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Abstract

This study aimed to characterize a powerful antifungal component from bacteria. Bacillus subtilis strain XB-1, which
showed maximal inhibition of Monilinia fructicola, was isolated and identified, and an antifungal protein was obtained
from it. Ammonium sulfate precipitation, ion exchange chromatography, and sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) were used to purify and identify the proteins secreted by B. subtilis XB-1. Analyses revealed
that purified fraction V had the strongest antifungal effect, with the largest pathogen inhibition zone diameter of 4.15 cm
after 4 days (P <0.05). This fraction showed a single band with a molecular weight of approximately 43 kDa in SDS-PAGE.
Results from SDS-PAGE and liquid chromatography electrospray ionization tandem mass spectrometry analyses demon-
strated that fraction V was likely a member of the chitosanase family. These results suggest that B. subtilis XB-1 and its
antifungal protein may be useful in potential biocontrol applications.
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rot (Poniatowska et al. 2013; Eguen et al. 2015). Currently,
management of this disease relies heavily on the use of syn-
thetic chemical fungicides (Yang et al. 2012). However, the
negative impacts of chemical fungicides on the environment
and public health, as well as the increasing development of
pathogen resistance, have created demand for new strategies
for fruit disease control (Ma et al. 2003; Casals et al. 2012;
Dukare et al. 2018). Therefore, safer and more ecologically
friendly alternative fungicides to control postharvest dis-
eases and decay are being developed globally.

Among possible approaches, biocontrol via antagonistic
microbes is regarded as a promising and attractive option
(Mizumoto and Sawa 2007; Dukare et al. 2018). In recent
years, bacterial and fungal antagonists including Bacillus,
Pseudomonas, Pichia, and lactic acid bacteria have been
identified as biocontrol agents for postharvest pathogens
(Haas and Defago 2005; Lastochkina et al. 2019). Gener-
ally, these antagonists occupy the same niche as the patho-
gens, and also produce a wide range of antibiotic substances
(Liu et al. 2012). For example, Bacillus spp. are reported to
inhibit pathogens by producing antibiotics, enzymes, and
antifungal volatile compounds (Wang et al. 2014; Kilani-
Feki et al. 2016; Liu et al. 2018). However, the complexity of
microbes and their metabolites creates difficulty in determin-
ing the most abundant and effective antifungal compounds.

The objectives of this study were to screen effective anti-
fungal strains from among rhizosphere microbes to identify
potential biocontrol agents and determine their main antifun-
gal proteins against M. fructicola. The proteins secreted by
the most effective strain were precipitated with ammonium
sulfate, purified through fast protein liquid chromatogra-
phy and gel filtration chromatography, and identified using
sodium dodecyl sulfate—polyacrylamide gel electrophoresis
(SDS-PAGE) and liquid chromatography electrospray ioni-
zation tandem mass spectrometry (LC-ESI-MS/MS).

Materials and methods
Microorganisms and culture conditions

Soil samples collected from maize roots on the experimental
farm of Beijing University of Agriculture (Beijing, China)
were diluted tenfold and incubated at 37 °C on an orbital
shaker at 160 rpm for 10 min. Serial dilutions of 10- to 1000-
fold in sterile water were made, and 0.1 mL of each dilu-
tion was placed onto a lysogeny broth (LB) agar medium
plate and incubated at 37 °C until most bacterial colonies
became visible (Testa et al. 2003). A total of 24 colonies
with distinctive morphologies were picked and streaked on
agar nutrient media to obtain pure cultures.
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The fungal strains (Botrytis cinerea, Colletotrichum gloe-
osporioides, Verticillium dahliae Kleb., Monilinia laxa, Ral-
stonia solanacearum, Polyporus hirsutus, Fusarium monili-
forme, and M. fructicola) were isolated from various hosts
and identified by the Department of Plant Science and Tech-
nology, Beijing University of Agriculture (Beijing, China).
They were incubated on potato dextrose agar (PDA) plates
for 4 days at 27 °C in an incubator.

Determination of antagonistic activity
of the isolated bacteria

Each of the test bacterial strains was grown in LB liquid
medium at 37 °C for 24 h, and M. fructicola was grown on
PDA plates at 28 °C for 4 days prior to the bioassay tests.
The antifungal effect was determined by placing a 5-mm
diameter fungal colony in the center of a PDA plate, with
1 pL of the test bacterial suspension from LB culture 20 mm
away on each side. Colony growth and the type of interaction
were examined daily under a stereomicroscope (Innocenti
et al. 2003). Inhibition was determined from the inhibition
zone between the bacterial and fungal strains (Hernandez-
Rodriguez et al. 2008). From these analyses, the isolate
designated XB-1 exhibited the strongest antifungal activ-
ity. This isolate was then tested against a range of fungi to
determine the spectrum of its antifungal activity.

