agronomy

Article

Suppression of Monilinia Brown Rot by Bacillus spp. Strains

1

Jovana Hrustié¢ 1*{, Olja Medi¢ 207, Tanja Beri¢ 2(7, Milica Mihajlovi¢ 19, Svetlana Milijagevié-Maré&ié 109,

Slavisa Stankovi¢ 2

check for
updates

Citation: Hrusti¢, J.; Medi¢, O.; Beri¢,
T.; Mihajlovi¢, M.; Milijasevié¢-Mari¢,
S.; Stankovi¢, S.; Pesi¢, B. Suppression
of Monilinia Brown Rot by Bacillus
spp. Strains. Agronomy 2023, 13, 2839.
https:/ /doi.org/10.3390/
agronomy13112839

Academic Editors: Francesco

Calzarano and Sergio Molinari

Received: 13 October 2023
Revised: 8 November 2023
Accepted: 11 November 2023
Published: 18 November 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Brankica Pesié¢

1

Institute of Pesticides and Environmental Protection, Banatska 31b, 11000 Belgrade, Serbia;
milica.mihajlovic@pesting.org.rs (M.M.); svetlana.milijasevic@pesting.org.rs (S.M.-M.);
brankica.pesic@pesting.org.rs (B.P.)

Center for Biological Control and Plant Growth Promotion, Faculty of Biology, University of Belgrade,
Studentski trg 16, 11000 Belgrade, Serbia; olja.stanojevic@bio.bg.ac.rs (O.M.); tanjab@bio.bg.ac.rs (T.B.);
slavisas@bio.bg.ac.rs (S.S.)

*  Correspondence: jovana.hrustic@pesting.org.rs

Abstract: Brown rot caused by Monilinia spp. is one of the main causes of pre- and postharvest losses
in stone and pome fruit production. The use of beneficial microorganisms is considered one of the
most promising, safe and effective alternative methods for controlling these pathogens. This study
aimed to investigate the antagonistic potential of 33 Bacillus spp. strains, in order to identify the
best candidate for brown rot biocontrol. Strains identified as Bacillus amyloliquefaciens B-241 and
Bacillus subtilis B-313 and B-358 were chosen for further ex situ studies on detached apple fruit. The
efficacy of B-241 (87.1-93.7%) did not differ significantly from a commercially available synthetic
fungicide (p > 0.05). The putative mode of action of B. amyloliquefaciens B-241 against Monilinia species
is competition for nutrients and antibiosis. The ethyl acetate extract of the strain, applied at 5 and
12.5 mg/mL, was bioactive in vitro and ex situ. A HPLC analysis confirmed the presence of surfactin
and bacillomycin D in the extract. However, before developing a shelf-stable product and commercial
production, the spectrum and efficacy on a larger scale of the B-241 strain should be determined, and
its efficacy in combination with commercial biofungicides and fungicides tested in vivo.

Keywords: biocontrol; Monilinia spp.; lipopeptide biosynthesis; mode of action

1. Introduction

Monilinia species are considered one of the main causal agents of losses in pome and
stone fruit production during the pre- and postharvest stages of distribution and consump-
tion. The most economically important species, Monilinia laxa (Aderhold and Ruhland)
Honey, Monilinia fructigena (Aderhold and Ruhland) Honey, and Monilinia fructicola (G.
Winter) Honey, induce indistinguishable symptoms on blossoms, twigs, branches and
fruits of numerous susceptible host plants including apple, pear, quince, sweet cherry, sour
cherry, apricot, plum, peach, nectarine, almond, etc. Estimates of losses usually reach 30%
during the growing season [1], while postharvest losses, due to latent infections, may be
more severe, exceeding 80% [2,3].

Preharvest losses can be managed using several available strategic approaches, includ-
ing sanitation and the use of synthetic fungicides, whereas managing postharvest losses is
more challenging. Chemical control of postharvest losses by fungicide application in the
orchard during the growing season is still the most widely used method. However, interest
in using more sustainable and environmentally friendly alternatives has been increasing in
the last few decades.

The application of beneficial microorganisms is thought to be one of the safest, the
most promising and effective alternative methods for controlling postharvest pathogens,
including Monilinia species. Over the past 30 years, great progress has been made in the de-
velopment of microbial biocontrol products intended for managing postharvest pathogens,
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such as Botrytis cinerea, Fusarium sambucinum, Penicillium digitatum, Penicillium expansum,
Penicillium italicum, Rhizopus stolonifer, as well as M. fructicola [4,5]. Antagonistic microor-
ganisms used as biocontrol agents (BCAs) against postharvest pathogens include many
yeast and bacterial species. A relatively high number of bacterial strains have been utilized
as biopesticides, and a vast majority of them belong to the genera Bacillus, Pseudomonas,
and Agrobacterium. In particular, numerous microbial antagonists from different groups of
microorganisms and different genera have been studied against Monilinia species: Aureoba-
sidium pullulans, Bacillus subtilis, Cryptococcus laurentii, Pseudomonas cepacia, Pseudomonas
corrugate, Penicillium frequentans, and Pseudomonas syringae [4]. Species in the genus Bacillus,
soil-inhabiting bacteria that form extremely resistant spores with high heat tolerance, are
considered safe microorganisms with a great ability to synthesize antimicrobial substances
that may be used in agriculture to control pre- and postharvest diseases of fruits and
vegetables [6].

