

hypovirulence. Hypovirulence associated with mycoviruses in plant pathogenic fungi can be transmitted intra-

specifically by anastomosis of hyphae in compatible isolates [12]. 

In 2015, from the isolation of endophytic fungi from guarana leaves in Maués (Amazonas-Brazil), the 

presence of mycoviruses in a species of Colletotrichum was detected using transmission electron microscopy 

[13]. In preliminary studies (unpublished data) the reduction of symptoms was verified in guarana seedlings 

inoculated with the endophyte carrying the mycovirus. 

Thus, the objective of this study was to evaluate if the endophytic mycovirus-carrying C. siamense fungus 

could protect guarana seedlings of the BRS-Cereçaporanga clone, by reducing or by eliminating 

characteristic disease symptoms. Additionally, it evaluated whether this fungus caused physiological changes 

in the plant regarding its rooting potential and macronutrient and micronutrient absorption. 

MATERIALS AND METHODS 

Microorganisms 

Endophytic fungus C. siamense containing a mycovirus was isolated from healthy guarana leaves at 

Santa Helena Farm in Maués, Amazonas (3°2518.1S, 57°4040.8W), and its potential to inhibit 

phytopathogen growth was analyzed in vitro [13]. The Colletotrichum fructicola pathogen was isolated from 

guarana leaves exhibiting necrotic lesions and was included in the crop collection of the Laboratory of 

Phytopathology of the National Institute of Amazon Research (INPA). The pathogenicity of C. fructicola was 

demonstrated through the Koch’s Postulate [14]. 
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Molecular Characterization 

Extraction of DNA Genomic 

The fungi were cultivated in potato dextrose agar (PDA) medium for five days under BOD at 28ºC and 

light/dark cycles (12/12 h). The mycelium was collected and underwent total nucleic acid extraction using the 

methodology described by Doyle & Doyle (1990), with modifications [15]. 

DNA Amplification by PCR 

The polymerase chain reaction (PCR) was performed to amplify the genes β-tubulin (tub), 

glyceraldehyde-3-phosphate dehydrogenase (gapdh), and the internal transcribed spacer (ITS) (Table 1). 

The amplification reaction consisted of initial denaturation at 95ºC for 3 min, followed by 35 cycles of 

denaturation at 95ºC for 15 s, annealing at 58ºC for 20 s, extension at 72ºC for 30 s and a final extension 

step at 72ºC for 10 min. The amplification products underwent 1% agarose gel electrophoresis stained with 

ethidium bromide for 20 min at 80 V. The purification was performed using a 20% polyethylene glycol (PEG) 

solution [16]. 

Table 1. Primers used in the amplification reaction 

Gene Primer Primer sequence (5’-3’) References 

β-Tubulin 
T1 

Bt2b 
AAC ATG CGT GAG ATT GTA AGT  
ACC CTC AGT GTA GTG ACC CTT GGC  

[17] 

Glyceraldehyde-3-
phosphate 

GDF 
GDR 

GCC GTC AAC GAC CCC TTC ATT GA 
GGG TGG AGT CGT ACT TGA GCA TGT 

[17] 

Internal transcribed spacer 
ITS1 
ITS4 

TCC GTA GGT GAA CCT GCG 
TCC TCC GCT TAT TGA TAT GC 

[18] 

Sequencing 

After purification, the samples were prepared for sequencing using the respective Big Dye kit (Applied 

Biosystems) forward and reverse primers, according to the manufacturer’s instructions. The sequences 

obtained were included and compared with those deposited in the National Center for Biotechnology 

Information (NCBI) nucleotide database using Basic Local Alignment Search Tool nucleotide (BLASTn). 

Alignment was performed with sequences showing similarity ≥ 97%. 

Multilocus Sequence Analysis (MLSA) 

The sequences were treated and aligned using the software Geneious Prime v. 2020.2.2. Once the 

sequences showed high similarities in Genbank with other type strains belongs to C. gloeosporioides 

complex, a phylogenetic analyze was carried out based on sequences of type strains of these complex. A 

strain of C. boninense was used as outgroup. The sequences were then rescued and aligned with MAFFT 

v.7.450 [19]. After alignment, a multigene assembly of sequences was performed. For phylogenetic analysis 

based on the maximum likelihood and Bayesian inference, MrModelTest v. 2.3 [20] was used to choose the 

best evolutionary model. The phylogenetic tree was constructed using MrBayes v. 2.2.4 [21], taking into 

consideration the parameters generated by MrModelTest, with Markov chain Monte Carlo (MCMC), which 

lasted until the average standard deviation of the split frequencies was below 0.01 (1.000.000 generations). 

