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Abstract: In organic phytosanitary management of vineyards, it is crucial to understand the available
pathogen control alternatives in order to progress towards a more sustainable form of viticulture. The
objective of this study was to evaluate the efficacy of seven biofungicides registered in Chile for the
prevention and treatment of Botrytis Bunch Rot (BBR), and to test a novel fungicide composed of
chitosan and riboflavin (CH-RF). Biofungicides including Trichoderma spp., Aureobasidium pullulans,
and Melaleuca alternifolia were evaluated using biotests with grapevine berries. Registered products
(specifically biological control agents) significantly reduced the in vitro growth of B. cinerea. However,
the degree of pathogen control varied significantly among products in grapevine berries of the
Chardonnay cultivar, and disease incidence and severity changed depending on the inoculation
time. High control effectiveness was achieved with two biofungicides, A. pullulans (average efficacy
34%) and M. alternifolia oil (average efficacy 29%). In vitro tests showed CH-RF significantly reduced
mycelial growth of B. cinerea. Noticeable differences between the new CH-RF fungicide (incidence
under 50% and infection score under 1) and A. pullulans- and M. alternifolia-based products were
detected in grapevine berries. Therefore, the new experimental formulation CH-RF constitutes a
promising alternative for the control of B. cinerea and provides a basis for further research.

Keywords: botrytis bunch rot; biological control agents; botanicals fungicides; integrated pest
management; Vitis vinifera

1. Introduction

Botrytis cinerea Pers. is a polyphagous fungus that causes Botrytis Bunch Rot (BBR)
in grapes (Vitis vinifera L.). The pathogen can survive saprophytically on dead plants
and/or plant debris and produce dormant overwintering structures, notably sclerotia [1].
BBR is responsible for considerable economic losses in many crops, including grapes,
in both field and storage conditions. Specifically, in wine grapes, the disease can result
in a decrease in yield and a reduction in wine quality [2,3]. The epidemiology of the
disease is mostly determined by factors such as seasonal weather patterns [4,5], cultivar
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susceptibility [6], genetic structure of pathogen populations [7], host plant ontogenic
resistance and vigor [8–10], and bunch structure and micro-climatic conditions [11,12].

The control of BBR is mainly based on the occasional and/or more regular use of syn-
thetic fungicides according to the vineyard management and production system (organic,
biodynamic, conventional, wine, and table grapes) [13,14]; nevertheless, the development
of resistant populations has been observed in vineyards worldwide [15]. Moreover, the
high frequency of synthetic fungicides applications could cause severe problems to human
health and/or to the environment [16]. In grapevine cultivation, various practices can
directly or indirectly influence disease development, by modifying both berry defense
mechanisms and/or the microclimate of the vine [10,17]. Some agronomic practices signifi-
cantly reduce the disease, such as avoiding excessive nitrogen and water application, leaf
removal around bunches area, and thinning of the berries [8,18,19]. In addition, biological
control by using products based on microorganisms or natural compounds is considered
an attractive and sustainable option [20,21].

Furthermore, among the active ingredients or products of high interest, chitosan (CH),
and chitosan-based products, have been highlighted for a high potential to control several
plant diseases [22]. The naturally occurring polymer CH is a linear polysaccharide of
glucosamine and N-acetylglucosamine units, obtained by deacetylation of chitin following
exposure to NaOH solutions or chitinase [23]. Because of its antimicrobial activity, CH can
interfere with spore germination and mycelial growth of phytopathogenic fungi, including
B. cinerea [24,25]. It may also activate plant defenses [26,27]. The antimicrobial activity of
CH varies according to its molecular weight, degree of deacetylation, pH of the chitosan
solution, and the susceptibility of the target organism [28]. Due to its multifunctional
activity, CH has been proposed as a pre- and post-harvest fungicide [29,30], and such CH
applications have been reported to effectively control the BBR in table grapes [31].