Although numerous biocontrol agents have been identified and investigated in semi-
commercial and commercial laboratory experiments [7], only a few biological control
agents have reached the market. In practice, the acceptance and extensive use of microbial
bioproducts is still limited [5]. There are only several examples of successfully commercial-
ized biocontrol products in Europe, such as BioSave (JET Harvest, Longwood, FL, USA),
Nexy (Leasafre, Lille, France), Serenade (Bayer, Leverkusen, Germany) and Shemer (Bayer,
Leverkusen, Germany) [5]. In the light of increasing public pressure for minimizing the
amount of synthetic pesticide use and for the development of safer crop protection alterna-
tives, searching for new indigenous biologically active strains remains vitally important in
agricultural research.

The aims of this study were: (1) to investigate the antagonistic potential of 33 indige-
nous Bacillus spp. strains against the causal agents of brown rot of pome and stone fruits
(M. laxa, M. fructigena and M. fructicola) in order to identify the best biocontrol candidate;
(2) to determine the mode(s) of action of the most promising biocontrol strains; (3) to test
the effectiveness of the chosen Bacillus spp. strains against fruit brown rot pathogens in
detached apple fruits ex situ.

2. Materials and Methods
2.1. Bacterial Antagonists

In total, 33 strains of Bacillus spp. from a collection of the Institute of Pesticides and
Environmental Protection, isolated from composting material (straw, chicken manure)
and compost at different stages of composting, with proven antagonistic activity against
some mycopathogenic fungi and plant pathogenic bacteria [8,9] were used: Bacillus subtilis
(strains B-106, B-107, B-108, B-109, B-110, B-111, B-112, B-124, B-126, B-128, B-233, B-253,
B-270, B-308, B-309, B-310, B-313, B-319, B-322, B-325, B-338, B-348, B-358), Bacillus pumilus
(B-138, B-217, B-254, B-256, B-257, B-335), Bacillus amyloliquefaciens (B-129, B-241, B-268), and
Bacillus licheniformis (B-276). Bacterial isolates were maintained either in nutrient broth (NB)
with 20% glycerol at —20 °C or on nutrient agar plates (NA) at 4 °C until use. Bacterial
suspensions were prepared by inoculation of a single colony into fresh NB medium and
incubation overnight at 28 °C on a horizontal rotary shaker at 240 rpm.

2.2. Fungal Isolates

To determine the antifungal activity of the tested Bacillus spp. strains, three isolates
of Monilinia species (from the collection of isolates of the Institute of Pesticides and Envi-
ronmental Protection) were used as test organisms: M. fructicola (isolate NPGM), M. laxa
(isolate TPGR) and M. fructigena (isolate 13/3/18). The isolates were previously identified,
based on morphological and molecular characteristics [10]. Stock cultures of the isolates
were maintained on potato dextrose agar (PDA) at 4 °C. The working cultures were ob-
tained by inoculating PDA plates with stock agar plugs containing the mycelium and
incubating at 22 °C for seven days.
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2.3. In Vitro Assessment of Bacillus spp. Antagonistic Activity towards Monilinia spp.

Preliminary evaluation of the antagonistic activity of Bacillus strains against Monilinia
spp- was conducted in a direct confrontation test in vitro. Isolates of the three species
of pathogenic fungi used in the tests were grown for seven days at 22 °C on PDA, while
bacterial strains were grown on NA medium at 28 °C for 24 h. Agar discs (10 mm) of each
tested pathogen were placed on the PDA plates, 1 cm from the plate edge. An overnight
culture of each antagonistic bacterial strain was streaked 3 cm away from the opposite edge
of the same plate. Plates inoculated with only fungal pathogens were used as controls.
The experiment was repeated once with four replicates per treatment. After a seven-day
incubation period at 24 °C, the fungal colony diameter was measured in the treated (R1) and
control plates (KR), and the percentage of mycelial growth inhibition (PGI) was calculated
according to the formula [11]:

PGI(%) = (KR — R1)/KR x 100

After the screening tests, three Bacillus spp. strains (B. amyloliquefaciens strain B-241
and B. subtilis strains B-313 and 358) with the highest antifungal activity were selected
for in-depth testing of their antagonistic activity against the three fungal isolates (M. laxa,
M. fructigena and M. fructicola) by agar well diffusion method. Bacterial suspensions were
prepared in NB at 28 °C on a rotary shaker at 240 rpm for 96 h. The concentration of
viable bacterial cells was expressed in colony forming units (CFU) per ml and confirmed
by dilution plating on NA at 28 °C for 3 days. The concentration of bacterial suspension
for further experiments was adjusted to 1 x 108 CFU/mL. Fungal colonies were grown
on MALT at 22 °C for seven days, and conidia of the isolates were collected by flooding
with 10 mL of sterile distilled water with one added drop of Tween 20. For the antagonistic
experiment, 90-mm Petri plates with two layers of PDA medium were used. The first layer
consisted of 2% PDA (20 mL), while the second layer was 1.2% PDA (10 mL) containing
a previously prepared suspension of the conidia of each Monilinia spp. isolate adjusted
to a final concentration of 10° conidia/mL. One 10-mm-well per plate was formed in the
centre, and 100 pL of the prepared suspension of antagonistic bacterial strain was added
into each well. Antagonistic activity was tested in four replicates against each fungal
isolate. As a control treatment, 100 uL of sterile, distilled water was used. The whole
experiment was conducted twice. After 10-day incubation at 24 °C, the antagonistic activity
was assessed by measuring the diameter of inhibition zones around the wells and presented
in millimetres (mm).