Amplification of the 16S rRNA gene of isolate XB-1
via polymerase chain reaction (PCR)

To identify and further characterize strain XB-1, we com-
bined standard biochemical methods with 16S rRNA gene
sequence analysis. Chromosomal DNA was prepared for
PCR using a bacterial genomic DNA preparation kit (Tian-
gen, Beijing, China). PCR was performed using the gen-
eral bacterial primers 27f (5'-AGAGTTTGATCCTGGCTC
AG-3") (Invitrogen, Carlsbad, CA, USA) and 1492r (5'-GGT
TACCTTGTTACGACTT-3") (Invitrogen). Primers bound
to conserved regions of this gene, whereas the divergent
regions were sequenced for identification. PCR was per-
formed using the MyCycler S1000 (Bio-Rad, Hercules, CA,
USA). Amplification was carried out in a 25-pL reaction
tube using a PCR master mix kit (Invitrogen) according to
the manufacturer’s instructions, with the following reaction
conditions: an initial denaturation step at 95 °C for 5 min,
followed by 30 cycles of denaturation at 95 °C for 30 s,
annealing at 52 °C for 30 s, and extension at 72 °C for 60 s,
followed by a final extension step at 72 °C for 5 min. The
PCR products were purified with an Axygen kit (Invitro-
gen). The purified products were sequenced using the same
primers on an Applied Biosystems 3730XL genetic analyzer
(Foster City, CA, USA) according to the manufacturer’s



World Journal of Microbiology and Biotechnology (2019) 35:150

Page3of7 150

instructions. The sequences obtained were subjected to a
BLAST search against the GenBank database.

Purification and identification of the antifungal
protein

In order to obtain more secondary metabolites, the strains
that showed strong antagonistic activity against M. fruc-
ticola were cultured at 37 °C for 48 h at 160 rpm in LB
medium, followed by centrifugation at 12,000 rpm and
4 °C for 15 min. The bacterial suspensions prepared for
efficacy assays were divided into eight tubes with differ-
ent saturations of ammonium sulfate (30%, 40%, 50%, 60%,
70%, 80%, 90%, and 100%), and incubated at 4 °C for 48 h.
The precipitate was collected through centrifugation at
12,000 rpm and 4 °C for 15 min, dissolved in distilled water,
and dialyzed using a 25-kDa filter (Millipore, Burlington,
MA, USA) at 4 °C for 8 h to remove (NH,),SO,. The wash-
ing procedure was repeated three times to obtain the crude
protein, the activity of which was then evaluated. Crude pro-
tein (10 mL) was dissolved in Tris—HCI buffer (pH 8.0) and
applied to fast protein liquid chromatography (AKTA Avant
25, GE Healthcare, Chicago, IL, USA) using a diethyl-ami-
noethyl (DEAE) anion exchange column (GE Healthcare)
equilibrated with 20 mmol/L Tris—HCI buffer (pH 8.0). The
buffer was eluted with a linear gradient of NaCl (0-1.0 M)
at a flow rate of 1 mL/min. Each fraction was collected in
a volume of 10 mL and monitored at 280 nm, and pooled
fractions were freeze-dried and subsequently investigated for
antifungal activity. The active fraction exhibiting maximum
antifungal activity was further purified through gel filtra-
tion chromatography. That fraction was dissolved in distilled
water and loaded onto a Sephadex G-25 gel filtration column
(2.5 cm X 75 cm) that had been previously equilibrated with
distilled water. The column was then eluted with distilled
water at a flow rate of 1 mL/min. Each 5-mL fraction was
monitored at 280 nm; pooled fractions were freeze-dried and
tested for antifungal activity. Pooled fractions were concen-
trated using a rotary evaporator, and their antifungal activi-
ties were investigated. Lyophilized proteins were resolved
through SDS-PAGE and stained with Coomassie blue. The
molecular weight of the antifungal protein was determined
by comparing its electrophoretic mobility against those of
marker proteins purchased from Solarbio (Beijing, China).
The sequence of the purified protein was determined through
ESI-MS/MS (Kumar et al. 2012).

Accurate molecular mass and peptide sequencing of the
purified protein was carried out via ESI-MS and MS/MS
in positive ion mode. The purified protein was dissolved in
75% aqueous acetonitrile solution of HPLC grade, and then
loaded into the FIA type 3200 QTRAP mass spectrometer
(Applied Biosystems). The sample flow rate was 20 pL/min.
The drying (35 psi) and ESI nebulizing (45 psi) gas was high

purity nitrogen. Spectra were recorded over the mass/charge
(m/z) range of 200-1000. The peptide sequence obtained
was subjected to a search against the Mascot database.

