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Abstract: Bayberry is an attractive, nutritious, and popular fruit in China. The plant fungal pathogen
Pestalotiopsis versicolor XJ27 is the causative agent of bayberry twig blight disease, which severely
affects bayberry production. Traditional control techniques, such as chemical fungicides, are being
used to control this disease; however, these techniques cause environmental and health hazards.
In this study, we screened sweet potato rhizospheric bacteria with biocontrol potentials against
P. versicolor XJ27, the bayberry twig blight pathogen. Ten isolates showed inhibition; Bacillus siamensis
S3 and Bacillus tequilensis S5 showed the highest fungal growth inhibition. The antagonistic bacterial
culture suspensions of S3 and S5 inhibited the mycelial growth by 82.9% and 76.2%, respectively.
Their extracellular culture filtrates had mycelial growth inhibition of 86.8% and 82.2%, respectively.
In detached leaf assay, the extracellular culture filtrates of S3 and S5 inhibited the size of the leaf
lesion by 82.3% and 76.2%, respectively. SEM and TEM imaging showed a severe hyphal-damaged
structure caused by the antagonistic bacteria. The fungal inhibition mechanisms might employ the
hydrolytic enzymes and lipopeptides produced by the bacteria. Both the S3 and S5 have chitinase
and protease activity; they produce a series of lipopeptides such as surfactin, iturin, and mycosubtilin.
Therefore, we can suggest these bacteria as biocontrol agents for bayberry twig blight disease as an
alternative to fungicides based upon their attributes of antifungal activity.

Keywords: biocontrol; P. versicolor XJ27; bayberry twig blight; rhizospheric bacteria

1. Introduction

Bayberry (Myrica rubra) is a fruit plant in tropical and subtropical zones; its origin is eastern
Asia [1,2]. Bayberry is known as “precious southern Yangtze fruit of early summer” for its attractive
color and flavor [1,3]. It can be eaten as fresh fruit or some delicious food products like jelly, jam,
juice, wine, and other pastries can be prepared from bayberry for consumption. Bayberry contains
high levels of bioactive compounds such as anthocyanins and flavonols, with high antioxidant actions.
In China, this is a popular southern Yangtze fruit during summer, as well as a good source of natural
antioxidants. This fruit has drawn attention for containing a high amount of flavonoids, which is
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beneficial for human health [4]. A considerable amount of various amino acids was also identified in
bayberry juice [5].

Bayberry is a popular plant that is cultivated commercially in various locations of China, mostly
in the provinces of Fujian, Guizhou, Sichuan, Yunnan, and Zhejiang. As it is an economically important
fruit crop, mountain-dwelling farmers rely on the cultivation and selling of bayberry fruits as a good
source of their family income. A disease called twig blight has appeared on the fruit trees, causing
damage to the bayberry orchards in the Zhejiang area, covering 6000 ha by 2011. The dark brown lesion
can extend to the whole twig and plant, causing xylem discoloration. The infected plants may die within
one to four years [6]. Pestalotiopsis mangiferae and P. vismiae were identified as pathogens of bayberry twig
blight [6]. Another two major fungal pathogens, P. versicolor and P. microspore, were identified in bayberry
in Zhejiang, the southern area of China [7]. Later, five fungal species, namely, Epicoccum sorghinum,
Neofusicoccum parvum, Lasiodiplodia theobromae, Nigrospora oryzae, and P. myricae, were reported to cause
the disease [8]. The researchers screened fungicides such as pyraclostrobin, mancozeb, prochloraz
(copper salt), 15% difenoconazole + 15% propiconazole, iprodione, thiophanate-methyl, tebuconazole,
difenoconazole, azoxystrobin, chlorothalonil, myclobutanil, matrine, boscalid, hymexazol, dithianon,
and carbendazim against those pathogens. They also conducted a preliminary biocontrol experiment
through a dual culture assay using B. velezensis and fungi. Nonetheless, a detailed study of biocontrol
of bayberry twig blight has yet to be done.