2.4. Investigation of Bacillus spp. Modes of Action
2.4.1. Molecular Detection of Genes Involved in Lipopeptide Synthesis in
Bacillus spp. Strains

Screening for four genes involved in lipopeptide synthesis was performed for 33
Bacillus spp. strains. Their DNA was extracted as previously described [8,9].

Amplification of 675 bp long product of sfp gene encoding 4’-phosphopantetheinyl
transferase, essential for surfactin synthesis, was carried out using P17 (5'-ATGAAGATTTAC
GGAATTTA-3') and P18 (5-TTATAAAAGCTCTTCGTACG-3') primers. The PCR reac-
tion mixture consisted of 17.15 uL of PCR water, 2.5 uL KAPA Taq Buffer, 1.75 uL. MgCl,
(25 mM), 0.5 uL ANTP Mix (10 mM), and 0.1 uL. KAPA Taq DNA Polymerase (5 U/uL),
1 uL of each primer (10 uM) and 1 pL of DNA [12]. Amplification was carried out
following the program: initial denaturation at 94 °C for 2 min; 10 autoextension cy-
cles of denaturation at 94 °C for 2 min, annealing at 45 °C for 15 s and elongation at
68 °C for 3 min; 25 cycles of denaturation, annealing and elongation as previously de-
scribed; and final elongation at 72 °C for 10 min. Detection of a 2000 bp long fragment
of the iturin operon (ituA and ituB genes with the intergenic region) was performed
using ITUP1-F (5'-AGCTTAGGGAACAATTGTCATCGGGGCTTC-3') and ITUP1-R (5'-
TCAGATAGGCCGCCATATCGGAATGATTCG-3') primers [13]. The PCR reaction mixture
was as described for the sfp amplification, but a different primer pair was used. The PCR
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program was as follows: initial denaturation at 96 °C for 5 min; 30 cycles of denaturation at
96 °C for 30 s, annealing at 60 °C for 30 s and elongation at 72 °C for 2 min and 30 s; final
elongation at 72 °C for 10 min.

Amplification of bamC gene encoding bacillomycin D synthetase (875 bp) was per-
formed using BACC1-F (5-GAAGGACACGGCAGAGAGTC-3') and BACCI1-R (5'-CGCTG
ATGACTGTTCATGCT-3') primers. The PCR reaction mixture was the same as for previous
amplifications except for the concentration of primers, which was 20 uM [14]. Amplification
was carried out under the following conditions: initial denaturation at 94 °C for 3 min;
35 cycles of denaturation at 94 °C for 1 min, annealing at 60 °C for 30 s and elongation at
72 °C for 1 min and 45 s; and final elongation at 72 °C for 6 min.

The fenD gene for fengycin synthetase (964 bp) was amplified using FEND1-F (5'-
TTITGGCAGCAGGAGAAGTT-3') and FENDI1-R (5'-GCTGTCCGTTCTGCTTTTTC-3') primers.
The PCR reaction mixture consisted of: 16.9 pL of PCR water, 2.5 uL. KAPA Taq Bulffer,
2 uL MgCl, (25 mM), 0.5 uL ANTP Mix (10 mM), 0.1 uL KAPA Taq DNA Polymerase
(5U/uL), 1 uL of each primer (20 uM) and 1 pL of DNA [14]. The PCR program contained
the following stages: initial denaturation at 94 °C for 3 min; 40 cycles of denaturation at
94 °C for 1 min, annealing at 60 °C for 1 min and elongation at 72 °C for 1 min; and final
elongation at 72 °C for 10 min.

PCR products were separated by electrophoresis on 1% agarose gel in 0.5 x TBE
buffer (45 mM TRIS, 45 mM boric acid, 1 mM EDTA pH 8.3) by adding ethidium-bromide
(0.4 ug/mL), at a constant voltage of 3 V/cm for 1.5 h. PCR products were visualized by
a UV transilluminator (LKB Bromma, Stockholm, Sweden). The size of amplified DNA
fragments was determined by comparison to 100 bp (Nippon Genetics, Diiren, Germany)
and 1 kb (Invitrogen-Thermo Fisher Scientific, Waltham, MA, USA) DNA ladders.

2.4.2. Inhibitory Activity of Bacillus spp. Cultures and Supernatants against Monilinia fructicola

Bacterial suspensions of the three chosen Bacillus spp. strains (B. amyloliquefaciens
B241 and B. subtilis B-313 and B-358) with the highest antimicrobial activity towards all
three fungal isolates were prepared as five screening treatments to evaluate their modes of
action against the M. fructicola isolate, used as a fungal indicator. Antimicrobial activity
was tested using the agar well diffusion method as described above. The treatments (T)
included: (1) whole bacterial culture—WBC (prepared by culturing bacterial strains for 96 h
in nutrient broth (NB) at 28 °C on rotary shaker at 240 rpm); (2) cell-free supernatant—CFS
(prepared by centrifugation of WBC at 12,000 rpm for 10 min at 4 °C and filtration of the
supernatant through 0.20 pum filter); (3) heated cell-free supernatant—CFS; oc (prepared
by heating the CFS at 100 °C for 10 min); (4) double-concentrated bacterial cells—2 x BC
(prepared by centrifugation of 2 mL of WBC at 12,000 rpm for 10 min at 4 °C and dissolving
the precipitated cells in 1 mL of sterile distilled water); (5) ten-fold concentrated cell-free
supernatant—10 x CFS (prepared by evaporation of 10 mL of CFS at 42 °C till dry and
dissolving the residue in 1 mL of sterile distilled water).

