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Abstract

Penicillium expansum, the pathogen in apple blue moLd, is the primary cause of postharvest apple decay. Fengycin produced
by Bacillus amyloliquefaciens BA-16-8 can inhibit the growth of P. expansum. In this study, we explored the antifungal
mechanism of fengycin against P. expansum. The effects of fengycin on the morphological structure of P. expansum mycelium
were studied via scanning electron microscopy and transmission electron microscopy. The effect of fengycin on the DNA of P,
expansum was investigated by conducting electrophoretic mobility shift assay (EMSA). Results showed that after fengycin
treatment, the surface of P expansum became rough and the intracellular protoplasm, particularly the mitochondrion, was
damaged by fengycin. EMSA results showed that fengycin can bind nonspecifically with the DNA of P expansum in vitro.
Hence, fengycin can inhibit P. expansum mycelium by altering its cell membrane integrity and binding with its DNA. © 2020

Friends Science Publishers
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Introduction

Penicillium expansum is the primary pathogen that causes
postharvest apple decay. P. expansum can be extracted from
nearly all rotten apples (Rozas ef al. 2019). When apples are
attributed to mutual collisions during storage or
transportation, P. expansum spores hidden on the fruit
surface may intrude into fruits through injuries and produce
mycelium, which may cause fruit rotting. Furthermore, the
secondary metabolites of P. expansum may pose threats to
human health and cause serious food safety problems
(Moosa et al. 2019). At present, the activities and toxin
accumulation of pathogenic fungus are primarily controlled
by spraying chemical bactericides (Crossley 1976).
However, most chemical fungicides have demonstrated
potential carcinogenicity. The long-term use of these
chemicals may cause environmental pollution and drug
resistance of pathogenic fungus. Therefore, screening highly
efficient, nontoxic, and safe antagonistic microbe with
broad-spectrum activities and using them to guarantee the
freshness of apple in storage have been considered a safe
and efficient technology in field of fruit and vegetable
storage (Mohammadi and Salouti 2015).

Our laboratory separated one strain of Bacillus
amyloliquefaciens BA-16 that can effectively resist P
expansum from apple surface. The mutant strain, BA-16-8,

which exhibits significantly enhanced antagonistic activity,
was acquired through mutation breeding (Fu et al. 2016a).
The results of high-performance liquid chromatography
(HPLC) and mass spectrometry showed that the
mycoproteins produced by BA-16-8 are mostly the
lipopeptide antibiotics fengycin and surfactin. Fengycin is a
key substance that inhibits P. expansum (Fu et al. 2016b).
Fengycin is an inner ester ring structure formed by the
cross-linking of cyclic peptides; it comprises 10 amino acids
and o-fatty acid chains. Fengycin can strongly inhibit
filamentous fungi. However, no consensus has yet been
reached concerning its specific inhibition mechanism (Costa
et al. 2018). The structure of fengycin exhibits many
similarities to those of polyene antifungal antibiotics, such
as natamycin. All these antibiotics are classified as
macrolides. Ferraz et al. (2019) pointed out that natamycin
is conducive to identifying the antimicrobial mechanism of
fengycin. Natamycin interacts with ergosterol on the
cytomembrane of pathogenic fungus through conjugated
double bonds in macrolides, and thus, the permeability of
the membrane is changed. Using natamycin as reference,
Wachenforff et al. proposed that fengycin destroys
membrane permeability through sterols that act on
filamentous fungal cell membrane (Srikhong et al. 2018;
Villegas-Escobar et al. 2018). However, several problems
should be discussed further, such as whether fengycin can
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influence other structures of the membrane apart from
sterols, whether fengycin exerts other destructive effects on
pathogenic fungi aside from changing membrane
permeability, and whether fengycin exhibits specificity to
the binding sites of filamentous fungal membrane.

In the current study, variations in the external
morphologies and damage degree of P expansum cell
structure caused by fengycin were explored via scanning
electron microscopy (SEM) and transmission electron
microscopy (TEM). The effects of fengycin on the genome
DNA of P. expansum were analyzed via gel retardation. The
research results can provide corresponding theoretical
references and technological support for the development
and application of fengycin to the postharvest biological
storage of apple.

Materials and Methods
Bacterial strains and reagents

The bacterial strain for fengycin production, ie., B.
amyloliquefaciens BA-16-8, was isolated and bred in the
Biological Engineering Laboratory of Northwest University,
China.

The indicator fungus, namely, P expansum, was
provided by the Shanxi Institute of Microbiology, Chinese
Academy of Sciences.

Potato dextrose broth (PDB) and potato dextrose agar
(PDA) were prepared following the methods presented in
Beld et al. (2014) and Tanaka et al. (2014). Natamycin was
provided by Sigma-Aldrich Corporation. KYKY-EM600
scanning electron microscope was purchased from KYKY
Technology Co., Ltd. JEM-1230 transmission electron
microscope was obtained from JEOL, Ltd.

