
Plant Pathol. J. 38(2) : 115-130 (2022)
https://doi.org/10.5423/PPJ.OA.01.2022.0004
pISSN 1598-2254 eISSN 2093-9280 ©The Korean Society of Plant Pathology

The Plant Pathology Journal

Research Article Open Access Fast Track

Identification, Characterization, and Efficacy Evaluation of Bacillus velezensis 
for Shot-Hole Disease Biocontrol in Flowering Cherry

Viet-Cuong Han1, Nan Hee Yu1, Hyeokjun Yoon2, Neung-Ho Ahn2, Youn Kyoung Son2, Byoung-Hee Lee2, 
and Jin-Cheol Kim1*
1Department of Agricultural Chemistry, Institute of Environmentally-Friendly Agriculture, College of Agriculture and 
Life Science, Chonnam National University, Gwangju 61186, Korea

2Biological and Genetic Resources Assessment Division, National Institute of Biological Resources, Incheon 22689, 
Korea

(Received on January 6, 2022; Revised on February 7, 2022; Accepted on February 8, 2022)

Though information exists regarding the pathogenesis 
of the shot-hole disease (SH) in flowering cherry (FC), 
there has been a lack of research focusing on SH man-
agement. Therefore, here, we investigated the inhibitory 
activities of antagonistic bacteria against SH pathogens 
both in vitro and in vivo as well as their biochemical 
characteristics and bioactive compounds. Two biosur-
factant-producing bacterial antagonists, identified as 
Bacillus velezensis strains JCK-1618 and JCK-1696, ex-
hibited the best effects against the growth of both bac-
terial and fungal SH pathogens in vitro through their 
cell-free culture filtrates (CFCFs). These two strains 
also strongly inhibited the growth of the pathogens via 
the action of their antimicrobial diffusible compounds 
and antimicrobial volatile organic compounds (VOCs). 
Crude enzymes, solvent extracts, and biosurfactants 
of the two strains exhibited antimicrobial activities. 
Liquid chromatography/electrospray ionization time-
of-flight mass spectrometric analysis of the partially 
purified active fractions revealed that the two antago-
nists produced three cyclic lipopeptides, including 
iturin A, fengycin A, and surfactin, and a polyketide, 
oxydifficidin. In a detached leaf assay, pre-treatment 

and co-treatment of FC leaves with the CFCFs led to a 
large reduction in the severity of the leaf spots caused 
by Epicoccum tobaicum and Bukholderia contaminans, 
respectively. In addition, the two antagonists produced 
indole-3-acetic acid, siderophore, and a series of hydro-
lytic enzymes, along with the formation of a substantial 
biofilm. To our knowledge, this is the first report of the 
antimicrobial activities of the diffusible compounds and 
VOCs of B. velezensis against the SH pathogens and 
their efficiency in the biocontrol of SH.
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Flowering cherry (FC, Prunus x yedoensis Matsumura; 
Somei-yoshino) is an ornamental tree, planted across South 
Korea in parks or along roadsides and in forests, produc-
ing stunning flowers in the spring. Like all cherry trees, 
FC trees are susceptible to several diseases. The shot-hole 
disease (SH) is one of the most common and important 
diseases affecting FC trees every year, resulting in pre-
mature defoliation, decreased photosynthetic metabolism, 
reduced flowering of cherry blossoms in the following 
year, and increased susceptibility of trees to injuries dur-
ing severe winters (Díaz et al., 2007; Gruber et al., 2012). 
Recently, we revealed several pathogens associated with 
SH in FC, including the bacteria Bukholderia contaminans 
(Bc), Pseudomonas syringae pv. syringae (Pss), and Xan-
thomonas arboricola pv. pruni (Xap) (Han et al., 2021a), 
and the fungi Mycosphaerella cerasella (Mc) and Epicoc-
cum tobaicum (Et) (Han et al., 2021b).
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In an attempt to protect plants, synthetic bactericides and 
fungicides have been routinely used to control plant mi-
crobial pathogens. However, the intensive use of synthetic 
agrochemicals has not only created problems of pathogen 
resistance to applied substances and increased soil contami-
nation but may also have adverse high toxicity effects on 
human beings and microbial communities (Compant et al., 
2005). Consequently, biological control has been suggested 
as an alternative strategy or a supplementary method for 
controlling plant diseases, perhaps as a part of an integrated 
management system, thus reducing the use of chemical 
products and contributing to environmental preservation 
(Compant et al., 2005).

Antagonistic bacteria have received much attention as 
biological control agents (BCAs) because of their benefi-
cial effects and potential applications in the suppression of 
plant diseases through different modes of action. Bacterial 
antagonists can produce hydrolytic enzymes, antimicrobial 
substances, and volatile organic compounds (VOCs) that 
can suppress or kill phytopathogenic microbes (Senthil-
kumar et al., 2009). Further, the competition between the 
antagonistic bacteria and the disease-causing agents for 
the available nutrients and living spaces deters pathogen 
growth (Elad and Baker, 1985). Finally, bacterial antago-
nists are capable of forming biofilms, which contribute to 
both bacterial survival and host plant colonization, thus 
protecting plants from pathogens (Bais et al., 2004). In ad-
dition to acting as inhibitors against pathogens, antagonistic 
bacteria are likely to stimulate the growth of host plants, 
either by synthesizing hormones, such as indole-3-acetic 
acid (IAA) (Idris et al., 2007), or by promoting an increase 
in nutrient concentrations by phosphate solubilization and 
nitrogen fixation (Senthilkumar et al., 2009). 

Among the most promising candidates for BCAs are 
several species of the genus Bacillus, such as B. subtilis, B. 
velezensis, and B. licheniformis. These species are regarded 
as safe microorganisms and possess several advantages that 
make them stand out from the members of other antagonis-
tic bacterial genera. First, Bacillus spp. can produce endo-
spores which are resistant to heat, UV light, and desicca-
tion, which assure their prevalence in the environment and 
guarantee future suitable formulation strategies (Schallmey 
et al., 2004). Second, Bacillus spp. release a variety of ac-
tive compounds with broad-spectrum antimicrobial activi-
ties (Cao et al., 2018; Chen et al., 2009; Xu et al., 2018).

