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a b s t r a c t

In table grapes (cv. Thomson Seedless), the antifungal activity against Botrytis cinerea was further analysed and 
compared between two high potential bacterial biological control agent (BCA) strains, Bacillus velezensis BUZ-14 
and B. ginsengihumi S38. Two commercial biocontrol products (BPs), served as standards of comparison, Amylo-X® 
and Serenade Max®, also based on Bacillus BCA strains. The main mode of action quantified for all the strains 
was antibiosis due to hydrosoluble and volatile metabolites and their combinations. The BUZ-14 strain was the 
most active BCA strain, demonstrating significant disease reduction exceeding 60 % when used in the culture form 
grown in 863 medium, including living cells (LCs) and cell-free supernatant (CFS). Both BPs exhibited significantly 
reduced efficacy of their CFS fraction (< 10 %) compared with that of the two BCA strains, confirming their high 
antibiosis potential. The novel methodology allowed us to demonstrate the significant effect of the BCA culture 
medium on volatilome (VOC) antagonist efficacy. The S38 strain achieved the highest disease reduction (90 %) 
owing to the greatest production of VOCs in the richest MOLP (Medium Optimum Lipopetide Production) culture 
medium, whereas grape juice was the least favourable medium for VOC efficacy for both bacterial strains (BUZ14 
and S38). The overall poor activity of living Bacillus cells in all the BCA and BPs tested is discussed based on the 
low capacity of the BCA strains to grow in the berry. Then, the presence of living cells is also discussed with the 
possibility that these cells are not required in field applications of such BCA strains in this genus. Moreover, different 
environmental suboptimal conditions, including temperature (22 and 27 °C) and relative humidity (RH) (100 and 
85–95 %), were tested, and BUZ-14 exhibited the highest Botrytis reduction at both temperatures and RH values. 
However, no significant differences were observed between temperatures or RH values for the same BCA. Further 
studies in vineyard conditions and applications, such as biofumigation or active packaging, will be performed to 
confirm the new findings reported in this investigation.
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INTRODUCTION 

Botrytis cinerea is the causal agent of grey mould, 
which is one of the most important and damaging 
diseases affecting wine grapes and table grapes 
worldwide. This agent is a major necrotrophic 
fungal pathogen of numerous host plants 
(Elad et al., 2016a; Elad et al., 2016b) and leads 
to considerable yield and quality losses in the 
field as well as in wine production and/or storage 
(Ky et al., 2012; Sharma et al., 2009). Although 
several anti-Botrytis synthetic fungicides 
are available, their use in pre- or postharvest 
conditions is not considered sustainable due to 
the possible negative consequences, including (i) 
the appearance of resistant strains (Hahn, 2014; 
Leroux, 2004) and (ii) the adverse effects of the 
fungicides on the environment and/or human 
health (Coleman et al., 2012). An emerging social 
rejection of the use of such chemicals has been 
raised given the risk posed to human and animal 
health and the origin of residues in the fruit and/or 
wine products. Most of the specific anti-Botrytis 
synthetic fungicides are responsible for relatively 
frequent contamination of commercial wines 
according to Esteve-Turrillas et al. (2016). The 
use of these anti-Botrytis fungicides represents 
an issue of worldwide relevance with potentially 
negative consequences for consumer health and 
international trade.

Biological control is an alternative to pesticides that 
are increasingly used and distributed worldwide. 
Research in this field has been very intense during 
the last two decades (Chowdhury et al., 2015; 
Köhl et al., 2019; Rahman et al., 2018). However, 
the incorporation of biocontrol products or 
bioproducts (BPs) in the market has been difficult 
in recent years given the significant costs as 
well as the long period of time needed to obtain 
registration for the BPs (Droby et al., 2016). 
Therefore, only a few large companies can develop 
and market such BPs. For example, in Spain and 
France, there were only a few commercial BPs 
based on antagonist microorganisms registered 
against grey mould in vineyards in 2018. These 
BPs include Botector® - BIO-FERM GMBH  
(Aureobasidium pullulans DSM 14940 and 
DSM 14941); Amylo-X® - CERTIS AG 
(B. amyloliquefaciens subsp. plantarum 
D747) and Serenade MAX - BAYER AG (B. 
subtilis QST 713). In Spain, Serifel® - BASF  
(Bacillus amyloliquefaciens MBI 600) was 
also included as commercial BP but it has 
not been approved in France to date (Index 
Acta Biocontrôle, 2018; MAPAMA, 2018).  
The genus Bacillus has been intensively studied 

and has become one of the most important genera to 
control fungal phytopathogens in numerous crops 
(Altindag et al., 2006; Calvo-Garrido et al., 2018; 
Calvo-Garrido et al., 2019; Calvo et al., 2017; 
Farace et al., 2015; Hang et al., 2005; 
Romero et al., 2007). The production of antifungal 
metabolites (antibiosis), competition for nutrients 
and induction of resistance in the plant host are 
the main mechanisms used by the antagonist 
strains within different Bacillus species, notably 
against B. cinerea (Calvo-Garrido et al., 2018; 
Calvo-Garrido et al., 2019; Calvo et al., 2017; 
Haidar et al., 2016a).

The investigations conducted in biocontrol 
have primarily focused on the mode(s) of action 
and importantly on the interaction among the 
pathogen, the host plant and the BCA (biocontrol 
agent). However, few published studies have 
addressed the final application, including the 
development of bioformulates (Köhl et al., 2019; 
Spadaro and Droby, 2016). Due to the lack 
of marketed biocontrol products that are 
constantly and highly efficient in the vineyard  
(Calvo-Garrido et al., 2019), as also noted 
in other crops (Spadaro and Droby, 2016; 
Usall et al., 2016), it was necessary to increase 
the knowledge of such interactions and improve 
the selection by comparing new BCA antagonists 
with high potential anti-pathogenic activity.

