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Abstract

Antagonism against Botrytis cinerea is often carried out using yeast as direct antagonists. Aureobasidium pullulans strain
AP1 was tested in two different formulations: wettable powder (WP) and oil dispersion (OD). By in vitro assays, the
viability of the strain cells was constantly evaluated for seven months and the OD formulation ensured the highest cells
viability. The efficacy of the formulations was assayed by evaluating the production of volatile and non-volatile metabo-
lites. Results showed that the formulation affected the non-volatile less than the volatile metabolites. Both AP1 WP and
AP1 OD non-volatile metabolites displayed almost 50% of mycelial pathogen inhibition. Comparing the two products,
the lowest ECs, value (518.15 mg L™!) was detected for the AP1 OD formulation that was thus chosen for postharvest in
vivo assays. The preventative treatments (200, 400, 800 mg L~") were active in reducing the pathogen incidence on table
grape on average by 52%. Instead, in the curative application assay, the highest concentration (800 mg L") reduced grey
mold incidence by 86%. The present study reported the potential of two new formulations to use against the postharvest

grey mold of table grape for a possible further commercial product development.
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Introduction

Table grape is an important fruit crop, with over 31 million
tons produced worldwide (FAO, 2021). Sensorial attributes
jointly with health-promoting compounds, make this fruit
highly appreciated by consumers (De Simone et al. 2020;
Pezzuto 2008). On another hand, Botrytis cinerea is the
most important pathogen of grape berries, as causal agent of
grey mould disease. The fungal pathogen causes economi-
cally relevant losses both before and after harvest (Xu et
al. 2007). Synthetic fungicides are generally used to control
this pathogen, but in the last years, their use in agriculture
has been associated with growing environmental and pub-
lic health concerns (Lazaro et al. 2021). European Union
(EU) through the ‘Farm-to-Fork’ strategy is also boosting
the increase of the use of agricultural land under organic
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farming, leading to the search of alternatives to synthetic
molecules, such as the use of microbial formulates (Casals
et al. 2021).

Yeasts are among the most studied biocontrol agents
(BCAs) for the multiple mechanisms of action that they
are able to enact (Agirman and Erten 2020; Di Francesco
et al. 2018; Droby et al. 2016; Freimoser et al. 2019), and
Aureobasidium pullulans is a prominent option as antago-
nist of B. cinerea. In fact, several studies delineated the
efficacy of 4. pullulans against this pathogen (De Simone
et al. 2020; Fedele et al. 2020; Di Francesco et al. 2018).
In this context, it is worth mentioning that several criteria
must be considered when a formulated product is devel-
oped, such as the selected strains’ antagonistic efficacy, their
performance in the field and environmental impact, and the
costs and marketing aspects (Teixido et al. 2022). For this
reason, the formulation is the most important and challeng-
ing step in the development and commercialization of a
bio-based product (Carb¢ et al. 2019). The production starts
with the fermentation of the active ingredient (the selected
BCA or BCAs5) in an optimized medium and growth condi-
tions (Droby et al. 2016); once the necessary amount of the
biomass has been obtained, the downstream process starts
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with the stabilization of the cells achieved through refrig-
eration, freeze-drying, and dehydration (Droby et al. 2016;
Teixido et al. 2022). The stabilized active ingredient can be
commercialized in different forms, such as dried powder or
granules, liquid, oil, or water based (Droby et al. 2016; Teix-
ido et al. 2022).

It is important to stress that the co-formulants can modify
the efficacy and the performance of a product, enhancing the
potential of the microorganisms or adding side effects on the
target pathogen (Biihlmann et al. 2021; Carb¢ et al. 2019;
Lopes et al. 2011; Wraight and Ramos 2017).

Based on these facts, the objectives of the present study
were (7) to evaluate the antifungal activity against B. cine-
rea on table grape of two different formulations, a wetta-
ble powder (WP) and an oil dispersion (OD), both based
on an A. pullulans strain from the mycological collection
of Di4A- Department of Agriculture, Food, Environmental
and Animal Sciences of Udine University, by in vitro (i)
and in vivo assays; (iii) to assess the viability over time of
the strain used in both formulations.