The experiment was conducted twice. Antagonistic activity was assessed after incu-
bation at 24 °C for 10 days by measuring the diameter of the inhibition zone of mycelial
growth (mm).

2.4.3. Ethyl Acetate Extraction of Lipopeptides from Bacillus amyloliquefaciens B-241 Strain

Overnight culture of B. amyloliquefaciens B-241 was inoculated in one litre of fresh
Luria-Bertani broth medium (LB) and incubated at 30 °C and 180 rpm for 72 h. The culture
was centrifuged at 4000 rpm and 4 °C for 20 min, and the supernatant was collected. An
equal amount of ethyl acetate was added to the supernatant (1:1 v/v) along with NaCl
(30 g/L). The mixture was left on the magnetic stirrer overnight. After settling in the
refrigerator overnight, the upper ethyl acetate phase was collected and evaporated to
complete dryness using the rotary evaporator (BUCHI Rotavapor R-114, Switzerland) at
<50 °C. The remaining precipitate was dissolved in dimethyl sulfoxide (DMSO) at the final
concentration of 25 mg/mL.
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2.4.4. Testing the Effect of Ethyl Acetate Extract of Bacillus amyloliquefaciens B-241 on
Monilinia fructicola Mycelial Growth Rate In Vitro

Spores of the M. fructicola isolate were used for testing the antagonistic activity of ethyl
acetate extract of the selected B. amyloliquefaciens strain B-241 using the agar well diffusion
method as described above. Three 10-mm-wells per plate were made and 100 pL of the
prepared ethyl acetate extract in DMSQO, diluted with sterile distilled water at different final
concentrations (25, 12.5, 5 and 2.5 mg/mL), was added to each well. Antagonistic activity
was tested in four replicates. Negative control treatments consisted of 100 pL of sterile
distilled water and 100 uL of DMSO. The whole experiment was repeated twice. Antifungal
activity of the ethyl acetate extract was assessed as described previously (Section 2.3).

2.4.5. Chemical Analysis of Ethyl Acetate Extract of Bacillus amyloliquefaciens B-241

The ethyl acetate extract obtained from the supernatant of B. amyloliquefaciens B-241
strain was subjected to HPLC-MS analysis. The extract was analysed using an Agilent
1260 Infinity high-performance liquid chromatography (HPLC) system hyphenated to
a Bruker amaZon SL ion trap mass spectrometer. An Agilent Poroshell 120 EC-C18
(4.6 mm x 100 mm, particle size 4 um) analytical column was used for the separation
of lipopeptide compounds. The mobile phase consisted of (A) 0.1% formic acid in ultrapure
water (MS grade) and (B) 0.1% formic acid in acetonitrile (MS grade). A linear gradient
program at a flow rate of 1 mL/min was set and the absorption was monitored at 214 nm.
The mass detector was set in a positive ion mode. Lipopeptide compounds were identified
based on a mass-to-charge ratio (ranging from m/z 400.00 to 2000.00) and compared to
commercial lipopeptide standards (Sigma-Aldrich, St. Louis, MO, USA).

2.5. Testing the Effect of Bacterial Cultures and Ethyl Acetate Extract of Bacillus spp. on Brown
Rot Disease Suppression Ex Situ

To evaluate the ex situ effect of three selected Bacillus spp. strains on brown rot de-
velopment, healthy apples of cv. Idared were used. The apples were surface-sterilized by
soaking in a 1% sodium hypochlorite solution in water (1:3) for 5 min, rinsing in water,
and drying for 1 h at room temperature in a laminar flow cabinet. Three wounds (4 mm in
diameter and 3 mm in depth) were made on the fruits’ equatorial zone by a sterile stainless
steel rod. Each wound was treated with 10 uL of bacterial suspension (approximately
1 x 10® CFU/mL) of the three strains (B. amyloliquefaciens B-241 and B. subtilis B-313 and
B-358), prepared previously. After treatments, the apples were inoculated with mycelial
plugs (3 mm diameter) of three fungal species: M. laxa, M. fructigena and M. fructicola.
The plugs were cut from a 7-day-old colony on PDA and placed on the wounds upside-
down. Wounds treated with water were used as a negative control, and wounds inoculated
with only mycelial plugs were used as a positive control. Two reference products for
efficacy comparison were used in both experiments: treatment based on the synthetic fungi-
cide prochloraz (Octave, Bayer, Germany) and treatment based on B. velezensis (formerly
B. amyloliquefaciens) QST 713 (biofungicide Serenade, Bayer, Germany) at its label rate.
Plastic boxes (30 cm x 20 cm x 10 cm) with four inoculated fruit per box were incubated in
a growth chamber at 24 °C and relative humidity >90%. The experiment was conducted
twice with four replicates per treatment. Decay development was assessed seven days
post-inoculation. Lesion diameters (mm) were measured in two directions at right angles
and presented as efficacy (%) calculated according to the formula:

E(%) = (LD — LD1)/LD x 100

where LD represents lesion diameter in the control, and LD1 represents lesion diameter in
the treated fruit.

Healthy apples were used to evaluate the ex situ effect of ethyl acetate extract of the
most effective strain on brown rot development caused by M. fructicola. The experiment
was conducted as described, except that each wound was treated with 10 uL of ethyl
acetate extract of the B. amyloliquefaciens strain B-241 at two different concentrations (12.5
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and 5 mg/mL). As negative control treatments, 10 uL of sterile distilled water and 10 pL of
DMSO were used. Incubation conditions and the assessment of the decay were identical as
described above.

