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Abstract: ‘Hongyang’ kiwifruit (Actinidia chinensis, cultivar "Hongyang’) black spot disease is caused
by the fungal pathogen Didymella glomerata, and is a serious disease, causing considerable losses to
the kiwifruit industry during growth of the fruit. Hence, we aimed to identify a potential biocontrol
agent against D. glomerata. In this study, bacterial isolates from the rhizosphere soil of kiwifruit
were tested for their potential antifungal activity against selected fungal pathogens. Based on a
phylogenetic tree constructed using sequences of 16S rDNA and the gyrA gene, BQ-33 with the
best antifungal activity was identified as Bacillus mojavensis. We evaluated the antagonistic activity
and inhibitory mechanism of BQ-33 against D. glomerata. Confrontation experiments showed that
both BQ-33 suspension and the sterile supernatant (SS) produced by BQ-33 possessed excellent
broad-spectrum antifungal activity. Furthermore, the SS damaged the cell membrane and cell wall of
the mycelia, resulting in the leakage of a large quantity of small ions (Na*, K*), soluble proteins and
nucleic acids. Chitinase and 3-1,3-glucanase activities in SS increased in correlation with incubation
time and remained at a high level for several days. An in vivo control efficacy assay indicated that
400 mL L1 of SS completely inhibited kiwifruit black spot disease caused by D. glomerata. Therefore,
BQ-33 is a potential biocontrol agent against kiwifruit black spot and plant diseases caused by other
fungal pathogens. To our knowledge, this is the first report of the use of a rhizosphere microorganism
as a biocontrol agent against kiwifruit black spot disease caused by D. glomerata.

Keywords: kiwifruit black spot; Didymella glomerata; biocontrol; antifungal activity

1. Introduction

Kiwifruit (Actinidia spp.), such as Chinese kiwifruit, is known as the ‘king of fruits’
due to its richness in vitamin C, potassium, calcium, and carotene [1-3]. China has the
largest area of kiwifruit plantations, accounting for 72% of the total area of world kiwifruit
plantations [4]. With the increase in plantation scale, kiwifruits have become easily affected
by various pathogens during the production process. Black spot disease is a common threat
to kiwifruits during growth, affecting their appearance and quality and seriously reducing
the profitability of kiwifruits in the market. Black spot disease was initially thought to be
specific to ‘Cuixiang” kiwifruit (Actinidia deliciosa, cultivar ‘Cuixiang’), but gradually, other
kiwifruit varieties were also found to be vulnerable. Kiwifruit black spot can be caused by
different fungal pathogens, including Cladosporium cladosporioides, Diaporthe phaseolorum,
and Trichothecium roseum [5]. In recent years, Didymella glomerata has also been identified
as a causal agent of kiwifruit black spot [6], in addition to infecting other plants, such as
grape, maize, pistachio, Cornus officinalis, and Sophora tonkinensis [7-11].

D. glomerata has been identified as the main pathogen causing black spot on ‘"Hongyang’
kiwifruit. It can infect kiwifruits at different stages of fruit growth [6]. Once infected, the
fruit develops slightly sunken black spots on the skin, and the pulp at the lesion area
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becomes solid and black. In production, farmers mainly rely on synthetic fungicides to
reduce the occurrence of kiwifruit black spots and improve fruit quality [12]. Although
some chemical agents can quickly and effectively reduce the severity of this disease, the
extensive and excessive use of fungicides can accelerate the development of fungicide resis-
tance in fungal pathogens [13]. Additionally, extensive use of such agents may cause food
safety concerns and damage to the environment. To address these issues, it is important to
develop safe, effective, and environment-friendly biocontrol agents to manage kiwifruit
black spot caused by D. glomerata [14-16].

In agricultural production, biological control has been proposed as a reasonably safe
way to limit the effect of plant diseases and has great potential for the sustainability of
disease management [17]. Microbial biocontrol agents protect against pathogens through
their metabolites, competition for nutrients and space, and parasitism, thus, preventing
and controlling diseases. Bacillus spp. has attracted wide attention in the field of biological
control because of its ability to produce many broad-spectrum antifungal compounds,
hydrolases and toxins [18,19]. In recent decades, various biocontrol bacteria have been
used to control a variety of plant diseases, including Bacillus velezensis and Bacillus safensis
against foot rot disease in sweet potato, Bacillus subtilis to control wheat spot blotch, and
Bacillus cereus to elicit tomato plant protection against Fusarium oxysporum [20-22].