In this context, antibiosis is the main mode of 
action used by BCA microorganisms to prevent 
plant diseases (Di Francesco et al., 2016; 
Haidar et al., 2016a; Rahman et al., 2018). In 
the case of the bacterial genus Bacillus, the 
following metabolites should be distinguished: 
i) hydrosoluble metabolites remaining in the 
supernatant and involving mostly lipopeptides, 
polyketides, siderophores and/or lytic enzymes 
(Chen et al., 2006; Ongena and Jacques, 2008; 
Stein, 2005) and ii) volatile organic compounds 
(VOCs) or volatilomes (Calvo et al., 2020; 
Gotor-Vila et al., 2017a; Wu et al., 2019). The 
former substances have been extensively studied 
and mainly include lipopeptides (Ongena and 
Jacques, 2008), but volatile metabolites are still 
under investigation. Interestingly, publications 
investigating the antifungal VOCs produced 
by antagonist bacteria using in vivo bioassays 
are scarce, notably concerning bioassays in 
fruit and vegetables (Almenar et al., 2009; 
Arrebola et al., 2010; Calvo et al., 2020;  
Gotor-Vila et al., 2017a). However, many 
more in vitro studies on various BCAs, such 
as Bacillus, Pseudomonas or Trichoderma, are 
available (Chen et al., 2008; Haidar et al., 2016b; 
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Haidar et al., 2016c; Paulitz et al., 2000; 
Yuan et al., 2012; Zhang et al., 2019). In contrast, 
in vivo methodologies are often not validated; 
therefore, there is a crucial need for developing 
new methods to evaluate the antifungal capacity 
of such bacterial antifungal VOCs. The effect 
of the nutrients available and used by the 
BCA strain to produce the antifungal volatiles 
might significantly influence the production 
of VOCs both qualitatively and quantitatively 
(Calvo et al., 2020; Gotor-Vila et al., 2017a; 
Raza et al., 2016). Additionally, environmental 
external factors, such as temperature and relative 
humidity (RH), can affect antifungal activity, and 
these parameters need to be further investigated 
(the control of the disease might also change due 
to different optimal development temperatures 
or RHs of each interacting microorganism) 
(Calvo-Garrido et al., 2014a; Landa et al., 2004; 
Mukherjee and Raghu, 1997).

In this study, the mode of action was further 
investigated in two recently identified bacterial 
BCA candidate strains, both of great interest, i.e., 
Bacillus ginsengihumi S38 and Bacillus velezensis 
BUZ-14 (formerly named B. amyloliquefaciens 
BUZ-14). BUZ-14 exhibits significant antifungal 
activity against several phytopathogens, such 
as B. cinerea in table grapes, Monilinia spp. 
in stone fruits or Penicillium spp. in citrus and 
apples (Calvo et al., 2017). Its major mode of 
action results from the production of lipopeptides 
(Calvo et al., 2019) and VOCs (Calvo et al., 2020). 
A bioformulation has also been developed, and its 
application in the field is currently being tested in 
stone fruits and vineyards to validate the previous 
results. On the other hand, the B. ginsengihumi 
strain S38, which was originally isolated from 
grapevine wood, has been thoroughly investigated 
under conditions in vineyards in southwestern 
France, leading to consistent results throughout the 
four studied seasons (Calvo-Garrido et al., 2018; 
Calvo-Garrido et al., 2019). The BCA strain 
significantly controlled the Botrytis bunch rot 
(BBR), yielding reductions in the average severity 
ranging from 35 % to 60 %, corresponding to similar 
(or higher) control rates as products registered 
for commercial use (Calvo-Garrido et al., 2019). 
For major and key BCA features, the S38 strain 
exhibited the following: i) a great survival 
ability in the vineyard ecosystem, which was 
also confirmed under two contrasting simulated 
climatic conditions (Calvo-Garrido et al., 2018; 
Calvo-Garrido et al., 2019); ii) a high overall 
strain efficacy based on in vivo grapevine biotests 
(Haidar et al., 2016b), and iii) a potentially highly 
efficient mode(s) of action (MoA), including 

antifungal metabolite production and nutrient 
competition (Calvo-Garrido et al., 2018). 

This study aimed to compare the antifungal activity 
and modes of action of these two high potential 
bacterial BCA strains against Botrytis cinerea, 
by using adapted in vivo methodologies based on 
mature commercial table grapes under controlled 
conditions. We aimed to demonstrate the influence 
of temperature and relative humidity (RH) on the 
antifungal activity against B. cinerea of these 
two candidate strains. Furthermore, we assessed 
and compared the antifungal role of BCA living 
cells and the metabolites generated by the two 
strains (hydrosoluble and volatile metabolites). 
Moreover, the efficacy was also compared in 
relation to two commercial biocontrol products 
(BPs), i.e., Amylo-x® and Serenade Max®, 
given that the activity of these agents against 
B. cinerea has already been tested in vineyards  
(Calvo-Garrido et al., 2019).