Material and methods
Biocontrol agent and formulated products

Aureobasidium pullulans strain AP1, belonging to the
mycological collection of Di4A-University of Udine, was
selected among different strains on the bases of previously
tested antagonistic capabilities and formulation viability
(data not shown). The strain was used as active ingredient
for two formulation prototypes, developed in collaboration
with Clever Bioscience s.r.l. (Campospinoso, Italy). The
yeast was formulated as a wettable powder (WP) mainly
composed of inert compounds, and as oil dispersion (OD),
prepared with food grade and eco-friendly surfactants (pro-
vided by Clever Bioscience, composition not disclosable).
The biomass of the microorganism was obtained after 24 h
of fermentation at 25 °C on NYDB medium (8 g Nutrient
broth, 5 g Yeast extract, 10 g Dextrose in 1 L of distilled
water) (Oxoid, UK) in a MinilO reactor (Solaris, Italy)
where sterile air insufflation and the pH parameters were set
to 100% (O,) and to 6.5, respectively. After 24 h, the liquid
substrate was centrifuged, and the supernatant discarded.
The yeast cells were washed with physiological solution
(9 g L™! of NaCl) before being mixed with the cryoprotec-
tant (provided by Clever bioscience srl, composition not dis-
closed) and freeze-dried (FreeZone® 4.5 L Benchtop Freeze
Dryers, VWR, USA). The concentration of the viable active
ingredient was set to 1 x 10% cells g~! of both products, WP
and OD. As positive controls, the pure strain culture AP1
(1% 107 cells mL ~ ') and the commercial product Botector®
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New (4. pullulans strains DSM 14,940 and DSM 14,941)
(Manica, Italy) purchased for the experiments (400 mg L !,
as suggested by the technical data sheet), were used as refer-
ences. The yeast was cultured on NYDA medium (as above
and with 25 g Technical Agar) for 2 days at 25 °C. AP1
cells were collected and suspended in sterile distilled water
(SDW) containing 0.05% (v/v) Tween 20 and the suspen-
sion concentration was adjusted by using a hemacytometer.

Pathogen and fruit

Botrytis cinerea strain Bel used in this work belonged to the
mycological collection of Di4A-Department of Agriculture,
Food, Environmental and Animal Sciences of Udine Univer-
sity and it was originally isolated from grapefruit cv “Sugra-
one”. For the in vitro and in vivo experiments, 7-days-old
colonies cultured on PDA medium (39 g of Potato Dextrose
Agar in 1 L of distilled water) (Oxoid, UK) at 20 °C were
used. Regarding the in vivo assays, table grape cv “Black
Magic” was bought in the local market at the right maturity
stage (18 °brix) and without any visible diseases or defects.

Formulations’ shelf-life

The viability of both formulation prototypes was evaluated
4 times in 7 months, as described by Biihlmann et al. (2021).
One gram of each product was diluted in 10 mL of SDW.
The suspension was shaken for 5 min in an orbital shaker,
and 10-fold dilutions were subsequently made by using
SDW. Then, 100 pL of each dilution were plated on NYDA
plates and incubated at 25 °C for 2 days. The sample unit for
each dilution and formulation consisted in 5 plates.

In vitro assay: evaluation of formulated products
efficacy against B. cinerea

The mechanism of action of antibiosis was investigated
focusing the study on the production of volatile and non-
volatile metabolites so evaluating the effect of the two for-
mulations (Di Francesco et al. 2020). The efficacy of the
non-volatile compounds was tested by using a modified ver-
sion of the protocol described by Di Francesco et al. (2023).
Both formulation prototypes, strain AP1, and Botector®
New, were inoculated in liquid media, NYDB and Grape
Juice Broth (GJB) (250 mL), contained in sterile flasks, by
maintaining the final concentration of 1x 107 cells mL™!,
in constant agitation (150 rpm) at 20 °C. After two days,
the liquid cultures were centrifuged, and the supernatants
were filtered by 0.22 pm sterile syringe filters (Sarstedt,
Germany). NYDB and GJB filtrates (200 mL) were added
each to 200 mL of SDW having 6 g of Technical Agar
(Oxoid, UK). Each medium was plated and inoculated with
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a mycelial plug (6 mm diameter) of a 7-days-old colony of
B. cinerea (Bcl). Plates were incubated at 20 °C and the
pathogen colony diameter was measured after 3 days by
using a caliber.