There are various existing methods to manage plant disease incidences, such as cultural operations
and the use of disease-tolerant varieties, but all attempts have not yet been sufficient to eradicate these
pathogens. Therefore, the current agriculture practices are mostly dependent on chemical control.
The excessive use of chemical pesticides has toxic effects on both environmental and human health [9].
To overcome this situation, the biocontrol of phytopathogens is becoming more popular. Scientists are
trying to escape this harmful situation and transition to eco-friendly, hygienic, and safer alternative
methods of plant pathogen control [10]. The augmentation of biological means for pathogen control is
a potential alternative to chemical control methods.

The rhizosphere is an important habitation zone of beneficial bacteria for plants, called
plant-growth-promoting rhizobacteria (PGPR). These bacteria can help plants by producing growth
promoting phytohormones, increasing nutrient uptake, solubilizing inorganic phosphates, and nitrogen
fixation. They can also restrict pathogens, which ultimately results in indirect plant growth
promotion [11]. Hence, these bacteria can be exploited to antagonize several fungal pathogens
as an alternative to chemical fungicides. Many biocontrol agents have been identified, including the
genera Bacillus [12], Pseudomonas [13], and Streptomyces [14].

Many Bacillus species have been used as biocontrol agents [15,16]. The most commonly
investigated biocontrol strains belong to B. amyloliquefaciens, B. licheniformis, and B. subtilis. The direct
mechanisms of pathogen control may occur through various means, like the production of hydrolytic
enzymes, antifungal compounds, lipopeptides, or antibiotics. Indirectly, these bacteria can induce
systemic resistance against pathogens [17,18]. Several bacterial genera, such as Bacillus, Paenibacillus,
Sphingobium, Novosphingobium, Rhizobium, Caulobacter, Stenotrophomonas, Chitinophaga, Flavobacterium,
and Burkholderia, were detected as endophytes of sweet potato and were also found at the rhizospheric
zone of sweet potato [19–22]; however, very little study has been done to exploit these bacteria in
the biocontrol of plant pathogenic fungi. Therefore, based upon the above discussion, the present
study is performed to assess the biocontrol potential and mechanisms of rhizospheric B. tequilensis and
B. siamensis bacteria that could antagonize a potential fungal pathogen, P. versicolor XJ27, that causes
twig blight of bayberry plant.
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2. Materials and Methods

2.1. Collection of Fungal Pathogen and Growth Medium

The fungal pathogen P. versicolor XJ27, one of the causal agents of bayberry twig blight disease,
was collected from the Institute of Horticulture, Zhejiang Academy of Agricultural Sciences, China.
For routine cultivation, the fungus was grown on potato dextrose agar (PDA; potato infusion 200 g,
glucose 20 g, and agar 20 g per liter, pH 5.6 ± 0.2) media at 28 ◦C for seven days.

2.2. Isolation of Rhizospheric Bacteria

Soil samples were collected from the rhizospheric zone of a sweet potato cultivated field, Hangzhou,
China. Homogeneous soil samples were prepared by crushing and sieving the rhizospheric soils.
Ten grams of soil samples were weighed and used for analysis, according to Cui et al. [23], with some
modifications. In brief, 10 g of soil samples were kept in 250 mL Erlenmeyer flasks and kept in 100 mL
of ddH2O. Flasks were kept in a shaker at 200 rpm for one hour. Some glass beads were added to the
flasks to facilitate the agitation of soil suspension. Then, ten-fold serial dilutions were prepared from
soil suspension, and 100 µL of diluted samples were poured on nutrient agar (NA; beef extract 3 g,
glucose 2.5 g, NaCl 5 g, tryptone 10 g, and agar 15 g per liter, pH 7.4 ± 0.2) and tryptic soy agar (TSA;
tryptone 15 g, soy peptone 5 g, NaCl 5 g, and agar 15 g per liter, pH 7.3 ± 0.2) media. The plates were
incubated at 30 ◦C for 2–3 d. After colonies appeared, all the isolates were purified and preserved as
glycerol stock at −80 ◦C for further use.

