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Abstract: Contamination by ochratoxigenic fungi and its prevention during the pile-fermentation of
post-fermented tea have always been a concern. The present study aimed to elucidate the anti-fungal
effect and mechanism of polypeptides produced by B. brevis DTM05 (isolated from post-fermented tea)
on ochratoxigenic fungi, and to to evaluate their use in the pile-fermentation process of post-fermented
tea. The results showed that polypeptides (produced by B. brevis DTM05) with a strong antifungal
effect against A. carbonarius H9 mainly had a molecular weight between 3 and 5 kDa. The Fourier-
transform infrared spectra of this polypeptide extract showed that it was a mixture consisting mainly
of polypeptides and small amounts of lipids and other carbohydrates. The polypeptide extracts
significantly inhibited the growth of A. carbonarius H9, and its minimum inhibitory concentration
(MIC) was 1.6 mg/L, which significantly reduced the survival rate of spores. The polypeptides also
effectively controlled the occurrence and ochratoxin A (OTA) production of A. carbonarius H9 on
the tea matrix. The lowest concentration of polypeptides that significantly inhibited the growth of
A. carbonarius H9 on the tea matrix was 3.2 mg/L. The enhancement of the fluorescence staining
signal in the mycelium and conidiospore showed that the polypeptides with a concentration of more
than 1.6 mg/L increased the permeability of the mycelium membrane and conidial membrane of
A. carbonarius H9. The significant increase in the extracellular conductivity of mycelia suggested
the outward leakage of intracellular active substances, and also further indicated an increase in cell
membrane permeability. Polypeptides with a concentration of 6.4 mg/L significantly down-regulated
the expression level of the polyketide synthase gene related to OTA production (acpks) in A. carbonarius
H9, which may be the fundamental reason why polypeptides affect OTA production. In conclusion,
reasonable use of the polypeptides produced by B. brevis can destroy the structural integrity of the
cell membrane, make the intracellular active substances leak outward, accelerate the death of fungal
cells and down-regulate the expression level of the polyketide synthase gene in A. carbonarius; thus,
they can effectively control the contamination of ochratoxigenic fungi and OTA production during
the pile-fermentation of the post-fermented tea.

Keywords: polypeptide; ochratoxigenic fungi; Brevibacillus brevis; anti-fungal; A. carbonarius H9

1. Introduction

Post-fermented tea, also known as dark tea, is a unique and popular tea with a special
aged-aroma, and a mellow, sweet taste that is mainly produced in Yunnan, Hunan, Hubei,
Sichuan and other regions in China. The process of making post-fermented tea generally
includes fixation, rolling, post-fermentation and drying [1]. As a result of the different
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production areas and different processing technology, post-fermented tea products are
mainly divided into categories including Yunnan Pu-erh tea, Hubei Qingzhuan brick tea,
Hunan Fuzhuan brick tea, Sichuan Tibetan tea and so on [2].

Pile-fermentation is a critical process in post-fermented tea production, in which a
large number of microorganisms depend on a suitable temperature, humidity and nutrient
conditions to grow and reproduce while simultaneously making a beneficial contribution
to the unique flavor of post-fermented tea through their activities [3]. However, during
the process of pile-fermentation, naturally inoculated microorganisms, especially some
unknown fungi, grow in the tea and release their harmful metabolites, which brings
potential risks to the safe drinking of post-fermented tea [4]. Currently, there are at least
19 known genera of fungi that have been isolated and identified from the process of
pile-fermentation such as Aspergillus, Penicillium, Rhizomucor, Trichoderma, Cladosporium,
Fusarium, Talaromyces, etc. [1,5,6]. It has been proved that several species from those genera
are capable of delivering mycotoxins. Many potential risks concerning fungus in the
process of pile-fermentation have been reported and even mycotoxins such as Aflatoxins,
ochratoxin A, and fumonisins in tea have attracted a lot of attention [7].

Among the mycotoxins mentioned above, ochratoxin A (OTA) is a very common and
deleterious toxicant that is mainly produced by the common genera of Aspergillus, Penicil-
lium [8,9]. A recent study by our research group reported that 100% of A. carbonarius strains,
P. verrucosum strains and A. ochraceus strains, 8.33% of A. niger strains and 30% of A. tubingensis
strains isolated from post-fermented tea have the ability to produce ochratoxin A (OTA).
Among ochratoxigenic fungi, A. carbonarius was identified as one of the most powerful OTA-
producers (OTA production reached 55.56± 4.64 ng/g in Czapek yeast extract agar (CYA),
exceeding that of other ochratoxigenic fungi) [10] and it is often found in the pile-fermentation
process of post-fermentation tea along with other ochratoxigenic fungi [11]. Ochratoxigenic
fungi can grow normally and produce ochratoxin A at temperatures of 25~40 ◦C and relative
humidity over 40% [12,13], which is consistent with the temperature and humidity conditions
of pile-fermentation [14]. Therefore, it is necessary to consider the potential safety risks caused
by the growth of ochratoxigenic fungi and the ochratoxin A released in post-fermented tea; in
particular, more attention should be paid to how to inhibit the growth of these fungi during
the pile-fermentation process.

In the last few decades, chemical preservatives and chemical fungicides have been
widely used as an effective and common means of controlling saprophytic or harmful
fungi in the process of food production and the harvest stage of agricultural products [15].
However, because tea is a natural and healthy drink and the quality of post-fermented tea
is inseparable from the participation of microorganisms originating from the complex mi-
croecosystem in the process of pile-fermentation, it is impossible to use chemical fungicides
to inhibit the growth of harmful fungi during pile-fermentation of the post-fermented tea.
Biological control may be one of the only control measures against harmful fungi in the
pile-fermentation process. The Bacillus sp. have potential anti-fungal ability (by producing
antifungal enzymes, polypeptides or other metabolites) [16–18] and have been found to
be widespread in post-fermented tea. Many Bacillus species such as B. subtilis, B. cereus,
B. amyloliquefaciens, B. licheniformis, B. pumilus, B. brevis, B. coagulans and B. laterosporus,
etc., have been isolated and identified in post-fermented tea [10,19]. B. subtilis AF1 can
inhibit the growth of A. niger by destroying the cell wall of A. niger [20]. B. licheniformis
BL350–2 isolated from raspberry and strawberry jams inhibited the growth of mycotoxi-
genic species such as A. carbonarius, A. ochraceus, Penicillium verrucosum, etc. [21]. In our
previous study, six different species of Bacillus (B. substilis DTM01, B. coagulans DTM02,
B. pumilus DTM04, B. brevis DTM05, B. licheniformis DTM06 and B. laterosporus DTM03)
were able to inhibit the growth of ochratoxigenic fungi on the tea matrix during the first 7
days of pile-fermentation. Among those, B. brevis DTM05 was found to be the strain with
the highest anti-fungal activity because it can produce antimicrobial polypeptides with a
molecular weight ≤ 10 kDa [10], which is similar to the characteristics (molecular weight
and anti-fungal properties) of peptide produced by B. brevis GM100 (named Bac-GM100
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with a molecular weight of 4375.66 Da) reported by Ghadbane et al. (2013) [22]. Although
pure antimicrobial peptides have better antibacterial effects, they are limited in practical
application due to their lower yields and higher costs. Therefore, in practice, the peptide
mixtures may have more practical application.