The Bayesian probability was demonstrated on the nodes between each individual. The tree was edited with 

FigTree v. 1.4.2 [22]. 

Conidium Production for Testing 

The endophyte C. siamense was cultivated in test tubes for seven days in synthetic nutrient agar (SNA) 

medium under light/dark cycles (12/12 h) at 30 °C. In each tube, 10 mL of distilled water sterilized with 1% 

Tween 80 were added, and then friction was generated on the surface of the medium with a soft-bristled 

brush to release conidia. The conidia were quantified using a Neubauer chamber, and the suspension was 

adjusted to a density of 5.0  103 conidia mL-1. The phytopathogen C. fructicola was cultivated in PDA under 

the same conditions, and the density of 1.0  106 conidia mL-1 was obtained following the standard used for 

phytopathogenic Colletotrichum species [23,24]. 
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In vivo testing 

Cutting Preparation and Biological Control Agent Inoculation 

Fungus inoculation was conducted when cuttings of recently collected guarana branches of the BRS-

Cereçaporanga cultivar donated by Embrapa Western Amazônia (Manaus-Amazonas) were planted. The 

cuttings were cut in a beveled shape and immersed in a C. siamense conidia suspension for 30 min. They 

were planted in black bags (23 cm  18 cm  0.15 cm) in a substrate containing soil and sand (4:1) and left 

for about 120 days in a greenhouse located at the Production Project of the School of Agricultural Sciences 

(FCA) of the Federal University of Amazonas (UFAM). The plants were fertilized every 30 days, as indicated 

for the culture [4]. The cuttings were kept under intermittent nebulization from September 2018 to January 

2019. The experimental design was entirely randomized with three repetitions and 12 cuttings per repetition. 

Cutting Preparation for Chemical Control 

The cuttings for chemical control and the control cuttings were immersed in sterile distilled water for 30 

min. They were planted in bags and left in a greenhouse for about 120 days. The experimental design of this 

trial was the same as the previous one. The seedlings intended for chemical control were sprayed with Impact 

125® (Flutriafol) fungicide solution, prepared according to the manufacturer’s instructions, and supplemented 

with 2.5% (v/v) of Agral adhesive spreader. The application was conducted using a 20-L electric knapsack 

sprayer between 7:00 a.m. and 9:00 a.m. The effectiveness of the fungicide coating on the leaf surface was 

evaluated using an indicator paper that changed color from yellow to blue when it received drops of the 

product. Three fungicide applications were performed at a 15-day interval. 

Phytopathogen Application 

Two days after fungicide application on the group of cuttings that received the chemical treatment, the 

seedlings of all treatments (seedlings with the biological control agent, seedlings for chemical control, and 

control seedlings) were sprayed with a phytopathogen suspension. The suspension of C. fructicola conidia 

was adjusted to a density of 1.0  106 mL-1. After phytopathogen inoculation, the seedlings were incubated 

for 48 h in a humid chamber for conidium germination and colonization. The severity was evaluated daily in 

the cultivars for 28 days and measured using the diagrammatic scale of anthracnose in guarana plants [25]. 

Morphological Analysis of Seedlings 

The influence of the treatments on the morphological characteristics of the plants was evaluated at the 

end of the trials by analyzing root systems and aerial parts. Fresh aerial mass (FAM), fresh root mass (FRM), 

aerial height (APH), and root length (RL) were evaluated on the same day using a measuring tape (mm). The 

root system and the aerial part of each plant were placed in paper bags for subsequent drying in an oven 

with forced ventilation at 60ºC until constant weight. Dry aerial mass (DAM) and dry root mass (DRM) were 

determined using an analytical scale. 