2.3. Screening for Antagonistic Activity Against P. versicolor XJ27

Antagonistic potentials of rhizospheric isolates were investigated according to dual culture assay,
as described by Zhao et al. [24], with some modifications. A small block of agar with fungal mycelia
(5 mm diameter) was cut from the actively growing edge of a freshly cultured plate and kept at the
center of a newly prepared PDA plate. Bacterial isolates were cultivated in Luria–Bertani (LB) broth
(yeast extract 5 g, tryptone 10 g, and NaCl 10 g per liter, pH 7.2 ± 0.2) at 30 ◦C for 48 h. The isolates
(2 µL were spot-inoculated with approximately 108 CFU/mL at 25 mm distance from the fungal block.
Negative control was maintained using only the fungal block at the center, and LB broth (2 µL was
spot-inoculated instead of bacteria. After incubating the plates at 28 ◦C for 9 d, the inhibition zone was
calculated according to Mukta et al. [25], following this equation.

The growth inhibition (%) = (X − Y)/X × 100

where X = mycelial diameter of fungus in the absence of antagonistic bacteria; Y= mycelial diameter of
fungus in the presence of antagonistic bacteria. For each treatment, four replications were used and
the experiment was conducted three times.

2.4. Identification of Potential Antagonistic Bacteria

The rhizospheric bacteria with antagonistic potentials were selected for molecular identification.
The isolates were identified by 16S rRNA gene sequencing. The 16S rRNA gene was amplified by using
primers 27F (5-AGAGTTTGATCCTGGCTCAG-3′) and 1492R (5-GGTTACCTTGTTACGACT-3′) [26].
Polymerase chain reaction (PCR) was performed with a volume of 50 µl 2 × TSINGKE Master Mix
(TsingKe Biological Technology, Beijing, China. The PCR conditions were as follows: 98 ◦C for
5 min, 30 cycles for denaturation at 98 ◦C for 10 s, annealing at 53 ◦C for 10 s, elongation at 72 ◦C
for 15 s, and final run at 72 ◦C for 3 min. The PCR products were electrophoresed in 1% (w/v)
agarose gel to see the amplified bands. Then, the PCR products were sent to TsingKe Biological
Technology for sequencing. The resulted sequences were analyzed using BLAST [27], and closest
strains were determined depending on sequence similarity. The nucleotide sequences were aligned by
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CLASTALW [28], and phylogenetic trees were made by the maximum likelihood method using the
MEGA 5.0 program [29].

2.5. Antagonistic Efficacy of Extracellular Culture Filtrates and Their Thermal Stability Assay

Antifungal actions and thermal stability of extracellular culture filtrates of B. siamensis S3 and
B. tequilensis S5 were tested by measuring the mycelial growth inhibition of P. versicolor XJ27 on PDA
plates, according to Ohike et al. [30]. Two strains were grown in 250 mL Erlenmeyer flasks containing
100 mL of LB media at 30 ◦C for 48 h. The extracellular filtrate was taken by centrifugation at 16,000× g
at 24 ◦C for 10 min, followed by sterilization using a 0.22-µm pore diameter filter. Sterilized extracellular
filtrates were mixed with PDA (10% v/v). After mixing, 10 mL of aliquots were poured into Petri
plates. For the control, sterilized LB media was mixed with PDA in place of extracellular filtrates.
At the center of each plate, a 5-mm fungal block was placed and kept at 28 ◦C for incubation. After 9 d
of incubation, the inhibition zone was calculated, followed by the abovementioned techniques. For
testing thermal stability, extracellular filtrates were autoclaved at 121 ◦C for 20 min and were used
against pathogens. Furthermore, the culture filtrate was stored at 4 ◦C for 72 h and inoculated against
the fungus. The plates were prepared in similar methods. The experiment was performed three times,
with three replications for each treatment.