For the evaluation of the effectiveness of VOCs produced
by the target treatments, a double Petri dish assay was per-
formed according to the method of Roussi et al. (2013). The
two formulates, AP1 strain, and Botector® New suspen-
sions (100 pL) were spread on NYDA and GJA (15 g of
Technical Agar -Oxoid, UK- in 250 mL of organic red grape
juice, and 750 mL of distilled water) media, maintaining the
above-cited concentrations. The plates were incubated at
25 °C for two days. Respectively, PDA and GJA plates were
inoculated with a mycelial plug of the isolate Bcl (6 mm
diameter) and immediately joined to the previously prepared
plates by using a double layer of Parafilm® (Amcor, USA),
maintaining the match NYDA/PDA and GJA/GJA. Plates
were incubated at 20 °C. After 3 days, the pathogen colony
diameter was measured. The sample unit was 5 plates for
each condition. The control was constituted by NYDA and
GJA plates not inoculated for the first assay and by NYDA
and GJA plates inoculated with 100 uL of SDW for the sec-
ond assay. The experiments were conducted twice.

Formulations’ EC;, values

To define the ECj, value of both formulations, five different
concentrations of each were used to create a baseline. Hence
600 mg L', 400 mg L', 200 mg L', 100 mg L', and 50
mg L' of each product were used to amend PDA medium
(Oxoid, UK). A 6 mm diameter fungal mycelial plug was
placed in the centre of the petri dishes. The plates were incu-
bated at 20 °C and after 3 days the colony diameter was
recorded. The sample unit was composed of 5 plates for
each concentration and formulation, while the control was
PDA with no amendment. The assay was conducted twice.
The pathogen inhibition percentages were used to determine
the ECs, values of both formulations. To calculate the inhi-
bition values, the following equation was used (Chen and
Dai, 2012):

% of inhibition = (d1 —d2) / (d1) x 100

Where (%) is the percentage of inhibition of pathogen myce-
lial growth, while dland d2 are the control colony diameter
(mm) and the treated colony diameter (mm), respectively.

Preventative and curative efficacy of yeast
formulations at different concentrations against B.
cinereaon table grape

In in vivo assays, the OD bioproduct, which displayed the
best efficacy against the pathogen by in vitro assays, was
applied as preventative and curative treatment at different
concentrations, based on the previously determined ECq,
values. Thirty berries of table grape cv “Black magic” per
3 independent replicates were used. For each experiment
fruits were washed very carefully in a sodium hypochlorite
solution (1%) and then rinsed with tap water. Once dried,
table grapes were punched with a sterile needle and then
inoculated. For the curative assay, grapes were inoculated
with 15 uL of B. cinerea (1 x 10° conidia mL ~') and for the
preventative assay, with 15 pL of three different bioproduct
concentrations (800 mg L ~!, 400 mg L ~', and 200 mg L
~1) defined previously on the bases of the ECs, values, i.e.
the concentrations of the compound that gives half-maximal
response. After 2 h, fruits were inoculated with the same
volume and in the same wound with the different bioproduct
concentrations and Bc1 suspension, respectively for the pre-
ventative and the curative assay. Grapes were stored in ster-
ile plastic boxes (18 cmx28 cmx 9 cm, LXxWxH) at 20 °C,
and the incidence and the severity of the disease were evalu-
ated after 3 days for both assays. The assay was conducted
twice. As negative control, grapes were inoculated instead
of treatments with SDW. As positive control, Botector®
New (0.4 g mL ~!) was used.

Data analysis

Data were analysed by ANOVA one-way analysis. The
separation of means was performed with a Tukey’s test
(a=0.05, a=0.01) by using the software MiniTab.16.
Data were reported as mean values + standard error (SE).
The ECs of each bioproduct, i.e. the concentration of the
compound that gives half-maximal response, was calculated
using the probit analysis applied to the percentage of myce-
lial colony growth (Lesaffre and Molenberghs 1991).