To date, original studies have reported an increasing trend in the use of Photodynamic
Inactivation (PDI) [32,33]. PDI is a technique that relies on the occurrence of non-thermal
photophysical and photochemical reactions, requiring light and photosensitizers (PSs) in
the presence of oxygen [34]. The mechanism of action of PDI in microorganisms is based
on the application and subsequent accumulation of a PS on the pathogenic cell followed
by light irradiation to generate reactive oxygen species (ROS) [35–37]. Specifically, PS is a
molecule that interacts with molecular oxygen to create ROS after being excited by light
at a specific wavelength. Following light irradiation, ROS generated oxidized biological
targets resulting in microbial cell death [38]. Singlet oxygen (1O2), a strong oxidant and
relatively long-lived compared to free radicals, is extremely reactive and can interact with
many biological substrates, inducing oxidative damage and ultimately cell death [39]. Cell
membrane sterol oxidation by singlet oxygen is described as one of the possible mechanisms
of PDI antifungal action [40]. However, only a few studies have been published with CH
in combination with a PS, including the following: (i) the use of CH conjugates in PDI
against bacteria [41]; (ii) the antimicrobial effect of physical disinfection with a mixture
of chlorophyllin and CH, on Listeria monocytogenes and B. cinerea, in wheat seeds and
strawberries, respectively [42]. In the present study, the photosensitizer associated with
CH is vitamin B2, also known as riboflavin (RF) [35]. Several vitamins, such as riboflavin
and thiamine, have also been reported to induce systemic acquired resistance in some crop
plants [43]. In this study, we present a new molecule based on a CH conjugate with RF as
photosensitizer being tested as a fungicidal formulation to control B. cinerea.

In recent years, the use of biofungicides that rely on microbial biocontrol agents (BCAs)
and natural compounds (NCs) products has been on the rise due to growing public con-
cerns about the potential risk of pesticide residues in food and their negative impacts on
the environment and/or human health [44–46]. Regarding registered BCAs and NCs, in
augmentative biological control of diseases, recent research has focused on different aspects,
including different modes of action, legal considerations (such as the registration process),
and the potential risks associated with pathogen resistance development against biocontrol
agents [47–50]. The possible mechanisms behind the antagonism of BCAs against pathogen
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fungi may include antimicrobial secondary metabolite production, secretion of lytic and
fungal cell wall degrading enzymes, and competition for nutrients and space [51]. In
addition, depending on the conditions and type of BCAs, one or more of these intercon-
nected mechanisms may be observed, with variable contributions to decrease pathogen
populations [52].

Research has also focused on assessing the efficacy of various experimental and regis-
tered BCAs and NCs products to control BBR in both table and wine grapes [17,47,53–55].
Interestingly, all these studies showed high variability in efficacy for controlling the disease.
Therefore, a major key objective in the development and implementation of biological
control products is to improve the ability of the control agent to survive and successfully
control the disease under a wider array of conditions and with minimal variability [56].
Another main point of interest is exploring the curative potential of biocontrol products, as
there have been only a limited number of studies that have examined the curative effects of
biocontrol products against fungal pathogens [57].

Thus, our main objectives were as follows. The first objective was to test and compare
both preventive and curative effects of various biofungicides registered in Chile to control
B. cinerea. For this, it was necessary to address the critical issue of the variability in efficacy
of these biofungicides using standard biotests with Chardonnay grapevine berries. Second,
under laboratory-controlled conditions, the objective was to compare the efficacy of two
biofungicides commonly used in phytosanitary programs for grapes in Chile, using both as
control, with the new candidate biocontrol fungicide molecule CH-RF.

2. Materials and Methods
2.1. B. cinerea Strain Used in Laboratory Biotests

The B. cinerea pathogenic strain B05.10 that was used was provided by the Center for
Plant Biotechnology of the Andrés Bello University. This strain has been characterized as
virulent on grapevine berries [58]. The pathogen was grown on potato dextrose agar (PDA;
Difco Inc., New York, NY, USA) plates for 10 days at 22 ◦C for routine cultivation. First, the
conidial suspensions were prepared by flooding the plates with sterile water containing
0.05% (v/v) Tween-80 and gently scraping the agar surface with a sterile scalpel. Next,
the suspension was passed through two layers of sterilized gauze (autoclaved at 120 ◦C
for 20 min), and the conidia were enumerated with a hemocytometer (BOECO, Hamburg,
Germany) under a light microscope (Olympus CX31, Tokio, Japan). Finally, the conidial
suspension was diluted with sterile water to a final concentration of 1 × 106 conidia mL−1

for the biotests.

2.2. CH-RF Molecule Description

The preparation of CH-RF molecule was described in detail in the literature [35].
Commercially available CH (Sigma-Aldrich, St. Louis, MO, USA; ThermoFisher, Waltham,
MA, USA) was subjected to salt-assisted microwave hydrolysis to reduce its molecular
weight and increase water solubility. The deacetylation degree of hydrolyzed CH was
86%. The conjugate was synthetized in three steps: CH thiolation, synthesis of the RF-
PMPI ad-duct, and the conjugation of these two products to produce the CH-RF chemical
conjugate.

2.3. In Vitro and In Vivo Efficacy Level of Registered BCAs and NCs Biofungicides

Seven products were used in all the biotests including five BCAs and two NCs (Table 1).
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Table 1. Biological control agents (BCAs) and natural compounds (NCs) applied in the biotests.