The purpose of the present study was to investigate the anti-fungal effect and mecha-
nism of a B. brevis peptides mixture against the ochratoxigenic fungus A. carbonarius during
the pile-fermentation process of post-fermented tea in order to contribute to improving
the process of pile-fermentation and reduce the safety risks associated with ochratoxigenic
fungi in post-fermented tea.

2. Materials and Methods
2.1. Strains, Materials and Reagents

B. brevis DTM05 (Accession: MG986217) was isolated from post-fermented tea samples,
identified by the amplification sequence of 16S rRNA in a previous study [10] and preserved
by our laboratory. A. carbonarius H9, also from a previous study [10], was used as the
representative strain of OTA-producing fungus isolated from tea samples in the pile-
fermentation process of post-fermented tea for subsequent anti-fungal experiments. The
preparation of A. carbonarius H9 spore suspension was as follows: A. carbonarius H9 were
inoculated in potato dextrose agar medium (PDA) (potato, 200 g; glucose, 20 g; agar, 18 g
and distilled water, 1 L) and cultured at 25 ◦C for 7 days. A. carbonarius H9 spores were
washed with sterile water to prepare a high concentration of spore suspension. Then, the
suspension was adjusted to the desired concentration with sterile water. The fungal spores
were counted by the blood-cell counting-chamber [23].

The raw tea material was post-fermented tea provided by Hubei Xianning Dongzhuang
Tea Industry Co., Ltd. SYTOX Green (SG) fluorescent stain and propidium iodide (PI) stain were
obtained from the Invitrogen Company, CA, USA. Fungal fluorescent stain (main ingredient:
calcofluor white) was purchased from Guokang Industrial Co., Ltd. (Zhaozhuang, China).

2.2. Instruments and Equipment

The following equipment was used in the study: a vertical automatic pressure steam
sterilizer, Chongqing Simite Technology Co., LTD; SW-CJ-1F vertical super clean bench,
Sujing Group Antai Co. LTD, Suzhou, China; Dhp-9082 Electric Thermostatic Incubator
Shanghai Qixin Scientific Instrument Co., LTD, Shanghai, China; SYNERGYH1MG Auto
ELISA detector, BioTek, USA; XSP-63B Fluorescence Microscope, Shanghai Optical Instru-
ment No. 1 Factory, Shanghai, China; Avanti TM J-30I high-speed refrigerated centrifuge,
Beckman Coulter, Inc. USA; DDS-307A conductivity meter, Shanghai Yi Electrical Scientific
Instrument Co., LTD, Shanghai, China and a Nicolet iS10FT-IR, Thermo Fisher Scientific
Inc., Madison, WI, USA.

2.3. Preparation and FT-IR Spectral Evaluation of Polypeptides (Molecular Weight from 3 kDa to
5 kDa) of B. brevis

Anti-fungal polypeptide (with a molecular weight ranging from 3 to 5 kDa) from the
B. brevis strain was prepared as described by Che et al. (2015) [24] and Zhao et al. (2021) [10]
with slight modifications (as follows). The B. brevis strain was cultured in LB medium
(lysogeny broth: tryptone, 10 g; yeast extract, 5 g; NaCl, 10 g and distilled water, 1 L) at 37 ◦C
in a shaker at 200 rpm for 5 days. The supernatant, taken from the culture medium after
centrifugation at 8000 rpm, 4 ◦C, for 20 min, was filtrated with 0.22 µm filter membranes
(Millipore, the Life Sciences branch of the Merck Group, Darmstadt, Germany) and the
cells of B. brevis were discarded. The culture supernatant was precipitated with 60~70%
(w/v) ammonium sulfate solution and the precipitates were recovered by centrifuging at
8000 rpm for 20 min at 4 ◦C. Thereafter, the precipitate was dissolved in a 20 mM phosphate
buffer of pH 7.4 and then ultra-filtered with ultrafiltration centrifugal tubes of 3 and 5 kDa
(Millipore, Darmstadt, Germany). The anti-fungal polypeptide solution with a molecular
weight between 3~5 kDa was taken and freeze-dried at −20 ◦C as a reserve.
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The anti-fungal polypeptide solution was diluted to different concentrations accord-
ing to the polypeptide content, which was determined by Bradford G-250 reagent, for
subsequent anti-fungal experiments.

The polypeptide freeze-dried powder was used for Fourier-transform infrared (FT-IR)
spectroscopy measurement. For the specific method, we referred to Wang et al. (2021) [25].

2.4. Inhibition Effects of Polypeptides on the Growth of A. carbonarius H9

The inhibitory effects of the anti-fungal peptide mixture (with a molecular weight
from 3 to 5 kDa) on the growth of A. carbonarius H9 were assessed according to Wang et al.
(2018) [26] with some modifications. First, 180 µL 1 × 104 CFU/mL spore suspension of A.
carbonarius H9 (containing potato dextrose broth (PDB) of 5% total volume) was mixed with
20 µL anti-fungal peptide and loaded into the 96-well microplates. The final concentrations
of anti-fungal peptide in the 96-well microplates were 0.1, 0.2, 0.4, 0.8, 1.6, 3.2, 6.4, 12.8,
25.6 and 51.2 mg/L. The control group was treated with sterile water instead of anti-fungal
peptide. The mixture was cultured in an incubator at 25 ◦C for 48 h. The OD600 of the
mixture was determined by using a microplate reader. The lowest inhibitory concentration
that could still completely inhibit the growth of A. carbonarius H9 for 48 h was taken as the
minimum inhibitory concentration (MIC).

2.5. Inhibition of A. carbonarius H9 on Sterilized Tea by Polypeptides

Fifty grams of the tea samples (water content 35%), previously sterilized at 120 ◦C
for 15 min, were put into 250 mL tissue culture bottles, then 5 mL of a mixture containing
polypeptides and spores of A. carbonarius H9 at a concentration of 1 × 104 CFU/mL were
added to the tea leaves in the treatment group. Different concentrations of antimicrobial
peptides, 1.6, 3.2, 6.4, 12.8, 25.6 mg/L (starting with the known minimum inhibitory
concentration on PDB) were added. In the control group, 5 mL sterile water and a spore
suspension of A. carbonarius H9 with a concentration of 1 × 104 CFU/mL were added. The
inoculated tea samples were cultured in an incubator at 25 ◦C. Samples were taken every
5 d for a total of 5 times. The inhibition of polypeptides on A. carbonarius H9 was assessed
visually by evaluating the fungal growth of A. carbonarius H9 inside and outside the tea,
and the number of fungal colonies. The enumeration of fungal colonies (A. carbonarius)
was carried out by the dilution plating method [27]. The lowest inhibitory concentration
of anti-fungal peptide that was still able to inhibit the growth of A. carbonarius H9 for 5 d
was taken as the minimum inhibitory concentration (MIC) of the anti-fungal peptides on
the tea.