2.6. Hyphal Structures Observation Using SEM and TEM

A fungal block was taken from the point of inhibition caused by S3, which was the most potentially
antagonistic bacteria, and observed by scanning/transmission (SEM/TEM) electron microscopy,
according to Gao et al. [31]. A mycelial block of 7 mm was picked up from the S3-treated PDA
plate and from the control plate in which only P. versicolor XJ27 was grown. The mycelial plugs
were washed twice with PBS and fixed in glutaraldehyde [2.5% (v/v) in 0.1 M PBS] for 3 h at room
temperature. The specimens were postfixed in osmium tetroxide [1% (w/v) in 0.1 M PBS] for 1 h at room
temperature. The specimens were dehydrated in a graded series of ethanol concentrations (30–100%)
until the fungal samples were fully dry. Then, the hyphal morphological observation of P. versicolor
XJ27 was made using SEM (TM-1000, Hitachi, Japan) and TEM (JEM−1230, JEOL, Akishima, Japan).

2.7. Hydrolytic Enzymes Activity Assay

The chitinase activity test was conducted by using nutrient agar media added with 1% colloidal
chitin [32]. For protease activity, a minimal medium supplemented with casein (1%, w/v) was used
for bacterial spot inoculation [33]. β-1, 3-Glucanase activity was tested by inoculating bacteria on an
aniline blue pachyman (ABP) agar plate [34]. Escherichia coli DH5α was used as a negative control for
the hydrolytic enzyme activity assay.

2.8. Detection of Lipopeptides in Antagonistic Bacteria by MALDI–TOF-MS Analysis

For lipopeptides detection, the two strains with the most potential (S3 and S5) were analyzed
by matrix-assisted laser desorption ionization–time of flight mass spectrometry (MALDI–TOF-MS).
The lipopeptides’ characterization was done on dried-droplet intact whole cells of the rhizospheric
bacteria, as described by Masum et al. [35]. Antagonistic bacteria were grown on LB agar plates at
30 ◦C for 48 h and individual colonies were carefully suspended in an Eppendorf tube containing
a matrix solution (10 mg per ml cyano-4-hydroxycinnamic acid in 70% water, 30% acetonitrile, and
0.1% TFA). Then, 1 µl of the homogenized sample solution was spotted onto a MALDI–TOF MTP
384 target plate (Bruker Daltonik GmbH, Leipzig, Germany). After natural drying, MALDI–TOF-mass
spectra were recorded using an ultra-extreme instrument MALDI-TOF (Bruker, Bremen, Germany)
equipped with a smart beam laser. Spectral data were observed for the presence of lipopeptides in the
rhizospheric antagonistic bacteria.
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2.9. Antagonistic Assay on Detached Leaf Against P. versicolor XJ27

A detached leaf assay was conducted using healthy bayberry leaves, according to Li et al. [8].
In brief, healthy bayberry leaves were sterilized with 5% NaClO for 1 min, followed by repeated rinsing
with ddH2O. A cross mark was made at the back of leaves with a sterilized needle. Then, 20 µl of cell
suspension of antagonistic bacteria (approximately 108 CFU/mL) or extracellular culture filtrate was
poured at the center of the cross mark and allowed two hours for absorption by the leaves. A similar
amount of fungicide, namely, Prochloraz, was applied at the concentration of 4.25 mg/L as another
treatment [8]. A mycelial plug of 5 mm was taken from four-day-cultured P. versicolor XJ27 on a PDA
plate and put at the center of the cross mark (facing downward) that had been previously inoculated
with antagonistic bacteria or extracellular culture filtrates. A sterile PDA plug without mycelia was
used as a negative control. For positive control, a PDA plug with fungal mycelium was inoculated
on a leaf without bacterial culture suspension or culture filtrate. The inoculated leaves were kept on
sterile moistened filter papers in 15-cm diameter Petri dishes and kept at 28 ◦C for 7 d in a growth
chamber. A 16 h LED light condition, with a light intensity of 212.75 µmol m−2 s−1 and 75% humidity,
was maintained during this period. The size of the lesions was measured and recorded to calculate the
percentage of inhibition relative to the control. The experiment was conducted with three replications
for each treatment and conducted three times.