Antifungal activity of the precipitated and purified
culture filtrates

The precipitated and purified bacterial culture filtrates
from the antagonistic bacteria were concentrated via rotary
evaporation and filtered through sterile 0.45-pm Millipore
filters. The inhibitory effects of these crude extracts toward
M. fructicola were assessed using a method modified from
that of Hastings and Kirby (1966). Briefly, 10 mL of extract
was first mixed with 90 mL of molten PDA culture (45 °C)
and then spread on 90-mm plates. Mycelial disks (5 mm in
diameter) from 4-days-old fungal cultures were placed in the
center of each plate. The control experiment was conducted
using standard PDA medium without bacterial extracts. All
plates were incubated at 28 °C for 4 days. Two perpendicular
measurements of the diameter of the fungal colony were
taken using a stereo zoom microscope. The inhibitory abil-
ity was calculated by measuring the diameter in two per-
pendicular directions on the fungal culture. The experiment
was repeated three times, with five replicates per treatment.

Statistical analysis

All assays for antifungal activity were conducted in tripli-
cate. The data are reported as mean + standard deviation.
Statistical analyses were performed using SPSS 10.0 soft-
ware (SPSS, Chicago, IL, USA). Significant differences were
determined based on 95% confidence intervals (P <0.05).

Results

Isolation and determination of the antagonistic
strains

A total of 24 colonies with morphological differences were
picked and streaked on agar nutrient media to obtain pure
cultures, seven of which showed antifungal activity. Their
antifungal effects against M. fructicola are presented in
Fig. l1a. The inhibitory zone between isolate XB-1 and M.
Sfructicola was 10.9 mm after 4 days of incubation (Fig. 1b),
the largest among the seven isolated strains, indicating the
strongest antifungal ability (P <0.05). The spectrum of its
antifungal ability was also examined. The strain also showed
strong inhibitory effects against B. cinerea, M. laxa, and F.
moniliforme (Table 1). As a result, strain XB-1 was selected
for further study.
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Fig. 1 Antifungal effects of
bacteria on M. fructicola after
4 days of incubation. a The
inhibitory zones of seven differ- a
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Table 1 Inhibitory effects of strain XB-1 on various pathogens after 4 days of incubation

Fungal strain Botrytis cinerea Colletotrichum  Verticillium Monilinia laxa Ralstonia solan- Polyporus Fusarium mon-
gloeosporioides  dahliae Kleb acearum hirsutus iliforme
Antifungal +++ + ++ +++ ++ + +++
activity®

“Interpretation of the inhibition distance between pathogens and strain XB-1

+ <3.00 mm, ++ 3.00-6.00 mm, +++ >6.00 mm

PCR amplification and identification of the 16S rRNA
gene of XB-1

The phylogenetic relationships of strain XB-1 with other
bacteria can be inferred through alignment analysis with
homologous nucleotide sequences of known bacteria. After
amplification and sequencing, the sequences obtained were
subjected to a BLAST search against the GenBank data-
base. The 16S rRNA gene sequence of XB-1 was searched
in GenBank, and was highly homologous to that of Bacillus
subtilis. Further, among all B. subtilis sequences, the highest
homology was with B. subtilis (99.93%, Accession number:
NR 102783.2). A phylogenetic tree was constructed using
MEGAY7 software, selecting bacteria with high homology
(Fig. 2). The conclusion was that the strain XB-1 belongs
to B. subtilis, and thus it was named B. subtilis XB-1. To
further explore its active metabolites, we extracted the anti-
fungal substances of B. subtilis XB-1 and performed the
following analyses.

Isolation of antifungal metabolites from B. subtilis
XB-1

Crude protein from B. subtilis XB-1 culture was precipi-
tated in vitro using (NH,),SO, solutions of various satura-
tion levels. Figure 3a shows the diameters of the pathogen
in the bioassay to analyze the inhibitory abilities of the pre-
cipitates. The greatest inhibitory effect, with a diameter of
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92 Bacillus subtilis XB-1

0.05 96 | Bacillus subtilis (NR 102783.2)

Bacillus amyloliquefaciens (NR 116022.1)

Bacillus flexus (KJ569089.1)

Bacillus megaterium (MK424276.1)
99

Bacillus aryabhattai (NR 115953.1)

Curtobacterium flaccumfaciens (NR 025467.1)

Fig.2 Dendrogram based on the 16S rRNA gene sequence of strain
XB-1 constructed using the neighbor-joining method. The GenBank
accession number of each type strain’s 16S rRNA gene sequence is
shown after the type strain

3.91 cm after 4 days, was exhibited by the precipitate in 70%
saturated solution (P < 0.05). Details of the effects identified
through this assay are depicted in Fig. 3b.