The ochratoxin A content on the tea samples was assessed using the method described
by Mario et al. (2009) [28] with some modifications (as described below). The detection of
OTA content was performed by using an Agilent 2010 high-performance liquid chromato-
graph (HPLC). The stationary phase used an Agilent HC-C18 column (Agilent Technologies,
CA, USA, 4.6 × 250 mm; 5 µm), and the mobile phase consisted of methanol, acetonitrile
and 0.15 mol/L phosphoric acid (1/1/1, v/v/v) at a flow rate of 0.8 mL/min. The injection
volume was 20 µL, and the excitation and emission wavelength of the fluorescence detector
were 300 and 460 nm, respectively.

The tea leaves inoculated with A. carbonarius H9 and cultured for 14 d were taken
and cut into thin sections with a blade. The growth of A. carbonarius H9 on the tea leaves
were observed by fluorescence microscope after the thin sections were stained with fungal
fluorescent dye. The excitation wavelength of fungal fluorescent dye was 340~380 nm.

2.6. Determination of Conidial Survival Rate of A. carbonarius H9

One hundred and eighty microliters of spore suspension (1 × 10 3 CFU/mL) of
A. carbonarius H9 diluted with sterile water and 20 µL anti-fungal peptides (the inhibitory
concentration obtained from the abovementioned tests in Section 2.4, sterile water used
as control) were loaded into a 1.5 mL centrifuge tube, mixed evenly, and left for 16 h at
25 ◦C. Then 50 µL of the mixture was evenly spread on Rose Bengal medium and cultured
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at 25 ◦C for 72 h. The number of colonies formed (CFU) on the medium was counted to
determine the viability of conidia. The survival rate of conidia was calculated according to
Equation (1). The experiment was repeated three times at each concentration.

Survival rate of conidium (%) =
Spore number of treatments

Spore number of control groups
× 100 (1)

2.7. Effects of Polypeptides on the Integrity of Mycelium Membrane of A. carbonarius H9

The effects of anti-fungal peptide (molecular weight from 3 to 5 kDa) on the mycelium
membrane of A. carbonarius H9 were assessed as described by Wang et al. (2018) [26]. First,
90 µL of 1 × 104 CFU/mL spore suspension of A. carbonarius (diluted with 5% PDB) was
loaded into a 1.5 mL centrifuge tube and cultured at 25 ◦C. After 24 h, 10 µL of polypeptide
was added to the spore suspension of A. carbonarius H9, reaching a final concentration of 0,
1.6 and 6.4 mg/L. The control group was treated with sterile water instead of anti-fungal
peptide. After 2 h of incubation at 25 ◦C, 4 µmol/L SYTOX Green (SG) storage solution
was added to the mixture to achieve the final SG concentration of 0.2 µmol/L. After dark
treatment for 5 min, mycelia were selected and the morphological changes in mycelia
were observed on the fluorescence microscope. The excitation wavelength and emission
wavelength of SG were 450~490 nm and 515~565 nm, respectively. Each treatment was
repeated three times.

2.8. Determination of Membrane Integrity of A. carbonarius H9 Spore

The effects of the polypeptide on the spore membrane of A. carbonarius H9 was deter-
mined according to Li et al. (2019) [29] with some modifications. First, 90 µL 1× 107 CFU/mL
spore suspension of A. carbonarius H9 (diluted with 5% PDB) and 10 µL polypeptide were
loaded into a 1.5 mL centrifuge tube, reaching final concentrations 0, 1.6 and 6.4 mg/L. The
control group was treated with sterile water instead of anti-fungal peptide. After 6 h at 25 ◦C,
500 mg/L propidium iodide (PI) solution was added to reach a final mass concentration of PI
of 50 mg/L. The samples were detected under a fluorescence microscope and photographed:
the excitation wavelength and emission wavelength of PI were 535 and 615 nm, respectively,
and G-2A was chosen as the optical filter. Each treatment was repeated three times. Five
fields were randomly selected for each slide, and photos were taken under a bright field and
fluorescent field at the same position. The number of spores observed in the bright field was
defined as the total number (T), and the red-stained spores observed in the fluorescence field
were regarded as the number of spores with a disrupted membrane structure (S). The integrity
of the spore cell membrane was calculated according to Equation (2).

Membrane integrity of spore =

(
1− S

T

)
× 100 (2)

2.9. Determination of Extracellular Conductivity of A. carbonarius H9

The extracellular conductivity of ochratoxigenic fungi was measured by a DDS-307A
conductivity meter [30]. After 48 h culture in PDB medium, the mycelium precipitates were
centrifuged at 4000× g for 15 min and washed three times with sterile water. The polypep-
tides were added to the mycelium precipitates resuspended in sterile water, reaching final
concentrations 0, 1.6 and 6.4 mg/L, respectively. Sterile water instead of antimicrobial
peptide solution was used as control. The extracellular conductivity was measured at 0, 1,
2, 4, 8, 16, 32 h after treatment. The experiment was repeated three times in three parallel
groups at each concentration.

2.10. The Expression Analysis of Genes Related OTA Production in A. carbonarius H9 by RT-PCR

Total RNA was extracted using a Fungal Total RNA Isolation Kit (Sangon Biotech,
Shanghai, China) according to the manufacturer’s instructions. The first strand cDNA was
synthesized using the RevertAid First Strand cDNA Synthesis Kit (Thermofisher, Thermo
Fisher Scientific, MA, USA). The qRT-PCR expression analysis of genes related to OTA
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production was carried out as described by Rachelle et al. (2017) and Ma et al. (2022) [31,32].
The primers of the targeted genes (acpks) and reference gene (β-tubulin) are listed in Table 1.

Table 1. The primers used for quantitative RT-PCR.

Primer Name Primer Sequence (5′–3′) Reference

acpks-F GAGTCTGACCATCGACACGG
[31]acpks-R GGCGACTGTGACACATCCAT

2.11. Statistical Analysis

Origin software (version 18.0, MicroCal, MA, USA) was used to analyze the variance.
All data were expressed as the mean ± SD. All the experiments were repeated three times.

3. Results and Discussion
3.1. Anti-Fungal Peptides Produced by Brevibacillus brevis DTM05

The crude polypeptide extracts from B. brevis DTM05 dialyzed by a 1 kDa dialysis
membrane were separated into three types of peptides with a molecular weight of MW
> 5 kDa, 3 kDa ≤ MW ≤ 5 kDa and 1 kDa < MW < 3 kDa by 3 and 5 kDa ultrafiltration
membranes. The ultra-filtrated polypeptides were diluted to 0.5 mg/L to fulfill the subsequent
anti-fungal experiments. The results showed that the polypeptide extracts with a molecular
weight of 3 kDa≤MW≤ 5 kDa had the best inhibition effect on the A. carbonarius H9 (shown
in Figure 1), and the diameter of the inhibition zone was around 25.62 ± 0.37 mm. Although
the extracts of three peptides with different molecular weight showed an inhibition effect on
the A. carbonarius H9, the peptides with a molecular weight of 3 kDa ≤MW ≤ 5 kDa had the
best anti-fungal effect, indicating that the molecular weight of peptides with an anti-fungal
effect was mainly between 3 and 5 kDa.