Results
Formulations’ viability

The viability of the two formulation prototypes was con-
ducted over time to verify the shelf life of the products dur-
ing the storage at 4 °C. Figure | displayed a similar trend
between the two formulates. Regarding AP1 OD formula-
tion, the cells viability reduction was substantially constant
during the 7 months of storage (from February 2023 to
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September 2023), except for a significant cells’ reduction
viability, from 1 x 10 CFU g~ ! to 5x 10 CFU g~ !, that was
detected after 4 months (T2, June) of storage at 4 °C. How-
ever, the bioformulation resulted stable for the subsequent 3
months (T3, September).

With reference to AP1 WP formulation, after 4 and 7
months of storage, cells viability significantly decreased
from the starting value’s 1 x 10 CFU g~! to 7.9 x 10° CFU
g~ 'and 6.6x 10° CFU g~ !, respectively.

In vitro assays

The formulations were tested to assess the effectiveness of
the yeast strain following the formulation process, which
could alter the performance of the active ingredient (AP1).
Thus, the activity of non-volatile and volatile metabolites on
B. cinerea growth was investigated. Figure 2A reports the
efficacy of the treatments in the No-VOCs assays against the
fungal pathogen. The most effective formulation in reduc-
ing the pathogen growth was AP1 OD, which was able to
reduce by 47.5% and by 64.0% the pathogen in the PDA and
GJA amended media, respectively. The AP1 WP formula-
tion was effective as the above-mentioned AP1 OD only on
PDA amended medium. AP1 strain metabolites were only
effective on PDA medium (23.5% of reduction) against
B. cinerea, while on GJA no inhibition was detected. The
positive control did not restrict Bc1 growth, but conversely
stimulated its colony growth (4 14%) on GJA.

VOCs efficacy was less noticeable with respect to that
of No-VOCs metabolites (Fig. 2B). However, the two for-
mulations acted better than the other solutions against grey

@ Springer

——AP10D
—4—APIWP
B
BC
B C
C
T1 T2 T3

Sampling Time

mould. On PDA-amended agar, the AP1 WP inhibited by
39% the growth of B. cinerea with respect to the control. In
the case of GJA, the AP1 OD bioproduct reduced the growth
of Bcl by 21.2%, compared to the control. The two biofor-
mulations outperformed the pure AP1 strain in producing
active secondary metabolites (Fig. 3). The positive control
slightly reduced the growth on the PDA medium by pro-
ducing volatile compounds, but no effect was noticed in the
No-VOCs assay.

EC;, values

The two formulations, AP1 OD and AP1 WP, were tested
for their inhibitory activity on the mycelial growth of B.
cinerea Bcl by testing five different concentrations. ECy,
values were calculated on the basis of Bcl colony inhibi-
tion rate determined by the different concentrations of both
formulates. Comparing the two products, the lowest ECy,
value (518.15 mg L™ ') was detected for the AP1 OD biofor-
mulation. Conversely, much higher ECs,, value (1078.9 mg
L~!) was found for the AP1 WP formulation.

OD formulate in vivo efficacy on table grape

Formulate AP1 OD was chosen for the in vivo application
on the basis of previous in vitro assays results and ECy,
detected values. The formulate resulted effective in control-
ling the grey mould incidence on table grapes by reducing
the number of infected berries in treated samples to 40%
(on average between the tested concentrations) and 10% (by
using the concentration 800 mg L ~!) for preventive and
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Fig. 2 Effect of non-volatile (A) and volatile (B) metabolites pro-
duced by the two formulations (AP1 WP and AP1 OD), the strain
AP1 and Botector® New, on the mycelial growth (mm) of Botrytis
cinerea (Bcl). For non-volatile assay, the fungus was cultured on agar
amended with treatments culture filtrates previously grown for 2 days
in NYDB and Grape Juice Broth (GJB), respectively. For VOCs, treat-