MATERIALS AND METHODS 

1. Fruit sample origin and preparation 

For all tests, table grapes (cv. Thomson Seedless) 
at commercial maturity originating from the 
supermarket were washed for 15 min under 
continuous tap-water flow to remove various debris 
(flower debris, etc.) in the berry and reduce possible 
fungicide residues. Then, grapes were surface-
disinfected by immersion in calcium hypochlorite 
solution (50 g L-1; pH adjusted: 7.2) for 10 min 
and subsequently treated with thiophanate methyl 
at 1.6 g L-1 for 5 min. This last treatment allowed 
us to suppress possible interfering, uninoculated, 
natural fungal contamination and infection due to 
saprophytic genera, including Penicillium spp., 
Rhizopus spp. and/or Mucor spp. (for the choice 
of the fungicide, see section 2.2 below). Later, 
grape berries were rinsed thrice with distilled 
water and left to dry at room temperature. Finally, 
visually undamaged grape berries were selected 
and carefully cut off from the grape bunches with 
the pedicel attached using sterile scissors.

Before performing the inoculation, the berries were 
wounded to favour the entrance of the pathogen 
into the fruit to assure infection that potentially 
mimics naturally occurring infection during the 
preharvest due to insect and/or climatological 
damage (heavy rain, hail, etc.). Therefore, a small 
incision was generated in the centre of the fruit  
(1 × 1 mm) with a sterile tip pipette, and the fruit 
was left to dry at room temperature for 30 min 
before inoculation.
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2. Pathogenic fungal strain and culture 
conditions

The B. cinerea pathogenic strain 213, which was 
isolated in 1998 in a Bordeaux vineyard from the cv. 
Semillon blanc (Martinez et al., 2003), was selected 
from the INRAE-UMR 1065 SAVE collection 
in Bordeaux. The pathogen strain belongs to the 
transposa genotype and has been characterised as 
highly virulent on grapevine berries at different 
stages (Deytieux-Belleau et al., 2009). Stock 
cultures were maintained on malt agar (MA)  
(15 g L-1, Oxoid Ltd; Basingstoke, Hampshire, 
UK) at 5 °C before being used in experiments. To 
prepare the artificial inoculations of berries, the 
strain was subcultured in Petri dishes containing 
MA medium at 22 °C (12 h light/12 h dark). After 
5–7 days of incubation under these conditions, 
mycelium plugs (5 x 5 mm) with growing mycelia 
were then used for mycelial inoculation. On 
the other hand, an aqueous conidial suspension 
prepared from 7-day-old cultures of B. cinerea 
grown in malt agar was used. Conidia were scraped 
from sporulating Petri plates, filtered through 
four layers of sterile cheesecloth and transferred 
to a test tube with 9 mL of sterile distilled water 
with 0.01 % Tween 80. The suspensions were 
adjusted to 104 conidia mL-1. The concentrations 
of the conidial suspensions were determined 
using a hemocytometer and a Leica microscope  
(Leica Microsystems, Germany).

Based on preliminary in vitro tests in our  
INRAE-SAVE laboratory (data not shown), this 
strain is highly resistant to thiophanate methyl, 
a broad spectrum (benzimidazole) fungicide, at 
a dosage of 1.6 kg/Ha, which is used in vineyards 
against powdery mildew and Botrytis. Thiophanate 
methyl is also effective against various saprophytic 
and/or pathogenic fungi. Thus, its use beforehand 
allowed us to reduce the incidence of other 
possible undesired fungal contaminations, such 
as Penicillium spp., Rhizopus spp. and/or Mucor 
spp. In other preliminary in vitro tests (data not 
shown), the compatibility was also tested between 
the fungicide and the biocontrol agent strains 
(B. velezensis BUZ-14, B. ginsengihumi S38, 
and the BPs Amylo-X® and Serenade MAX®: B. 
amyloliquefaciens D747 and B. subtilis QST 713, 
respectively).

3. Biocontrol strains and culture conditions

Two BCA bacterial strains were selected and 
compared as these strains demonstrated high 
potential antifungal activity against the pathogen as 
previously published (Calvo-Garrido et al., 2018; 

Calvo-Garrido et al., 2019; Calvo et al., 2019; 
Calvo et al., 2017). First, Bacillus ginsengihumi S38 
was originally isolated from grapevine tissues and 
maintained in the collection of INRAE Bordeaux-
Aquitaine (SAVE) (Haidar et al., 2016b). The other 
major BCA strain was isolated and characterised in 
Bacillus velezensis by the University of Zaragoza, 
Spain. Originally collected from different orchards, 
the B. velezensis strain was isolated from peaches, 
and its antifungal activity was demonstrated 
against several postharvest moulds, including 
B. cinerea (Calvo et al., 2017). For subcultures, 
the bacterial strains were grown in 250-mL flasks 
containing 100 mL of TSB (Tryptone Soy Broth, 
Oxoid) medium for 24 h at 30 °C. Then, two 
media were used for BCA growth as described 
in previous antifungal tests at 30 °C and 150 
rpm for 96 h: i) 863 medium (10 g L-1 peptone, 
10 g L-1 yeast extract and 20 g L-1 glucose, 
according to Yánez-Mendizábal et al. (2011)) 
and ii) MOLP medium (casein peptone, 30 g 
L-1; saccharose, 20 g L-1; yeast extract, 7 g L-1; 
K2HPO4, 1.9 g L-1; MgSO4, 0.45 g L-1; citric acid, 
0.01 g L-1; CuSO4, 0.001 mg L-1; FeCl3, 0.005 mg 
L-1; NaMoO4, 0.004 mg L-1; KCl, 0.002 mg L-1; 
MnSO4, 3.6 mg L-1; ZnSO4, 0.14 mg L-1; H3BO3, 
0.05 mg L-1; agar-agar, 15 g L-1, according to 
Ahimou et al. (2000)). In addition, grape juice was 
also prepared for bacterial growth by manually 
squeezing mature grapes (cv. Thomson Seedless) 
by filtering the juice through a sieve to remove all 
large particles. According to the Pasteurization 
method, the juice was then heated to 80 °C in a 
water bath. Finally, the pH was adjusted to 5.5 
with NaOH.