Since the discovery of the pathogens causing SH in FC, 
there has been a lack of research focusing on SH manage-
ment. Further, biological control using Bacillus antagonists 
has been proposed as a potential approach for disease 
control strategies since there are limitations to the use of 

synthetic bactericides and fungicides on FC trees grown 
on sidewalks, in parks and in forests. During the screen-
ing of 403 bacterial isolates, we found that two Bacillus 
strains, designated as JCK-1618 and JCK-1696, exhibited 
the strongest antimicrobial activity against the SH-causing 
pathogens. Here, we aimed to (1) identify the two bacterial 
strains JCK-1618 and JCK-1696 at the species level, (2) 
evaluate the inhibitory activities of the two bacterial strains 
against SH pathogens in vitro and in vivo, (3) assess the 
biochemical and phenotypic characteristics of the two bac-
terial strains that may be involved in antagonism and the 
stimulation of plant growth, and (4) elucidate both volatile 
and diffusible antimicrobial compounds produced by the 
two bacterial strains.

Materials and Methods

Plant pathogens. Xap P1, the causative agent of leaf spot 
on peach plants, and Mc, the leaf spot-causing agent of 
oriental cherry plants (P. serrulata var. spontanea), and the 
three pathogens inducing leaf spots and shot holes on FC (Et 
JCK-CSHF10, Bc JCK-CSHB12, and Pss JCK-CSHB44) 
(Han et al., 2021a, 2021b) were used. Mc and Et were cul-
tured on potato dextrose agar/broth (PDA/PDB) (Becton, 
Dickinson, and Co., Heidelberg, Germany) (Becton, Dick-
inson, and Co., Heidelberg, Germany) at 25°C; Xap, Bc, 
and Pss were cultured on tryptic soy agar/broth (TSA/TSB) 
(Becton, Dickinson, and Co.) at 28°C.

Bacterial isolation. Soil samples for bacterial isolation 
were collected from soil at a depth of 5 to 10 cm from vari-
ous crop and tree fields in South Korea. The bacteria were 
isolated by the plate dilution method. Soil suspension was 
spread onto sterilized and coagulated TSA plates. The bac-
terial isolates were purified and maintained on TSA plates 
at 4°C until further use.

To isolate bacterial endophytes from FC leaves, healthy 
and un-damaged leaf samples were collected at Chonnam 
National University (Gwangju campus, Gwangju, Korea). 
Approximately 3-mm-long sterilized leaf pieces were mac-
erated into a suspension with 10 mM phosphate-buffered 
saline. Next, the suspension was spread over the surface 
of a TSA plate. Bacterial isolates were then picked and 
maintained following the aforementioned procedure. The 
methods were also described in detail in the Supplementary 
Methods.

Cell-free culture filtrate preparation. A single bacterial 
colony was cultured in 5-ml TSB in glass tubes for 48 h at 
28°C under shaking conditions at 150 rpm/min. The cul-
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ture broth was then centrifuged at 10,000 ×g at 4°C for 15 
min. Next, the supernatant in the upper phase was collected 
before being passed through a 0.22-μm pore size filter unit 
(Minisart hydrophilic syringe filter; Goettingen, Germany) 
to obtain cell-free culture filtrate (CFCF), which was then 
used for antimicrobial activity testing and stored at ‒20°C 
until further use.

In vitro antimicrobial activity and minimum inhibi-
tory concentration. During the screening of 403 bacterial 
isolates (refer to the Supplementary Methods), we found 
that two isolates, designated as JCK-1618 and JCK-1696, 
exhibited the strongest antimicrobial activity against the 
SH-causing pathogens. The CFCFs of JCK-1618 and JCK-
1696 were then determined for their minimum inhibitory 
concentration (MIC) against the pathogens. The microtiter 
broth dilution method was employed with 2-fold serial di-
lutions reaching a variety of CFCF concentrations (0.078% 
to 10%) (Nguyen et al., 2019). The lowest concentration 
of CFCFs which completely inhibited the growth of bacte-
ria or fungi by visual observation was defined as the MIC 
value.

Molecular identification of bacteria. Two bacterial 
isolates (JCK-1618 and JCK-1696) were identified as de-
scribed by Han et al. (2021a) with minor modifications. 
The conserved region of 16S rRNA (ribosomal ribonucleic 
acid) and gryA (DNA gyrase subunit A) genes were am-
plified with primers as follows: 9F/1512R (Faveri et al., 
2008) and gryA-f/gryA-r (Chun and Bae, 2000), respec-
tively. Multiple sequence alignments and the construction 
of a phylogenetic tree using concatenated sequences of 16S 
rRNA and gryA were performed using MEGA X (Kumar 
et al., 2018).

Incubation time optimization and bacterial growth 
curve construction. The optimum incubation periods 
for JCK-1618 and JCK-1696 at which the corresponding 
CFCFs exhibit the strongest antimicrobial activities were 
determined. The CFCFs obtained from an optimum time 
were devoted to an in vivo assay and the extraction of bio-
active compounds. The methods were described in detail in 
the Supplementary Methods.

Dual-culture assay. JCK-1618 and JCK-1696 were tested 
for the quantification of the percentage inhibition of radius 
growth (PIRG) of Et using a dual-culture assay. A 5-mm 
plug of a 7-day-old pathogenic fungus culture grown on 
PDA was placed at the center of a new PDA plate (diam-
eter 90 mm). Next, bacterial suspension, obtained from a 

24-h culture, was streaked as a broad line, 2 cm away from 
the plug, on one side of the plate. The opposite side of the 
plate served as a control. After incubation at 25°C, the 
radius record of the colony growth of each fungus toward 
the bacteria-streaked side was established when the control 
side was fully covered with mycelia (radius 45 mm). The 
PIRG was then calculated using the formula PIRG = 100 × 
(C – T)/(C) (%), with C representing the radius of the my-
celia on the side not having bacterial colonies (45 mm) and 
T representing the radius of mycelia toward the bacterial 
colonies (mm).

Spot-on-lawn assay. The antibacterial activities of JCK-
1618 and JCK-1696 against bacterial pathogens were de-
termined using an optimized spot-on-lawn assay (Cao et 
al., 2018). 

Enzyme production. Extracellular hydrolytic enzyme 
activity was determined by the well-diffusion method for 
qualitative analysis. Wells were established in Petri plates 
with the enzyme induction medium to test the following 
enzymes: cellulase, chitinase, β-1,3-glucanase, chitosanase, 
amylase, and protease. Next, 40 µl of 48-h CFCFs, pre-
pared as described above, or 40 µl TSB as negative con-
trols were added into each well. After 72 h at 28°C, each 
plate was flooded with Lugol’s iodine. The appearance of 
clear zones around the colonies confirmed enzyme produc-
tion. The actual diameter of the clear zones caused by the 
enzymes was recorded in triplicate and calculated based 
on the formula V = (D – 5) (mm), with D representing the 
diameter of a clear zone and 5 representing well diameter 
(mm). 