curative applications, respectively, with respect to the con-
trols (95% and 75% of rotten berries). In the case of pre-
ventative application (Fig. 4A), the three tested different
concentrations were not statistically different among them.
Conversely, the 800 mg L' curative application (Fig. 4B)
was more effective compared to the 200 mg L™!, greatly
reducing the pathogen growth, and allowing only 10% of
rotten fruits. On another hand, the severity of the lesions in

ments (100 pL) were spread on NYDA and GJA media and joined
respectively with PDA and GJA plates inoculated with the pathogen.
Fungal colony diameter (mm) was measured after 3 days of incubation
at 20 °C. Each value is the mean of 5 plates (replicates) + standard
error. Different letters indicate significant differences according to
Tukey’s Test (0. =0.01) within the same medium

the diseased fruits was less affected by the treatment. In the
case of preventative applications (Fig. 5A), both the com-
mercial product (Botector® New) and AP10OD formula-
tion reduced by 22% the disease lesion diameter, without
statistical significance among the treatments (Fig. 6). No
relevant differences were noticed for the lesion diameter
values (Fig. 5B) in the case of the curative application of the
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Fig. 3 Botrytis cinerea colonies exposed to VOCs. Treatments (100 pL) were spread on NYDA and GJA media and joined respectively with PDA

and GJA plates inoculated with the pathogen

treatments, the only note was that AP1 OD at 200 mg L~!
slightly stimulated pathogen aggressiveness.

Discussion

Aureobasidium pullulans is a well-known BCA active
against many postharvest fungal pathogens in various fruits
such as citrus, peach, apple (Parafati et al. 2016; Klein
and Kupper 2018) and in particular against B. cinerea on
table grape, kiwifruit, and strawberries (Di Francesco et al.
2020; Igbal et al. 2023). Although a large number of studies
focused on its modes of action, only rarely its antagonis-
tic activity as active ingredient of a formulation has been
reported. This is a key point to better understand the appli-
cation and effectiveness of these products in planning the
application modes to suit particular postharvest conditions
(Chanchaichaovivat et al. 2008). Several studies reported
the antagonistic activity of BCAs with the aim of under-
standing their modes of action, and hence facilitate their
formulation and subsequently their registration for a com-
mercial use. Current trends toward the reduction of the use
of synthetic fungicides are supported by a strong public and
scientific desire to seek safer and eco-friendly alternatives
to reduce postharvest losses (Mari et al. 2014; Di Francesco
et al. 2023). However, there is a limited use of these for-
mulations due to the ineffectiveness and control variability
of BCAs under commercial conditions (Droby et al. 2009).
The reduced efficacy with respect to fresh cells, high pro-
duction costs, and the registration barriers justify the limited
impact on the market of the formulations (Yu et al. 2012).
Since a shelf-life of at least 6 months is a major goal for a
formulation we measured the viability of the yeast cells in
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our OD and AP formulations over a period of seven months
(Yu et al. 2012; Mari et al. 2014).

Our results displayed how both the tested formulations,
during seven months of storage, maintained the viability of
the yeast cells. The AP1 OD formulation ensured a greater
cells viability overtime if compared to the AP1 WP formula-
tion, probably due to the oil protective action against oxida-
tive stresses and the regulation of water exchanges (Lopes
et al. 2011; Mbarga et al. 2014).

In fact, both prototypes resulted more stable compared
to a highly concentrated suspension of fresh cells in water
and glycerol, which lost 99% of viability in 2 weeks (data
not shown). As it has been reported that formulations could
influence the behaviour of the active ingredient (Wraight
and Ramos 2017), the effectiveness of secondary metabo-
lites produced by AP1 strain and by the formulated proto-
types, were confirmed through in vitro assays. Moreover, an
interesting result emerges from the fact that both prototypes
appear to enhance the antagonistic activity of the strain, thus
bypassing the issue related to bio-formulates concerning the
limited performance of the active strain under commercial
conditions (Droby et al. 2009). The results, on common
media (e.g. NYDA, PDA), highlighted the influence of the
co-formulants on the inhibition efficacy exerted by API1,
remarking differences in the behaviour of the BCA and the
efficacy of its metabolites.