For the external control treatment, two commercial 
biocontrol product BPs were used as the standard 
of comparison, i.e., BPs Serenade Max®, which 
contains the antagonist B. subtilis QST 713 strain, 
and Amylo-X®, which was developed with cells 
and metabolites of B. amyloliquefaciens D747. 
These products were included to establish and 
demonstrate possible differences between the 
two previous biocontrol agent candidate strains 
and such biocontrol products that have already 
been formulated and marketed. This last scope 
was also partly shared with previously published 
vineyard experiments exclusively involving the 
candidate BCA Bacillus ginsengihumi strain  
(Calvo-Garrido et al., 2019). Since the commercial 
form of these BPs is spray-dried, the addition of 
water was achieved following the manufacturer’s 
instructions before use.
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4. Comparison of partial efficacy of the BCA 
Bacillus strains based on the ranking of major 
modes of action (MoAs)

To characterise and rank by order of importance 
some of the major modes of action of the BCA 
strains S38 and BUZ-14 and the commercial 
bioproducts Amylo-X® and Serenade MAX® 
against B. cinerea, we separately tested the culture 
(living cells + supernatant), living cells, cell-
free supernatant and volatiles obtained in 863 
medium. The preparation of each sample fraction 
is described below:

4.1 Bacterial inoculum preparation

 Culture (CUL): the combination between 
cells and supernatant, i.e., including the 
metabolites produced by the BCA during 
subculturing (109 CFU mL-1)

 Living cells (LC): Cells were separated 
from the supernatant by centrifugation 
at 5000 x g for 10 min and subsequently 
decanted. The resulting pellet was rediluted 
with 0.1 % peptone water without antifungal 
metabolites generated from the previous 
subculturing process (109 CFU mL-1).

 Cell-free supernatant: The supernatant was 
separated from living cells by centrifugation 
at 5000 x g for 10 min and subsequently 
decanted. This fraction exclusively contained 
the metabolites produced by the BCA.

 Volatile Organic Compounds: volatiles 
generated by BCAs as antifungal compounds.

4.2 BCA treatment and pathogen inoculation 
on wounded berries

With the exception of the volatiles treatment (see 
methodology in the next paragraph), the berries 
were wounded at the equator with a sterile tip 
pipette (1 × 1 mm) and then treated by immersion 
for 3 min in the culture fraction as described above 
(see section 2.4.1). Then, the berries were air-
dried for 30 min and placed on an aluminium grid 
in a closed plastic box at a rate of 15 berries per 
box (19 cm × 13 cm × 4 cm). The box was used 
as an incubation humid chamber, which was filled 
in with a slight layer of water at the bottom to 
maintain a maximum relative humidity (RH), i.e., 
100 % (Figure 1). The inoculation of the pathogen 
was conducted with a 5-d-old culture mycelium 
plug in malt agar and placed directly onto the 
wound (mycelium facing the wound).

To study the VOC mode of action, a new 
experimental adapted device was developed 
specifically as follows: plastic boxes  
(19 cm × 13 cm × 4 cm) included two Petri 
dishes, each containing 15 mL of 863 medium 
and placed floating on the water immediately 
under the aluminium grid. Then, the 863 medium 
was inoculated with 10 mL of a BCA suspension 
containing 107 CFU mL-1 (10 mL per Petri dish). 
Finally, the berries were placed at the rate of  
15 berries per box on the grid, avoiding any direct 
contact with the Petri dish and therefore, very 
importantly, with the agent itself. The berries 
were then inoculated with the B. cinerea plug as 
described above, allowing us to strictly assess the 
interaction between the pathogen inoculated in the 
fruit and the volatiles resulting from the bacteria 
growth during the bioassay duration (Figure 1).

FIGURE 1. New experimental bioassay designed specifically for quantifying the anti-fungal effect of 
the volatile compounds produced by B. velezensis BUZ-14 in 863 medium against B. cinerea 213 in table 
grapes (cv. Thomson Seedless).
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aMoA: Mode of Action; VOCs: Volatile Organic Compounds; RH: Relative Humidity.
bLC: Living Cells; CFS: Cell-free Supernatant; Cul: Culture; VOCs: Volatile Organic Compounds

TABLE 1. Overview of the different experimental designs and key experimental features used in this study

Sectiona Temp RH Incubation 
time BCA Fraction 

testedb Replicates

Result 1 Ranking of MoA 22 °C 100% 6 days

BUZ-14 LC

30 berries *  
3 different days

S38 CFS

Ser Max® Cul

Amylo-x® VOCs

Result 2 VOCs in vivo 22 °C 100% 6 days

BUZ-14

VOCs 30 berries *  
3 different daysS38

Amylo-x®

Result 3 Temperature

22 °C

100%

6 days
BUZ-14 LC

30 berries *  
3 different days  

(pool)

S38 CFS

27 °C 10 days
Ser Max® Cul

Amylo-x® VOCs

Result 4 RH 22 °C 85–95 % 6 days

BUZ-14 LC
30 berries *  

3 different days  
(pool)

S38 CFS

Ser Max® Cul

Amylo-x® VOCs

After incubation at 22 °C for 6 days, the following 
B. cinerea severity scale was used for a visual 
assessment of the percentage of the rotten surface 
by the pathogen on a per berry basis: 0, 10, 20, 33, 
50, 66, 80, 90 and 100 % of berry infected. A first 
control treatment (positive control) corresponding 
to non-BCA inoculation was included. Another 
negative control that lacked B. cinerea 213 
inoculation was also included in the experiment. 
The results were expressed as the percentage 
of disease reduction by comparing the efficacy 
of BCA treatments with the positive control. 
Thirty berries per treatment (15 berries per box) 
were used, and the experiment was performed 
in triplicate in three separate periods of time 
(Table 1).