Macronutrient and Micronutrient Analysis 

After 28 days of the experiment, 20 leaves were randomly removed from each treatment (chemical 

control, biological control, and control) to determine macronutrients (nitrogen, phosphorus, potassium, 

calcium, magnesium, and sulfur) and micronutrients (boron, copper, iron, manganese, and zinc) [26]. The 

analysis of plant tissue was performed in the Laboratory of Soil Analysis of the Federal University of Lavras, 

following the standard protocol for foliar macronutrient and micronutrient analysis [27]. 

Statistical Analysis 

The data were subjected to analysis of variance and the Tukey’s mean test at 1% and 5% significance 
using the SISVAR 5.7 software [28]. Lesion data and morphological evaluation were transformed (x + 1) and 
subjected to analysis of variance. 
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RESULTS 

Molecular Characterization 

The fungus used as a biological control was confirmed to be C. siamense and the phytopathogenic 

lineage was confirmed to be C. fructicola through gene amplification with ITS, tub, and gapdh primers and 

analysis of the nucleotide database [29]. These sequences were compared with those present in the NCBI 

bank (Table 2) and the phylogenetic tree was created (Figure 1). 

Table 2. Microorganisms identified by sequences of TUB, GAPDH, and ITS genes after comparison with those 
deposited in the National Center for Biotechnology Information (NCBI). 

 GenBank accession number 

Identification TUB GAPDH ITS 

Colletotrichum siamense MH622636.1 MH681376.1 KP703364.1 

Colletotrichum fructicola MH622670.1 MH681411.1 MK041517.1 

Anthracnose Control Test 

The leaves of the seedlings presenting characteristic anthracnose lesions (Figure 2) were classified by 

the percentage of lesioned area according to the diagrammatic scale for anthracnose in guarana plants [25]. 

The data were analyzed, and the means have been shown in Table 3. 

Table 3. Means obtained after evaluation of the percentage of lesions. 

TREATMENTS LESIONS 

Colletotrichum siamense  5% b 

Control 7% ab 

Chemical 8% a 

C.V. (%) 2.02 

p-value 0.0019 

Means followed by the same letter do not differ by the Tukey’s test at 5% significance (p < 0.05). 
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Figure 1.  Cladogram results of the Bayesian analysis. The MLSA analyze was made with the alignment of three genes 
combined (ITS, GAPDH and TUB). The Bayesian probability was demonstrated on the nodes between each individual. 
The sequences of Colletotrichum boninense (CBS 123755) were used as outgroup. Fungi: 1 – C. siamense, 2 – C. 
fructicola. 

 
 

Figure 2. Guarana leaves: (a) Uninoculated; (b) Seedling treated with biological control agent C. siamense; (c) Seedling 
treated only with the pathogen; (d) Seedling treated with a fungicide. The arrows showed the foliar symptoms caused 
by Colletotrichum fructicola  

Leaf Macronutrient and Micronutrient Analysis 

The results of the macronutrient and micronutrient foliar analysis are shown in Table 4. Some lesions 

not specifically related to phytopathogenic attack were observed in seedlings of all treatments. 
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 2
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 1
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Table 4. Results of the foliar analysis after the greenhouse experiment. 

Macronutrients (g Kg-1) 

 N P K Ca Mg** S* 

 
Control 27.8 c 2.8 a 21.4 c 2.6 b 1.5 a 1.6 a 

 
Chemical 30.2 b 2.8 a 23.3 b 2.7 a 1.5 a 1.6 a 

 
Colletotrichum siamense 31.0 a 2.2 b 24.0 a 2.3 c 1.4 a 1.3 b 

 
C.V (%) 0.53 5.44 0.62 3.95 6.82 6.67 

 
p-value 0.000 0.0029 0.0000 0.0066 0.4219 0.0156 

Means followed by the same letter do not differ by the Tukey’s test at 5% significance (p < 0.05). 
*Significant effect at 1% (p < 0.01); ** Significant effect at 5% (p < 0.05) 

Morphological Evaluation of Seedlings 

There was a significant difference among the three treatments for the FAM, DAM, and DRM parameters 
(Table 5). The APH parameter presented equal means between the chemical control and control seedlings, 
whereas the plants receiving C. siamense showed increased development. As for RL, there was no significant 
difference between treatments. 

Table 5. Results of the morphological parameters obtained after 150 days of the experiment. 

