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Abstract

Public concern for food safety and environmental issues and the increase in fungicide-resistant pathogen have enhanced the
interest in developing alternative methods to fungicides to control postharvest fruit decay. In this study, a bacterial strain
isolated from stale potato vermicelli was identified as Bacillus pumilus HN-10 based on morphological characteristics and
16S rRNA gene sequence analysis. Furthermore, two novel cationic antifungal peptides named P-1 and P-2 were purified
from B. pumilus HN-10 using macroporous adsorbent resin AB-8, Sephadex G-100 chromatography, and reversed-phase
high-performance liquid chromatography. The primary structure of P-1 and P-2, which were proved to be novel antifungal
peptides by BLAST search in NCBI database, was PLSSPATLNSR and GGSGGGSSGGSIGGR with a molecular weight
of 1142.28 and 1149.14 Da, respectively, as indicated by matrix-assisted laser desorption/ionization time-of-flight mass
spectrometry. Both P-1 and P-2 exhibited strong antifungal activity against Trichothecium roseum with minimum inhibi-
tory concentrations starting from 1 pg/mL. The two novel antifungal peptides were stable below 80 °C for 2 h, but lost their
activity in 15 min at 121 °C. In addition, they were resistant to the proteolytic action of pepsin, trypsin, and papain, and
stable within a wide range of pH (2.0-12.0). These results showed that P-1 and P-2 are novel cationic antifungal peptides

with specific activity against 7. roseum.
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Introduction

Trichothecium roseum is one of the most important path-
ogenic fungi causing postharvest diseases in a variety of
plants. Besides economic losses, T. roseum also produces
mycotoxins, such as trichothecenes, which are harmful to
humans and animals (Niu et al. 2016; Tang et al. 2014). In
general, fungicides are the primary means to control post-
harvest diseases. However, fungicide toxicity, fungicide resi-
dues, and development of fungicide resistance in pathogens
can have potential harmful effects on human health and envi-
ronment (Ge et al. 2015; Nunes 2012; Li et al. 2012). There-
fore, it is imperative to develop new antimicrobial strategies
against postharvest diseases.
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Antimicrobial peptides (AMPs) can be used in several
biotechnological applications with different purposes (Pla-
cido et al. 2017). Also known as host defense peptides,
AMPs are biologically active molecules produced by a
wide variety of organisms as an essential component of
their innate immune response. These molecules have been
considered as potential therapeutics because of their broad-
spectrum activities and proven ability to evade antimicrobial
resistance (Midura-Nowaczek and Markowska 2014; Chan
et al. 2006; Li et al. 2016).

However, despite their therapeutic utility, AMPs are also
toxic, have low stability and high manufacturing cost, and
are susceptible to proteases released by pathogens. There-
fore, many studies have been performed to develop novel
AMPs with low toxicity and highly improved stability
(Regmi et al. 2017; Mookherjee and Hancock 2007).

Certain Bacillus strains are important producers of
AMPs with significant potential for biological control. Sev-
eral Bacillus spp. produce AMPs that are considered safe
for industrial use and are commercially available, such as
kanosamine or zwittermycin A from Bacillus cereus (Leaes
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et al. 2016; Marc and Philippe 2007). Recent advances in
the synthesis of AMPs and the broad-spectrum activity of
these compounds have led to successful isolation and char-
acterization of novel peptides with improved characteristics.
(Regmi et al. 2017).

In this study, we described the isolation and characteriza-
tion of two novel cationic peptides P-1 and P-2 from Bacillus
pumilus HN-10, including their antifungal activity against
T. roseum, physical and chemical properties, and potential
use in the control of several postharvest diseases in plants.

Materials and methods
Microorganisms and media

The bacterial strain B. pumilus HN-10 was isolated from
stale potato vermicelli (Wushan Green Source Trading
Co., Ltd., Gansu, China) and inoculated onto Luria Bertani
medium at 37 °C for 48 h. T. roseurn CGMCC 3.4509 was
obtained from China Center for Type Culture Collection
(Beijing, China) and inoculated onto potato dextrose agar
(PDA) at 28 °C for 6 days.