Following dialysis and lyophilization, the precipitate
in 70% saturation (NH,),SO, was isolated using an anion
exchange column at pH 8.0 with a linear gradient concen-
tration of NaCl (0—1 M). Further purification of the protein
was performed using ion exchange chromatography and
the product was monitored with an antifungal assay. The
results of the antifungal assay, shown in Fig. 3c, indicated
that fraction F4 had the highest activity, with a patho-
gen diameter of 4.5 cm, which was the smallest among
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Fig. 3 Inhibitory effects of crude and purified proteins on M. fruc-
ticola. a Crude proteins precipitated at various saturation levels of
(NH,),SO, (2—4 days). b Crude proteins precipitated at various satu-
ration levels of (NH,),SO, (4 days). ¢ Proteins purified with a DEAE

all fractions at all measurement times (P <0.05), despite
the diameter of the pathogen increasing over time. Frac-
tion F4 was further purified using a gel filtration column.
As shown in Fig. 4a, seven peaks were eluted from this
fraction. Among these peaks, fraction V showed the high-
est level of activity (P <0.05), with diameters of 2.24 cm
after 2 days, 2.91 cm after 3 days, and 4.15 cm after 4 days
(Fig. 3d).

To verify the purity and size of the active component,
SDS-PAGE was used. The SDS-PAGE gel showed a sin-
gle band corresponding to 43 kDa, suggesting high purity
of the protein (Fig. 4b). The active fractions obtained after
chromatography were subjected to ESI-MS/MS for peptide
sequencing. The resulting protein sequence was searched
against the Mascot database using BLAST. The best over-
all match was with chitosanase, and therefore we named it
chitosanase-like protein. We predicted that this protein was
either a type of chitosanase or a member of the chitosanase
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Diameter of Monilinia fructicola (cm)

Days

anion exchange column (2—4 days). d Proteins purified with a Sepha-
dex G-25 gel filtration column (2—4 days). Means followed by differ-
ent letters in C and D indicate significant differences among proteins
over the same incubation time at P <0.05

family, and that this protein was responsible for the antifun-
gal activity exhibited by the isolate.

Discussion

In this study, several useful strains were identified in the
genus Bacillus through repeatedly screening isolates from
soil. The strong and broad antifungal activity of B. subti-
lis XB-1 showed that strain XB-1 is a promising bacterium
for biocontrol purposes in agriculture. Similar potential of
B. subtilis has been reported by other researchers (Ahmad
et al. 2017; Tan et al. 2019). To identify the most effective
antifungal component, a number of antifungal proteins were
isolated from strain XB-1, which were selected as candidates
due to their wide spectra of antifungal activities (Wang et al.
2016). Several proteins, including fractions V, VI and VII
(Fig. 3d), inhibited the growth of M. fructicola, but fraction
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Fig.4 Proteins purified with a Sephadex G-25 gel filtration column. a Absorbance spectrum of Sephadex G-25 gel filtration chromatography. b
SDS-PAGE analysis of fraction V from Sephadex G-25 gel filtration chromatography

V was the most effective. Based on its peptide fingerprint
and Mascot search results, the isolated antifungal protein
was identified as a chitosanase-like protein. Whereas the
molecular weight of most chitosanases ranges from 20 to
75 kDa (Gao et al. 2008; Thadathil and Velappan 2014), the
novel protein from B. subtilis XB-1 (43 kDa) differed from
chitosanases reported previously. Moreover, the molecular
weights of other functional proteins isolated from B. subtilis,
including bacisubin (41.9 kDa) (Liu et al. 2007), B.s G87
(50.8 kDa) (Tan et al. 2013), flagellin-like protein (32 kDa)
(Ren et al. 2013), and vegetative catalase protein (55.4 kDa)
(Srikhong et al. 2018), were similar to or lower than that
of the novel protein. Therefore, fraction V may represent a
novel chitosanase that supports the main antifungal activity
of B. subtilis XB-1.

According to the results of previous studies on the anti-
fungal components of Bacillus, effective proteins can be
classified into three categories: (1) antimicrobial peptides,
including cyclic lipopeptides and linear peptides (Cao et al.
2009); (2) biosurfactants; and (3) enzymes, such as hydro-
lases, redox enzymes, and some antimicrobial proteins (Ren
et al. 2013). In the present study, we found that the novel
protein belongs to the chitosanase family, which is a group
of enzymes that can catalyze the cytoderm via hydrolysis,
consistent with known mechanisms. This protein family has
been observed performing endohydrolysis of B-1,4-linkages
between D-glucosamine residues in a partly acetylated chi-
tosan (Su et al. 2006). Chitosan is an essential component
of the cell wall in most fungi, including M. fructicola. As
a protein in the chitosanase family, the purified component
likely has a common conserved sequence and catalytic site
with reported chitosanases, supporting a powerful antifungal
effect based on chitosan hydrolysis. Above all, B. subtilis
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XB-1 and the newly purified protein have strong potential
for applications in ecological agriculture.
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