Figure 1. Inhibition effect of polypeptides (at a concentration of 0.5 mg/L) with different molecular
weight (0.5 mg/L) produced by B. brevis DTM05 on A. carbonarius H9 (a). The inhibition zone
diameter of polypeptides with different molecular weight on A. carbonarius H9 (b).

The FT-IR spectra of the crude polypeptides with molecular weight between 3 and
5 kDa were dominated by the peaks at different wavelengths of 3908.35, 3406.39, 2918.37,
2855.62, 2364.81, 1657.87, 1542.62, 1459.88, 1051.33, 783.62, 699.28, 501.66 and 419.69 cm−1

(shown in Figure 2). According to the work of Long et al. [33] and Liu et al. [34], the
absorption of β-sheet and α-helix were in the frequency area of 1610–1640 and 1650–1660,
respectively; thus, bands around 1657.87 were expected for the crude polypeptides with α-
helical and β–sheet structures, which is conducive to maintaining the secondary structure
stability of polypeptides [35]. Absorbance at 3406.39 cm−1 wavenumbers was due to
the stretching vibrations of the O–H group, indicating the presence of hydrogen bonds
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(intramolecular and intermolecular) in the polypeptide molecules [34]. Absorbance at
2918.37, 2855.62 and 2364.81 wavenumbers may be due to –CH2 asymmetric and symmetric
stretching vibrations of lipid in crude polypeptides [34]. The rest of the peaks at 1522.62,
1459.88, 1051.33, 783.62, 699.28, 501.66 and 419.69 cm−1 were caused by CH2 scissoring,
CH3 bending, and C–O stretching vibration, respectively [36–39]. Therefore, it can be
speculated that the crude peptide was a mixture of mainly polypeptides and small amounts
of lipids and other carbohydrates.

Figure 2. Infrared spectrum of polypeptides with a molecular weight between 3 and 5 kDa produced
by B. brevis DTM05.

3.2. Inhibition Effects of the Polypeptides on the Growth of A. carbonarius H9

Different concentrations of the polypeptides were added into the spore suspension
of A. carbonarius H9, and the differences between the initial and terminal (cultured after
48 h) absorbance at 600 nm (∆OD600) of the suspension were analyzed to evaluate spore
germination rate and the growth rate of mycelium. In general, the ∆OD600 value of
A. carbonarius H9 gradually decreased with the increase in the polypeptide concentration.
The ∆OD600 value of the suspension of A. carbonarius H9 was close to zero when the
polypeptides concentration was 1.6 mg/L, indicating that the growth of A. carbonarius H9
spores was completely inhibited. Therefore, it can be inferred that the MIC of anti-fungal
peptides on A. carbonarius H9 was 1.6 mg/L (as shown in Figure 3a). The germination rate
of conidia of A. carbonarius H9 treated with polypeptides was significantly reduced, that is,
the polypeptides significantly affected the survival rate of spores as shown in Figures 3b
and 4. However, the germination rate of spores treated by polypeptides with concentrations
of 1.6 mg/L was still close to 20%. The germination rate did decrease to about 4% but
only after treatment with a high concentration (25.6 mg/L) of the polypeptides. The
polypeptides can inhibit the growth of A. carbonarius H9 in vitro (MIC was 1.6 mg/L) and
polypeptides with a concentration of MIC can also significantly reduce the germination
rate of A. carbonarius H9 spore to 20.62%, but they cannot completely kill all spores of
A. carbonarius H9. These results were consistent with [40], which reported the anti-fungal
effect of the fermentation supernatant of B. cereus on A. niger, and with [15], which involved
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the inhibitory effect of the polypeptide PAF26 on the growth and spore germination of
Monilinia fructicola.

Figure 3. Antifungal activity in vitro of polypeptides with a molecular weight from 3 kDa to 5 kDa
produced by B. brevis DTM05 on A. carbonarius H9. (A) effects of the polypeptides with different
concentrations on the spore growth of A. carbonarius H9; (B) effects of the polypeptides with different
concentrations on the spore survival rate of A. carbonarius H9).

Figure 4. Effect of polypeptides treatment on spore germination rate of A. carbonarius H9 spores.
(a) 1.6 mg/L polypeptides; (b) 3.2 mg/L polypeptides; (c) 25.6 mg/L polypeptides.

3.3. Inhibitory Effects of Polypeptides on the Growth of A. carbonarius H9 on Tea Matrix

The sterilized tea samples with different concentrations of polypeptides were used
as culture substrate and the A. carbonarius H9 isolated from the post-fermented tea was
used as the indicator fungus to assess the inhibitory effects of crude polypeptides on the
ochratoxigenic fungi. The same concentration of A. carbonarius H9 spore was inoculated
into the center of the tea matrix and the diameter of the fungal plaque and OTA content in
the contaminated tea samples were analyzed; the results are shown in Figure 5. The lowest
concentration of peptides that significantly inhibited the growth of A. carbonarius H9 on
the tea matrix was 3.2 mg/L. When the concentrations of crude polypeptides in the tea
matrix was 6.4 mg/L, the fungal plaque diameter on the tea matrix was significantly less
than that of the control group (shown in Figure 5a,b). Although the fungal plaque diameter
on the tea matrix increased with the extension of culture time, the fungal plaque diameter
decreased with the increase in the polypeptide concentration in the tea samples, which
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indicated that crude polypeptide (with concentration of 3.2, 6.4 mg/L in the tea matrix)
had obvious inhibitory effects on the growth of A. carbonarius H9.

Figure 5. Inhibitory effect of polypeptides on the growth of A. carbonarius H9 on the sterilized tea.
(a) Visible growth of A. carbonarius H9 on the tea substrate; (b) fluorescence microsections of tea
samples treated by A. carbonarius H9 for 14 days; (c) the fungal plaque diameter on the tea matrix;
(d) the inhibitory effects of crude polypeptides on OTA content in the contaminated tea samples.

The fluorescence micrograph of the tea leaves inoculated with A. carbonarius H9 is
shown in Figure 5b. After 14 d of incubation, as for the control group, a large amount
of mycelium of A. carbonarius H9 grew inside and outside the leaf tissue. Although a
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large number of hyphae of A. carbonarius H9 grew on the surface of tea leaves treated
with 3.2 mg/L polypeptide, only a small amount of mycelium penetrated into the internal
tissue of the tea leaves. For tea leaves treated with 6.4 mg/L polypeptide, fungal mycelium
could hardly be seen, either on the leaf surface or inside leaf tissues. The results of the
fluorescence microscopy showed that polypeptide (with a concentration of 3.2, 6.4 mg/L
in the tea matrix) had significant inhibitory effects on the growth of A. carbonarius H9 on
the tea matrix, and the inhibitory effect of 6.4 mg/L polypeptide was greater than that of
3.2 mg/L.