Despite the wide use of biocontrols in agricultural production, no studies have re-
ported the biological control of kiwifruit black spot caused by D. glomerata. In this study,
the biocontrol bacterium Bacillus mojavensis strain BQ-33 showed strong activity against D.
glomerata. The SS of BQ-33 was collected to evaluate its inhibitory activity and mechanism
on D. glomerata. In addition, an infection assay was conducted to evaluate the biocontrol
potential of B. mojavensis BQ-33. Overall, this study provides a theoretical basis for the
biological control of D. glomerata using B. mojavensis BQ-33.

2. Materials and Methods
2.1. Fungal Pathogen

D. glomerata, the fungal pathogen of kiwifruit black spot disease, was provided by
Professor Caihong Zhong'’s team of the Key Laboratory of Plant Germplasm Enhancement
and Specialty Agriculture, Wuhan Botanical Garden, Chinese Academy of Sciences [6]. It
was routinely cultured on potato dextrose agar (PDA) medium at 28 °C.

2.2. Rhizobacteria Isolation and Antifungal Activity Evaluation

Twenty-two rhizosphere soil samples of healthy kiwifruit from Liupanshui, Guizhou,
China, were collected for isolation of biocontrol bacteria [23]. From each sample, 20 g of
dried and ground soil was mixed with 200 mL of sterile water and incubated in a shaker
at 37 °C and 150 rpm for 2 h. The mixtures were subsequently placed in a water bath set
at 85 °C for 30 min, followed by homogenizing the solutions by shaking. After the soil
had precipitated, 100 uL of the supernatant diluted to 1073, 107%, and 10~° was spread
on nutrient agar (NA) medium and incubated at 30 °C for 2 d, using three replicates of
each concentration. Single-colony purification was conducted, and the purified colonies
were propagated in nutrient broth (NB) medium. Glycerol (25%) was added to the culture
systems, and the strains were stored at —80 °C.

The confrontation method was used to test the antagonistic activity of the isolated
rhizobacteria [24]. Mycelial plugs (6 mm in diameter) of Didymella glomerata were placed at
the centre of PDA medium plates. Antagonistic bacterial suspensions, incubated overnight,
were applied to sterilised filter paper disks (6 mm in diameter), and four such filter paper
disks were placed around the D. glomerata mycelial plug at a distance of 25 mm. Petri dishes
inoculated only with mycelial plugs were used as controls. The Petri dishes were then
placed in an incubator at 28 °C for 4 days. All treatments and controls were analysed in
three replicates. The inhibition ratio was calculated by comparing the diameters of colonies
in the treatment groups with that in the control groups [25].
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2.3. Identification of the BQ-33 Strain

The best candidate was further identified according to 165 rDNA and gyrA sequence.
For molecular identification, the genomic DNA of the antagonistic bacteria was extracted us-
ing the FastPure Bacteria DNA Isolation Kit (Vazyme Biotech Co. Ltd., Nanjing, China), ac-
cording to the manufacturer’s instructions. The 16S rDNA and gyrA gene were amplified us-
ing primer sets 27F (5-AGAGTTTGATCCTGGCTCAG-3') and 1492R (5-GGTTACCTTGTT-
ACGACTT-3'), and gyrA-F (5-CAGTCAGGAAATGCGTACGTCCTT3') and gyrA-R (5'-
CAAGGTAATGCTCCAGGCATTGCT-3') [26,27]. The PCR products were sequenced by
SANGON Biotech Co., Ltd. (Shanghai, China). The obtained sequences were compared
with the nucleotide database of the national center for biotechnology information (NCBI),
using the Basic Local Alignment Search Tool (BLAST, https:/ /blast.ncbi.nlm.nih.gov/Blast.
cgi accessed on 21 July 2022). Reference strain sequences were downloaded from the
NCBI database, and a polygene phylogenetic tree was constructed using the maximum
likelihood (ML) method in MEGA 7.0 software with bootstrap values calculated, based on
1000 replications [28].