2.10. Statistical Analysis

Data were analyzed by one-way analysis of variance following posthoc multiple comparisons
using SPSS 16.0 software (SPSS Inc. South Wacker Drive, Chicago, IL, USA). The treatments were
separated by the least significant difference test.

3. Results

3.1. Rhizospheric Bacteria Showed XJ27 Inhibition In Vitro

The rhizospheric bacterial strains were tested for their antifungal actions against P. versicolor
XJ27 by dual culture assay; 10 isolates showed significant mycelial growth inhibition of the fungal
pathogen (Figure 1). The mycelial inhibition ranged from 64.0% to 82.9%. The S3 and S5 strains showed
comparatively higher activity than other isolates. Based upon the in vitro performance, the two isolates
S3 and S5 were selected for further study.

3.2. Antagonistic Bacteria were Identified as Bacillus

Ten rhizospheric isolates with antifungal activity were subjected to identification by 16S
rRNA analysis. Homology analyses were done by submitting nucleotide sequences derived from
PCR-amplified 16S rRNA fragments to the EzBioCloud database service (www.ezbiocloud.net).
The sequences of eight isolates (S1, S4, S5, S6, S7, S8, S9, and S10) had up to 99.9% homology with
B. tequilensis, and two isolates (S2 andS3) had up to 99.9% homology with B. siamensis. The accession
numbers from MW024076 to MW024085 were obtained by submitting the 16S rRNA gene sequences to
NCBI GenBank. A brief description is given in Table S1 for all identified isolates. The phylogenetic tree
was constructed using the 16S rRNA sequences, which showed that S3 was in the group of B. siamensis
and S5 was in the group of B. tequilensis (Figure 2).

3.3. Extracellular Culture Filtrates Showed Antifungal Activity and Thermal Stability

The extracellular filtrate of antagonistic bacteria showed significant mycelial growth inhibition
against P. versicolor XJ27 (Figure 3). The normal culture filtrates of S3 and S5 inhibited 87.7% and 75.3%
of fungal growth, respectively (Figure 3A). Their autoclaved culture filtrates also showed inhibition
against that fungal pathogen of 85.3% and 81.8% by S3 and S5, respectively (Figure 3B). The culture
filtrate was stored at 4 ◦C, and the S3 and S5 showed 85.2% and 81.0% inhibition.

www.ezbiocloud.net
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(A) Inhibitory effects of ten isolates of rhizospheric soil bacteria on the mycelial growth of P. versicolor 

Figure 1. Antifungal assay of rhizospheric soil bacteria of sweet potato fields against P. versicolor XJ27.
(A) Inhibitory effects of ten isolates of rhizospheric soil bacteria on the mycelial growth of P. versicolor
XJ27 relative to control. (B) Dual culture assay on potato dextrose agar (PDA) plate with antagonistic
bacteria and P. versicolor XJ27. For the control, the fungus was inoculated at the center and LB broth
was point-inoculated instead of antagonistic bacteria. Inhibition (%) was calculated in comparison to
control. Values are means ± SE of four replications for each treatment. Similar letters are not different
at p ≤ 0.05.
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Figure 3. Antifungal action of extracellular culture filtrates. (A) Inhibition by normal extracellular
culture filtrate. (B) Inhibition by autoclaved extracellular culture filtrate. (C) Inhibition by extracellular
culture filtrate stored at 4 ◦C for 72 h. For the control, sterilized LB media was added with PDA instead
of extracellular culture filtrates. Data are mean value ± SE of three replications for each treatment.
The same letters are not significantly different at p ≤ 0.05.