Active Ingredient Commercial Product Name *
(Acronym) Label Dose Manufacturer

BCAs
Trichoderma harzianum Queule strain
Trichoderma virens Sherwood strain

Trichoderma parceramosum Trailes strain
Trichonativa (TRI) 15 mL L−1 Bio Insumos Nativa

Trichoderma spp.
Bacillus spp. Puelche-VTO (PUV) 8 g L−1 Bio Insumos Nativa

Bionecria ochroleuca Mitique strain
Trichoderma gamsii Volqui strain

Hypocrea virens Ñire strain
Mamull (MAM) 4 g L−1 Bio Insumos Nativa

Trichoderma atroviride
MUCL 45632 strain Tifi (TIF) 4 g L−1 Agrotecnologías Naturales

Aureobasidium pullulans DSM14940 and DSM
14,941 strains Botector (BOT) 1 g L−1 Anasac

NCs
Tea tree oil (Melaleuca alternifolia) Timorex Gold (TIM) 1.5 mL L−1 Syngenta

Band of sweet Lupinus albus (BLAD) Problad (PRO) 0.8 mL L−1 Anasac

* The product’s registration status in Chile is indicated as follows: TRI, MAM, TIF, BOT, and TIM are registered as
fungicides, PUV is registered as plant health enhancer, and PRO registration as fungicide is in progress.

Most commercial formulations of BCAs and NCs tested are registered in Chile for
application on table and wine grapes, except for PRO, which has not yet been registered.
Therefore, the viability of the BCAs was assessed and confirmed by plating the product
suspensions on PDA (Difco Inc., New York, NY, USA). For testing in vitro BCAs and NCs
activity against B. cinerea, 0.5 L of a solution of each product was prepared according to the
doses recommended by manufacturers. The area of a Petri plate (90 mm × 16.2 mm) was
calculated to add an equivalent quantity of product to the dose recommended by spraying
1 ha. The solutions were placed in Petri plates containing 12 mL of PDA, gently spread
on the plate using a sterile Drigalski spatula, and dried in air for 30 min. In succession,
10 µL of a conidial suspension (1 × 106 conidia mL−1) of B. cinerea was applied in the
center of each plate. The fungal activity was assessed for 6 days. As a control, Petri plates
inoculated only with the pathogen were used. The mean radial growth of the fungus was
determined by measuring the fungal colony diameters on days 2, 4, and 6. The treatments
were replicated five times. Plates were incubated at 21 ± 1 ◦C. For the data analysis, only
the growth of B. cinerea was considered. The biotest was repeated twice.

For assessing in vivo BCAs and NCs activity, berries of wine grape cv. Chardonnay
were used. Bunches were collected in 2021 and 2022 from an organic vineyard located
at Viña Emiliana (33◦21′52′′ S 71◦18′31′′ W, 312 m.a.s.l.) in the Valparaiso region, Chile.
Bunches were transported to the laboratory in a cooler, rinsed under tap water for 4 min,
disinfected with 2/3 of distilled water and 1/3 of 5% sodium hypochlorite to remove
epiphytic microflora, and finally rinsed again with sterile water. Healthy berries, with the
pedicel intact, were cut from the rachis and pooled together. Three biotests were performed
to assess the effect of organic products according to the time of application. In the first one,
organic products were sprayed in boxes containing 10 berries according to each product’s
label 24 h and 48 h before the inoculation with the pathogen (to assess preventive effect).
Grapevine berries were inoculated by placing 10 µL of B. cinerea conidial suspension
(1 × 106 conidia mL−1) on each berry and drying in the air for 1 h. In the second one,
boxes were sprayed and immediately after, the pathogen was inoculated into each berry.
In the third biotest, the inoculation of the berries with the pathogen was carried out 24 h
and 48 h prior to spraying the organic products (to assess the curative effect). Boxes
(20 × 10 × 5 cm) were stored at 21 ± 1 ◦C and 95 to 100% relative humidity (RH) for 5 days.
Berries sprayed with sterile water and then inoculated by conidial suspension were used
as a control. Four replicates were used for the application of each treatment. Berries were
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assessed at 5 days dpi. The experiment was performed twice. For all assays, berries were
assessed, individually, as healthy or rotten, and disease incidence was calculated as the
percentage of rotten berries. The severity of symptoms was ranked according to a scale as
follows: 0 = no infection, 1 = tiny spot, 2 = one infected spot, 3 = two to four infected spots,
4 = <50% of the berry surface infected with typical sporulation, and 5 = >50% of the berry
surface infected with typical sporulation [59].