2.6. Statistical Analyses

The results were tested for homogeneity and subjected to one-way analysis of variance
(ANOVA). The significance was evaluated by Duncan’s test at p < 0.05 for all tests. Statistical
analyses were conducted by the general procedures of Statistica v.10 (StatSoft Inc., Tulsa,
OK, USA).

3. Results
3.1. In Vitro Antagonistic Activity of Bacillus spp. towards Monilinia spp. Isolates

The in vitro antagonistic potential of 33 isolates of Bacillus spp. against causal three
agents of brown rot of pome and stone fruits (M. laxa, M. fructigena and M. fructicola) was
evaluated in direct confrontation assays and the mean PGI values of the tested pathogens are
shown in Figure 1. The ANOVA results revealed statistically significant differences (p < 0.05)
in the antagonistic activity of all Bacillus spp. strains against the three fungal pathogens.

Growth inhibition above 70% was achieved by 15 Bacillus spp. strains against
M. fructigena and 9 strains against M. fructicola, respectively. The strain of M. laxa was the
least sensitive since only five bacterial strains caused inhibition of its mycelial growth by
more than 50%. The highest percentage of inhibition on all tested pathogens was achieved
by the strain B-241 of B. amyloliquefaciens and two strains of B. subtilis (B-313 and B-358),
and these strains were therefore selected for further investigation. The lowest percentage of
growth inhibition of all Monilinia spp. isolates was recorded for the B. pumilus B-254 strain.

The results of the investigation of the effects of three Bacillus spp. strains on the growth
of Monilinia spp. isolates in vitro using the agar well diffusion method are shown in Figure 2.
The widest zone of inhibition was formed by the strain B. subtilis B-313 against M. fructigena
(66.7 mm). Uniform inhibition zones (approximately 58 mm) against all three Monilinia
spp. were found for B. amyloliquefaciens B-241. No statistically significant differences were
observed in the antagonistic activity of two Bacillus spp. strains (B-241 and B-313) against
M. fructigena and M. fructicola, while their activity against M. laxa differed significantly. The
strain B. subtilis B-358 exhibited weak inhibition of all fungal isolates tested in this study;
inhibition zones against M. laxa and M. fructicola isolates were completely absent, while the
zone against M. fructigena isolate was below 10 mm wide.

3.2. Modes of Antagonistic Action of Bacillus spp. Strains

In the screening test for four genes involved in lipopeptide synthesis, gel electrophore-
sis showed the presence of DNA fragments of an appropriate size in 33 Bacillus spp. strains
(Supplementary Figure S1). Fifteen strains were positive for the sfp gene, the iturin operon
was detected in six strains, the bamC gene was present in nine strains and 10 strains were
positive for the presence of fenD gene (Supplementary Table S1). All examined Bacillus
spp. strains had at least one of the amplified genes. Three out of four lipopeptide genes
were detected in 13 strains, 13 strains harboured two, and seven strains carried only one of
the screened genes. B. amyloliquefaciens B-241 and B. subtilis B-358 strains were positive for
iturin operon and bamC gene, while B. subtilis B-313 contained bamC gene.

Statistically significant differences (p < 0.05) were observed among the mycelial growth
inhibition diameters due to different treatments. The results showed that the B. amylolique-
faciens B-241 strain exhibited the greatest antifungal effect regardless of treatment, except
for CFS, while strain B-313 showed better efficacy (Figure 3). In addition, treatment with
WBCs induced the highest mycelial growth inhibition of M. fructicola. The lowest inhibitory
effect was found for CFSyg oc of both Bacillus spp. strains. The strain B. subtilis B-358 did
not exhibit inhibitory effects in any of the five test treatments.
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Figure 1. In vitro antifungal activity of Bacillus spp. strains against Monilinia spp. in direct confronta-

tion test. Data in the figure represent the mean growth inhibition of two independent experiments

with four replicates. Columns, representing an average growth inhibition, with the same letters are

not significantly different (Duncan’s test, p > 0.05). Only columns marked with the same colour are

comparable for significant differences. Bars represent standard deviation.



Agronomy 2023, 13, 2839 8 of 16
80
a a
7 T T
=7 a 1
E 60 a
g b7
250 | T
= W Monilinia laxa
£ 40 e .
:E Monilinia fructigena
.'E 30 +— B Monilinia firucticola
E
5 20 b
3 I
10 C
| o
0 T T I 1
B-241 B-313 B-358
Figure 2. In vitro antagonistic activity of Bacillus spp. against Monilinia spp. using agar well diffusion
method. Data in the figure represent the mean growth inhibition of two independent experiments
with four replicates. Columns, representing average growth inhibition, with the same letters are
not significantly different (Duncan’s test, p > 0.05). Only columns marked with the same colour are
comparable for significant differences. Bars represent standard deviation.
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Figure 3. The influence of different treatments of Bacillus spp. strains on the mycelial growth
inhibition radius of Monilinia fructicola: WBC—whole bacterial culture; CFS—cell-free supernatant;
CFSyp .c—CFS additionally heated at 100 °C for 10 min; 2 X BC—double concentrated bacterial
cells; 10 x CFS—tenfold-concentrated cell-free supernatant. Data in the figure represent the mean
growth inhibition of two independent experiments with four replicates. Columns, representing
average growth inhibition, marked with the same letters are not significantly different (Duncan’s test,
p > 0.05). Only columns marked with the same colour are comparable for significant differences. Bars
represent standard deviation.
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The results of the evaluation of ethyl acetate extract of B. amyloliquefaciens B-241 on the
growth of M. fructicola isolate in vitro using the agar well diffusion method are shown in
Figure 4. The widest zone of inhibition (16.9 mm) was formed by the highest concentration
of extract used (25 mg/mL). Significantly lower growth inhibition zone diameters were
recorded for the other concentrations. The narrowest inhibition zone was found under the
influence of ethyl acetate extract at 2.5 mg/mL.
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Figure 4. In vitro antagonistic activity of ethyl acetate extract of Bacillus amyloliquefaciens B-241
against Monilinia fructicola using agar well diffusion method. Data in the figure represent the mean
growth inhibition of two independent experiments with four replicates. Columns, representing
average growth inhibition, marked with the same letters are not significantly different (Duncan’s test,
p > 0.05). Bars represent standard deviation.