Bacterial strain identification

The bacterial strain HN-10 was identified based on the mor-
phological characteristics and 16S rRNA gene sequence
analysis. The 16S rRNA gene sequence was amplified using
the eubacteria-specific primers 27F (5”-AGAGTTTGATCC
TGGCTCAG-3") and 1492R (5”-TACGGCTACCTTGTT
ACGACTT-3") under the following PCR conditions: initial
denaturation at 95 °C for 5 min, followed by 33 cycles of
95 °C, 30 s, 58 °C for 30 s, and 72 °C for 80 s, and a final
elongation at 72 °C for 7 min. The sequence of the PCR
product was analyzed using the online tool of NCBI BIAST
Beta version (https://www.ncbi.nlm.nih.gov/) for taxonomic
resolution (Kayalvizhi and Gunasekaran 2010). Neighbor-
joining method was used for phylogenetic tree construction
and analysis using MEGA 4.0 (Tamura et al. 2007).

Antifungal activity assay

The antifungal activity of the identified bacterium was tested
using agar plate diffusion assay. One 5-mm disk of pure T.
roseum culture was placed on the side of a PDA plate, inocu-
lated a point with a loop of identified bacterium culture at a
distance of 2 cm far away the disk of pure T. roseum culture.
The plates were incubated for 5 days at 28 °C. Each experi-
ment was conducted in triplicate.

The antifungal activities of the peptides were tested using
agar plate diffusion assay (Huang et al. 2012). One 5-mm
disk of pure T. roseum culture was placed on the center
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of a PDA plate, surrounded by four wells with antifun-
gal peptides at a distance of 2 cm. The control comprised
PBS (20 mM, pH 6.8) instead of antifungal peptides. All
the plates were incubated for 5 days at 28 °C. Each experi-
ment was conducted in triplicate and repeated at least three
times, and a clear zone of inhibition surrounding the well
was measured in millimeter (mm).

Peptide production and purification

Bacillus pumilus HN-10 was cultivated in 1000 mL Erlen-
meyer flasks containing 500 mL of LB broth at 37 °C for
3 days with agitation (180 rpm). Cell-free supernatant was
collected after centrifugation (10,000xg) at 4 °C for 20 min.
The harvested culture supernatant was mixed with ammo-
nium sulfate (70% saturation) and stored at 4 °C overnight
with constant stirring. The next day, the mixture was cen-
trifuged (10,000xg) at 4 °C for 20 min and precipitate was
recovered and dialyzed overnight against phosphate buffered
solution (PBS, 20 mM, pH 6.8) using a dialysis membrane
(MWCO-12000, Yuanye Biotech, Shanghai, China) (Regmi
et al. 2017). Subsequently, the biologically active portion
was loaded onto AB-8 resin (Guangfu Biochemical, Tianjin,
China), washed with 70% ethanol at a flow rate of 2 BV/h,
and monitored at 280 nm. The active fractions were con-
centrated by lyophilization and then loaded onto Sephadex
G-100 gel (Solarbio Life Science, Beijing, China) and eluted
with PBS (20 mM, pH 6.8) at a flow rate of 0.5 mL/min, and
the elution was monitored at 280 nm.

Furthermore, the concentrated active fractions were
loaded onto C18 column (SunFire™ Prep C18, 10 pm,
10x 150 mm column) and purified by reverse-phased high-
performance liquid chromatography (RP-HPLC; Waters
1525) with mobile phase consisting of eluent A [0.1% tri-
fluoroacetic acid (TFA) (v/v) in acetonitrile] and eluent B
(0.1% TFA (v/v) in distilled water) at a flow rate of 1 mL/
min. A linear gradient of solvent A was applied with the
following time schedule: 10-5%, 0-5 min; 5-0%, 5—10 min;
0-10%, 10-11 min; and 10%, 11-30 min. Fractions with
antifungal activity were lyophilized for subsequent analysis.