Secondary metabolite production. IAA production was 
determined using the methods described by Gordon and 
Weber (1951) with minor modifications. Bacteria were cul-
tured in TSB supplemented with L-tryptophan (0.01, 0.05, 
and 0.1%). The amount of bacterial IAA was also quanti-
fied. 

Siderophore and ammonia production were determined 
using methods described by Schwyn and Neilands (1987) 
and Xu and Kim (2014), respectively. Bacterial phosphate 
solubilization was determined as described by Nautiyal 
(1999).

Phenotypic characteristics. Swimming, swarming, and 
twitching motilities were determined as described by Tahir 
et al. (2017). A drop collapse assay of bacteria was per-
formed as described by Kruijt et al. (2009). 

Biofilm production was carried out on flat-bottom 96-
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well plates (Gudiña et al., 2010; O’Toole et al., 1999). Two 
media, including TSB/TSA or TSBGM/TSAGM (TSB/
TSA with 1% glycerol and 0.1 mM MnSO4 added) (Shem-
esh and Chai, 2013), were used. Biofilm quantification was 
performed (Gudiña et al., 2010). Images of colony forma-
tion and pellicle formation were also photographed.

Preparation of crude enzyme. The 48-h CFCFs of JCK-
1618 and JCK-1696 were used for the preparation of the 
crude enzyme following the methods described by Wang 
and Chang (1997) with minor modifications. A dialysis bag 
(10 kDa, Spectra/Por Dialysis Membrane, Fisher Scientific, 
Göteborg, Sweden) was employed for the dialysis process. 
The crude enzyme was sterilized before being examined 
for antimicrobial activity on 96-well plates as described 
above.

Antimicrobial test of bacterial VOCs
Antimicrobial activity of VOCs. Two-phase Petri plates 
were employed to test bacterial VOCs against pathogens. 
First, TSA was administered to one compartment of the 
plate, followed by antagonistic bacteria being streaked 
over the surface one day and three days before culturing 
the test pathogens. For antifungal activity test, a 7-day-old 
fungal plug (Mc or Et) was placed in the remaining com-
partment containing PDA. For antibacterial activity test, 
10 μl of Xap suspension (107 cfu/ml) was spot-inoculated 
in three sites in the remaining compartment containing 
TSA. Plates containing only bacterial and fungal pathogens 
served as negative controls. Inoculated plates were sealed 
with Parafilm. Some inoculated plates were not sealed with 
Parafilm to assess the normal growth of pathogens. Plates 
containing pathogenic fungi and bacteria were incubated at 
25°C and 30°C, respectively. Fungal growth was evaluated 
in terms of the diameter of the mycelial growth while bac-
terial pathogens were evaluated in terms of both colony di-
ameter (mm) and bacterial population (measured at OD600). 
The percentage inhibition of bacterial and fungal growth 
was then calculated (%).

Collection of volatile compounds. Each bacterial strain 
was inoculated into 20 ml of TSA in a 100-ml vial with a 
solid phase micro-extraction fiber inserted into the head-
space. Vials containing only TSA served as negative con-
trols. The inoculated vials were then incubated at 30°C for 
72 h. The volatile trap was then inserted into the vials to 
absorb VOCs while the vials were maintained at 60°C for 
35 min on a hot plate. 

VOC analysis by gas chromatography-mass spectrom-

etry. VOCs released by JCK-1618 and JCK-1696 were 
analyzed by gas chromatography-mass spectrometry (GC-
MS; Shimadzu GC-MS QP5050, Shimadzu Co., Kyoto, Ja-
pan). The volatile trap containing VOCs was injected into 
the injection port of the GC-MS. Each run was performed 
for 41 min in the split-less injection mode. The cycle was 
initialized at 30°C for 2 min and then increased to 250°C at 
10°C per min. The carrier gas (helium) was administered at 
a flow rate of 3 ml per min. The mass spectra of unknown 
VOCs were compared to those submitted in the NIST/
EPA/NIH Mass Spec. Library (version 2.0). The quantities 
of VOCs were expressed as relative area concentrations 
and corrected by taking into consideration the area of the 
compounds detected in the negative controls.

Detached leaf assay. The disease control efficacy of the 
CFCFs of JCK-1618 and JCK-1696 at 5-, 10-, 20-, and 
50-fold dilutions were evaluated against the develop-
ment of FC leaf spots using a detached leaf assay. Daisen 
M45 (mancozeb 75%; FarmHannong Co., Ltd., Seoul, 
Korea) and Sungbocycline (oxytetracycline 17%; Sungbo 
Chemicals Co., Ltd., Seoul, Korea) were used as positive 
controls for fungus- and bacterium-induced leaf spots on 
FC, respectively. All the above-mentioned formulas were 
diluted using sterile distilled water (SDW). SDW and TSB 
were also applied as negative controls. For the biocontrol 
of leaf spot symptoms caused by Et, the leaf surface was 
pre-treated with 8 μl of the formulas for 24 h before the 
inoculation of the fungal mycelial plugs (5 mm) (Zlatković 
et al., 2016), while for the biocontrol of symptoms induced 
by Bc, leaves were infiltrated with pathogenic bacterial 
suspension (Hulin et al., 2018) and subsequently treated 
with 5 μl of the formulas. This work was carried out on 
three leaves per treatment, with three inoculation sites per 
leaf, totaling nine inoculation sites in each treatment for 
fungal inoculation, and eight inoculation sites on each leaf 
leading to 24 inoculation sites for bacterial inoculation. 
Treated leaves were then placed in 150-mm Petri plates 
containing water agar (0.8% agar) and incubated for 7 to 10 
days at 24°C and 28°C for fungal and bacterial inoculation, 
respectively. Disease symptoms were scored from 0 to 5 as 
described by Hulin et al. (2018). Disease symptom severity 
value (DS) was measured before calculating the reduction 
of disease symptoms (%) as described by Lee at al. (2006) 
with minor modifications. DS was calculated using the 
formula DS (%) = ((∑ (the number of diseased inoculation 
sites × disease severity score))/(5 × the number of inocula-
tion sites rated)) × 100.

Biosurfactant production and isolation. Biosurfactants 
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were obtained from bacterial cells before being lyophilized 
according to the methods described by De Souza et al. 
(2003) and Gudiña et al. (2010).

Extraction of crude extracts. A 400-ml aliquot of the 
culture supernatant of each strain (JCK-1618 and JCK-
1696) was extracted twice successively with ethyl acetate 
(EA) and n-butanol (BuOH). The organic layers were dried 
into concentrates to obtain the crude extracts. The crude 
extracts were then dissolved in methanol (MeOH) before 
being tested for antimicrobial activity ranging from 500 to 
1.95 μg/ml against the pathogens using the microtiter broth 
dilution method.