2.4. Effect of CH-RF on Wine Grape Berries

The effect of the new molecule on the mycelial growth of B. cinerea was assessed
in vitro using PDA amended with different concentrations of the molecule 0.5% (w/v) and
0.7% (w/v). Solutions were prepared as follows, 0.55 g and 0.77 g of powder CH-RF were
weighed, and then, added to 100 mL of sterile PDA. The mixtures were homogenized by
stirring for 3 h at 60 ◦C, at 240 rpm using a magnetic stirrer (Thermo Scientific Cimarec™,
Waltham, MA, USA). pH was adjusted to 5.5 using 1 M sodium hydroxide. The CH-RF
solution was added to 90 mm Petri plates to yield a total volume of 12 mL plate− 1. Ten µL
of B. cinerea conidial suspension (1 × 106 conidia mL−1) was placed in the center of each
Petri plate. PDA without CH-RF served as the control. Two replicates of three plates were
used for each chitosan concentration. The inoculated plates were incubated at 21 ± 1 ◦C
in a light:dark cycle 12:12 h. After incubation for 5 days, the growth of the fungus was
determined by measuring mycelial colony diameters.

The effect of CH-RF was assessed on wine grape berries, using the Chardonnay
cultivar. Bunches were treated as described above before use. The biotests were carried out
by selecting healthy berries with the pedicel intact attached. Treatments were performed
as follows: (i) CH-RF 0.7% (w/v) and 2% (w/v), (ii) TIM as NC, and (iii) BOT as BCA.
For testing the light effect, berries sprayed with CH-RF were placed under white and
blue light for 30 min. Biofungicides were applied according to the dose indicated by
manufacturers. Berries were inoculated by adding a 10 µL droplet of B. cinerea conidial
suspension (1 × 106 conidia mL−1) and drying in the air for 1 h. Incubation took place in
the boxes (20 × 10 × 5 cm) stored at 21 ± 1 ◦C and 95 to 100% relative humidity (RH) for
7 days. Berries sprayed with sterile water and then inoculated by conidial suspension were
used as a control. Four replicates were used for the application of each treatment. Berries
were assessed at 5 days dpi as described above. The experiment was performed twice.

2.5. Statistical Analysis

Analysis of variance was performed using JMP Pro 14 (SAS Institute Inc., Cary, NC,
USA) for all datasets. Tukey’s test (p = 0.05) was used to analyze further significant
differences between treatments. For severity (infection score) analysis, a Kruskal–Wallis Test
(p < 0.01) was performed, and significant differences were evaluated using a Dunn’s test.

3. Results
3.1. Anti-Botrytis Effect of Registered BCAs and NCs Products

When evaluating the in vitro growth of B. cinerea on PDA plates, the biofungicides
showed inhibitory effect on the mycelial growth in all treatments. Significant differences
(p < 0.05) between different products were observed when compared to the control. The
treatments with BOT, MAM, and PUV reduced the B. cinerea mycelial growth to 49.2, 50.2,
and 51.9 mm, respectively. PRO, TIM, TRI, and TIF also showed mycelial growth values
ranging between 77.1 and 66.9 mm compared to 85 mm of the control (Figure 1).

Furthermore, different biotests were performed by inoculating B. cinerea on grapevine
berries. Biofungicides were applied onto the berries as follows: (i) 48 and 24 h before
the inoculum, (ii) inoculum and products application on the same day, and (iii) 24 and
48 h after the inoculum. In all biotests, disease incidence was the lowest when TIM and
BOT were sprayed onto the berries except for the 48 h before the inoculum. BOT showed
significant differences (p < 0.05) compared to the control and the other biofungicides. For
each of the three-treatment strategies, i.e., at 48 and 24 h before inoculation, and inoculation
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with simultaneous product application, BOT biofungicide resulted in the lowest disease
severity: 48.7, 51.2, and 50.0% respectively. On the other hand, in each curative treatment
strategy, 24 and 48 h after inoculation, TIM caused the lowest disease incidence with 47.5
and 61.3%, respectively. Overall, PRO, TRI, PUV, MAM, and TIF showed no significant
differences compared to the control (Figure 2).
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Puelche-VTO PUV, Mamull MAM, Tifi TIF, Timorex TIM, and Botector BOT) application was carried
out 24 h and 48 h prior to pathogen inoculation and 24 h and 48 h after inoculation. The results were
subjected to ANOVA at p = 0.05. Different letters indicate significant differences according to Tukey’s
HSD test (p ≤ 0.05). Error bars show the SE.
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Disease severity was measured as infection score and analyzed by the Kruskal–Wallis
and Dunn’s tests. The two treatments sprayed with BOT and TIM always significantly
reduced the disease severity, except for the TIM treatment 48 h before inoculation. Overall,
PRO, TRI, PUV, MAM, and TIF were not significantly different from the control; however,
TIF was significantly different from the control when sprayed 48 h before the inoculation
(Figure 3).
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Figure 3. Botrytis cinerea severity in diseased berries (infection score) in wine grapes cv. Chardonnay
following to preventive (−48 h, −24 h, green and blue bars at left), simultaneous application (S, grey
bars), and curative (+24 h, +48 h, green and blue bars at right) treatments. The biofungicides (Problad
PRO, Trichonativa TRI, Puelche-VTO PUV, Mamull MAM, Tifi TIF, Timorex TIM, and Botector BOT)
application was carried out 24 and 48 h prior to pathogen inoculation and 24 and 48 h after inoculation.
Infection was scored at 5 dpi from 0 to 5 (see Section 2.5 in Materials and Methods). The results
were subjected to a Kruskal–Wallis Test (p < 0.01). Different letters indicate significant differences
according to Dunn’s test. Error bars show the SE.