Preparation of lipopeptide fengycin

The fermentation liquor of B. amyloliquefaciens BA-16-8
was precipitated with 2 moL L™ HCI and extracted with
methyl alcohol, obtaining the antibacterial coarse extraction
product. This product was separated, purified, frozen, and
dried via HPLC. Hence, pure products of the lipopeptide
antifungal substance fengycin were obtained.

Growth curve of P. expansum

The growth curve of P. expansum was tested on the basis of
the dry weight of the hyphae. P expansum, which was
stored on the slope, was transplanted to the potato dextrose
agar (PDA) panel and cultured at 30°C for 48 h. Bacterial
cakes with a diameter of 5 mm were prepared using a sterile
puncher and then transplanted into the Potato dextrose broth
(PDB) culture medium at 30°C at a rate of 180 r min™. The
fermentation liquor was centrifuged at 10000 g for 10 min
in different phases. The supernatant was eliminated, and the
product was rinsed thrice with sterile water. Subsequently,

the product was dried to a constant weight at 65°C and then
weighed. The growth curve of P. expansum was drawn with
time as the x-axis and mycelium mass as the y-axis (Enebe
and Babalola 2019).

Effects of fengycin on the growth of P expansum

P, expansum was transplanted into the PDB culture medium.
Simultaneously, different concentrations of fengycin were
added, followed by 96 h of oscillation at 28°C at a rate of
180 r min™'. The products were centrifuged at 10000 g for 10
min, precipitated, and weighed. The mycelium solution
without lipopeptide was used as the control. Each
concentration was tested thrice to determine the half
maximal inhibitory concentration (ICsy) and minimum
fungicidal concentration (MFC) of fengycin. ICsy is the
median inhibitory concentration; it refers to the
concentration of fengycin when the dry mycelium weight of
P. expansum is half of that of the control group. MFC refers
to the minimum concentration of fengycin when P
expansum does not grow.

Effects of fengycin on the mycelium cell structure of P
expansum

Different concentrations of fengycin were added to the P
expansum solution in the logarithmic phase. The solution
without fengycin was used as the control. The samples were
cultured in a shaker for 24 h at 30°C at a rate of 180 r min™.
The mycelia of different groups were collected for follow-
up studies. The mycelia under different treatments were
studied via TEM and SEM as previously described (Liu and
Chang 2018; Pennerman et al. 2019).

Effects of fengycin on the nuclear dna of p. expansum in
the electrophoretic mobility shift assay (EMSA)

The chromosomal DNA of P. expansum was extracted using
the SK8229 kit of Sangon Biotech Co., Ltd. The extracted
DNA was mixed with 20, 50, 100, 150, and 300 ug mL"
fengycin and 0.5, 1, 3, 13, and 30 ug mL"' natamycin
successively. The mixture was incubated for 1 h at room
temperature.  Subsequently, EMSA experiment was
conducted via 1% agarose gel electrophoresis. The fengycin
and natamycin used in the experiment were dissolved in the
binding buffer solution.

Results

Growth law of P. expansum

The growth curve of P. expansum is shown in Fig. 1. The
entire growth curve conforms to the growth law of
filamentous fungi. The entire growth phase includes the lag,

logarithmic growth, and decline phases. Fungal strains were
at the logarithmic growth period for 2—6 days, exhibiting
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vigorous metabolism. Therefore, mycelia at 4 days were
selected for follow-up studies.

Effects of fengycin in inhibiting the growth of P
expansum

The effects of fengycin concentration on the growth
inhibition of P. expansum are presented in Table 1.
Fengycin can significantly inhibit the growth of P.
expansum. Inhibition strength increases gradually with an
increase in fengycin concentration. When fengycin
concentration is 50 xg mL™, the inhibition rate of mycelia
reaches 50%. When fengycin concentration is 150 g mL ™",
no mycelial growth of P. expansum was observed in the
liquid medium. The 1Cs, of natamycin is 1.0 zg mL* and its
MFC was 13 ug mL™".

Effects of fengycin on the morphological structure of P.
expansum mycelia

The morphological changes of P. expansum mycelial cells
before and after fengycin treatment were observed via SEM.
The results are shown in Fig. 2. Compared with those of the
control group, the P expansum mycelial cells of the
experimental groups exhibit a relatively rougher surface and
irregular mycelial shapes.

The effects of fengycin on the internal structures of P,
expansum mycelial cells were observed via TEM (Fig. 3). In
the control group, the mycelial cells of the pathogenic fungi
have integrated cell walls, smooth and complete membrane,
uniform cytoplasm, clear karyotheca and nucleolus, and
distinct organelles, such as the mitochondrion. In the
fengycin-treated groups, the mycelial cells do not exhibit
significant thinning or thickening, but the cell membrane is
deformed or partially degenerated. Cell organelles present
significant changes, as manifested by the partial or complete
damages to organelles, such as the cell nucleus and
mitochondrion.