Determination of agar-diffusible antimicrobial metabo-
lites
Separation of active metabolites. Both EA and BuOH 
extracts of JCK-1618 and JCK-1696 showed in vitro 
antibacterial and antifungal activities against the test 
pathogens. To locate the positions of the active metabolites 
on the thin-layer chromatography (TLC) plates, bio-
autography was conducted. The extracts were loaded 
onto TLC plates before being developed using a solvent 
system of chloroform:methanol:water (14:6:1, v/v/v). 
The developed TLC plates were submerged in TSA 
supplemented with Xap suspension (105 cfu/ml) or PDA 
amended with the fungal mycelial suspension of Et (0.5 
mg/ml) in Petri dishes. After 3 days, spots on TLC plates 
displaying clear inhibitory zones were noted and used as a 
standard for the further purification process. 

TLC analysis revealed that the two strains produced 
almost identical active metabolites (Supplementary 
Fig. 1). Based on the observations, these two strains 
were confirmed as possessing a similar profile of active 
compounds. Therefore, only JCK-1618 was selected for 
agar-diffusible active metabolite isolation. EA and BuOH 
extracts from JCK-1618 were loaded separately onto pre-
parative TLC plates (0.5-mm layer thickness), followed by 
developing in the aforementioned solvent system. Further, 
five fractions, including three fractions from the EA 
extract and two fractions from the BuOH extract, showed 
antimicrobial activities. The five fractions were pooled 
and then loaded into a Sephadex LH-20 column (diameter: 
1 cm; length: 40 cm) with MeOH serving as a diluent. 
Two active fractions (F4 and F5) were found to inhibit the 
growth of Mc, Et, and Xap, with F4 exhibiting a stronger 
antimicrobial activity than F5. Next, F4 was loaded on TLC 
for further detection of active compounds. Spots revealing 
the location of three cyclic lipopeptides (iturin A, surfactin, 
and fengycin A; Merck KgaA, Darmstadt, Germany) and 

two polyketides (difficidin and oxydifficidin) (Im et al., 
2020) were detected by comparing them to those of the 
respective purified compounds representing antimicrobial 
compounds produced by the genus Bacillus. Further, F4 
was analyzed using liquid chromatography/electrospray 
ionization time-of-flight mass spectrometry (LC-ESI-TOF-
MS) to detect antimicrobial compounds.

LC-ESI-TOF-MS. The active fraction F4 was subjected to 
electrospray ionization-mass spectrometry using a hybrid 
quadrupole-TOF mass spectrometry system (QSTAR XL; 
AB Sciex Instruments, San Diego, CA, USA) to identify 
its active compounds. All mass spectrometric analyses 
were performed by positive/negative electrospray ioniza-
tion (ESI+/ESI–) with Ultra Performance Liquid Chro-
matography using a C18 reversed-phase column (Acquity 
UPLC BEH C18, 1.7 μm particle size, 2.1 × 100 mm; 
Waters, MA, USA). Active compounds were eluted by two 
solvent systems, including solvent A (0.1% formic acid 
in water) and solvent B (0.1% formic acid in acetonitrile). 
The flow rate for the two elution programs was 300 μl/min, 
and the column temperature was maintained at 40°C. A 
5-μl aliquot was injected into the system and the gradient 
program was conducted as follows: 0-1 min and 16-20 min, 
95% A and 5% B; 10-15 min, 100% B. Liquid chromatog-
raphy mass spectrometry full-scan spectra were acquired.

Statistical analysis. All experiments were repeated in trip-
licate. Statistical analyses and boxplot generation were per-
formed in R 3.5.2 (R Core Team, 2018) with the packages 
‘multcompView’ and ‘ggplot2’, respectively. Normal data 
distribution and variance homogeneity were checked us-
ing the Shapiro-Wilk and Kruskal-Wallis tests. Significant 
differences (P < 0.05) between treatments were analyzed 
by one-way analysis of variance (ANOVA), followed by 
Tukey’s honestly significant difference test.

Results

Isolation and screening of antagonistic bacteria. Of the 
403 bacterial strains isolated, two strains, designated as 
JCK-1618 (obtained from the soil in Jeju island) and JCK-
1696 (an endophyte purified from healthy FC leaves), ex-
hibited the best effects against the growth of the pathogens. 
Therefore, these strains were selected for further experi-
ments.

Identification of JCK-1618 and JCK-1696. Blast 
analysis indicated that the 16S rRNA sequences of JCK-
1618 and JCK-1696 (accession numbers MW193331 and 
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MW193332, respectively) shared 100% identity with a va-
riety of strains of B. amyloliquefaciens and B. velezensis. 

Since 16S rRNA was not sufficient to differentiate be-
tween the Bacillus species, we employed the gyrA gene 
to assist in identification. BLAST analysis indicated that 
the gyrA gene sequences of JCK-1618 and JCK-1696 
(MW419811 and MW419812, respectively) shared high 
identity with the sequences of other B. velezensis strains 
deposited in GenBank, including NAU B55 (FN652788, 
100%), 41B-1 (KF601552, 99.7%), and NRRL BD-545 
(EU138626, 99.6%).

The construction of the phylogenetic tree, using the 
concatenated nucleotide sequences of 16S rRNA and 
gyrA, showed that JCK-1618 and JCK-1696 were identi-
cal to each other. Additionally, JCK-1618 and JCK-1696 
formed a cluster with the B. velezensis type strain NRRL 
B-41580 within the clade of B. velezensis, belonging to an 
operational group B. amyloliquefaciens, which contained 
B. velezensis (prior synonym for B. methylotrophicus, B. 
amyloliquefaciens subsp. plantarum, and B. oryzicola) 
(Dunlap et al., 2016), B. siamensis, and B. amyloliquefa-
ciens subsp. amyloliquefaciens (Fan et al., 2017) (Fig. 1). 
Thus, both JCK-1618 and JCK-1696 were identified as B. 

velezensis.

Incubation time optimization and growth curve con-
struction. The results showed that the CFCFs obtained 
from the 48 h-incubated broth culture exhibited the best ef-
fects against the growth of Mc, Et, and Xap (MICs = 1.25, 
1.25, and 0.3125%, respectively) (Table 1, Supplementary 
Table 1, Supplementary Fig. 2A), indicating that 48 h is 
an optimum incubation time for JCK-1618 and JCK-1696. 
Further, the 48-h CFCF of JCK-1618 and JCK-1696 exhib-
ited MICs at 2.5 and 5% against Bc and Pss, respectively 
(Supplementary Fig. 2A). Additionally, growth curves of 
JCK-1618 and JCK-1696 were constructed (Supplementary 
Fig. 3). It was noted that both strains experienced an au-
tolysis stage.