Regarding the assay with GJA medium, only the AP1 OD
formulation was able to reduce B. cinerea up to 64% by
non-VOCs metabolites. Instead, the inhibition rate by AP1
OD formulate volatile compounds on GJA, a rich medium,
was lower with respect to non-VOCs, displaying 23% of
mycelial colony inhibition.
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Fig. 4 Efficacy of different concentrations (200, 400, 800 mg L~!) of
AP1 OD formulation on Botrytis cinerea disease incidence (%) on
table grape after a preventative (A) and a curative (B) application on

These results highlighted the importance of the medium
where the microorganisms grow (Hamdache et al. 2019),
confirming that BCAs inhibitory effect was reduced by high
nutrients concentrations that instead stimulated pathogen
growth (Liu et al. 2013).

The use of GJA on in vitro assay aimed to simulate the real
application environment of the bioformulation prototypes.
Based on the EC50 results, obtained from baseline concen-
trations of both formulations against B. cinerea mycelial
growth, the OD formulation was selected for in vivo assay
on table grape to counter grey mould incidence and sever-
ity, in preventative and curative treatments. We noticed that
the effectiveness of the different concentrations used, rang-
ing from 200 to 800 mg/L, was linked to application times.

B
B B
ve
L
200 400 800
APl OD
C
1 CD
D
200 400 800

AP10D

artificially wounded berries. Each value is the mean of the disease inci-
dence detected in 3 replicates +standard error. Different letters indi-
cate significant differences according to Tukey’s Test (a.=0.05)

Concerning the preventative effect, the three different con-
centrations of AP1 OD behaved similarly on grape berries,
reducing the pathogen incidence by 52% with respect to the
controls. This result may help defining the right application
dosage of a possible commercial formulation.

In the curative application assay, grey mould incidence
was reduced by 86% with respect to the untreated control
by the highest tested concentration (800 mg L™1). Never-
theless, both concentrations 200 and 400 mg L™, notably
reduced the pathogen incidence (63% on average), showing
a higher fungal inhibition rate than Botector® New (26%),
as compared to the untreated control (water). Another inter-
esting result emerged from the grey mould severity lesions
on fruits that were slightly stimulated by the treatments as
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Fig. 5 Efficacy of different A) 18
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Fig.6 Three different AP10OD
bioproduct concentrations (800
mg L', 400 mg L', and 200
mg L ) were used as preventa-
tive treatments against Botrytis
cinerea (1x10° conidia mL ") on
table grape cv “Black Magic”.
Negative and positive controls
were represented by sterile water
and Botector® New (0,4 g mL
1), respectively.

Control

curative, allowing to speculate that B. cinerea, after suc-
ceeding in colonizing the wound, may take advantage of the
co-formulants.

The technological properties of the formulation are clues
for the explanation of the different behaviour as discussed
above. Oil Dispersion (OD) guarantees an increased persis-
tence and dispersion of BCAs cells on the surface of the host
(Mbarga et al. 2014). As far as we know, this study is a first
report on the efficacy of a formulated yeast strain in an OD
formula for use against postharvest pathogenic fungi. The
effectiveness of oil coating containing BCAs has been the
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subject of several studies, showing that this kind of formula-
tion creates a modified atmosphere around the treated fruit,
sustaining the antagonist growth (Yu et al. 2012; Mari et al.
2014). Mbarga et al. (2014) successfully developed an OD
product to control the black pod disease of cocoa.
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Conclusion

The present study assessed the formulation technological
characteristics, the in vivo efficacy, and the long-term sta-
bility, giving hope for a possible further commercial product
development. In fact, the main factors limiting commercial
interest in biocontrol-oriented products are usually the high
costs of production, the culture substrates, and the low bio-
mass productivity together with the entire bioformulation
regulatory process (Mari et al. 2014). However, in view of a
commercial formulation, more studies are necessary such as
the genomic characterization of the active strain, the detec-
tion of the persistence of the BCA on the fruit surface and
the possible effects of the formulation on the fruit’s sensory
properties and residual issues.
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