The OTA contents in tea samples spiked with a concentration of 3.2 and 6.4 mg/L were
lower than those of the control, which means that polypeptides had an obvious inhibitory
effect on the OTA production of A. carbonarius H9 with an inhibition rate ranging from
57.09 ± 0.15% to 92.66 ± 0.78% after 14 days of incubation, for an OTA concentration
of 15.46 µg/kg and 1.37 µg/kg on the tea matrix, respectively (Figure 5d). B. brevis has
been reported to inhibit the growth and OTA production of A. carbonarius H9 on tea
substrates [10]. This study further revealed that the polypeptides produced by B. brevis
had significant inhibitory effects on the growth and OTA production of A. carbonarius H9.
At the same time, it should be noted that a higher concentration of polypeptides may
be required to exert the same inhibitory effect on the growth of A. carbonarius H9 on the
tea substrate compared with the pure culture, which implies a decrease in the effective
antimicrobial concentration of the peptides on the tea substrate. Because our previous
studies had shown that temperature (20~60 ◦C) and acidic environments (pH 5 to 7) did
not significantly affect the anti-fungal activity of the polypeptides (unpublished data), the
results are similar to the effects of temperature and pH on the antibacterial activity of the
fermentation supernatant of Bacillus cereus found by Yi et al. (2022) [40]. Therefore, it is
speculated that the strong absorbability of tea [41] may be an important reason for reducing
the effective antibacterial concentration of polypeptides on tea substrate, or there are other
factors affecting the antibacterial activity of polypeptides on tea substrates that need to be
further studied.

3.4. Effect of Polypeptides on Spore Cell Membrane Integrity of A. carbonarius H9

The PI fluorescent stain can pass through the damaged cell membrane into the cells and
combine with the nucleic acid material to emit red fluorescence when the cell membrane of
A. carbonarius H9 spores is damaged [42]. No cell-emitted red fluorescence was observed in
the control spore cells without polypeptides treatment, but a certain number of cells were
observed to emit red fluorescence in spore cells treated by polypeptides with concentrations
of 1.6, 6.4 mg/L, as shown in Figure 6. The integrity of the spore cell membrane of
A. carbonarius H9 without polypeptide treatment was maintained at 100% (control group),
while the membrane integrity of spore cells treated with 1.6 and 6.4 mg/L was significantly
reduced. The higher the concentration of polypeptides, the more severe the disruption to
the cell membrane integrity of A. carbonarius H9. When the polypeptide concentration of
treated A. carbonarius H9 spores was 6.4 mg/L, the integrity of the cell membrane was only
12.29% (as shown in Figure 7). It is generally believed that the inhibition of polypeptide on
the fungal spore survival rate is mainly manifested through the destruction of spore cell
membranes (Qian et al., 2015; Cai et al., 2020). The polypeptides with antifungal effects
such as Bacillomycin D (a polypeptide derived from B. subtilis) [42], PAF26 [15], etc., were
found to have significant inhibitory and destructive effects on fungal spore cell membranes.
It is possible that antifungal peptides may destroy the spore cell membrane, leading to the
leakage of nucleic acids and proteins, and to the production of reactive oxygen species that
cause apoptosis of spore cells, which eventually inhibits germination and the survival rate
of fungal spore [26,29].
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Figure 6. Effect of anti-fungal peptides treatment on membrane permeability of A. carbonarius H9
spores. (A1,A2) control group under bright field and fluorescent field; (B1,C1) spore membrane
treated by 1.6 and 6.4 mg/L polypeptides under bright fields; (B2,C2) spore membrane treated by 1.6
and 6.4 mg/L polypeptides under fluorescent fields.

Figure 7. Effect of anti-fungal peptides on membrane integrity of A. carbonarius H9 spores.
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3.5. Effect of Anti-Fungal Peptides on Mycelia Cell Membrane Integrity of A. carbonarius H9

When the permeability of mycelia cell membrane is destroyed, SG fluorescent stain
penetrates into the cell and is bound with nucleic acid materials to present bright green
fluorescence [15]. No green fluorescence was observed when the mycelia of A. carbonarius
H9 were not treated with the polypeptides (Figure 8A1,A2). The mycelium of A. carbonarius
H9 treated by polypeptides at 1.6 mg/L showed a weak green fluorescence (Figure 8B1,B2).
It was interesting that when the mycelia of A. carbonarius H9 was exposed to polypeptides
at 6.4 mg/L, almost more than 95% of the mycelium were found to emit continuous, bright
green fluorescence. This suggests that the permeability of mycelium cell membrane in-
creased with the increase in polypeptide concentration, which led to the increase in SG
fluorescence in mycelia cells. Cell membrane is an important barrier to protect cells and
maintain the balance of osmotic pressure inside and outside the cell. Once the perme-
ability of the cell membrane is destroyed by polypeptides, cell death will occur [29]. The
fluorescence of mycelium was significantly enhanced after polypeptide treatment, which
indicated that the anti-fungal effect of polypeptides produced by B. brevis DTM05 was
exerted by changing the cell permeability. This is very similar to the antifungal mode of
most antimicrobial peptides reported in the literature, such as PAF56 [26].

Figure 8. Effect of anti-fungal peptides treatment on membrane permeability of A. carbonarius H9
mycelia (A1,A2), control group under bright field and fluorescent field; (B1,C1), mycelia membrane
treated by 1.6 and 6.4 mg/L polypeptides under bright field; (B2,C2), mycelia membrane treated by
1.6 and 6.4 mg/L polypeptides under fluorescent field).
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3.6. Effect of Anti-Fungal Peptides on Extracellular Conductivity of A. carbonarius H9

The mycelium extracellular conductivity of A. carbonarius H9 treated by polypeptides
with different concentrations was analyzed, as shown in Figure 9. The extracellular conduc-
tivity of A. carbonarius H9 mycelia in both control and treatment groups increased gradually
with the prolongation of the treatment time. The mycelium extracellular conductivity of A.
carbonarius H9 treated by polypeptides was higher than that of the control group and the
conductivity of the highest concentration (6.4 mg/L) treatment was significantly higher
than that of the lowest concentration (1.6 mg/L).

Figure 9. Effect of anti-fungal peptides on mycelium extracellular conductivity of A. carbonarius.

Electrical conductivity is an important index to measure the change in cell permeability.
When the cell permeability increases, intracellular substances such as proteins, sugars, etc.,
will leak out, eventually leading to an increase in the electrical conductivity indicators [43].
The extracellular conductivity of A. carbonarius H9 mycelium treated by polypeptides from
B. brevis DTM05 increased significantly and promoted the leakage of organic substances
inside the mycelium membrane. This result indicated that the mycelium membrane was
damaged by polypeptides from B. brevis DTM05 to a certain extent, which is similar to the
effects of other polypeptides such as Bacillomycin D [43], PAF56 [26] and PAF26 [15].