Inhibition of pathogen growth by agar-diffusible com-
pounds of JCK-1618 and JCK-1696. Both JCK-1618 and 
JCK-1696 inhibited the growth of the fungal and bacterial 
pathogens tested by the diffusible antimicrobial substances 
released in the solid media (Table 1, Supplementary Fig. 
2B and C). JCK-1618 and JCK-1696 caused the mycelial 
growth inhibition of Et with efficacies of 80.7 and 81.5%, 

Fig. 1. Neighbor-joining phylogenetic tree based on Kimura 2-parameter + G model using the concatenated nucleotide sequences of 16S 
rRNA and gyrA of 26 strains representing the species in the genus Bacillus. Bootstrap support values above 70% (from 1,000 replicates) 
are given at the nodes. The scale bar represents substitution sites. The tree is rooted to Bacillus vallismortis (DV1-F-3).
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respectively. These values were not significantly differ-
ent from each other. This trend was also observed with the 
inhibition zone diameters of Xap, Bc, and Pss caused by 
JCK-1618 and JCK-1696. Indeed, Xap was found to be 
most sensitive to the two bacterial antagonists with inhibi-
tion zones of over 20 mm, followed by Bc and Pss. The 
antifungal activity of the two antagonists against the fungus 
Mc on solid media was not assessed because Mc grew very 
slowly.

Inhibition of pathogen growth by the VOCs of JCK-
1618 and JCK-1696. In addition to the inhibition of patho-
gens by antimicrobial diffusible compounds, JCK-1618 
and JCK-1696 produced VOCs interfering with the growth 
of Mc, Et, and Xap (Supplementary Fig. 4). The inhibition 
efficacy against the two fungi, Mc and Et, ranged from 39 
to 75.7%, while the percentage of growth inhibition against 
Xap ranged from 22.4% to 72.2% (Table 2). Notably, the 
two antagonists that were inoculated on the media for 3 
days before pathogen inoculation (dbi) exhibited signifi-
cantly stronger antimicrobial activity than those being in-
oculated for one dpi. 

GC-MS analysis of detected VOCs. The VOC profiles 

of JCK-1618 and JCK-1696 exhibited many similarities 
(Supplementary Tables 2-4, Supplementary Fig. 5). In par-
ticular, 3-methyl-1-butanol, 2-nonanone, 2-decanone, and 
2-undecanone were found to be the most abundant in both 
strains. Additionally, almost all identified VOCs were pre-
viously confirmed as antimicrobial substances. While 2-un-
decanone (Raza et al., 2016) and 2-tridecanone (López-Lara 
et al., 2018) have been reported as antibacterial substances, 
3-methyl-1-butanol (Chaves-López et al., 2015), dimethyl 
disulfide (Li et al., 2010), toluene (Yuan et al., 2012), 
5-methyl-2-heptanone (Morita et al., 2019), 2-decanone 
(Fernando et al., 2005; Yuan et al., 2012; Zheng et al., 
2013), 2-dodecanone (Yuan et al., 2012), and 1-hexadec-
ene (Zhang et al., 2013) have previously been confirmed as 
antifungal metabolites. Interestingly, 2-nonanone has been 
reported to inhibit the growth of both pathogenic bacteria 
and fungi (Fernando et al., 2005; Raza et al., 2016; Yuan et 
al., 2012; Zheng et al., 2013).

Disease control efficacy of JCK-1618 and JCK-1696 
against SH in a detached leaf assay. Treatment of the 
48-h CFCFs of JCK-1618 and JCK-1696 resulted in a great 
reduction in the disease severity of Et infection (Fig. 2). 
Five-fold-diluted CFCFs of both strains reduced symptom 

Table 1. Growth inhibition of flowering cherry shot-hole pathogens caused by JCK-1618 and JCK-1696 in microtiter broth dilution, 
dual-culture, and spot-on-lawn assays

Strain
MIC (% CFCF) Growth inhibition (%) Inhibition zone (mm)

Mc Et Xap Bc Pss Mc Et Xap Bc Pss
JCK-1618 1.25 1.25 0.3125 2.5 5 NT 80.7 a 20.5 ± 0.5 a 15.7 ± 0.6 a 15.5 ± 0.5 a
JCK-1696 1.25 1.25 0.3125 2.5 5 NT 81.5 a 20.3 ± 0.6 a 15.8 ± 0.8 a 15.8 ± 0.3 a

The values represent the average of data recorded in triplicate; the values in the same column followed by a similar letter(s) indicate no signifi-
cant differences in the analysis (Tukey’s HSD test, P < 0.05). 
MIC, minimum inhibitory concentration; CFCF, cell-free culture filtrate; Mc, Mycosphaerella cerasella; Et, Epicoccum tobaicum; Xap, Xan-
thomonas arboricola pv. pruni; Bc, Bukholderia contaminans; Pss, Pseudomonas syringae pv. syringae; NT, not tested; HSD, honestly signifi-
cant difference.

Table 2. Growth inhibition of flowering cherry shot-hole-causing pathogens by antimicrobial VOCs produced by JCK-1618 and JCK-
1696

Strain Inoculation time

Percentage of growth inhibition (%)

Mc Et
Xap

Colony diameter Cell multiplication
JCK-1618 1 dbi 56.3 c 39.0 b 22.4 b 51.4 d

3 dbi 74.8 a 61.0 a 36.2 a 60.3 b
JCK-1696 1 dbi 67.0 b 44.9 b 23.2 b 54.3 c

3 dbi 75.7 a 66.8 a 39.8 a 72.2 a
Numbers in the same column followed by a different letter(s) indicate significant variations in the analysis (Tukey’s HSD test, P < 0.05).
VOC, volatile organic compound; Mc, Mycosphaerella cerasella; Et, Epicoccum tobaicum; Xap, Xanthomonas arboricola pv. pruni; dbi, days 
before pathogen inoculation; HSD, honestly significant difference.
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severity by 92.3%, similar to that observed with Daisen 
M45 (a.i. mancozeb) applied at 1,000-fold dilution. Nota-
bly, there was no significant variation between the attenua-
tion of symptoms caused by 5-fold CFCF dilutions and 10-
fold CFCF dilutions.