3.4. Damaged Hyphal Structures Were Observed by SEM and TEM

Microscopic observation indicated that S3 could alter the hyphal morphology of P. versicolor XJ27
(Figure 4). SEM imaging showed that S3-treated hyphae was damaged, twisted, and broken in contrast
to normal well-defined hyphae in control (Figure 4A,B). TEM imaging revealed that the bacterial
treatment caused leakage, thinning of the cell wall, and loss of cell contents, but in control, the cell
walls had normal thickness and contained organelles (Figure 4C,D).
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Figure 4. SEM and TEM for hyphal structure observation. SEM of normal hyphae without treatment in
control (A); deformed, twisted, and abnormal hyphae treated by S3 (B); TEM of cross-section of normal
hypha, with thick, intact cell wall and organelles in control (C); thin cell wall with leakage and loss of
internal cell contents in treated hypha (D).
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3.5. Hydrolytic Enzymes Activity Assay

The hydrolytic enzymes activity assay results indicated that both S3 and S5 can produce chitinase
and protease (Figure 5). Both strains did not show β-1, 3-Glucanase activity.
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Figure 5. Hydrolytic enzymes activity assay. E. coli DH5α was used as negative control (NC).

3.6. Lipopeptides were Detected in S3 and S5

MALTI–DOF mass spectrometry results showed a series of mass spectra in both S3 and S5 strains
(Figure 6). The major mass peaks obtained from S3 ranged from m/z 1000 to 1260 (Figure 6A); the range
of m/z 1000 to 1151 belongs to surfactin, iturin, and mycosubtilin. The last peaks (m/z 1205 to 1260)
are in the range of the polymyxin family, generally found in Paenibacillus [36,37]. The intensities of
iturin are higher than that of surfactin. The known major lipopeptides produced by the Bacillus are in a
range of m/z 800 to 1600 [38–41]. The mass peaks of S5 are in a range of m/z 965 to 1721 (Figure 6B and
Figure S1). The mass peaks from 1000 to 1151 are in the families of surfactin, iturin, and mycosubtilin.
The values from m/z 1280 to 1340 are in the polymyxin family and m/z 1450 to 1530 in the fengycin
family. The mass peak for m/z 968 comes under the fusaricidin family [36]. The detailed assignments
of mass peaks for known lipopeptides are given in Table 1.

Table 1. Lipopeptides detected in antagonistic bacteria by MALTI–DOF-MS analysis.

Observed Mass Peaks (m/z) Lipopeptides References

Strain: S3
1023.627 Leu/Ile-7 C15 Surfactin, [M + H]+ [41]
1039.599 C15 Surfactin, [M + Na − H2O]+ [42]
1058.783 C15 Surfactin, [M + Na]+ [43]
1065.658 C14 Iturin, [M + Na]+ [43]
1074.755 C15 Surfactin, [M + K]+ [44]
1079.677 C15 Iturin, [M + Na]+ [43]
1095.657 C15 Iturin, [M + K]+ [43]
1100.731 C18 Iturin, [M + H]+ [45]
1109.679 C16 Iturin, [M + K]+ [46]
1122.707 C17 Iturin, [M + K]+ [38]
1138.679 C18 Mycosubtilin, [M + K]+ [47]
1151.747 C19 Mycosubtilin, [M + K]+ [47]
1257.823 Polymyxin B6, [M + K]+ [41]
Strain: S5
1030.805 C13 Surfactin, [M + Na]+ [43]
1044.823 C14 Surfactin, [M + Na]+ [43]
1058.845 C15 Surfactin, [M + Na]+ [43]
1074.816 C15 Surfactin, [M + K]+ [44]
1100.785 C18 Iturin, [M + H]+ [45]
1122.808 C17 Iturin, [M + K]+ [38]
1151.807 C19 Mycosubtilin [M + K]+ [47]
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3.7. Inhibition of P. versicolor XJ27 on Bayberry Leaves