2.4. Preparation of QB-33 the Sterile Supernatant (SS)

BQ-33 was inoculated into NB and incubated in a shaker incubator (34 °C, 180 rpm)
for 48 h, and, when the ODg reached 0.8, it was added to 600 mL of fresh NB (pH 7.2) at
an inoculum volume of 1:100 (v:v). Then, the solution was incubated in a shaker incubator
at 34 °C and 180 rpm for 4 d. The bacterial suspension was, subsequently, centrifuged at
4°Cand 12,000 g for 10 min, and the supernatant was filtered twice through a 0.22 pm
sterile syringe filter [29], and the filtered SS was stored at 4 °C.

2.5. Test of Antifungal Activity of BQ-33 and Its SS

Some pathogens on kiwifruit can also infect other crops and cause diseases. In order to
clarify the spectrum of biological control of BQ-33 in agricultural production, the inhibitory
activity of BQ-33 suspension against these fungal pathogens (Table 1) was tested with the
method described in Section 2.2. The inhibitory effect of SS was evaluated according to a
previously described method [30]. The SS was mixed with the PDA medium in a ratio of
1:5 (v:v). Mycelial plugs of the five fungal pathogens were inoculated in the centre of the
PDA medium containing SS with three replicates for each species, which were incubated at
28 °C for 4 days. Cells cultured on the PDA medium containing the same amount of NB
were used as controls. The inhibition ratio was calculated as described in Section 2.2.

Table 1. The pathogens used in antifungal activity test.

No. Pathogen Host Plant Disease Type
1 Didymella glomerata Kiwifriut Black spot [6]
2 Botryosphaeria dothidea Apple Ring rot [31]
3 Alternaria alternata Prunus salicina Leaf spot [32]
4 Fusarium oxysporum Gastrodia elata Tuber rot [33]
5 Phomopsis cauloides Kiwifriut Soft rot [34]

2.6. Chitinase and B-1,3-Glucanase Activity Assays

Chitinase activity was determined according to method described in a previous
study [35]. Briefly, 50 pL of the supernatant was mixed with 500 uL of colloidal chitin
(0.5%), and 450 pL of sodium acetate buffer (0.05 M, pH 5.0) was added to the mixture.
The mixture was incubated at 37 °C for 1 h, and 200 puL. of NaOH (1 M) was then added
to terminate the reaction. Subsequently, the reaction mixture was centrifuged at 4 °C and
10,000 g for 5 min. Next, 750 uL of the supernatant was collected and supplemented with
1 mL of Schales’ reagent (0.5 M sodium carbonate and 0.5 g L~! potassium ferricyanide in
water). The mixture was then diluted with the addition of 250 uL of deionized distilled
water and incubated in boiling water for 15 min. Finally, the ODyy value of the treatment
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solution was determined in three replicates using a microplate reader. The unit of chiti-
nase activity is the amount of enzyme that decomposes chitinase to produce 1 umol of
N-acetylglucosamine per hour per 1 mL of the supernatant at 37 °C, which was expressed
asUmL"1.

A previously described method was modified to determine the 3-1,3-glucanase activity
of the BQ-33 supernatant [36]. A total of 50 puL laminarin (10 mg mL~1), and 400 puL sodium
acetate buffer (0.05 M, pH 5.0), were added to 50 uL of the supernatant. The solution was
incubated at 37 °C for 1 h, and then supplemented with 1.5 mL of 3,5-dinitrosalicylic acid
(DNS) to terminate the reaction. The ODsg( value of the treatment solution was determined
in three replicates using a microplate. The unit of 3-1,3-glucanase activity was defined as
the amount of enzyme that decomposed (3-1,3-glucanase to produce 1 umol of glucose per
hour per 1 mL of the supernatant at 37 °C, which was expressed as U mL .

2.7. Changes in Cell Permeability

Three 6-mm mycelial disks of D. glomerata were transferred to 100 mL potato dextrose
broth (PDB) and placed on a constant temperature shaker (150 rpm at 28 °C). After incu-
bation for 3 days, three layers of sterile gauze were used to filter and collect the mycelia,
and the collected mycelia were washed three times with sterile water. Then, 1 g of fresh
mycelia were suspended in 50 mL PDB medium containing 100 mL L=!, 200 mL L~!, and
400 mL L~! SS, which were incubated in a shaker at 28 °C and 150 rpm. In the control,
mycelia were incubated in PDB without SS. The supernatant was collected after 0, 12, 24,
36, 48, 60 and 72 h of incubation, the relative conductivity was calculated according to
the method of Mo et al. [37]. The soluble protein was detected with the Soluble Protein
Extraction Kit (SanGon Biotech, Shanghai, China). The degree of nucleic acid leakage was
detected at the wavelength of 260 nm absorbance [38]. There were three replicates for
each test.