The HPLC-MS detected proton [M + H]* and sodium [M + Na]* adducts of sur-
factin and bacillomycin D) [15,16] in the ethyl acetate extract of B. amyloliquefaciens B-241
(Figure 5).

The sensitivity of three plant pathogenic Monilinia species (M. laxa, M. fructigena and
M. fructicola) to three Bacillus spp. strains (B. amyloliquefaciens B-241 and B. subtilis B-313
and B-358) was tested in ex situ experiments. A biofungicide based on B. velezensis QST 713
(Serenade) and a prochloraz-based synthetic fungicide were also included in the sensitivity
testing as reference products.

A statistically significant decrease was detected in the development of brown rot on
apple fruit induced by the strain B. amyloliquefaciens B-241, compared with the untreated
control (p < 0.05). Notably, the efficacy of B-241 was equal to the commercially available
synthetic fungicide, applied at its recommended application rate, regardless of the pathogen
used for inoculation (Figures 6 and S2). A significantly lower inhibition of brown rot
development was recorded in treatments with B. subtilis B 313 and B-358 strains. The
biofungicide based on B. velezensis showed the lowest efficacy in suppression of brown rot
symptoms, regardless of the causal agent.

A statistically significant (p < 0.05) decrease in the development of brown rot caused by
M. fructicola on apple fruit was induced by the ethyl acetate extract of B-241 in comparison
with the untreated control. Both tested concentrations of B-241 ethyl acetate extract were
more efficient than the commercial biofungicide based on B. velezensis. The higher tested
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concentration (12.5 mg/mL) exhibited a significantly higher effect on suppressing brown
rot (55.7%) (Figures 7 and S3). The synthetic fungicide prochloraz showed 100% efficacy in
controlling brown rot on detached apple fruit.

Intens.
a) x107
surfactin C15 [M+H]*
1+
1.04 1036.69

surfactin C14 [M+H]*

|

1+

1022.69
0.6
surfactin C13 [M+H]*
0.44 4%
surfactin C16 [M+H]*
surfactin l surfactin C15 [M+Na]*
surfactin C16 [M+Na]*
0.2
1+

1094.69
1000 1020 1040 1060 1080 1100 m/z
Intens.
x106
b) 1+
1.2 1045.57 <4——  bacillomycin D C15 [M+H]*
1.04
0.84
0.6
bacillomycin D C14 [M+Na]*
bacillomycin D C16 [M+H]*
i i S A
0.44 bacillomycin D C14 [M+H]* 1059.58 bacillomycin D C15 [M+Na]*
l 1 bacillomycin D C16 [M+Na]*
1+
s 1067.54,673.62 4 bacillomycin D €17 [M+Na]*
0.2 2 1+ ‘
1081.55
1+
1053.52
1103.52
403949 m 1089.51 1111.531117:54
0.0 2 AJ.'. AA|‘ . v A : - - v - et
1030 1040 1050 1060 1070 1080 1090 1100 1110 1120 m/z

Figure 5. HPLC mass spectra of lipopeptides produced by Bacillus amyloliquefaciens B-241: (a) surfactin;
(b) bacillomycin D.3.3. Ex Situ Efficacy of Bacillus spp. Strains against Brown Rot Disease.
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Figure 6. Effects of Bacillus spp. strains on Monilinia spp. in ex situ conditions. Data in the figure
represent the mean of two trails conducted over time with four replicates per treatment. Columns,
representing average efficacy, marked with the same letters are not significantly different (Duncan’s
test, p > 0.05). Only columns marked with the same colour are comparable for significant differences.
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Figure 7. Effects of ethyl acetate extract of Bacillus amyloliquefaciens B-241 against Monilinia fructicola
in ex situ conditions. Data in the figure represent the mean of two trails conducted over time with
four replicates per treatment. Columns, representing average efficacy, marked with the same letters
are not significantly different (Duncan’s test, p > 0.05).

4. Discussion

Brown rot is one of the most devastating fungal diseases of pome and stone fruits.
Significant changes in the prevalence and distribution of Monilinia species have been noted
over the past twenty years. In addition to M. laxa and M. fructigena, which are the native
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and widespread pathogens of pome and stone fruits in most European countries, including
Serbia, M. fructicola, has also been introduced and became widely established as the most
devastating species [13]. In the light of significant changes regarding the distribution of
brown rot causal agents, the removal of many fungicides from the market, and the major
impact of these pathogens on the production, distribution, and marketability of pome and
stone fruits, the objective of the present study was to find the best biocontrol candidate for
suppression or mitigation of losses caused by Monilinia species. In particular, the sensitivity
of recently introduced and established Monilinia species to potential biocontrol agents
should be determined and compared with the native species.