The efficacy of biofungicides, based on the disease incidence, is summarized in Table 2.

Table 2. Efficacy a of the different biofungicides to control Botrytis cinerea incidence (Problad PRO,
Trichonativa TRI, Puelche-VTO PUV, Mamull MAM, Tifi TIF, Timorex TIM, and Botector BOT).

Biofungicide −48 −24 Efficacy a (%)
S +24 +48

PRO 8 1 4 7 4
TRI 15 3 6 15 6
PUV 14 2 0 21 4

MAM 14 6 7 6 7
TIF 29 13 8 1 7
TIM 17 26 29 44 27
BOT 41 43 44 22 21

a Biofungicide efficacy (%) based on incidence data as follows [(Ic − It)/Ic] × 100, where Ic = disease incidence in
inoculated control and It = disease incidence in each treatment. Treatments were performed including preventive
ones (−48 h, −24 h), with application carried out 24 and 48 h prior to pathogen inoculation, simultaneous
application (S), and curative ones (+24 h, +48 h), with application carried out 24 and 48 h after inoculation.
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TIM and BOT were found as the most effective biofungicides compared to the other
products except for the TIF treatment applied 48 h before the pathogen artificial inoculation.

3.2. Anti-Botrytis Effect of CH-RF

The in vitro effects of two concentrations of CH-RF molecule on the radial growth of
B. cinerea are shown in Figure 4.
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Figure 4. Mycelial growth (mm) of B. cinerea on PDA media supplemented with 0.5% w/v and 0.7%
w/v of Chitosan-Riboflavin molecule (CH-RF) after 5 days post inoculation (dpi). The results were
subjected to an ANOVA at p = 0.05. Different letters indicate significant differences according to
Tukey’s HSD test (p < 0.05). Error bars show the SE.

Both concentrations tested significantly inhibited B. cinerea growth. The highest colony
diameter was observed in the control, while the lowest was obtained with the 0.7% w/v
concentration of CH-RF. A total of 0.5% w/v and 0.7% w/v concentrations reduced the
pathogen growth 84.5 and 91.4%, respectively.

Results from the in vivo preliminary biotests (in the early stages of biofungicide de-
velopment) with table grapes (cv. Flame Seedless) are shown in Supplementary Materials
(Figure S1). The effect of the new CH-RF molecule on both B. cinerea growth and coloniza-
tion in the grape berries was compared with the two biofungicides with the highest efficacy,
i.e., TIM and BOT, in previous biotests. The disease incidence was significantly reduced
by CH-RF, whatever its form at the two concentrations tested, compared with TIM and
BOT. Similarly, the application of the CH-RF molecule, whatever the form tested, resulted
in a significantly lower infection score, i.e., under 1, compared with the two reference
biofungicides, TIM and BOT (Figure 5).



Horticulturae 2023, 9, 746 9 of 15Horticulturae 2023, 9, x FOR PEER REVIEW 10 of 16 
 

 

 
Figure 5. (a) Incidence (%) and (b) severity (infection score) of Botrytis cinerea in wine grapes cv. 
Chardonnay following treatment with two organic products (Timorex TIM and Botector BOT), CH-
RF at 0.7% w/v concentration (CH-RF0.7L), CH-RF at 0.7% w/v concentration with an adjuvant (CH-
RF0.7LB), and CH-RF at 2% w/v concentration with an adjuvant (CH-RF2LB). Incidence was meas-
ured at 5 dpi. The results were subjected to ANOVA at p = 0.05. Different letters indicate significant 
differences according to Tukey’s HSD test (p ≤ 0.05). Error bars show the SE. Infection was scored at 
5 dpi from 0 to 5 (see Section 2.5 in Materials and Methods). The results were subjected to a Kruskal–
Wallis Test (p < 0.01). Different letters indicate significant differences according to Dunn’s test. Error 
bars show the SE. 