2.8. Effects of SS on Cell Structures of Fungal Pathogens
2.8.1. Effects on Cell Walls

Calcofluor white (CFW) was used to detect changes in the integrity of cell walls of D.
glomerata [39]. Three mycelial plugs of D. glomerata were inoculated into 150 mL of PDB
medium. After 3 days of incubation in a shaker at 28 °C and 150 rpm, the mycelia were
collected by filtering through gauze, and a portion of the mycelia was placed into 50 mL
of PDB medium containing 200 mL L1 ofSS, using three replicates, and incubated in a
shaker at 28 °C and 150 rpm for 12 h. Mycelia incubated in PDB without SS were used
as controls. A small quantity of mycelia was stained with 5 uL of CFW in the dark for
10 min and then washed three times with a washing solution. The integrity of the cell wall
was observed and photographed using a confocal laser scanning microscope (NE 910-FL,
Ningbo Yongxin Optics Co., Ltd., Ningbo, China) at 355-400 nm.

2.8.2. Effects on Cell Membranes

Propidium iodide (PI) was used to detect the integrity of the cell membrane [40]. A part
of the mycelia was placed in 50 mL of PDB medium containing 100 mL L=}, 200 mL L.,
and 400 mL L~! SS, using three replicates, which were incubated in a shaker at 28 °C and
150 rpm for 12 h. Again, mycelia incubated in PDB without SS were used as a control group.
The mycelia were collected by centrifugation at 4 °C and 10,000x g for 5 min. First, the
treated mycelia were washed three times with PBS (0.02 M, pH 7.0). After washing, 5 uL PI
was added and the solution was left to stain in the dark for 20 min, after which the mycelia
were washed again with PBS (0.02 M, pH 7.0). CLSM was used to observe the fluorescence
effect at wavelengths of 536-617 nm to determine the integrity of the cell membrane.

2.9. In Vivo Control Effect of SS

Healthy kiwifruit (90 days after fruit setting), with consistent maturity, were collected.
The surfaces of the healthy kiwifruit were cleaned with sterile water, soaked in 75% ethanol



Microorganisms 2022, 10, 2085

50f12

for 1 min, and then cleaned again with sterile water three times. A syringe needle was
used to create four puncture wounds with a depth of 2 mm within a circular area (diameter
5 mm). The mycelial plugs of D. glomerata were inoculated onto the stabbed circular area of
kiwifruit, which were placed in a sterile fresh-keeping box. Each box was filled with six
kiwifruits, and these kiwifruits were then sprayed with SS solutions at concentrations of
400 mL L~ 1,200 mL L~!, and 100 mL L~1. Each treatment was repeated three times. In the
control group, spraying was performed with sterile water. The fresh-keeping boxes were
placed in an artificial climate chamber adjusted to maintain a temperature of 28 °C, a humid-
ity of 75%, and a 14 h/10 h light-dark photoperiod. Disease progression was observed after
six days, and the sizes of the lesions were measured to calculate the control efficacy [41].

2.10. Statistical Analyses

All the collected data were analysed with ANOVA. All the figures were drawn using
Origin 2021 software. Data obtained from the replicates of each experiment are represented
in the graphs as the mean =+ standard error (SE).

3. Results
3.1. Screening of Biocontrol Bacteria

A total of 78 bacterial strains were isolated from 22 kiwifruit rhizosphere soil samples,
of which 36 displayed inhibition ratios > 50% against D. glomerata (Table S1). These included
11 strains with inhibition ratios of 50-60%, 16 strains with inhibition ratios of 60-70%, and
9 strains with inhibition ratios > 70%, among which B. mojavensis BQ-33 showed the highest
antifungal activity against D. glomerata (81.62%). Therefore, BQ-33 was selected for further
analysis and identification. The optimal growth of BQ-33 was achieved at a temperature of
34 °C, using an NB fermentation medium and a fermentation pH of 7.2.