Effects of fengycin on P. expansum DNA

The effects of fengycin on P expansum DNA were
evaluated via EMSA through the in vitro combination of
fengycin and natamycin with P. expansum DNA (Fig. 4).
With the continuous increase in fengycin concentration, the
migration rate of P. expansum DNA decreases and the band
darkens gradually, while the corresponding sample hole is
brightened increasingly, indicating the growth of DNA in
the sample hole. Changes in migration rate are the
collaborative consequences of the strong bond between
fengycin and the genomic DNA of P expansum. The
strength of this bond is related to fengycin concentration in
the mixture. At 50 ug mL ™" fengycin, several genomic DNA
is combined partially with fengycin, resulting in changes in
migration rates. Several DNA is retained at the sample
holes. Band brightness is lower in the fengycin-treated

Table 1: Inhibitory effect of Fengycins against growth of P,
expansum

Item Half lethal dose (ug/mL) Minimum bactericidal
concentration (pg/mL)

fengycin 50.0£1.2 150.0+3.6

natamycin  1.0+0.2 13.040.1

Weight of P. expansum (g)
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Fig. 1: The growth curve of Fig.2: SEM images of P. expansum

Penicillium expansum with (A and B) or without (C and

D) the treatment of fengycin

groups than in the control group. At 300 ug mL™" fengycin,
genomic DNA is completely retained in the sample holes
due to the strong binding with fengycin.

In Fig. 5, the bands of P. expansum DNA are basically
similar to those of the control group as the concentration of
natamycin increases, indicating that natamycin cannot
undergo in vitro nonspecific binding with P expansum
DNA, and fengycin and natamycin exert different action
mechanisms on P. expansum. This condition may be related
to the difference in structure of fengycin and natamycin.
Fengycin contains polar amino acids that can facilitate its in
vitro binding with DNA. In summary, fengycin may
penetrate into the membrane and interact with the DNA in
the cell nucleus of pathogens.

Discussion

To evaluate fengycin’s inhibition of P expansum, we
investigated the effects of fengycin on the membrane of P,
expansum mycelial cells via electron microscopy. The
results demonstrated that P expansum mycelial cells
exhibited rough and irregular surfaces after fengycin
treatment, along with different degrees of damages to
internal organelles (Luo et al 2019). However, the
morphology of the cell wall remained basically unchanged.
In addition, internal structure changes in P. expansum were
intensified as fengycin treatment time increased, suggesting
that fengycin may not only change membrane permeability,
but also penetrate into cells and affect intracellular
substances (Zhao et al. 2018). This finding requires further
verification.

EMSA is frequently used to study the binding between
polypeptides and DNA. The current study discussed and
compared the in vitro binding of fengycin and natamycin
with the DNA of pathogenic fungi. The results demonstrated
that fengycin may undergo in vitro nonspecific binding with
DNA, but natamycin cannot. This finding may be attributed
to the difference in structures between fengycin and
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Fig. 3: The TEM images of P. expansum without (A) or with (B)

the treatment of fengycin

6 5 4 3 2 1 M

Fig. 4: The analysis of DNA-
binding properties of fengycins

by gel retarding assay

Note: M: marker, Lanes 1- 6 are
respectively: Control  group (Sterile
water), 20 ug mL™" of fengycin, 50 pg
mL™" of fengycin, 100 pg mL™ of
fengycin, 150 ug mL™" of fengycin, 300
pg mL™! of fengycin

15 kb
10 kb
7.5kb
5 kb
3 kb

Fig. 5: The analysis of DNA-
binding properties of natamycin

by gel retarding assay

Note: M: marker, Lanes 1- 6 are
respectively:  Control  group (Sterile
water), 0.5 ug mL™" of natamycin, 1 g
mL™" of natamycin, 3 ng mL™! of
natamycin, 13 pg mL™ of natamycin, 30
pg mL™" of natamycin

natamycin (Liu ef al. 2019). Fengycin contains polar amino
acids (e.g., Tyr, Glu, and Thr), which are absent in
natamycin. These polar amino acids can combine with basic
groups in DNA (Huang et al. 2019). Therefore, fengycin not
only changes the membrane permeability of P. expansum
mycelia but can also penetrate into cells and affect nucleic
acids, inhibiting the binding of DNA and other organelles.
This finding conforms with the TEM results.

Conclusion

In this study, the effects of fengycin on the morphological
structure and DNA of P. expansum mycelia are investigated
via SEM, TEM, and EMSA. A conclusion can be drawn that
the anti-fungus activity of fengycin of fengycin is not only
limited in the membrane but may also reach other
intracellular substances. This finding provides a new
perspective into the antifungal mechanism of fengycin.
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