Treatment of 48-h CFCFs of JCK-1618 and JCK-1696 

also strongly reduced disease severity of Bc infection in 
a dose-dependent manner (Fig. 3). The application of the 
5-fold CFCF dilution showed an over 82% decrease in the 
severity of symptoms, similar to the result of the 1,000-fold 
dilution of Sungbocycline (a.i. oxytetracycline). Addition-
ally, 10-fold and 50-fold CFCF dilutions led to disease 

Fig. 2. JCK-1618 and JCK-1696 suppressing brown spot symptoms of flowering cherry leaves caused by Epicoccum tobaicum in a de-
tached leaf assay. The leaf surface was pre-treated with 8 μl of the formulas for 24 h before the inoculation of the fungal mycelial plugs. 
×5, ×10, ×20, and ×50 represent 5-, 10-, 20-, and 50-fold dilutions, respectively. (A) Disease control efficiency. (B) Disease symptom 
development suppressed. Box plots with the same letter(s) indicate no significant differences in the analysis (Tukey’s HSD test, P < 0.05). 
CFCF, cell-free culture filtrate; TSB, tryptic soy broth; HSD, honestly significant difference.
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Fig. 3. JCK-1618 and JCK-1696 suppressing brown spot symptoms of flowering cherry leaves caused by Bukholderia contaminans in 
a detached leaf assay. Leaves were infiltrated with pathogenic bacterial suspension and subsequently treated with 5 μl of the formulas. 
×5, ×10, ×20, and ×50 represent 5-, 10-, 20-, and 50-fold dilutions, respectively. (A) Disease control efficiency. (B) Disease symptom 
development suppressed. Box plots with the same letter(s) indicate no significant differences in the analysis (Tukey’s HSD test, P < 0.05). 
CFCF, cell-free culture filtrate; TSB, tryptic soy broth; HSD, honestly significant difference.
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severity reductions of over 71% and 37%, respectively.

Biochemical and phenotypic characteristics. The bio-
chemical and phenotypic results of JCK-1618 and JCK-
1696 were shown in Table 3 and Supplementary Fig. 6. 
The two strains produced a variety of hydrolytic enzymes, 
including amylase, cellulase, chitosanase, chitinase, prote-
ase, and β-1,3-glucanase. Results from the qualitative anal-
ysis of these enzymes based on the clear zone diameters 
(CZDs) showed that the two antagonists secreted the same 
levels of all enzymes tested, of which the levels of chitin-
ase were the highest (CZD > 40 mm), followed by those 
of β-1,3-glucanase (CZD ~39 mm), chitosanase, cellulase, 
and protease (CZDs ~33 mm) (P < 0.05). In addition, JCK-
1618 and JCK-1696 released secondary metabolites, such 
as siderophore, ammonia, and IAA. The highest levels of 
IAA (17.26 and 16.2 µg/ml for JCK-1618 and JCK-1696, 
respectively) were recorded for the media supplemented 
with 0.1% L-tryptophan, followed by the media supple-
mented with 0.05% and 0.01% L-tryptophan. In contrast, 
both strains were negative for P solubilization.

Phenotypic characteristics of JCK-1618 and JCK-1696 
revealed positive drop collapse assay results, indicating that 
both strains produced biosurfactants (Supplementary Fig. 
6G). Both strains were also capable of swimming, swarm-
ing, and twitching (Supplementary Fig. 6A). Additionally, 
JCK-1618 and JCK-1696 both formed substantial biofilms, 
of which the biofilm formation obtained from the TSBGM 
or TSAGM medium was stimulated when compared to 
that obtained from TSB or TSA (Supplementary Fig. 6D-
F). While JCK-1618 resulted in reddish-orange colonies 
when grown in TSB, JCK-1696 resulted in white colonies 
(Supplementary Fig. 6I).

Antimicrobial activity of crude enzymes, biosurfac-
tants, and solvent extracts. Crude enzymes and biosur-
factants obtained from JCK-1618 and JCK-1696 displayed 
antimicrobial activities against the pathogens tested (Table 
4). Crude enzymes exhibited MICs ranging from 2.5 to 
5% against Mc, Et, and Xap, while MICs for Bc and Pss 

Table 3. Biochemical and phenotypic characteristics of JCK-1618 and JCK-1696

Characteristic
Strains

Characteristic
Strains

JCK-1618 JCK-1696 JCK-1618 JCK-1696
Motility + + Drop collapse assay + +
Protease 33.5 ± 0.5 a 33.8 ± 1.0 a Biofilm + +
Chitinase 40.0 ± 1.0 a 40.2 ± 0.8 a IAA + +
Cellulase 33.7 ± 1.2 a 33.5 ± 0.9 a P solubilization – –
β-1,3-glucanase 39.0 ± 1.0 a 39.2 ± 0.8 a Siderophore + +
Chitosanase    33 ± 1.0 a 33.3 ± 0.6 a TSB growth Orange White
Amylase 25.7 ± 0.3 a 21.5 ± 0.5 b Ammonia + +

Numbers indicate the mean diameter (mm) of the clear zones caused by an enzyme in triplicate ± standard deviation (n = 3). Numbers in the 
same row followed by a different letter (s) indicate significant variation in the analysis (Tukey’s HSD test, P < 0.05). 
+, positive; –, negative; IAA, indole-3-acetic acid; TSB, tryptic soy broth; HSD, honestly significant difference.

Table 4. MICs of the crude enzymes, crude biosurfactants, crude 
solvent extracts, and active fractions against FC shot-hole patho-
gens

Strain
MIC (μg/ml or %)

Mc Et Xap Bc Pss
JCK-1618

Crude enzyme 5 5 5 >10 >10
Biosurfactant 250 250 31.25 250 250
EtOAc extract 250 125 15.6 125 125
BuOH extract 125 62.5 15.6 250 250

JCK-1696
Crude enzyme 5 5 2.5 >10 >10
Biosurfactant 250 500 31.25 250 250
EtOAc extract 250 250 15.6 125 125
BuOH extract 125 125 15.6 250 250

F4 50 50 6.25 50 50
F5 100 100 12.5 100 >100
Oxolinic acid NT NT 0.39 0.625 0.625
Oxytetracycline NT NT 1.56 25 0.078
Streptomycin sulfate NT NT 12.5 >100 0.78
Difenoconazole 0.024 1.56 NT NT NT

MIC, minimum inhibitory concentrations; FC, flowering cherry; 
Mc, Mycosphaerella cerasella; Et, Epicoccum tobaicum; Xap, Xan-
thomonas arboricola pv. pruni; Bc, Bukholderia contaminans; Pss, 
Pseudomonas syringae pv. syringae; F4, F5, partially purified active 
fractions; NT, not tested.
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were higher than 10%. Biosurfactants inhibited the growth 
of Mc, Et, Bc, and Pss with MICs from 250 to 500 µg/

ml. Notably, Xap was found to be the most sensitive to 
biosurfactants (MIC = 31.25 µg/ml). 