The efficacy of biofungicides tested is compared in Table 3.  

Table 3. Efficacy a of two organic products (Timorex TIM and Botector BOT), and CH-RF molecule 
at different concentrations b in the control of Botrytis cinerea. 

Biofungicide Efficacy (%) 
TIM 5 
BOT 13 

CH-RF0.7L 47 
CH-RF0.7LB 52 
CH-RF2LB 73 

a Biofungicide efficacy (%) based on incidence data as follows [(Ic − It)/Ic] × 100, where Ic = disease 
incidence in inoculated control and It = disease incidence in each treatment. b CH-RF at 0.7% w/v 
concentration (CH-RF0.7L), CH-RF at 0.7% w/v concentration with an adjuvant (CH-RF0.7LB), and 
CH-RF at 2% w/v concentration with an adjuvant (CH-RF2LB). 

TIM and BOT treatments resulted with the lowest efficacies, 5 and 13%, respectively. 
In contrast, CH-RF molecule at 2% w/v of concentration showed the highest efficacy, reach-
ing 73%. 

4. Discussion 
Our first in vitro trials with the Chitosan-Riboflavin (CH-RF) molecule showed a sig-

nificant reduction in the mycelial growth of the pathogen compared to the control without 
any fungicide. This was in keeping with similar other positive results reported concerning 
this new conjugate [35]. By using grapevine berries cv. Chardonnay, obtained directly 
from the field, and cold stored at 5 °C for just a few weeks, the results were much better 
with an increased efficiency compared with the biofungicides used as standard controls 
(BOT and TIM). In addition, we found that higher concentrations of the molecule (CH-RF 
2% w/v) effectively reduced disease severity, possibly due to the enhanced effect of CH 
when it is combined with other organic products, i.e., riboflavin [60]. TIM and BOT low 
efficacies in these biotests (Table 3) could be due to some factors that can affect the effec-
tiveness of BCAs and NCs, notably nutrient availability, which is increased favoring the 
pathogen at the surface of overripe grape berries [20]. 

Figure 5. (a) Incidence (%) and (b) severity (infection score) of Botrytis cinerea in wine grapes cv.
Chardonnay following treatment with two organic products (Timorex TIM and Botector BOT), CH-
RF at 0.7% w/v concentration (CH-RF0.7L), CH-RF at 0.7% w/v concentration with an adjuvant
(CH-RF0.7LB), and CH-RF at 2% w/v concentration with an adjuvant (CH-RF2LB). Incidence was
measured at 5 dpi. The results were subjected to ANOVA at p = 0.05. Different letters indicate
significant differences according to Tukey’s HSD test (p ≤ 0.05). Error bars show the SE. Infection was
scored at 5 dpi from 0 to 5 (see Section 2.5 in Materials and Methods). The results were subjected to a
Kruskal–Wallis Test (p < 0.01). Different letters indicate significant differences according to Dunn’s
test. Error bars show the SE.

The efficacy of biofungicides tested is compared in Table 3.

Table 3. Efficacy a of two organic products (Timorex TIM and Botector BOT), and CH-RF molecule at
different concentrations b in the control of Botrytis cinerea.

Biofungicide Efficacy (%)

TIM 5
BOT 13

CH-RF0.7L 47
CH-RF0.7LB 52
CH-RF2LB 73

a Biofungicide efficacy (%) based on incidence data as follows [(Ic − It)/Ic] × 100, where Ic = disease incidence in
inoculated control and It = disease incidence in each treatment. b CH-RF at 0.7% w/v concentration (CH-RF0.7L),
CH-RF at 0.7% w/v concentration with an adjuvant (CH-RF0.7LB), and CH-RF at 2% w/v concentration with an
adjuvant (CH-RF2LB).

TIM and BOT treatments resulted with the lowest efficacies, 5 and 13%, respectively.
In contrast, CH-RF molecule at 2% w/v of concentration showed the highest efficacy,
reaching 73%.