Finally, initial counts (after immersion) and counts 
after 6 days of incubation at 22 °C were conducted 
to determine the growth of the biocontrol agent 
in the berry. Briefly, 10 grams from five random 
berries previously inoculated with the CUL 
or LC were selected and intensively agitated 
(Stomacher 400 Circulator laboratory blender, 
London, England) for 120 s at 260 rpm. The 
resulting suspension was diluted in 0.1 % sterile 

peptone water, plated on TSA (Tryptone Soy Agar, 
Oxoid Ltd; Basingstoke, Hampshire, UK) plates 
and counted after 24 h at 30 °C. The results were 
expressed as CFU g-1.

5. In vivo activity of antifungal VOCs: effect of 
the culture medium

Since volatiles production may depend on the 
nutrients available and metabolised during 
BCA bacterial growth and/or multiplication, the 
influence of the culture medium was investigated 
on the production of VOC antifungal volatiles 
and on the antifungal activity of each BCA. Three 
liquid media, including 863, MOLP and grape 
juice (section 2.3), were used for the two new 
BCA candidates, i.e., BUZ-14 and S38, and the 
commercial bioproduct Amylo-X® was included as 
the standard of comparison, discarding Ser Max® 
due to generally worse activity than Amylo-X® and 
being the latter more recently BP commercially 
available (Calvo-Garrido et al., 2019). The 
inoculation procedure, experimental design and 
efficacy assessment were previously described in 
section 2.4.2. Berries were incubated at 22 °C for 
6 days. Thirty berries were used per agent, and the 
experiment was conducted in triplicate (Table 1).
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6. Influence of environmental factors on the 
biocontrol activity against B. cinerea in table 
grapes

6.1 Temperature effects on BCA activity 
against B. cinerea

The boxes containing the four strains  
(BUZ-14, S38, Amylo-X® and Serenade Max®) 
were incubated under two different conditions, 
namely, 22 °C for 6 days and 27 °C for 10 days, 
corresponding to optimal pathogen and bacteria 
growth conditions, respectively. To analyse the 
results on the influence of the temperature, we 
pooled the data at 22 °C and all data at 27 °C with 
no differences between the forms (Cul, LC, CFS 
or VOCs). The objective was to establish and 
demonstrate the main effect of the temperature 
independent of the BCA form.

6.2 Optimal and suboptimal RH conditions on 
BCA activity against B. cinerea

The antifungal activity of the four strains was 
compared under two different RH conditions 
using the culture, living cells, CFS and VOCs of 
the bacterial strains (Table 1). The berries were 
placed in plastic boxes as described in section 2.4, 
and the boxes were stored in a controlled climatic 
chamber at 22 °C. However, a methodological 

difference was introduced between completely 
closed boxes (RH at 100%) versus semiclosed 
boxes where the lid was slightly perforated by 
using an awl to decrease the RH in the box by 
approximately 85–95 %. The RH in semiclosed 
boxes was measured through a HOBO system 
(HOBO U30 Weather Station, Onset Computer 
Corporation, USA) by monitoring the temperature 
and RH during the incubation time (6 days at 
22 °C). The results were expressed as the reduction 
of the infection severity according to the previous 
scale (section 2.4). Thirty berries per treatment 
(15 per box) were used, and the experiment was 
performed in triplicate in three separate periods of 
time. For the temperature effect (2.6.1), we used 
all the data per BCA and no differences among the 
BCA forms (Table 1).

7. Statistical analyses

Data were analysed using the SPSS software 
package for Windows version 26.0 (SPSS Inc., 
Chicago, IL, USA). Differences in the mean 
values of parameters were tested by LSD Student’s 
t-test and one-way ANOVA. Tukey’s honestly 
significant difference (HSD) post hoc test and 
Games–Howell test (P < 0.05) were used in cases 
where equal variances and sample sizes were 
assumed and not assumed, respectively.

FIGURE 2. Percentage of B. cinerea reduction in table grapes (cv. Thomas Seedless) according to the 
BCA antifungal effect of the culture (Cul), living cells (LC), cell-free supernatant (CFS) or volatile organic 
compounds (VOCs) produced by B. velezensis BUZ-14, B. ginsengihumi S38, and the commercial BPs 
Amylo-X® and Serenade MAX®. 
Vertical bars indicate the standard error of the mean. Different lowercase letters indicate significant intrastrain differences (same BCA), 
whereas uppercase letters indicate significant interstrain differences (among the different BCAs and same fraction) at P < 0.05.
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RESULTS AND DISCUSSION

1. Modes of action and associated efficacy 
ranking of the four BCA strains: antifungal 
activity of culture, living cells, CFS and VOCs

To better characterise and rank the major mode(s) 
of action (MOAs) of the four bacterial strains 
tested based on efficacy, the antagonist efficacy 
was quantified for culture (Cul), living cells 
(LC), cell-free supernatant (CFS) and volatile 
organic compounds (VOCs). Particularly, this 
analysis was necessary to elucidate whether the 
antifungal activity against B. cinerea was mostly 
due to secondary metabolites produced during the 
bacteria premultiplication process (subculturing), 
by living cells when directly interacting with the 
pathogen at the fruit surface, or both possibilities 
(Figure 2).