Amino acid sequence analysis of the antifungal
peptides

Determination of the molecular ions of the antifungal pep-
tides was performed using the fractions obtained by RP-
HPLC by matrix-assisted laser desorption/ionization—time
of flight mass spectrometry (MALDI-TOF/MS) with an AB
Sciex Voyager Elite MALDI-TOF/MS (Foster City, CA,
USA). The ionization matrix used for MALDI-TOF/MS was
3,5-dimethoxy-4-hydroxycinnamic acid (Sigma-Aldrich).
The purified peptides were subjected to amino acid sequenc-
ing by liquid chromatography tandem-mass spectrometry
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(LC-MS/MS) on Acclaim PepMap high-performance liquid
chromatography (HPLC, Waters, USA) coupled with quad-
rupole-time of flight (Q-TOF) Premier mass spectrometer
(Waters, Milford, MA, USA). A total of 5 puL of the sample
were analyzed using a linear gradient of 6-95% acetonitrile
with 0.1% (v/v) formic acid at a flow rate of 300 nL/min on
a nano-viper column (75 pm X 150 mm, C18 3 pm, 100 A
Waters). The mass spectra obtained were analyzed and the
amino acid sequences of the antifungal peptides were deter-
mined according to the fragments observed.

The minimum inhibitory concentration (MIC)
of the antifungal peptides

The minimum inhibitory concentration (MIC) of the anti-
fungal peptides from B. pumilus HN-10 was determined by
using agar plate diffusion assay. Peptide concentrations vary-
ing from 1 to 5000 pg/mL were prepared by two-fold serial
dilution. Briefly, one 5-mm disk of pure 7. roseum culture
was placed on the center of a PDA plate, surrounded by four
wells with different concentrations of peptides at a distance
of 2 cm, and the blank sample contained 20 mM PBS (pH
6.8). The MIC was defined as the lowest peptide concentra-
tion that could inhibit 7. roseum growth after incubation for
5 days at 28 °C (Placido et al. 2017).

Physicochemical properties of the antifungal
peptides

The thermal stability of the antifungal peptide samples was
determined by heating the samples at 20, 40, 60, 80, and
100 °C for 120 min and 121 °C/105 KPa for 15 min, respec-
tively, before analyzing the residual activity. Similarly, the
pH stability of the peptide samples was ascertained over a
pH range of 2—12 using 1 M NaOH or HCI (Rahman et al.
2017). To investigate the effect of proteases on the stability
of the antifungal peptides, the peptide samples were treated
with trypsin (1 mg/mL, pH 8.0), pepsin (1 mg/mL, pH 2.0),
and papain (1 mg/mL, pH 7.0), respectively, at 37 °C for
2 h (Miao et al. 2014). Both three proteases purchased by
Yuanye Bio-Tech Co., Ltd, Shanghai, China. The reaction
was stopped by boiling the mixture at 100 °C for 2 min.

Results

The antifungal activity of the bacterial strain HN-10
and it’s strain identification

The result of antifungal activity assay showed that the bac-
terial strain HN-10 exhibited significant antifungal activity
against the growth of T. roseum (Fig. 1). The strain identifi-
cation was based on morphological characteristics and 16S

rRNA gene sequence analysis. Gram staining and micro-
scopic analysis revealed that the bacterial strain HN-10 was
a Gram-positive, rod-shaped bacterium, with the ability to
form endospores during the cultivation, suggesting that the
strain could be a Bacillus sp. 16S rRNA sequence analysis
revealed that the bacterial strain HN-10 was related to B.
pumilus HN-30 (KT003271.1) with 99% identity (Fig. 2).
The GenBank accession number for the bacterial strain
HN-10 KT003256.1, and the strain was named as B. pumi-
lus HN-10 after further phylogenetic analysis using sequence
alignment.

Purification of the antifungal peptides

The antifungal peptides were extracted from 2 L B. pumi-
lus HN-10 culture supernatant using ammonium sulfate
precipitation, followed by three stages of chromatographic
separation on AB-8 resin, Sephadex G-100, and RP-HPLC.
The active fractions obtained were pooled on the basis of
antifungal activities and absorbance (280 nm) (Fig. 3). Four
single peaks (A, B, C, and D) were observed at the final
step of the purification process (Fig. 3¢), and samples cor-
responding to peaks A, B, and C showed obvious antifungal
activity against T. roseum (Fig. 4d).