Following the satisfactory fungal inhibition by antagonistic bacteria and their extracellular culture
filtrates, inhibition against P. versicolor XJ27 was observed on bayberry leaves (Figure 7). The detached
leaf assay results showed that S3 and S5 inhibited leaf lesion by 76.1% and 74.2%, respectively.
The extracellular culture filtrates of S3 and S5 inhibited leaf lesion by 82.3% and 76.2%, respectively.
Prochloraz inhibited 53.1% of lesions. This result suggests that these antagonistic bacteria can be used
as an environmentally safe alternative to fungicides.
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Figure 7. Detached leaf assay for antifungal activity. (A) Effects of antagonistic bacteria and their
extracellular culture filtrate on bayberry leaves against P. versicolor XJ27. (B) Disease inhibition (%)
relative to positive control. Data are mean ± SE of three replications for each treatment. Same letters
are not significantly different at p ≤ 0.05. For positive control (PC), only the fungal mycelial plug was
inoculated. For negative control (NC), a sterile PDA plug without mycelia was used. CF, extracellular
culture filtrate. Prochloraz denotes fungicide.

4. Discussion

Several species of Pestalotiopsis genus cause the twig blight of bayberry plants, a source of economic
loss to farmers [7,8,12]. Fungicides are primarily being used for controlling bayberry twig blight
pathogens. Conversely, rhizospheric bacteria are potential tools for the biological control of plant
pathogens, as well as for plant growth promotion [48]. However, suitable in-vitro research is essential
to isolate and screen the promising indigenous strains. The rhizospheric zone has a very complex
dynamic, where numerous biogeochemical processes happened via various physical activities, and
diverse chemicals are released by plant roots and mediated by soil microbes. Plant root exudates are
continuously released into the rhizosphere. Root exudates play key roles in enriching the rhizosphere
with specific microbial populations [49,50].

Rhizospheric bacteria isolated from sweet potato fields were screened against P. versicolor XJ27,
which causes twig blight of bayberry. Among them, ten bacterial isolates showed reasonable fungal
inhibition. Molecular identification indicated that all sweet potato rhizospheric antagonistic bacteria
belonged to the Bacillus genus; eight strains were closest to B. tequilensis and two strains were closest
to B. siamensis. Two strains (S3 and S5) exhibited the highest fungal inhibition in dual culture
plates. Phylogenetic analysis showed that S3 is closely related to B. siamensis and S5 to B. tequilensis.
These strains were selected for further analysis to explore the fungal inhibition mechanisms.
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The bacteria from the genus Bacillus are recognized as safe microbes and have the potential
ability to synthesize a broad spectrum of useful compounds for agronomic and industrial uses [51].
They produce endospores that can support the survival of Bacillus under various environmental stresses,
long-time storage ability, and easy preparation of suitable formulations [52]. Many soil-inhabiting
bacilli bacteria can exist as endophytes or epiphytes [53] and may support plant protection against
phytopathogenic infection by blending various modes of action [54–56]. These attributes have led to
the increased possibility of using the Bacillus species and/or their secondary metabolites as useful tools
for plant pathogen control instead of chemicals [57–59].

The strains S3 and S5 strongly inhibited fungal growth in dual culture plates against P. versicolor
XJ27. The preliminary inhibition results paid attention to the production of antifungal compounds
in vitro by both strains. It is well recognized that bacteria generally produce cell wall hydrolytic enzymes
and secondary metabolites to constrain pathogenic growth [60]. In this study, both strains produced
several cell wall hydrolytic enzymes as well as lipopeptides. With these cell-wall-degrading enzymes,
together with natural antifungal substances, many species of Bacillus can inhibit phytopathogenic
fungi [60]. Chitinase and protease may cause a hyphal abnormality of fungal pathogens [61,62].
The chitinase and protease activity was observed in several species of Bacillus [63–65]. Therefore, S3
and S5 can produce chitinase and protease and might cause the hyphal damage and ultimate growth
inhibition of P. versicolor XJ27.