Species belonging to the Bacillus genus, the most promising biocontrol agents, can
synthesize a broad spectrum of antibacterial and antifungal metabolites that are used
intensively in agriculture and human medicine [4,5]. Over the past twenty years, the
biopesticide market has significantly grown worldwide, and the increase is the highest in
Europe, at almost 10% every year [17-19]. Concerning the control of brown rot on stone
fruits, only three biocontrol products based on Bacillus subtilis, Bacillus amyloliquefaciens and
Saccharomyces cerevisiae are currently approved for field applications in some countries [19].
In Serbia, BCA-based products for postharvest application against Monilinia-induced brown
rot are yet to be formally registered and approved.

In the present study, we examined the in vitro and ex situ potential of Bacillus spp.
strains for the suppression of brown rot of pome and stone fruits caused by Monilinia spp.,
and attempted to elucidate the mode of action of the most promising candidates. Prelimi-
nary investigation using the direct confrontation test showed a great potential of numerous
Bacillus spp. strains for suppressing of M. laxa, M. fructigena and M. fructicola in vitro. How-
ever, only three isolates were selected as promising strains for further investigation, as they
all caused growth inhibition higher than 60% for all tested fungi. The B. amyloliquefaciens
strain B-241 and two strains of B. subtilis (B-313 and B-358) were further examined for their
activity, using 96-h-old cultures and the agar well diffusion method. This test revealed
some discrepancies in growth inhibition of the tested isolates of Monilinia spp., compared to
the direct confrontation test. For example, B. subtilis B-358, while exhibiting great potential
in the direct confrontation test, showed weak inhibition against all tested fungal isolates in
the agar well diffusion test. On the other hand, high inhibition of all three fungal isolates
was achieved by the strain B. amyloliquefaciens B-241 in both tests (Figures 1 and 2). In a
study published by Lahlali et al. [20], B. amyloliquefaciens and B. subitlis strains inhibited the
growth of M. fructigena from 43.1 to 82.86% in vitro. Additionally, four B. amyloliquefaciens
strains reduced the mycelial growth of M. fructigena and M. laxa in dual culture assays by
>90% [21]. Similarly, our B. amyloliquefaciens B241 strain inhibited M. fructigena growth by
77.8%, while M. fructicola and M. laxa were inhibited by 71.1 and 54.5%, respectively, in the
direct confrontation test.

The antagonistic strains B-241, B-313 and B-358 were selected for further examination
of their modes of action against M. fructicola. Whole bacterial cells (WBC) caused the
greatest reduction in mycelial growth, followed by double-concentrated bacterial cells
(2 x BC), tenfold-concentrated cell-free supernatants (10 x CFS), cell-free supernatants
(CFS) and heat-treated cell-free supernatants (CFSygg o). The results indicated a role of anti-
fungal metabolites in the inhibition of pathogen growth. Specifically, cell-free supernatants
showed inhibition to a certain extent but the antagonistic activity was lost after exposing the
supernatants to high temperature, which suggests that the strains produced and excreted
substance(s) that had antifungal potential and were temperature-sensitive. However, it
appears that modes of action other than antibiosis are involved in the antagonistic activity,
as indicated by the higher inhibition of WBC that contains both metabolically active cells
and antimicrobial substances secreted during cultivation.