 Fresh aerial 
mass 

(FAM) g 

Fresh root 
mass (FRM) 

g 

Dry aerial 
mass 

(DAM) g 

Dry root 
mass 

(DRM) g 

Aerial part height 
(APH) 

cm 

Root length 
(RL) 
cm** 

Control 28.28 c 5.72 c 8.94 c 1.69 b 53.83 b 25.27 a 

Chemical 33.36 b 8.11 b 11.64 b 2.69 a 55.33 b 26.06 a 

Colletotrichum 
siamense  

39.42 a 9.53 a 12.97 a 2.69 a 59.94 a 27.61 a 

C.V. (%) 
13.86 20.44 14.20 15.38 6.15 8.11 

p-value 0.0000 0.0000 0.0000 0.0001 0.0007 0.0885 

Means followed by the same letter do not differ by the Tukey’s test at 5% significance (p < 0.05). 
*Significant effect at 1% (p < 0.01); ** Significant effect at 5% (p < 0.05). 

 

Micronutrients (mg Kg-1) 

 B Cu Fe Mn Zn 

 
Control 17.6 b  11.1 a 59.6 a 117.9 a 36.3 b 

 
Chemical 16.8 c  11.3 a 67.3 a 113.0 b 37.9 a 

Colletotrichum 
siamense 19.0 a 9.40 b 52.3 b 95.1 c 32.5 c 

 
C.V (%) 0.56 1.63 0.29 0.13 0.49 

 
p-value 0.0000 0.0000 0.0000 0.0000 0.0000 
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DISCUSSION 

Colletotrichum species can be found in nature as pathogens, endophytes, and sometimes as 

saprophytes [30]. Both C. siamense and C. fructicola have already been isolated as phytopathogens [31,32] 

and as endophytes in different hosts [33,34]. The behavior of Colletotrichum species is known to be highly 

regulated by specific gene families and biochemical interactions that occur through specific enzymes and 

secondary metabolites produced at the host-pathogen interface. This interaction generally defines how the 

fungus will present itself and how it can establish necrotrophic, hemi-biotrophic, latent or quiescent, and 

endophytic relationships [30]. In this study, C. siamense behaved as an endophyte and C. fructicola behaved 

as a phytopathogen. Thus, both were documented for the first time in guarana plants. 

The proposal to use endophytic fungi as biological control agents has been considered for different crops. 

Several studies used potential mycovirus-carrying control agents associated with the natural ability of 

endophytes to protect the plant due to their ability to produce antimicrobial substances [35]. The use of C. 

siamense resulted in fewer lesions in the evaluated seedlings (Table 3) when compared to the control and 

the plants receiving the chemical treatment. Three hypotheses can be considered to explain this outcome. 

The first is related to the capacity of transmitting the mycovirus to the phytopathogenic lineage, as suggested 

by some authors [36]. A study on the effects of Colletotrichum fructicola chrysovirus 1 (CfCV1) in C. fructicola 

showed that its presence decreased the growth rate and virulence in pears. Mycovirus-carrying 

Colletotrichum species, such as C. higginsianum, C. truncatum, and C. camelliae, also showed changed 

phytopathogenic behavior due to the presence of the mycovirus [37-39]. The second hypothesis is that host 

tissue colonization by the endophytic lineage decreases the establishing capacity of the phytopathogen. The 

advantages of using endophytes and hypovirulent lineages as biological control agents include the capacity 

of these microorganisms to occupy the same niche as occupied by the phytopathogen [40]. The biological 

control agent prevents host infection by occupying the same niche, by colonizing entry points, and by using 

the same nutrients that would be used by the phytopathogen [41]. The third hypothesis is based on the 

stimulus of the plant to produce protective substances, a phenomenon denominated as induced systemic 

resistance. Several additional substances, including indoleacetic acid (IAA) produced by C. siamense [42], 

produce specific pathogenesis-related proteins in plant cells that can degrade the cell wall of fungi and 

bacteria. 

The benefits of phytopathogen inhibition were evaluated only on the BRS-Cereçaporanga cultivar. 