Characterization of the antifungal peptides

The sequences of the antifungal peptides corresponding to
the obtained molecular masses were determined by com-
prehensive proteomic analysis using bioinformatics tools
available online, including NCBI protein database, BLAST
(https://blast.ncbi.nlm.nih.gov/), APD database (http://aps.
unmc.edu/AP/main.php), and ExPASy (http://web.expasy.
org/cgi-bin/protparam/protparam/). Three active fractions
were analyzed by MALDI-TOF/MS for peptide identifica-
tion. Fraction A consisted of 11 amino acid residues (P-L-
S-S-P-A-T-L-N-S-R) with a molecular mass of 1142.28 Da
(Fig. 5a) and high hydrophobic ratio (27%), and was named
P-1 (Table 1). Fractions B and C were identified to be the
same peptide comprising 15 amino acid residues (G-G-
S-G-G-G-S-S-G-G-S-1-G-G-R) with a molecular mass of
1149.14 Da (Fig. 5b, ¢) and overrepresentation of Gly resi-
dues (60.0%), and was named P-2 (Table 2). The obtained
sequences were compared with those in the NCBI protein
database. The results revealed that no full query sequence
was covered, and that the amino acid sequence of P-1 had
up to 41.66% identity with Temporin H (AP00859) from
Rana temporaria (Table 1), while that of P-2 showed up to
45% identity with KDAMP 19-mer (AP02231) from corneas
(Table 2). These findings confirmed that both the peptides
obtained were novel.
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Fig. 1 Antifungal activity of bacterial strain HN-10 against 7. roseum

Determination of the MICs of the antifungal
peptides

Antifungal activity with the increasing P-1 and P-2 peptide
concentrations graphed in Fig. 6. The results showed that
both of the P-1 and P-2 peptides exhibited significant anti-
fungal activity against 7. roseum while the peptide concen-
tration greater than or equal to 1 pg/mL. And the maximum
inhibition zone was 10+ 0.5 and 12 +0.5 mm while the P-1

and P-2 peptide concentration reached 156 and 78 pg/mL,
respectively.

MIC is the lowest concentration of an antifungal agent
at which the growth of a microbial strain is inhibited. The
results of the present study showed that the MICs of P-1
and P-2 against T. roseum growth were in micromolar con-
centrations, and that the purified P-1 and P-2 displayed
good antifungal activity against 7. roseum with an MIC
of 1 pg/mL.

Physicochemical properties of the antifungal
peptides

The physicochemical properties of the antifungal peptides
P-1 and P-2 are shown in Table 3. Although both P-1 and
P-2 did not show any activity losses at temperature as high
as 60 °C, a complete loss of activity was noted at temper-
atures exceeding 80 °C. In other words, low temperature
(20-60 °C) did not alter the activity of P-1 and P-2, indicat-
ing that the antifungal peptides had a certain tolerance to
temperature. With regard to the pH stability of P-1 and P-2,
the results showed that both the peptides retained 100% of
the initial activity within a pH range of 2.0-12.0. In addition,
the antifungal peptides P-1 and P-2 were 100% resistant to

100 [ Bacillus anthracis(AF090333.1)
25 L Bacillus thuringiensis (AF136390.1)
1 Bacillus gibsonii strain DSM 14391(DD260342.1)

99

0.2

Fig.2 Neighbor-joining tree based on nearly complete 16S rRNA
gene sequences showing relationships between the bacterial strain
HN-10 and some closely related taxa of the genus Bacillus. The per-
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Bacillus amyloliquefaciens strain GM-1(JQ658430.1)

Bacillus methanolicus citrate synthase (citY)( AF424980.1)
Bacillus mojavensis strain BCRC 17124(DQ309297.1)

Bacillus decolorationis strain LMG 19507(NR_025473.1)
Bacillus safensis strain CK(KJ427751.1)

Bacillus invictae strain Bi12(JX183197.1)

Bacillus edaphicus strain VKPM B-7517(FJ009519.2)
Bacillus badius strain MTCC 1458(NZ_JXLP01000045.1)

Bacillus pseudalcaliphilus strain DSM 8725(NZ_LFJO01000018.1)

Bacillus licheniformis strain IITR HR-2(FJ447354.1)
Bacillus pumilus strain HN-30 (KT003271.1)

Bacillus psychrotolerans strain DSM 11706(AJ277983.1)

9- ——  Bacillus luciferensis strain y12-5(FJ460476.1)