When comparing the strains, the BUZ-14 strain 
culture reduced the growth of B. cinerea up 
to 60 %, which was similar to that noted for 
supernatant and volatiles (50 % and 45 %, 
respectively) without any significant difference 
(Figure 2). However, a significant difference was 
noted between living cells and culture since LC 
reduced the pathogen growth to a lesser extent, 
i.e., only 30 %. This finding might be attributed 
to the fact that BUZ-14 exhibited a very low 
capacity to grow on this specific plant host tissue 
(Calvo et al., 2019). Regarding the S38 strain, 
no significant difference was detected among the 
treatments. However, compared with BUZ-14, 
a similar trend was confirmed, demonstrating 
maximal antifungal activity of the culture and 
minimal antifungal activity due to the living 
cells. The pathogen reduction was approximately 
half compared with that due to culture BUZ-14, 
indicating reduced antifungal activity of the 
S38 strain against B. cinerea in table grapes. 
Regarding BP Amylo-X®, no significant difference 
was detected between the BCA forms tested. 
The metabolite activity (CFS) of the two BPs 
Amylo-X® and Serenade Max® was very low, i.e., 
less than 10 % (Figure 2), whereas the volatiles 
produced by Serenade Max® reduced the disease 
up to 43 %.

By separately considering every BCA form, 
the BUZ-14 culture was the most active against 
B. cinerea by significantly reducing the disease 
by up to 60 % compared with all the other BCA 
cultures (Figure 2). Overall, the culture form 
always exhibited minimal antifungal activity 
of 20 % (minimal in Amylo-X®). Regarding 
living cells, no significant differences between 
the BCAs were demonstrated with a relatively 

low disease reduction, i.e., not exceeding 25 %.  
This finding clearly indicates that living cells was 
not the most important fraction and/or mode of 
action to account for the biocontrol potential of 
these BCAs. Interestingly, the presence of living 
cells during the interaction with the pathogen may 
not be a key factor to assure the overall antagonist 
efficacy of these BCA strains.

Regarding cell-free supernatant) activity and the 
associated antibiosis MoA, the lowest disease 
reduction activity was observed for the two 
BPs Amylo-X® and Serenade Max® (Figure 
2). For both commercial products, the disease 
reduction was less than 10 %, which differs 
from the 30–50 % reduction due to the CFS 
of the two pure strains BUZ-14 and S38 (not 
formulated). This finding may be attributed to this 
difference in the formulation process that could 
diminish the concentration of active antifungal 
substances (Guijarro et al., 2006; Yánez-
Mendizábal et al., 2012). However, the difference 
could also be related to the bacterial metabolite 
profiles that may depend on the composition of the 
culture medium. Finally, the bacterial agents did 
not exhibit any significant differences in terms of 
volatiles activity given that the results were very 
consistent and relatively homogeneous among 
the four bacterial strains. Quite importantly, the 
disease reductions were greater than 30 % in 
all cases, demonstrating the importance of this 
specific MoA in the overall BCA strain efficiency.

The BCAs were also quantified in the berry to 
evaluate their developmental capacity on the 
fruit surface. The results showed that none of the 
biocontrol strains were able to grow in the berry 
(data not shown). This notion may account for the 
poor activity of LC as previously shown (Figure 2). 
Therefore, the performance of the metabolites 
produced during the BCA production process 
before application onto the fruit is important given 
that the production of antifungal compounds in 
planta should be practically discarded.

This type of assay is typically used to determine 
and characterise the major MOA(s) underlying 
BCA efficacy. Our results are consistent with the 
previously published characterisation of the BUZ-
14 strain since it has been described as a lipopeptide 
and volatile producer (Calvo et al., 2019; 
Calvo et al., 2020). However, the S38 strain has 
not been specifically assessed the production of 
antifungal metabolites, although we consider 
these studies essential to elucidate more clearly 
the mode of action of this strain and to enhance 
the comparison between S38 and BUZ-14.
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It is thought to carry on this research after the 
publication of the present results and to achieve 
a better comparison of strains from a production 
of hydrosoluble and volatile metabolites term. 
Furthermore, Calvo-Garrido et al. (2014a) 
showed that the S38 strain significantly reduced 
grey mould in vineyards up to 72–75 %. In the 
present laboratory study, the S38 culture exhibited 
an efficacy of approximately 35 %. However, the 
relationship between field results and laboratory 
results remains a very difficult overall and key 
issue in the biocontrol field of study. For example, 
we used a virulent Botrytis strain 213 (section 2.2) 
that was quite different from the complex pathogen 
population structure typically observed in the 
vineyard (Walker et al., 2015). We inoculated the 
pathogen in the berry in a manner that significantly 
favoured its aggressiveness (mycelium plug/
wound) compared with other infection pathways, 
e.g., conidial pathways, potentially leading to 
an increased BCA efficacy in the vineyard. The 
recently developed BP Amylo-X® significantly 
reduced B. cinerea in vineyards in approximately 
60–70 % of the experiments performed by 
Calvo-Garrido et al. (2019). In the same field 
study, a similar success frequency was observed 
for Serenade Max®, which is consistent with our 
results given that the two BPs were not significantly 
differentiated in the present laboratory study. It 
may also be important to consider the difference 
in the bacteria behaviour according to the precise 
location and associated microclimate variations 
in the grapevine cluster zone (bunch) compared 
with single detached berries as performed 
in our laboratory bioassays. Furthermore, 
antifungal substances may not only have a direct 
antimicrobial effect and also playing a significant 
role the inducing systemic acquired resistance to 
confer protection of the fruit (not studied in this 
investigation). Finally, based on our good efficacy 
results, novel assays in vineyards with BUZ-14 
are underway to confirm such comparisons 
between the candidate strains using commercial 
bioproducts as a standard of comparison.