3.7. Effect of Anti-Fungal Peptides on the Expression of Genes Related to OTA Production in A.
carbonarius H9

OTA biosynthesis is mainly regulated by the polyketide synthase gene (acpks and
acOTApks), non-ribosomal peptide synthase gene family (acOTAnrps) and other regulators
(laeA and veA) [31,43–45]. In order to further clarify the inhibition effects of polypeptides
from B. brevis DTM05 on A. carbonarius H9, the effects of polypeptides on the expression of
OTA polyketide synthase gene acpks in A. carbonarius H9 were investigated. The results
showed that the polypeptides significantly attenuated the polyketide synthase gene acpks
expression levels (Figure 10). The higher the concentration of polypeptides, the more
the expression levels of the polyketide synthase gene acpks were down-regulated. When
the concentration of polypeptides was 6.4 mg/L, the relative expression level of acpks
was down-regulated by 81.6% (p < 0.01). The inhibition mechanism of polypeptides
from B. brevis DTM05 in the OTA synthesis of A. carbonarius H9 may be similar to that
of Bacillomycin D produced by B. subtilis [43] as both of them reduce OTA synthetase
activity by down-regulating the expression level of the polyketide synthase gene acpks, thus
eventually reducing OTA production.
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Figure 10. Effects of polypeptides on expression of the OTA polyketide synthase gene acpks in
A. carbonarius. *, significant difference (p < 0.01).

4. Conclusions

The molecular weight of antimicrobial polypeptides produced by B. brevis DTM05
mainly ranged between 3 and 5 kDa. The FT-IR spectra of polypeptides (with a molecular
weight between 3 and 5 kDa) showed that it was a mixture consisting mainly of polypep-
tides, and small amounts of lipids and other carbohydrates. The polypeptide produced by
B. brevis DTM05 inhibited the growth of A. carbonarius by increasing the permeability of
the mycelium membrane and destroying the A. carbonarius H9 spore membrane, resulting
in the leakage of intracellular substances and the death of fungal cells. The study also
confirmed that polypeptide (with a concentration ≥6.4 mg/L) significantly reduced the
OTA production of A. carbonarius H9 on the tea matrix by down-regulating the expression
level of the polyketide synthase gene acpks related to OTA production. In conclusion, the
polypeptides produced by B. brevis DTM05 (isolated from post-fermented tea samples)
showed significant antifungal activity against A. carbonarius H9 (one of the ochratoxigenic
fungi often detected in the pile-fermentation process of post-fermented tea), and it is ex-
pected to be a potential and effective way to control the contamination of ochratoxigenic
fungi and OTA production during the pile-fermentation process of post-fermented tea. For
practical applications, the stability and antimicrobial activity of the polypeptides in the
tea matrix during the pile-fermentation process under complex microecological conditions
need to be further studied.

Author Contributions: Conceptualization, Z.Z. and X.L.; methodology, L.Z., Y.L. (Yan Luo), J.L.,
H.M. and X.P.; data curation, X.H. and H.W.; writing—original draft preparation, Z.Z. and L.Z.;
writing—review and editing, Z.Z. and Y.L. (Yougen Lou). All authors have read and agreed to the
published version of the manuscript.

Funding: This research is supported by the National Natural Science Fund of China (31972464),
Expert Workstation of Yunnan Province (202105AF150045) and China Agriculture Research System
of MOF and MARA (CAR-19).

Data Availability Statement: The data resulting from this study are available within the article.

Conflicts of Interest: The authors declare that they have no known competing financial interests or
personal relationships that could appear to influence the work reported in this paper.



Foods 2022, 11, 3243 15 of 16

References
1. Zhao, Z.-J.; Tong, H.-R.; Zhou, L.; Wang, E.-X.; Liu, Q.-J. Fungal colonization of Pu-erh tea in Yunnan. J. Food Safety 2010, 30,

769–784. [CrossRef]
2. Zhang, Y.-J.; Skaar, I.; Sulyok, M.; Liu, X.-Z.; Rao, M.-Y.; Taylor, J.-W. The microbiome and metabolites in fermented Pu-erh

tea as revealed by high-throughput sequencing and quantitative multiplex metabolite analysis. PLoS ONE 2016, 11, e0157847.
[CrossRef] [PubMed]

3. Yan, K.; Abbas, M.; Meng, L.; Cai, H.; Peng, Z.; Li, Q.; El-Sappah, A.; Yan, L.; Zhao, X. Analysis of the fungal diversity and
community structure in sichuan dark tea during pile-fermentation. Front. Microbiol. 2021, 12, 2041. [CrossRef] [PubMed]

4. Zhao, Z.-J.; Hu, X.-C.; Liu, Q.-J. Recent advances on the fungi of Pu-erh ripe tea. Int. Food Res. J. 2015, 22, 1240–1246.
5. Zheng, P.-C.; Tan, R.-R.; Liu, P.-P.; Wang, S.-P.; Teng, J.; Wang, X.-P.; Gong, Z.-M. Study on the fungi species and quality changes of

green brick tea during pile-fermentation process. Food Sci. Technol. 2017, 42, 22–26.
6. Mao, Y.; Wei, B.Y.; Teng, J.W.; Huang, L.; Xia, N. Analyses of fungal community by Illumina MiSeq platforms and characterization

of Eurotium species on Liupao tea, a distinctive post-fermented tea from China. Food Res. Int. 2017, 99, 641–649. [CrossRef]
[PubMed]

7. Sedova, I.; Kiseleva, M.; Tutelyan, V. Mycotoxins in tea: Occurrence, methods of determination and risk evaluation. Toxins 2018,
10, 444. [CrossRef] [PubMed]

8. Battilani, P.; Magan, N.; Logrieco, A. European research on ochratoxin A in grapes and wine. Int. J. Food Microbiol. 2006, 111,
S2–S4. [CrossRef] [PubMed]

9. Perrone, G.; Mule, G.; Susca, A.; Battilani, P.; Pietri, A.; Logrieco, A. Ochratoxin a production and AFLP analysis of Aspergillus
carbonarius, Aspergillus tubingensis, and Aspergillus niger strains isolated from grapes in Italy. Appl. Environ. Microb. 2006, 72,
680–685. [CrossRef]

10. Zhao, Z.-J.; Lou, Y.-G.; Shui, Y.-C.; Zhang, J.; Hu, X.-C.; Zhang, L.-L.; Li, M.-Q.; Wu, H.-W.; Li, X.-H. Ochratoxigenic fungi in
post-fermented tea and inhibitory activities of Bacillus spp. from post-fermented tea on ochratoxigenic fungi. Food Control 2021,
126, 108050. [CrossRef]

11. Hou, C.-W.; Jeng, K.-C.; Chen, Y.-S. Enhancement of fermentation process in Pu-erh tea by tea-leaf extract. J. Food Sci. 2010, 75,
H44–H48. [CrossRef] [PubMed]

12. Arroyo, M.; Aldred, D.; Magan, N. Environmental factors and weak organic acid interactions have differential effects on contro
of growth and ochrataxin A production by Penicillium verrucosum isolates in bread. Int. J. Food Microbiol. 2005, 98, 223–231.
[CrossRef] [PubMed]

13. Esteban, A.; Abarca, M.-L.; Bragulat, M.-R.; Cabanes, F.-J. Study of the effect of water activity and temperature on ocharatxin A
production by Aspergillus cabonarius. Food Microbiol. 2006, 23, 634–640. [CrossRef]

14. Deng, X.-J.; Tu, Q.; Wu, X.-X.; Huang, G.-Y.; Shi, H.-Y.; Li, Y.-L.; Zhou, H.-J. Research progress on the safety risk of ochratoxin A in
Tea. Sci. Technol. Food Ind. 2021, 42, 405–412.