Numerous studies have reported the implication of lipopeptides in antagonistic and
biocontrol activities of Bacillus spp. strains. Molecular detection of genes associated with the
biosynthesis of lipopeptide compounds showed successful amplification of at least one out
of four selected genes in 33 Bacillus spp. strains. Therefore, we used the standard method for
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extracting lipopeptides from bacterial supernatant. The ethyl acetate extract of B. amylolig-
uefaciens B-241 inhibited the growth of M. fructicola in vitro in a concentration-dependent
manner (Figure 4), suggesting a possible role of lipopeptide compounds in suppression
of that plant pathogen. Liu et al. [22] proved that the lipopeptides bacillomycin D and
fengycin contributed together to the inhibition of conidial germination of M. fructicola, and
fengycin had a significant role in suppressing the mycelial growth of the pathogen in vitro.
Another study showed that iturins produced by B. amyloliquefaciens BUZ-14 were the main
lipopeptides responsible for brown rot suppression in peaches [23]. In a more recent study,
iturin operon and the bamC and fenD genes were detected in a B. subtilis B6 strain with
biocontrol activity towards several apple fruit rot causal agents, including M. fructicola [24].
Indeed, molecular analysis showed the potential of B. amyloliquefaciens B-241 for iturin
synthesis, which could explain its remarkable antagonistic activity towards Monilinia spp.
HPLC analysis confirmed the synthesis of bacillomycin D by B. amyloliquefaciens B-241, and
also revealed the presence of surfactins in the extract. However, the sfp gene responsible
for surfactin synthesis was not detected in the B-241 strain in our study. The sfp gene for
4’-phosphopantetheinyl transferase is an essential element of peptide synthesis systems,
implicated in regulating surfactin biosynthesis gene expression [25]. Its absence in the
genome of B. amyloliquefaciens B-241 suggested that other genes of the surfactin operon,
such as srfAA encoding the surfactin synthetase subunit 1, could be more significant in
surfactin synthesis. Based on molecular analyses, several Bacillus spp. strains in our study
had the potential for iturin synthesis but were less successful in the inhibition of plant
pathogenic fungi in vitro than B-241, as the dual culture assay showed. Both B. amyloliquefa-
ciens B-241 and B. subtilis B-358 strains were shown to harbour the iturin operon and bamC
gene, but were not equally successful in antagonism towards M. fructicola in vitro or ex situ.
These differences could be assigned either to the extreme structural diversity of lipopeptide
compounds or the synthesis efficiency, which is highly dependent on an ecological context.
Studies have shown that lipopeptide production can be modulated by the presence of
pathogens [26]. Zihalirwa Kulimushi et al. [27] showed that the fenC gene expression was
upregulated and the production of fengycins was enhanced in co-cultures of the biocontrol
strain B. amyloliquefaciens S499 and the plant pathogen Rhizomucor variabilis, in comparison
with pure culture. The increase in surfactin, iturin and fengycin synthesis in two B. velezensis
strains was also detected in the presence of Ralstonia solanacearum [28]. Similarly, surfactin
production was increased 10-fold in a BCA-plant pathogen co-culture [29]. In this study, we
detected synthesis of surfactin and bacillomycin D in the axenic B. amyloliquefaciens B-241
strain. Further investigation will reveal if co-culture with any of Monilinia species will cause
an increase in the synthesis of these metabolites. Additional analyses are also required to
identify the specific lipopeptide compounds produced by B. amyloliquefaciens B-241, and to
associate individual compounds with its antifungal activity towards Monilinia spp. In that
context, complex quadritrophic interactions among the antagonist, pathogen, host, and
resident epiphytic microbiota should be considered when investigating modes of action,
and the integration of advanced microbiological, microscopic, biochemical and molecular
techniques is highly recommended [5]. Although three bacterial strains were selected to
test the sensitivity of Monilinia species on detached apples, only B. amyloliquefaciens B-241
showed the same efficacy as the commercially available synthetic fungicide, with more
than 80% of brown rot suppression (Figure 6). In a study by Zhou et al. [30], Bacillus sp. C06
isolate reduced lesion diameters caused by M. fructicola on apples by 54.17%, and prolonged
the shelf life of peaches to seven days when applied as either bacterial cells or cell-free
filtrate. A more recent study reported the suppression of M. fructigena by B. amyloliquefaciens
B10W10 strain that was statistically comparable to the commercial fungicide thiophanate
methyl, at both lower and higher pathogen pressure, similar to the results of this study [20].

Dimki¢ et al. [31] tested an ethyl acetate extract of the strain B. amyloliquefaciens
55-12.6 against various postharvest pathogens of apples and obtained promising results
in vitro, which were also confirmed in situ (reduction in necrosis caused by M. fructigena by
66.6%). In our study, the ethyl acetate extract of B. amyloliquefaciens B-241 reduced brown
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rot symptoms by 55.7% at 12.5 mg/mL and 30.6% at 5 mg/mL, while the commercial
products reduced symptoms by 22.8% and 100% (biofungicide and synthetic fungicide,
respectively) (Figure 7). A 20-fold diluted lipopeptide fraction from a 96-h-old culture of
B. amyloliquefaciens BUZ-14 successfully controlled brown rot caused by M. fructicola and
M. laxa by completely preventing the development of lesions on peaches [23]. Moreover,
the CPA-8 strain of B. amyloliquefaciens was described as an effective antagonist against
the postharvest late brown rot of peaches and nectarines [32], even in field conditions
under standard Monilinia spp. levels [33]. Yanez-Mendizabal et al. [34] confirmed the
involvement of fengycins in the postharvest protection of peaches by demonstrating that
fengycin-defective mutants and their cell-free supernatants lost their biocontrol activity.
The biocontrol CPA-8 wild-type strain was as efficient in fruit trials as the commercial for-
mulation based on B. velezensis QST 713. At the same time, in our study, B. amyloliquefaciens
B-241 exceeded the efficacy of that commercial biocontrol strain.

All things considered, our study revealed a great potential of lipopeptide-producing
the B. amyloliquefaciens B-241 strain for postharvest protection and a possibility for its
application as a preventive measure in the biocontrol of brown rot disease. Although the
results obtained in the control of Monilinia species of pome and stone fruit are promising,
large-scale studies are needed to gain deeper insight into the potential of the novel B.
amyloliquefaciens B-241 strain for biological control at a commercial production level. Future
work should be focused on the potential of that strain in larger plots and commercial pro-
duction at different dosages and application rates and in vivo efficacy tests in combination
with commercial biofungicides and fungicides.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/agronomy13112839/s1, Table S1: Molecular detection of genes
involved in lipopeptide biosynthesis (sfp encoding surfactin synthetase, iturin operon, bamC en-
coding bacillomycin D synthetase, fenD encoding fengycin synthetase) in Bacillus spp. strains;
Figure S1: Gel electrophoresis of genes for lipopeptide synthesis in 33 Bacillus spp. strains: (a) sfp gene
(675 bp), (b) iturin operon (2000 bp), (c) bamC gene (875 bp), (d) fenD gene (964 bp). M—DNA ladder
100 bp/1 kb; K—negative control; Figure S2: Effect of tested Bacillus spp. strains on Monilinia spp. in
ex situ conditions; Figure S3: Effect of ethyl acetate extract of Bacillus amyloliquefaciens B-241 against
Monilinia fructicola under ex situ conditions.
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