2. In vivo activity of antifungal VOCs: effect of 
the culture medium

Scientific studies regarding the activity of 
bacterial VOCs against phytopathogens in 
cultures are limited. Developing new original 
protocols and methodologies is crucial to test 
these gaseous metabolites with great antifungal 
potential activity as previously demonstrated 
in vitro (Chen et al., 2008; Xie et al., 2018; 
Zhou et al., 2019)). Moreover, the importance of 

nutrients has been demonstrated in the production 
of antifungal compounds (Gotor-Vila et al., 2017a; 
Raza et al., 2016); therefore, this section focused on 
identifying a suitable culture medium to improve 
the development of more powerful VOCs.

When grown in MOLP medium, the S38 strain 
reduced the development of the pathogen by 
88.7 % (Figure 3). Significant differences were 
demonstrated by comparison with the two other 
strains on the same medium. For S38, three media 
led to significantly different disease reduction 
percentages, which were lower in 863 and grape 
juice at 31.9 and 14.5 %, respectively. Thus, 
grape juice was the least favourable medium 
for antifungal VOC production with this strain. 
Interestingly, the same result was noted with the 
other experimental BCA strain BUZ-14, which 
exhibited significantly increased disease reduction 
rates on both 863 and MOLP media. The two 
BCA strains BUZ-14 and Amylo-X® grow in the 
more favourable MOLP medium at similar rates 
and achieved similar disease reduction rates of 
49.2 % and 54.4 %, respectively. The reduction 
rate reached by Amylo-X® in grape juice was very 
similar to that in the two other media, i.e., 863 and 
MOLP.

The nutrients in the three culture media are 
different, which might lead to distinct control 
efficacy of plant diseases (Calvo et al., 2020; 
Gotor-Vila et al., 2017a; Raza et al., 2016). MOLP 
is the richest medium; therefore, higher efficacy 
results are expected. Accordingly, the S38 strain 
demonstrated a significant difference between 
MOLP and 863. For BUZ-14, MOLPA (MOLP + 
agar-agar) was significantly better than 863 in the 
reduction of Monilinia spp. in vitro. This finding 
was also confirmed in biotests using apricots and 
for B. amyloliquefaciens I3 against B. cinerea in 
the same study. Nevertheless, this finding was not 
significantly confirmed in the present study for both 
BUZ-14 and Amylo-X®; however, the basic results 
(Figure 3) tend to confirm the overall superiority 
of the MOLP medium. However, according to 
the results reported by Calvo et al. (2020) with 
MOLPA, the difference between solid and liquid 
media can also represent a significant factor that 
should be taken into account when developing 
such bioassays and comparing the outcome. 
As displayed in Figure 2, the VOCs produced 
in 863 liquid medium did not show significant 
differences among the four BCAs, and this notion 
is also confirmed in this section (Figure 3). Finally, 
the use of grape juice as a grape-like medium 
was not favourable to volatiles production.  
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The three BCA strains grow in the medium; 
however, likely, the remaining nutrients in the 
juice were not sufficient to allow the active 
VOCs to more markedly reduce the growth 
of B. cinerea 213. In contrast to the results in 
section 3.1 where none of the BCAs were able to 
proliferate in the berry tissue, the higher pH (5.5) 
balance due to the addition of NaOH (section 2.3) 
should have facilitated their proliferation 
(Calvo et al., 2017).

3. Effect of temperature on the in vivo overall 
efficacy of the 4 different BCA Bacillus species

In addition to nutrients affecting the 
production of antifungal metabolites, other key 
environmental parameters, such as temperature 
or relative humidity, affect the BCA-pathogen 
interaction. In these bioassays, the temperature 
has been investigated as a crucial parameter. 
Temperature significantly influences both the 
pathogen, including latent and more or less 
aggressive pathogens (Ciliberti et al., 2015a; 
Ciliberti et al., 2015b), and the BCA strain as 
this parameter affects its multiplication and/
or stabilization of its metabolites. The optimal 
temperature between the pathogen and the 
BCA is generally not the same, interfering 
with the antifungal activity of the antagonist 
(Fedele et al., 2020; Kredics et al., 2003; 
Mukherjee and Raghu, 1997). Thus, two key 

temperatures were tested that are optimal for 
each microorganism, namely 22 °C and 27 °C 
for the pathogen and the BCA bacterial strains, 
respectively. Such temperatures also correspond 
to typical vineyard conditions both in Spain and 
France during grapevine development (Pieri and 
Fermaud, 2005). As shown in Figure 4, none of 
the BCA strains displayed significant differences 
between temperatures. At 22 °C, BUZ-14 inhibited 
46.9 % of the lesion diameter, demonstrating the 
highest reduction among all BCAs. The S38 strain 
showed a 32.4 % reduction, whereas the two BPs 
Amylo-X® and Serenade Max® only achieved 
approximately 18.0 % reduction. A similar pattern 
was observed at 27 °C; however, the two BPs 
Amylo-X® and Serenade Max® exhibited increased 
inhibition, increasing the reduction of grey mould 
up to 28.5 and 35.8 %, respectively.