15. Cai, D.; Li, X.-D.; Deng, L.-L.; Zeng, K.-F. Antibacterial effect and mechanism of antimicrobial peptide PAF26 on Monilinia
fructicola in postharvest plums. Food Sci. 2020, 41, 221–227.

16. Jiang, C.; Shi, J.; Liu, Y.; Zhu, C. Inhibition of Aspergillus carbonarius and fungal contamination in table grapes using Bacillus
subtilis. Food Control 2014, 35, 41–48. [CrossRef]

17. Yánez-Mendizábal, V.; Zeriouh, H.; Viñas, I.; Torres, R.; Usall, J.; Vicente, A.-D.; Pérez-García, A.; Teixidó, N. Biological control of
peach brown rot (Monilinia spp.) by Bacillus subtilis CPA-8 is based on production of Fengycin-like lipopeptides. Eur. J. Plant
Pathol. 2012, 132, 609–619. [CrossRef]

18. Guo, J.; Yun, J.-M.; Deng, Z.-R.; Ai, D.-Y.; Zhang, W.-W.; Zhao, F.-Y. Antimicrobial mechanism of Bacillus pumilus HN-10 antifungal
peptide P-1 against Trichothecium roseum. J. Food Sci. 2019, 19, 17–22.

19. Peng, X.-C.; Yu, M. Isolation and identification of culturable microorganisms in a 10-Year-Old fermented Pu-erh tea. Food Sci.
2011, 32, 196–199.

20. Sailaja, P.-R.; Podile, A.-R.; Reddanna, P. Biocontrol strain of Bacillus subtilis AF1 rapidly induces lipoxygenase in groundnut
(Arachis hypogaea L.) compared to crown rot pathogen Aspergillus niger. Eur. J. Plant Pathol. 1998, 104, 125–132. [CrossRef]

21. Hassan, Z.-U.; Thani, R.-A.; Alnaimi, H.; Migheli, Q.; Jaoua, S. Investigation and application of Bacillus licheniformis volatile
compounds for the biological control of toxigenic Aspergillus and Penicillium spp. ACS Omega 2019, 4, 17186–17193. [CrossRef]
[PubMed]

22. Ghadbane, M.; Harzallah, D.; Laribi, A.-I.; Jaouadi, B.; Belhadj, H. Purification and biochemical characterization of a highly
thermostable bacteriocin isolated from Brevibacillus brevis strain GM100. Biosci. Biotechnol. Biochem. 2013, 77, 151–160. [CrossRef]
[PubMed]

23. Luo, B.; Qin, J.Z.; Zhang, C.H. The condition for sporulation of Eurotium cristatum in Fu-brick tea. Food Ind. 2013, 34, 16–18.
24. Che, J.-M.; Liu, B.; Chen, Z.; Shi, H.; Liu, G.-H.; Ge, C.-B. Identification of ethylparaben as the antimicrobial substance produced

by Brevibacillus brevis FJAT-0809-GLX. Microbiol. Res. 2015, 172, 48–56.
25. Wang, L.; Yang, Q.L.; Zhao, H.-Y. Sub-regional identification of peanuts from Shandong Province of China based on Fourier

Transform Infrared (FT-IR) spectroscopy. Food Control 2021, 124, 107879. [CrossRef]
26. Wang, W.-J.; Deng, L.-L.; Yao, S.-X.; Zeng, K.-F. Control of green and blue mold and sour rot in citrus fruits by the cationic

antimicrobial peptide PAF56. Postharvest Biol. Technol. 2018, 136, 132–138. [CrossRef]

http://doi.org/10.1111/j.1745-4565.2010.00240.x
http://doi.org/10.1371/journal.pone.0157847
http://www.ncbi.nlm.nih.gov/pubmed/27337135
http://doi.org/10.3389/fmicb.2021.706714
http://www.ncbi.nlm.nih.gov/pubmed/34421866
http://doi.org/10.1016/j.foodres.2017.06.032
http://www.ncbi.nlm.nih.gov/pubmed/28784527
http://doi.org/10.3390/toxins10110444
http://www.ncbi.nlm.nih.gov/pubmed/30380767
http://doi.org/10.1016/j.ijfoodmicro.2006.02.007
http://www.ncbi.nlm.nih.gov/pubmed/16712998
http://doi.org/10.1128/AEM.72.1.680-685.2006
http://doi.org/10.1016/j.foodcont.2021.108050
http://doi.org/10.1111/j.1750-3841.2009.01441.x
http://www.ncbi.nlm.nih.gov/pubmed/20492177
http://doi.org/10.1016/j.ijfoodmicro.2004.07.004
http://www.ncbi.nlm.nih.gov/pubmed/15698683
http://doi.org/10.1016/j.fm.2005.12.006
http://doi.org/10.1016/j.foodcont.2013.06.054
http://doi.org/10.1007/s10658-011-9905-0
http://doi.org/10.1023/A:1008638608639
http://doi.org/10.1021/acsomega.9b01638
http://www.ncbi.nlm.nih.gov/pubmed/31656892
http://doi.org/10.1271/bbb.120681
http://www.ncbi.nlm.nih.gov/pubmed/23291759
http://doi.org/10.1016/j.foodcont.2021.107879
http://doi.org/10.1016/j.postharvbio.2017.10.015


Foods 2022, 11, 3243 16 of 16

27. Pitt, J.-I.; Hocking, A.-D. Fungi and Food Spoilage, 2nd ed.; Blackie Academic & Professional (Chapman & Hall): London, UK,
1997; pp. 307–309.

28. Mario, V.; Katherine, M.; Carolina, S.; Mario, A.; Victor, C.; Ricardo, V.; Orialis, V. Solid-phase extraction and HPLC determination
of ochratoxin A in cereals products on Chilean market. Food Control 2009, 20, 631–634.

29. Li, X.-D.; Wang, W.-J.; Liu, S.; Ruan, C.; Zeng, K.-F. Effect of the peptide H-OOWW-NH2 and its derived lipopeptide C12-OOWW-
NH2 on controlling of citrus postharvest green mold. Postharvest Biol. Technol. 2019, 158, 110979. [CrossRef]

30. Paul, S.; Dubey, R.-C.; Maheswari, D.-K.; Sun, C.-K. Trachyspermum ammi (L.) fruit essential oil influencing on membrane
permeability and surface characteristics in inhibiting food-borne pathogens. Food Control 2011, 22, 725–731. [CrossRef]

31. Rachelle, K.; Florence, M.; Ali, A.; Hiba, K.; Anthony, K.; Charbel, A.; Richard, M.; André, K. Ability of soil isolated actinobacterial
strains to prevent, bind and biodegrade ochratoxin a. Toxins 2017, 9, 222.