4. Discussion

Our first in vitro trials with the Chitosan-Riboflavin (CH-RF) molecule showed a
significant reduction in the mycelial growth of the pathogen compared to the control
without any fungicide. This was in keeping with similar other positive results reported
concerning this new conjugate [35]. By using grapevine berries cv. Chardonnay, obtained
directly from the field, and cold stored at 5 ◦C for just a few weeks, the results were much
better with an increased efficiency compared with the biofungicides used as standard
controls (BOT and TIM). In addition, we found that higher concentrations of the molecule
(CH-RF 2% w/v) effectively reduced disease severity, possibly due to the enhanced effect
of CH when it is combined with other organic products, i.e., riboflavin [60]. TIM and BOT
low efficacies in these biotests (Table 3) could be due to some factors that can affect the
effectiveness of BCAs and NCs, notably nutrient availability, which is increased favoring
the pathogen at the surface of overripe grape berries [20].
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Chitosan conjugates have been broadly assessed and have showed a good effect
controlling fungal diseases including BBR. The protective effect of chitosan against B. cinerea
has been reported by many authors on different plant species including grapevines [61].
For example, CH at coating concentrations of 0.5% w/v and 1.0% w/v are sufficient to reduce
incidence and severity disease in table grapes (cv. Italia) [31]. In addition, Photodynamic
inactivation (PDI) using photosensitizers (PSs) appears to be an innovative strategy to
enhance the antifungal effect of chitosan. In this study, we use riboflavin (RF) as PS since
this molecule exhibits fluorescence and photosensitivity and can absorb UV light and visible
light ranging from 200 to 500 nm. Furthermore, RF is generally considered safe, and poses
minimal safety risk when it is used as conjugate with other molecules [62]. In a previous
work, Dibona and Fuentealba [35] demonstrated CH-RF conjugate exhibit a high efficacy
against Penicillium digitatum, due mainly to the increased and localized ROS generation that
inactivates fungal cells, being promissory also for application in citrus. The results obtained
herein should be considered preliminary, given that they correspond to biotests carried out
in a controlled-conditions environment. The efficiency of PDI can be affected by several
variables, including the nature of the microorganisms, characteristics of the photosensitizer
(PS), duration of light exposure, and those related to the environment [63]. Therefore,
further studies under vineyard conditions should be carried out in the near future.

Some microbial and botanicals’ active ingredients have been registered as biofungi-
cides in Europe, the USA, and worldwide. Nevertheless, biofungicides inconsistency in
terms of their efficacy is often claimed to be a strong limiting factor for their implementation
in practice [17,47]. For example, field tests using different registered biofungicides with the
same anti-Botrytis management strategy have shown significant or not significant results to
control BBR according to year and application site [54]. For in vitro and in vivo biotests, we
studied six registered products and one in process of registration as a product used for con-
trolling the pathogen. In vitro assays showed a notable variability between biofungicides in
the efficacy to control B. cinerea growth. When comparing BCAs- and NCs-based products,
the former seems to be more effective. BCAs-based products showed a better performance,
possibly due to the nutrition content of the medium. Composition of agar medium may
enhance and trigger the modes of action of the BCAs products against the pathogen. BCAs
act also by competing with the pathogen for nutrients, in addition to producing antifungal
compounds and/or inducing plant resistance [46,64]. On the contrary, NCs products only
involve active ingredient(s) from the plant that control the pathogen through antibiosis,
i.e., mainly by releasing secondary metabolites with antimicrobial effect and/or inducing
or eliciting plant defense mechanisms [65]. For in vivo biotests, a high variability in the
efficacy of both BCAs and NCs products to control BBR was noticeable. A low efficacy to
control the disease with four BCAs products and one NCs-based product was observed.
These BCAs biofungicides are based mainly on Trichoderma spp., a proved BBR control
microbial agent [46]. Artificial inoculation allowed us to remove the effects associated
with varying inoculum dose and/or timing of the fungal infection, which may influence
BBR development and therefore BCAs-based biofungicides efficacy [66,67]. Our findings
suggest that cases of successful control of BCA in field conditions reported in literature
could be explained by induced systemic resistance, potentially stimulated by the biological
control agent (BCA), although we did not investigate this aspect in our study. Interestingly,
under our controlled conditions, two biofungicides appeared to be most effective against
the disease. BOT, based on BCAs (Aureobasidium pullulans strains), and the TIM product,
based on the NC Melaleuca alternifolia oil, showed noticeable stability according to the
time of application. BOT showed the highest efficacy when it was applied preventively,
i.e., before the pathogen inoculation, but also simultaneously, that is, application at the
same time with the pathogen. This may be explained since multiple modes of action of
A. pullulans may be active against the pathogen, including competition for nutrients and
space, production of cell wall-degrading enzymes, synthesis of antifungal compounds,
and mycoparasitism [68]. Our results are consistent with some other published studies
demonstrating different efficacies of the BOT biofungicide under different conditions. For
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example, Fedele et al. [67] demonstrated a significant control of BOT against B. cinerea
under controlled conditions, and Galli et al. [69] highlighted a reduction in the incidence of
B. cinerea under field conditions. Notably, variations in temperature and relative humidity,
which markedly affect the growth of microorganisms such as A. pullulans, may interfere
with the control efficacy according to the different experimental environments tested [21].
For example, Rotolo et al. [47] found an efficacy of 11% based on incidence for A. pullulans
in field trial using table grapes (cv. Red Globe and Italia), and a study conducted by Calvo-
Garrido et al. [54] showed an efficacy based on incidence of 18 and 17% for A. pullulans in a
multiple field test using four wine grape varieties.