However, it is important to emphasize that these beneficial responses may vary on the basis of host genetics 

[43,44]. This suggests that different results can be expected when using the same control agent in other 

guarana cultivars. The different improvement processes applied to this guarana crop resulted in discrete 

changes in the morphological characteristics of the plant, such as cuticle thickness, stomatal density, 

presence of trichomes, and so on. [43]. These characteristics can also influence the process of 

phytopathogen colonization by facilitating (or not) its entry into the host. The improved cultivars demonstrated 

good field tolerance to the phytopathogen. This is the case for the BRS-Maués cultivar, currently selected as 

the most promising cultivar due to its productivity and tolerance to anthracnose [44]. However, there are no 

studies explaining which gene or set of genes is involved in this tolerance process. 

The seedlings treated with the fungicide and the controls showed a slightly higher percentage of 

symptoms (Table 3). This preliminarily showed that the fungicide indicated to control the disease in this crop 

did not minimize phytopathogenic effects on the plant. Although this active ingredient has already been 

indicated to control anthracnose in guarana plants, it is not a common practice among farmers due to the 

high costs of using the product. 

As for the macronutrient and micronutrient analysis of the plant material, the seedlings treated with C. 

siamense had higher N and K levels in foliar tissues (Table 4). Associated with N, aside from constituting 

approximately 2% to 5% of the dry mass of the plant, K increases vegetative growth [45,46]. The results 

obtained can be directly related to the fact that the seedlings treated with C. siamense exhibit higher mean 

FAM, DAM, and RL compared to the control and chemical-control seedlings (Table 5). Studies on tomato 

seedlings (Solanum lycopersicum L.) showed that endophytic microorganisms increased N, P, K, Ca, Mg, 

Cu, and Zn levels in the aerial part and N, P, Mg, and Mn in the roots, thus improving nutritional efficiency 

[47]. 

Throughout the experiment, there were foliar changes not directly related to the phytopathogen attack. 

Symptoms such as rolling, chlorosis, and leaf spots are mostly related to nutrient absence or excess. As for 

guarana seedlings, the few recommendations regarding fertilization are related to the addition of 25 mL of 

KCl and urea solution directly in the substrate every 30 days. However, it is known that seedlings in the 

development phase may require a larger amount of nutrients, specifically micronutrients, which improve 
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processes such as the release of new leaves. Table 4 shows the macronutrient and micronutrient levels 

found in the leaves. Although there are discrete differences between nutrient contents, there is no significant 

difference among treatments. 
The growth-promoting effect of several microorganisms has been recognized for a long time and 

explored in different crops [48-50]. However, studies with Amazonian species and especially with guarana 

are rare in the literature. This study showed that the seedlings treated with C. siamense presented greater 

vegetative growth when compared to the control. More specifically, they showed increased dry matter and 

height of the aerial part (Table 5). A study with Arabidopsis thaliana showed that treatment with C. tofieldiae 

increased the dry mass of the plant [51]. Moreover, the presence of C. tofieldiae increased phosphate 

absorption from the soil, directly increasing the vegetative growth of the plant. Thus, it is of interest to use 

microorganisms considered to be bio-stimulants in the production phase of seedlings since this is one of the 

most important stages of the agricultural production system, as the final plant performance in the field 

depends on it [52]. Several studies confirm the stimulant effect of some fungi on plants, with Trichoderma 

being the most widely used genus [50,53,54]. 

In guarana plants, this increased dry mass in the seedlings treated with the biological control agent may 

be a consequence of IAA production by the fungus. IAA is a dominant type of auxin found in plants, which is 

involved in cell growth and elongation responses, cell differentiation, and root initiation. This hormone is also 

produced by plant-associated microorganisms, including ectomycorrhizal, endophytes, and phytopathogens. 

IAA production by C. siamense was evaluated in vitro, thereby corroborating the findings in the literature on 

the production of this hormone by Colletotrichum species [42,55]. 

CONCLUSION 

The results showed that the inoculation of C. siamense in guarana seedlings reduced the percentage of 

lesions caused by the phytopathogen. Additionally, the presence of the fungus improved the vegetative 

growth of the plant and increased the aerial part of the seedling. There were no significant differences among 

treatments regarding micronutrient levels in foliar tissues. New studies are needed to understand the 

protection mechanisms of C. siamense in guarana plants. 
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