32. Ma, Q.-P.; Qin, M.-Y.; Song, L.-C.; Sun, H.-W.; Zhang, H.; Wu, H.-H.; Ren, Z.-H.; Liu, H.; Duan, G.; Wang, Y.; et al. Molecular link
in flavonoid and amino acid biosynthesis contributes to the flavor of Changqing tea in different seasons. Foods 2022, 11, 2289.
[CrossRef] [PubMed]

33. Long, G.-H.; Ji, Y.; Pan, H.-B.; Sun, Z.-W.; Li, Y.-T.; Qin, G.-X. Characterization of thermal denaturation structure and morphology
of soy glycinin by FTIR and SEM. Int. J. Food Prop. 2015, 18, 763–774. [CrossRef]

34. Liu, L.-L.; Wang, L.-B.; Zonderman, J.; Rouse, J.-C.; Kim, H.-Y. Automated, high-throughput infrared spectroscopy for secondary
structure analysis of protein biopharmaceuticals. J. Pharm. Sci. 2020, 109, 3223–3230. [CrossRef] [PubMed]

35. Hang, B.-L.; Zhang, W.; Li, J.; Xu, J.; Xu, Y.-Z.; Zhang, H.-H.; Hu, J.-H. Bioinformatics analysis of antimicrobial peptide BSN-37. J.
Henan Inst. Sci. Technol. 2018, 46, 34–38.

36. Nunes, K.-M.; Andrade, M.V.O.; Almeida, M.R.; Sena, M.-M. A soft discriminant model based on mid-infrared spectra of bovine
meat purges to detect economic motivated adulteration by the addition of non-meat ingredients. Food Anal. Method. 2020, 13,
1699–1709. [CrossRef]

37. Park, S.-M.; Yu, H.; Chun, H.-S.; Kim, B.-H.; Ahn, S. A second derivative Fourier Transform infrared spectroscopy method to
discriminate perilla oil authenticity. J. Oleo Sci. 2019, 68, 389–398. [CrossRef]

38. Uncu, O.; Ozen, B. A comparative study of mid-infrared, UV-Visible and fluorescence spectroscopy in combination with
chemometrics for the detection of adulteration of fresh olive oils with old olive oils. Food Control 2019, 105, 209–218. [CrossRef]

39. Sinelli, N.; Cosio, M.S.; Gigliotti, C.; Casiraghi, E. Preliminary study on application of mid infrared spectroscopy for the evaluation
of the virgin olive oil “freshness”. Anal. Chim. Acta 2007, 598, 128–134. [CrossRef]

40. Yi, Y.-J.; Liu, Y.; Hou, Z.-P.; Zhao, S.-Y.; Lu, H.; Jia, S.; Li, R.-F. Control and safety evaluation of Bacillus cereus XZ30-2 fermentation
supernatant against Aspergillus niger. Modern Food Sci. Technol. 2022, 38, 36–43.

41. Yang, Z.-B.; Liu, X.-C.; Zhang, M.-D.; Liu, L.-X.; Xu, X.-X.; Xian, J.-R.; Cheng, Z. Effect of temperature and duration of pyrolysis
on spent tea leaves biochar: Physiochemical properties and Cd (II) adsorption capacity. Water Sci. Technol. 2020, 81, 2533–2544.
[CrossRef]

42. Hu, X.-D.; Li, Y.; Ren, S.-Y.; Yao, Y.-J. Fluorescent staining of septa and nuclei in Ophiocordyceps sinensis and Cordyceps militaris.
Mycosystema 2016, 35, 1100–1105.

43. Qian, S.; Lu, H.; Meng, P.; Zhang, C.; Lv, F.; Bie, F.; Lu, Z. Effect of inulin on efficient production and regulatory biosynthesis of
bacillomycinD in Bacillus subtilis fmbJ. Bioresour. Technol. 2015, 179, 260–267. [CrossRef] [PubMed]

44. Ling, Y.; Deng, L.-L.; Yao, S.-X.; Zeng, K.-F. Inhibitory effect of L-Cysteine against Monilinia fructicola on postharvest plum fruit.
Food Sci. 2019, 40, 256–261.

45. Gallo, A.; Bruno, K.-S.; Solfrizzo, M.; Perrone, G.; Mule, G.; Visconti, A.; Baker, S.-E. New insight into the ochratoxin A biosynthetic
pathway through deletion of a nonribosomal peptide synthetase gene in Aspergillus carbonarius. Appl. Environ. Microb. 2012, 78,
8208–8218. [CrossRef] [PubMed]

http://doi.org/10.1016/j.postharvbio.2019.110979
http://doi.org/10.1016/j.foodcont.2010.11.003
http://doi.org/10.3390/foods11152289
http://www.ncbi.nlm.nih.gov/pubmed/35954056
http://doi.org/10.1080/10942912.2014.908206
http://doi.org/10.1016/j.xphs.2020.07.030
http://www.ncbi.nlm.nih.gov/pubmed/32758548
http://doi.org/10.1007/s12161-020-01795-3
http://doi.org/10.5650/jos.ess18248
http://doi.org/10.1016/j.foodcont.2019.06.013
http://doi.org/10.1016/j.aca.2007.07.024
http://doi.org/10.2166/wst.2020.309
http://doi.org/10.1016/j.biortech.2014.11.086
http://www.ncbi.nlm.nih.gov/pubmed/25545095
http://doi.org/10.1128/AEM.02508-12
http://www.ncbi.nlm.nih.gov/pubmed/22983973

	Introduction 
	Materials and Methods 
	Strains, Materials and Reagents 
	Instruments and Equipment 
	Preparation and FT-IR Spectral Evaluation of Polypeptides (Molecular Weight from 3 kDa to 5 kDa) of B. brevis 
	Inhibition Effects of Polypeptides on the Growth of A. carbonarius H9 
	Inhibition of A. carbonarius H9 on Sterilized Tea by Polypeptides 
	Determination of Conidial Survival Rate of A. carbonarius H9 
	Effects of Polypeptides on the Integrity of Mycelium Membrane of A. carbonarius H9 
	Determination of Membrane Integrity of A. carbonarius H9 Spore 
	Determination of Extracellular Conductivity of A. carbonarius H9 
	The Expression Analysis of Genes Related OTA Production in A. carbonarius H9 by RT-PCR 
	Statistical Analysis 

	Results and Discussion 
	Anti-Fungal Peptides Produced by Brevibacillus brevis DTM05 
	Inhibition Effects of the Polypeptides on the Growth of A. carbonarius H9 
	Inhibitory Effects of Polypeptides on the Growth of A. carbonarius H9 on Tea Matrix 
	Effect of Polypeptides on Spore Cell Membrane Integrity of A. carbonarius H9 
	Effect of Anti-Fungal Peptides on Mycelia Cell Membrane Integrity of A. carbonarius H9 
	Effect of Anti-Fungal Peptides on Extracellular Conductivity of A. carbonarius H9 
	Effect of Anti-Fungal Peptides on the Expression of Genes Related to OTA Production in A. carbonarius H9 

	Conclusions 
	References