3.2. Identification of Strain BQ-33

To identify the bacterial strain BQ-33 at the species level, the 165 rDNA and gyrA gene
sequences were amplified using PCR and Sanger sequencing produced two nucleotide
sequences with lengths of approximately 1435 bp and 985 bp. The sequences of 16S
rDNA (ON231801) and gyrA (ON245037) were uploaded to the GenBank database. BLAST
analysis showed that the 165 rDNA and gyrA sequences of BQ-33 shared a high degree
of homology with B. mojavensis UCMB5075 (accession number: CP051464), with 98.96%
similarity between 165 rDNA sequences and 98.69% similarity between gyrA sequences.
A phylogenetic tree was constructed using 165 rDNA and gyrA gene sequences of BQ-33,
along with a few reference isolates obtained from GenBank (Table 52). Phylogenetic analysis
further confirmed that BQ-33 clustered monophyletically with a strain of B. mojavensis
UCMB5075 (Figure 1). Based on these results, the isolated strain BQ-33 was identified as
B. mojavensis.

3.3. Antifungal Spectrum of BQ-33 Regarding Kiwifruit Diseases

Evaluation of the inhibitory effect towards fungal pathogens showed that both BQ-33
suspension and SS displayed excellent bioactivity against the main fungal pathogens of
the fruits, leaves, and branches of kiwifruit plants. The growth of the five pathogens was
significantly inhibited by BQ-33 suspension, resulting in significantly reduced mycelial
growth (Figure 2A) and inhibition ratios of 70.11-81.26% (Table 2). Compared with the
control, 200 mL L~! SS also had a good inhibitory effect on the growth of fungal pathogens
(Figure 2B). The inhibitory effect of SS on D. glomerata was the highest, with an inhibition
ratio of 83.43% (Table 2).
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L00| Bacillus subtilis NCIB3610"
Bacillus subtilis NRRL B-4219"

- Bacillus vallismortis NRRL B-14890"
Bacillus subtilis TU-B-10"

Bacillus spizizenii NRRL B-23049"
Bacillus inaquosorum NRRL B-23052"
72 9o BQ-33

Bacillus mojavensis UCMB5075 !
Bacillus halotolerans KKD1

100
Bacillus halotolerans MBH 1

Bacillus atrophaeus NRRL NRS 213"
Bacillus velezensis SQR9"
Bacillus velezensis NRRL B-41580'

13

Bacillus velezensis FZB42"

Bacillus siamensis KCTC 13613

Bacillus amyloliquefaciens DSM7'
Bacillus nakamurai NRRL B-41091"

Bacillus sonorensis NRRL B-23154"

Halobacillus halophilus DSM 2266"

0.04

Figure 1. Phylogenetic tree of Bacillus mojavensis BQ-33 based on 16S rDNA and gyrA tandem
gene sequences, constructed using the maximum likelihood (ML) method with MEGA 7.0 software.
Bootstrap values are based on 1000 repeats. T = type strain.

Figure 2. Inhibitory effect of BQ-33 suspension (A) and 200 mL L1 sterile supernatant (SS) (B) on fun-
gal pathogens. (1) Didymella glomerata, (2) Botryosphaeria dothidea, (3) Alternaria alternata, (4) Fusarium
oxysporum and (5) Phomopsis cauloides.
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Table 2. Inhibitory ratio of QB-33 and its SS against fungal pathogens.

Pathogen Inhibition Ratio by BQ-33 Suspension (%) Inhibition Ratio by SS (%)
Didymella glomerata 81.26 £ 047 a 8343 £0.35a
Botryosphaeria dothidea 73.62 143 ¢ 7419 £ 059 ¢
Alternaria alternata 7745+ 1.18b 78.86 £ 0.55b
Fusarium oxysporum 70.11+0.92d 72.63 £ 0.56 c
Phomopsis cauloides 75.73 £ 0.78 bc 7713 £ 0.67b

Numerical values were expressed as mean + standard error (SE) of triplicates. Different lowercase letters represent
a significant difference of the same columns (p < 0.05, n = 3).

3.4. Enzymatic Activities of BQ-33 SS

The chitinase and (3-1,3-glucanase activities of BQ-33 SS were monitored for 12 d. The
hydrolase activities of SS rapidly increased during the first two days and stayed relatively
consistent over the next 10 days. The activities of chitinase and 3-1,3-glucanase increased
significantly from 0 to 3 days (Figure 3). From day 3 to 8, chitinase activity increase was
generally slow, peaking on day 8 (Figure 3A). The 3-1,3-glucanase activity maintained an
increasing trend until day 4 and reached a plateau on days 6-8 (Figure 3B).