Fig. 4. LC-TOF-ESI-MS analysis of the bioactive compounds from the partially purified active fraction F4. (A) C14 Iturin A ([M+H]+, 
m/z = 1,043.55042; [M+Na]+, m/z = 1,065.53100). (B) C16 Fengycin A ([M+H]+, m/z = 1,463.80116 and its isotopic peak at m/z 
1465.80727). (C) Oxydifficidin ([M-H]-, m/z = 559.28391). (D) C15

 Surfactin ([M+H]+, m/z = 1036.68909; [M+Na]+, m/z = 1,058.67029). 
LC-TOF-ESI-MS, liquid chromatography/electrospray ionization time-of-flight mass spectrometry.
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In addition, crude extracts (BuOH and EA layers) 
obtained from the two strains exhibited antimicrobial 
activities against all the pathogens tested, of which Xap 
remained the most susceptible (MIC = 15.6 µg/ml). The 
MICs of crude solvent extracts against the remaining 
pathogens varied from 62.5 to 250 µg/ml (Table 4).

Identification of antimicrobial metabolites isolated 
from crude solvent extracts. Two active fractions, desig-
nated as F4 and F5, were partially purified from the crude 
solvent extracts. Both showed antimicrobial activity against 
the pathogenic fungi and bacteria tested. MICs of F4 for 
Mc, Et, Xap, Bc, and Pss were 50, 50, 6.25, 50, and 50 µg/ml, 
respectively (Table 4). 

TLC and high-performance liquid chromatography 
analyses of F4 indicated the presence of iturin A, surfactin, 
fengycin A, and oxydifficidin (data not shown). To further 
confirm the existence of these compounds, F4 was ana-
lyzed by LC-ESI-TOF-MS. The results displayed a [M-H]- 
ion peak at m/z 559.28, giving an identical molecular for-
mula of C31H44O7P to oxydifficidin, as previously reported 
in the literature (Table 5, Fig. 4C). Additionally, [M+H]+ 

ion peaks appeared at m/z 1,043.55, 1,057.57, 1,071.58, 
and 1,085.60 m/z (different to 14 Da, suggesting a differ-
ence in the presence of a –CH2 in the side chain), repre-
senting homologues of iturin A with C12 to C17 β-OH fatty 
acids, whose structures were confirmed by the presence of 
a complementary sodium adduct molecular ion [M+Na]+ at 

m/z 1,037.50, 1,051.52, 1,065.53, 1,079.55, 1,093.56, and 
1,107.58, respectively (Table 5, Fig. 4A). The [M+H]+ ion 
peak at m/z 1,463.8 (isotopic peak at m/z 1,465.8), giving 
the molecular formula of C72H111O20N12 and m/z 1,477.81, 
represented a mass spectrometric signature for C16

 and C17 
fengycin A (Table 5, Fig. 4B). Four known cyclic surfac-
tins, with acyl chain lengths ranging from C12 to C15, were 
also detected based on the protonated ion [M+H]+ at m/z 
994.64, 1,008.66, 1,022.67, and 1,036.68 (and 1,036.69), 
respectively, while sodium adducts m/z 1,044.67 and 
1,058.67 were assigned as 14- and 15-C β-OH fatty acids 
(Table 5, Fig. 4D). Taken together, three cyclic lipopep-
tides (CLPs), including iturin A, fengycin A, and surfactin, 
and a polyketide, oxydifficidin, were detected in F4, sug-
gesting that these compounds were the main antimicrobial 
agents of JCK-1618 and JCK-1696. The chemical struc-
tures of the above-mentioned compounds were shown in 
Supplementary Fig. 7.

Discussion

Since the discovery of the pathogens causing SH in FC, 
there has been no research focusing on SH management. 
In this study, we applied a new approach, using Bacillus 
antagonists, for the biocontrol of SH because of the limita-
tions of using synthetic pesticides on FC trees grown in 
public areas and in forests. Therefore, to our knowledge, 
our study is the first to fill the knowledge gap regarding the 

Table 5. Summary of bioactive compounds detected from the partially purified active fraction F4 by LC-ESI-MS analysis

RT (min) m/z [M+H]+ m/z [M-H]- m/z [M+Na]+ Identification Reference
  9.02-9.46 ND 559.28 ND Oxydifficidin Wilson et al. (1987),  

Im et al. (2020)  9.50-9.68 ND 559.28 ND
  9.78-9.93 ND 559.28 ND
  9.94-10.16 ND 559.28 ND
  6.50-6.72 1,015.52 1,013.51 1,037.50 C12 Iturin A Xu et al. (2018)
  6.76-7.06 1,029.54 1,027.52 1,051.52 C13 Iturin A
  7.14-7.49 1,043.55 1,041.54 1,065.53 C14 Iturin A
  7.43-7.81 1,057.57 1,055.55 1,079.55 C15 Iturin A
  7.84-8.19 1,071.58 1,069.57 1,093.56 C16 Iturin A
  8.15-8.42 1,085.60 1,083.58 1,107.58 C17 Iturin A
  8.22-8.38 1,463.80 ND ND C16 Fengycin A Bie et al. (2009),  

Xu et al. (2018)  8.22-8.38 1,477.81 ND ND C17 Fengycin A
11.43-11.55    994.64 992.63 ND C12 Surfactin Xu et al. (2018)
11.60-11.92 1,008.66 1,006.64 ND C13 Surfactin
12.03-12.25 1,022.67 1,020.66 1,044.67 C14 Surfactin
12.38-12.59 1,036.68 1,034.67 1,058.67 C15 Surfactin
17.24 1,036.69 ND 1,058.67 C15 Surfactin

LC-ESI-MS, liquid chromatography/electrospray ionization mass spectrometry; RT, retention time; ND, not detected.
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management of SH in FC.
In this study, the two B. velezensis strains JCK-1618 and 

JCK-1696 strongly inhibited the mycelial growth of Mc, 
Et, and other pathogenic fungi and oomycetes (data not 
shown) through diffusible antifungal substances, thus indi-
cating that JCK-1618 and JCK-1696 display a broad spec-
trum of antifungal activity. This is in line with the reports 
of B. amyloliquefaciens JCK-12 (Kim et al., 2017) and B. 
simensis JFL15 (Xu et al., 2018). The antibacterial activity 
of B. velezensis has also been reported (Im et al., 2020; 
Wu et al., 2015). In the present study, the two B. velezensis 
strains strongly suppressed the growth of bacterial patho-
gens causing SH on FC, further confirming their applica-
tion as antibacterial biocontrol agents.