The lipopeptides are a group of secondary metabolites with comparatively low molecular weight;
they are nonribosomal peptides. These are amphiphilic in nature and engage attention for their
surfactant and antimicrobial activities. Bacillus has been known to utilize these lipopeptides in the
protection of plants, either directly harnessing the phytopathogenic fungi or helping to induce the
systemic resistance of host plants [59,66–68]. The S3 and S5 strains produced lipopeptides, mainly
surfactin, iturin, and mycosubtilin. The mass spectrometry analysis of S3 showed more mass peaks
of lipopeptides, with higher intensity than S5. This result is consistent with the phenotype of fungal
inhibition because S3 inhibited more fungal growth than S5.

Surfactin produced by Bacillus showed strong antifungal activity against Fusarium moniliforme,
F. oxysporum, F. solani, Trichoderma reesei, and T. atroviride [42,69]. The surfactin of Bacillus subtilis caused
mycelium projection, cell damage, and protein and nucleic acid leakage of F. moniliforme [69]. Iturin
A produced by B. amyloliquefaciens caused damage to cell walls as well as cell membranes, allowing
the leakage of internal cell contents in the treated F. graminearum [70]. Mycosubtilin synthesized by
B. subtilis showed biocontrol activity against Pythium infection in tomato seedlings [71]. In our study,
the SEM and TEM results suggested the ultrastructural alteration of P. versicolor XJ27 hyphae treated
with S3. The treated hyphae were damaged, twisted, and broken, while normal hyphae were observed
in control. Furthermore, damaged cell walls and cell membranes allowed the leakage of internal cell
contents. SEM and TEM micrographs showed severe damage to cell walls and cell membranes of
Fusarium spp. treated by iturin A and the surfactin of Bacillus [69,70]. Therefore, both the hydrolytic
enzymes and lipopeptides might cause such types of damage to fungal structures. We can conclude
thesetypes of damage are the basis for the significant inhibition of P. versicolor XJ27.

The extracellular culture filtrates obtained from S3 and S5 also showed significant inhibition
of the target fungal pathogen. The filtrates obtained from both strains continued their antifungal
activity after thermal treatment by autoclaving and were also active after storing the culture filtrate at
4 ◦C. Ohike et al. [30] observed that a 10% culture filtrate of Bacillus sp. KL1 inhibited 80% growth of
Rhizoctonia solani on a PDA plate. Some Bacillus produce antibiotics with a wide array of antimicrobial
actions at various temperatures and pH conditions. The substances are secondary metabolites
called cyclic lipopeptides with amphipathic natures, such as surfactin, iturin, and fengycin [72,73].
The antagonistic bacteria S3 and S5, as well as their extracellular culture filtrates, showed significant
inhibition of P. versicolor XJ27 on bayberry leaves compared to the fungicide Prochloraz. The sterilized
culture filtrates and culture suspension of B. tequilensis GYLH001 significantly inhibited the lesion
length caused by M. oryzae on detached rice leaves [64].
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To check adoptive capability, the culture suspension or extracellular culture filtrate of antagonistic
bacteria should be applied to the bayberry plants in orchards. It should be checked if these biocontrol
agents can retain their activity under various abiotic (such as sunlight, rain) and biotic (such as
the microbial community of the host plant) factors. After that, a suitable application frequency of
biocontrol agents should be determined in comparison with the fungicides commonly used by the
farmers. Then, these strains can be utilized in biocontrol programs for bayberry twig blight fungi.
Furthermore, these strains can also be tested against other phytopathogenic fungi as well.

5. Conclusions

The overall results suggest that B. siamensis S3 and B. tequilensis S5 have antifungal potential
against P. versicolor XJ27. Both strains possessed the necessary attributes of biocontrol agents, such
as hydrolytic enzymes and lipopeptides. If the suitability and effects of bacterial suspension or
extracellular culture filtrate application can be achieved under field conditions, these bacteria can be
recommended as biocontrol agents against the twig blight pathogens of bayberry. Therefore, additional
study is required for their fruitful application in biocontrol programs at the field level.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4395/10/11/1811/s1,
Figure S1: Mass spectra of lipopeptides obtained from S5 through MALDI-TOF mass spectrometry analysis,
Table S1: A brief description of identified antagonistic bacteria isolated from rhizospheric soil.
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