100 Bacillus safensis strain SL-40 (KU894796.1)

98 | HN-10

centages at the nodes are the levels of bootstrap support based on
neighbor-joining analyses of 500 resampled data sets
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Fig. 3 Purification of the
antifungal peptides (. roseum
was used as an indicator in the
antifungal activity assay). The
elution profile of the antifungal
peptides from AB-8 resin (a),
Sephadex G-100 gel column
(b), and RP-HPLC (c)
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Fig.4 Results of antifungal activity assay against 7. roseum. Among
them, a the crude extract was obtained by ammonium sulfate precipi-
tation, in the plate, except for CK, the other three wells were the same
crude extract; b except for CK, the other three wells were the same
fraction purified from AB-8 resin; ¢ except for CK, the other three

wells were the same fraction purified from Sephadex G-100 gel chro-
matography; d A, B, C and D was the four fractions purified above
from RP-HPLC chromatography and their antifungal activity against
T. roseum. All the CK was 20 mmol/L PBS (pH 6.8)
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Fig.5 Amino acid sequence of P-1 (a) and P-2 (b, ¢) analyzed by LC-MS/MS
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Table 1 Alignment of AMPs with P-1

Alignment APD ID* Similarity ~ HR®(%)  NC° AFA?  MW¢S(Da) Source
(%)
+L+SPNLLKSLL AP00859 41.66 50 +2 B 1097.3 Rana temporaria
PLSSPATLNS+R
FLPFL+IPALTSLISSL AP02174 41.17 62 +1 B 1732.1 skin
++P+LSSPA+T+LN+SR
FIPLVSG++LFSRLL AP02222 40.00 61 +2 + 1461.8 Dark-spotted frogs
++PLSSPATLNSR++
P-1 PLSSPATLNSR Current 100 27 +1 + 1142.2 Bacillus pumilus HN-10
study
Table2 Alignment of AMPs with P-2
Alignment APD ID* Similarity ~ HR®  NC° AFAY MWYDa)  Source
(%) (%)
RAIGGGL SS VGGG SS TI+KY AP02231 45 26 +2 B 1766.9 corneas
G G SGGG + SS + +GG +S + IG GR
GLLS+GTSVRG SI+++ AP01308 43.75 33 +1 + 1146.3 Odorrana grahami
G+ G S GGGS SGG S IGGR
GPVGLLSSPGSLPPVGGAP AP01969 40.9 31 0 + 1461.8 Xenorhabdus budapestensis
GGSGGGSSGGS+++I1GG+R NMC-10
P2  GGSGGGSSGGSIGGR Current study 100 6 +1 + 1149.1 Bacillus pumilus HN-10

# Antimicrobial peptide database identification
"Hydrophobic ratio

“Net charge

4 Antifungal activity

“Molecular weight (Dalton)

14
12

10

——P2

4 ——P-1

Inhibition zoon (mm)

H D> X DO O O D L ) R IR
L " I L PP QLN QLY A
090 N Q.QQ Q.QQ NP EP PG

concentration (mg/ml)

Fig.6 Antifungal activity against 7. roseum with the increasing P-1
and P-2 peptide concentrations

papain, but retained only about 53 and 76% of their activity
after exposed to pepsin and trypsin, respectively (Table 3),

revealing that pepsin or trypsin could only destroy a part of
the active site of these peptides.

Discussion

Screening and characterization of novel AMPs are attrac-
tive owing to the fact that AMPs are very efficient, have
the ability to evade antimicrobial resistance, and have
potential therapeutic uses (Migliolo et al. 2016; Rahman
et al. 2017). To date, more and more AMPs have been
found in different species, and it is certain that there are
still abundant antimicrobial compounds have yet to be
discovered. Thus, from another point of view, bacterial
contains a large number of bioactive compounds, are per-
ceived as a potential valuable source for the discovery of
new antibacterial peptides.
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Table 3 Physicochemical properties of the antifungal peptides P-1

and P-2
Treatment The diameter of inhi-  Residual stability (%)*
bition zone (mm)

pH
Untreated 11.5+0.20 100+0.00
2 11.4+0.15 99 +0.004
6 11.5+0.15 100+0.008
9 11.5+0.11 100+0.01
12 11.3+0.11 98 +0.02

Temperature (°C)
Untreated 11.6+0.15 100+0.00
40 11.5+0.20 99 +0.01
60 11.6+0.20 100+0.01
80 - -
100 - -
121 - -