Bacillus antagonists are well-known for harboring vari-
ous mechanisms to inhibit the growth of pathogenic mi-
crobes. Indeed, JCK-1618 and JCK-1696 emitted VOCs, 
interfering with the growth of bacterial and fungal patho-
gens. Some of the VOCs secreted by JCK-1618 and JCK-
1696 have also been detected as antimicrobial compounds, 
including 2-nonanone, 3-methyl-1-butanol, 2-undecanone, 
2-decanone, 2-dodecanone, and 5-methyl-2-heptanone. 
Therefore, it is proposed that these volatile compounds 
play a key role in the inhibitory activity of JCK-1618 and 
JCK-1696 toward the pathogens tested.

Several studies have attempted to determine the 
effectiveness of fungicides on controlling cherry leaf 
spots, primarily incited by the fungi Mc and Blumeriella 
jaapii. Proffer et al. (2013) reported that treatments with 
dodine or fluopyram were among the most effective for 
controlling cherry leaf spots on sour cherry (P. cerasus). 
Williams-Woodward (1998) demonstrated that mancozeb 
significantly reduce the severity of leaf spots on cherry 
laurel (P. laurocerasus). Similarly, in a detached leaf assay, 
this study confirmed the significantly effective prevention 
of necrotic spots on FC leaves caused by mancozeb. 
Additionally, FC leaves pre-treated with CFCFs showed 
a high reduction in the severity of leaf spots incited by 
the fungus Et, indicating the preventive effect of CFCFs 
against the pathogenic infection of the leaves. This effec-
tiveness was most likely acquired because CFCFs could 
adhere to the leaf surface and remain on the inoculation 
sites, thus preventing the leaves from the later penetration 
of the fungus. Similarly, Yoshida et al. (2001) reported 
that pre-application of the CFCFs of B. amyloliquefaciens 
RC-2 suppressed anthracnose disease on mulberry leaves. 
In addition, we determined the suppressive effect of CFCFs 
on the leaf spots induced by the bacterium Bc, of which a 
5-fold dilution of CFCFs resulted in the highest reduction 
of disease symptoms, similar to that of oxytetracycline 

applied at the recommended concentration. Hence, high 
concentrations of JCK-1618 and JCK-1696 CFCFs display 
great potential to replace synthetic chemicals in controlling 
leaf spots. 

In this study, three CLPs, iturin A, fengycin A, and sur-
factin, were detected in the active fractions obtained from 
the culture filtrates of JCK-1618 and JCK-1696. Those 
compounds have also been identified from B. amylolique-
faciens JCK-12 (Kim et al., 2017) and B. siamensis JFL15 
(Xu et al., 2018). Iturin and fengycin families exhibit high 
levels of antifungal properties against a wide range of 
fungal pathogens, and the vital roles of iturin A or fengy-
cin in the suppression of fungal foliar diseases have been 
demonstrated (Li et al., 2016; Romero et al., 2007; Yoshida 
et al., 2001). In contrast, surfactin is limited for antifungal 
activity, but is shown to enhance the antifungal activity of 
other active CLPs when combined (Kim et al., 2017; Li et 
al., 2016) and as an antibacterial agent. Indeed, surfactin 
suppresses P. syringae infectivity in Arabidopsis (Bais et 
al., 2004). Taking this evidence into account, we conclude 
that iturin A, fengycin A, and surfactin were the main ac-
tive compounds contributing to the antimicrobial activity 
of JCK-1618 and JCK-1696.

Difficidin and oxydifficidin, the oxidized form of diffici-
din, are reported as broad-spectrum antibacterial antibiotics, 
isolated from B. subtilis (Wilson et al., 1987) and B. 
velezensis (Im et al., 2020). The crucial role of difficidin 
purified from B. velezensis FZB42 in reducing the lesion 
lengths and disease severities in X. oryzae infections of 
rice leaves, has also been reported (Wu et al., 2015). Taken 
together with our findings, oxydifficidin, produced by JCK-
1618 and JCK-1696, displayed crucial inhibitory effects 
on the growth of bacterial pathogens and the reduction of 
disease symptoms induced by the bacterium Bc. 

Furthermore, both JCK-1618 and JCK-1696 secreted 
a variety of cell-wall degrading enzymes. Some of these 
have also been reported to be involved in antimicrobial 
activity against phytopathogenic fungi by breaking down 
cell-wall elements such as chitin, β-1,3-glucan, chitosan, 
and protein, and inhibiting fungal spore germination, in-
cluding chitinases (Lorito et al., 1994; Mauch et al., 1988), 
β-1,3-glucanases (Lorito et al., 1994; Mauch et al., 1988), 
chitosanases (Gao et al., 2008) and proteases (Flores et al., 
1997). The inhibitory action of purified chitinase against 
bacteria has been previously recorded (Wang and Chang, 
1997). In the present study, crude enzymes obtained from 
JCK-1618 and JCK-1696 specifically hindered the growth 
of the fungi Et and Mc, which both contained chitin and 
β-1,3-glucan as the major components of their cell-walls, 
and three gram-negative bacteria, including Xap, Bc, and 
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Pss, thus indicating the possible roles of chitinases, β-1,3-
glucanases, chitosanases, and proteases in antimicrobial 
activities.

In addition to acting as inhibitors against phytopatho-
genic microbes, JCK-1618 and JCK-1696 excreted IAA, a 
phytohormone previously detected in Bacillus species and 
known as an effector molecule in plant stimulation (Idris et 
al., 2007; Senthilkumar et al., 2009).

Biofilm formation is a widespread adaptive behavior of 
bacteria to survive in hostile environments and to disperse 
to colonize new niches (Hall-Stoodley et al., 2004). In ad-
dition to their involvement in bacterial motility, several 
Bacillus CLPs, such as fengycin (Cao et al., 2018), surfac-
tin (Bais et al., 2004; Cao et al., 2018) and iturin A (Cao et 
al., 2018), have been reported to be crucially implicated in 
biofilm formation. Indeed, the two antagonists in the pres-
ent study produced iturin A, fengycin A, and surfactin and 
were therefore able to form robust biofilms. 

Collectively, the two B. velezensis strains, JCK-1618 
and JCK-1696, inhibited the growth of the pathogens caus-
ing SH in FC trees through several antimicrobial agents, 
including diffusible CLPs and polyketides, hydrolytic en-
zymes, and VOCs. Additionally, the CFCFs of JCK-1618 
and JCK-1696 significantly reduced leaf spot symptom 
severity in a detached leaf assay. The biochemical and 
phenotypic characteristics that may be involved in the 
antimicrobial activity and versatility of the two bacterial 
antagonists for the function of biocontrol have also been 
highlighted. To our knowledge, this is the first study focus-
ing on the control of SH in FC trees, especially using an-
tagonistic bacteria.
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