The fungicidal activity of the essential Tea Tree Oil (TTO) against fungal pathogens
is derived from its ability to disrupt the permeability barrier presented by the cellular
membrane structures of living organisms [70]. TIM biofungicide has shown inhibitory
effects on fungal pathogens including B. cinerea. Li et al. [71] showed that TTO alters
mycelial morphology and cellular ultrastructure of B. cinerea causing an inhibitory effect on
the pathogen growth. In addition, our findings suggest also, very interestingly, a possible
curative effect of TIM when applied 24 h after the pathogen inoculation. Similarly, such a
curative effect, rarely shown with biocontrol product and not so often tested, was also ob-
served for controlling another major fungal plant pathogen, i.e., Mycosphaerella fijiensis [72].
Moreover, NC product based on Band of Sweet Lupinus albus has showed a high efficacy
to control B. cinerea in strawberries [73], but there is little information about the prod-
uct’s behavior on grapevines. Our finding could be explained by the dose of the product
since Monteiro et al. [73] suggested that the doses of BLAD-oligomer required for fungal
inhibition in vitro are higher than those usually required for other products.

Overall, the use of biofungicides (BOTs and NCs) shows promise for the control of
B. cinerea in grapes, offering a more sustainable and environmentally friendly alternative
to conventional fungicides. The use of these products could be summarized as follows:
(i) the product is applied to the grapes either as a preventive measure or after the onset of
disease symptoms; (ii) the product interacts with the plant and/or the fungal pathogen,
leading to the inhibition of fungal growth or the stimulation of plant defense mechanisms;
(iii) the efficacy of the biofungicide is evaluated through various methods [74]; and (iv) the
results are analyzed, and the biofungicide’s potential for use is evaluated based on its
efficacy, cost-effectiveness, and environmental impact.

5. Conclusions

These evaluations have provided important information about the properties, safety,
and potential applications of the chitosan-riboflavin (CH-RF) molecule, helpful for de-
termining its suitability for further development and use. Further investigations of this
new molecule, under different conditions of application and under different agronomical
and environmental vineyard conditions, are needed to constitute a promising source of
knowledge and to set up strategies in the near future to propose this molecule as a new
fungicide against BBR. Biofungicides application to control BBR in grapevines depends on
several factors: the stage of the grapevine growth, e.g., berries maturity stage, the weather
conditions, and the disease pressure. The results show that a high variability exists to
control BBR between products commercially available in Chile. Our findings suggest that
some microbial biofungicides (BCAs) and natural compounds biofungicides (NCs) repre-
sent an alternative in organic viticulture programs against B. cinerea but is very important
to know the appropriate moments for its application (phenological states, preventive or
curative, etc.).

6. Patents

Patent application PCT/CL2020/050154 “photoactive biofungicide” USA: No. 17/784,797
(13 June 2022). European Patent Office 20899708.0 (11 July 2022). Brazil: No. BR 11 2022
011326 (9 June 2022).



Horticulturae 2023, 9, 746 12 of 15

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/horticulturae9070746/s1, Figure S1 shows (a) Disease
Incidence (%) and (b) Disease Severity (Infection score) caused by B. cinerea in table grapes (cv. Flame
Seedless) according to Chitosan-Riboflavin molecule (CH-RF) 0.7% w/v exposed to white led light
(CH-RF0.7L), CH-RF 0.7% w/v exposed to natural light (CH-RF 0.7N), CH-RF 0.9% expose to white
led light (CH-RF0.9L), and CH-RF 0.9% w/v exposed to natural light (BS0.9N). Infection was scored
at 5 dpi from 0 to 5 (see Section 2.5 in Materials and Methods). The results were subjected to a
Kruskal-Wallis Test (p < 0.01). Different letters indicate significant differences according to Dunn’s
test. Error bars show the SE.
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