Significant variations in temperature as well as 
other climatic conditions, such as RH, always occur 
in vineyards. However, few studies have taken 
into account BCA behaviour during the season 
in the context of various unusual climatological 
conditions, notably abiotic stress, despite the 
fact that great differences may occur between 
microorganisms, such as bacteria and fungi 
(Calvo-Garrido et al., 2014a; Fedele et al., 2020; 
Haidar et al., 2016b; Longa et al., 2009). Moreover, 
the expression of typical biocontrol factors may 

FIGURE 3. The percentage of B. cinerea reduction in table grapes (c.v. Thomas Seedless) treated with 
VOCs produced by the high potential BCAs BUZ-14 and S38 and BP Amylo-X® grown in culture media 
863, MOLP and grape juice. 
Vertical bars indicate the standard error of the mean. Different lowercase letters indicate significant differences among culture 
media in the same BCA, whereas uppercase letters represent significant differences among BCAs for the same culture medium at 
P < 0.05.
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be affected, e.g., the production of antibiotic 
compounds by Pseudomonas fluorescens CHA0 
was significantly reduced at 35 °C compared 
with 30 °C (Humair et al., 2009). Furthermore, 
the thermal effect on microorganism survival was 
also highlighted in the plant tissue or soil (Calvo-
Garrido et al., 2014a; Gotor-Vila et al., 2017b; 
Longa et al., 2009). However, the influence of 
temperature on the reduction of B. cinerea in 

table grapes was not observed in our study. The 
temperature typically influences the growth of 
microorganisms and their survival. Regarding 
antagonist microorganisms in the Bacillus genus 
(as in the present study), we consider that survival 
is very important, even under severe abiotic stress 
conditions, due to the formation of endospores 
(forms of resistance). As shown in 3.1, these 
BCAs do not serve as major MOAs on living 

FIGURE 4. Percentage of B. cinerea reduction in wounded table grapes incubated at 22 °C and 27 °C 
for the antagonist bacteria strains BUZ-14 and S38 as well as the commercial BPs Amylo-X® and  
Serenade Max®. 
Vertical bars indicate the standard error of the mean (SEM). No letters above the bars indicate no significant differences between the 
two temperatures for each BCA at P < 0.05. The results are pooled data of the reductions obtained with the following four fractions 
tested at both temperatures: CUL, LC, CFS and VOCs.

FIGURE 5: Percentage of B. cinerea reduction in wounded table grapes incubated at 100 % and 85–95 % 
RH for the antagonist bacteria strains BUZ-14 and S38 as well as the commercial BPs Amylo-X® and 
Serenade Max®. 
Vertical bars indicate the standard error of the mean (SEM). No letters above the bars indicate no significant differences between 
the two RHs for each BCA at P < 0.05. The results are pooled data of the reductions obtained with the four fractions tested at both 
temperatures: CUL, LC, CFS and VOCs.
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cells, which is presumably the fraction most 
affected by temperature. The metabolites display 
better antifungal activity, and the influence of 
the temperature on such compounds is quite 
less significant compared with living cells. It 
is possible that the difference between the two 
temperatures assessed (5 °C) should be greater to 
obtain significant differences between pathogen 
and BCA optimum temperature.

4. Effect of moisture (optimal RH/suboptimal 
RH) on the in vivo overall efficacy of the 
4 different Bacillus BCA species against 
B. cinerea in table grapes

The efficacy of the different bacteria was 
further compared under optimal (100 %) versus 
suboptimal (85–95 %) relative humidity conditions 
for both the pathogen and the bacterial agents. The 
efficacy of applications in the field depends upon 
the environmental conditions, notably temperature 
and moisture, that affect BCA growth and survival 
as previously mentioned (Fedele et al., 2020). 
The effect of some extreme climatic conditions 
has been studied for specific candidates in 
interaction with the pathogen, including the effect 
of heavy rain or extreme temperatures on survival, 
conservation and/or persistence at the plant surface 
(Calvo-Garrido et al., 2014b; Fedele et al., 2020). 
However, lower, suboptimal RH conditions have 
rarely been tested and may interfere with BCA 
efficacy because lower RH may also limit the 
growth, infection and sporulation of B. cinerea 
(Ciliberti et al., 2015a; Ciliberti et al., 2015b). 
Thus, we hypothesised that such suboptimal 
RH conditions might improve BCA efficacy 
by delaying/weakening the appearance of the 
disease (Gotor-Vila et al., 2017c; Lahlali and  
Jijakli, 2009). However, no significant differences 
were observed in any of the BCAs tested between 
optimal and suboptimal relative humidity 
conditions (Figure 5). Moreover, under optimal 
and suboptimal RH conditions, the antagonist 
bacterium BUZ-14 exhibited the highest reduction 
of the disease (39.4 and 38.9 %, respectively), 
which confirmed previous results (section 3.1).

CONCLUSIONS

The main mode of action observed in table 
grapes against the pathogen involves antibiosis 
by hydrosoluble and volatile metabolites as well 
as their combination. The two kinds of antibiosis, 
caused the greatest inhibition, reducing the 
disease by more than 60 % in the case of BUZ-14 
(culture). Interestingly, the significant influence 
of the culture medium on VOC production has 

also been demonstrated. Strain S38 reduced 
B. cinerea growth by 90 % when grown in a 
MOLP-rich medium. As another major take-
home message, for all the Bacillus strains tested 
in the present study, the antifungal activity of 
living cells, which were separated from their 
culture medium, was quite limited. Furthermore, 
we demonstrated that the BCAs were unable to 
grow and multiply in the berry. Therefore, it may 
be hypothesised that living cells in the Bacillus 
genus might not be required as a key fraction in 
the bioproducts for the application of such BCAs 
against the pathogen to the grapevine. Finally, 
the environmental conditions tested, including 
temperature and RH, did not significantly affect 
the reduction of grey mould in table grapes. The 
development of new pre- and postharvest trials in 
berries and/or vineyards based on biofumigation 
or active packaging will be further studied based 
on these recent findings and knowledge about 
the interaction between these biocontrol agents  
and B. cinerea.
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