Enzymes
Untreated 11.6+0.20 100+0.00
Pepsin 6.2+0.20 53+0.008
Trypsin 8.8+0.15 76 +0.006
Papain 11.6+0.11 100+0.008

— no activity

*Residual stability % = (Zt/Zu) X 100% (Zt corresponds to the diame-
ter of inhibition zone of each treatment group; Zu indicates the diam-
eter of inhibition zone of untreated group)

In the present study, we described the isolation, purifi-
cation, and characterization of two novel cationic antifun-
gal peptides named P-1 and P-2 from B. pumilus HN-10.
The two antifungal peptides with amino acid sequences of
P-L-S-S-P-A-T-L-N-S-R and G-G-S-G-G-G-S-S-G-G-S-1-
G-G-R, respectively, were confirmed to be novel. Both P-1
and P-2 exhibited significant antifungal activity against 7.
roseum with MICs of 1 pg/mL, and presented pH stability,
thermo-stability, and protease stability. Moreover, the two
novel antifungal peptides could be easily synthesized owing
to their short sequence, which could significantly increase
their application scope.

Accumulating evidences indicate that certain AMPs from
B. pumilus could be applied as biological control agents in
agricultural fields (Shali et al. 2010; Wang et al. 2017). For
example, Rishad et al. (2017) identified antifungal metabo-
lites produced by B. pumilus MCB-7 which showed signifi-
cant antimycotic activity against agricultural pathogens such
as Aspergillus flavus, Aspergillus niger, Aspergillus fumiga-
tus, Ceratorhiza hydrophila and Fusarium oxysporum.

In fact, most of the AMPs are believed to interact with
the bacterial membranes and cause cell death by deregulat-
ing the properties of the phospholipid bilayer or by caus-
ing membrane leakage, although some have been identified
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to have downstream cytoplasmic targets as well (Brogden
2005; Huang et al. 2010).

In a previous study, observation under scanning electron
microscopy and transmission electron microscopy revealed
that the fermentation broth of B. pumilus HN-10 destroyed
the cell wall and membrane of T. roseum as well as exhib-
ited antifungal activity in melon (Cucumis melo L.) (Huang
et al. 2017).

Many AMPs attack microorganisms with their cationic
components because microbial membranes are rich in ani-
onic phospholipids and cause pore formation with their
amphipathic structure, resulting in leakage of essential
metabolites. It is believed that it is very difficult for bac-
teria to develop resistance to AMPs because most of the
AMPs quickly kill the bacterial cells through their actions
on the entire bacterial cytoplasmic membrane or through
other complex mechanisms (Miyoshi et al. 2016; Lee et al.
2002; Hancock 2001; Onaizi and Leong 2011). In the pre-
sent study, both P-1and P-2 were cationic AMPs (Tables 1,
2), and their mechanism of action may be similar to that of
other AMPs, suggesting that it may be difficult for microor-
ganisms to develop resistance to P-1 and P-2.

It has been reported that peptides with abundant Gly res-
idues, including those from arthropods such as diptericin
A, coleoptericin, holotricin 3, tenecin 3, acanthoscurrins,
ctenidins and hymenoptaecin, can act against Gram-nega-
tive bacteria and fungi including yeasts (Dutta et al. 2017).
For example, removal of the Gln and Glu residues at the
C-terminus by a carboxypeptidase would expose the Gly
residue, which has been proposed to enhance the activity
of the peptide while protecting it from enzymatic degrada-
tion (Thompson et al. 2007). Thus, it can be concluded that
Gly is a key factor involved in the antimicrobial activity of
AMPs. In the present study, P-2 was noted to be a Gly-rich
(60%) with Gly residues sequentially occurring at one end,
which could be responsible for the higher antifungal activity
of P-2, when compared with that of P-1 (Fig. 4c¢).

Higher hydrophobicity has associated with stronger
hemolytic activity (Chen et al. 2007). As P-2 exhibited low
hydrophobic ratio (6%) (Table 2), it may have low hemolytic
activity, and thus may have considerable range of applica-
tions. Moreover, fractions B and C (Fig. 3c) identified by
MS represented the same molecule, and may possibly be
isomers. While the preliminary structure of P-1 and P-2 has
been described in the present study, the complex mechanism
of action of these antifungal peptides on cell membrane must
be further explored.
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