Ay 5 (B)

- S
16 /F:—-i/ i\“‘i

-

.
5
!
s
]
/

Chitinase activity (U mL™")
=
B-1,3-glucanase activity (U mL™)

<

(=1
o o

0 2 4 6 8 10 12 4 6 g 10 12
Incubation days Incubation days

Figure 3. Dynamics in the activities of chitinase (A) and (3-1,3-glucanase (B) in SS of BQ-33 within
12 days.

3.5. Effect of SS on the Permeability of D. glomerata Cells

In order to clarify the inhibition mechanism of BQ-33 SS on D. glomerata, the changes
of relative conductivity, nucleic acid and soluble protein content in D. glomerata culture
medium after SS treatment were determined. The results indicated that SS affected the
permeability of D. glomerata cells. With the increase of SS concentration, the relative
conductivity gradually increased, and the leakage of nucleic acid and soluble protein also
increased in a similar pattern (Figure 4), which caused the D. glomerata mycelia to be unable
to grow normally.

(4) —— Cont (B)

% 100 mLL™!
—=—200 mL L™
50 400 ml, 17" I

o ©

1.4 —=— Control

s

100mL L 100 mL L™
—=—200mLL" 124 ——200mL L
400mL 1! 400 mL L

*

40 -

Relative conductivity (%)
Soluble protein (mg L™')
- o3
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.\\\
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\\.

12 24 3% 48 60 72 0 12 24 36 48 60 T2 0 1224 36 48 60 T2
Incubation times (h) Incubation times (h) Incubation times (h)

Figure 4. Dynamic changes of relative conductivity (A), soluble protein (B), and nucleic acid (C) in
Didymella glomerata culture medium treated with SS for 72 h.
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3.6. BQ-33 SS Influence on Fungal Cells

Fluorescence of the cell wall was observed after treatment with CFW. The control group
displayed strong fluorescence, which was consistent with the fact that the mycelial cell
wall was intact. However, the fluorescence of a part of the mycelia in the treatment group
was weak or completely missing (Figure 5), indicating that the cell wall of D. glomerata
mycelia was seriously damaged by the treatment with 200 mL L~ of SS. PI could enter
the cell through the damaged cell membranes and combine with nucleic acids to produce
red fluorescence. The mycelia in the control group showed almost no fluorescence upon PI
staining (Figure 6). Under treatments with three different concentrations of SS, the mycelia
of D. glomerata showed red fluorescence with different intensities and the fluorescence
intensity of mycelia increased in correlation with increasing SS concentration.

Bright field Dark field

Control

200 mL L"

Figure 5. The effect of SS on D. glomerata cell wall observed with calcofluor white staining.

Control 100 mL L™ 200 mL L™ 400 mL L™

Bright field

Dark field

Figure 6. The Effect of SS with different concentrations on the cell membrane permeability of mycelia
of D. glomerata, as demonstrated by propidium iodide staining.
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3.7. Biocontrol Efficacy of BQ-33 SS towards Kiwifruit Black Spot Disease

To evaluate the biocontrol efficacy of BQ-33 SS towards black spot disease of kiwifruit
fruits, different concentrations of SS were tested on kiwifruit inoculated with D. glomerata.
After five days of incubation under the same storage condition, large black spots appeared
on the skin of the water-treated kiwifruits (Figure 7). The symptoms of kiwifruit black
spots were relieved by SS treatments, and the fruits treated with 400 mL L~! of SS did not
develop any symptoms, displaying 100% control efficacy (Table 3). After treatments with
200 mL L~! and 100 mL L~ of SS, black spots of varying severities appeared on the fruits,
and the control efficacies were 74.75% and 47.52%, respectively.

Figure 7. In vivo effects of SFB on kiwifruit disease caused by D. glomerata. Infected kiwifruit treated
with sterile water (A). 100 mL L1 SS (B). 200 mL L—1 SS (C). 400 mL L~ SS (D).

Table 3. Control efficacy of different concentrations of SS on kiwifruit black spot.

Treatment Lesion Diameter (mm) Control Efficacy (%)
Control 20.62 £ 0.66 a -

100 mL L™t 10.62+0.29b 47.52 £0.02 c

200 mL L~! 512+ 0.13 ¢ 74.75 £ 0.01b

400 mL L~! 0+0d 100 £0a

Numerical values were expressed as mean =+ SE of triplicates. Different lowercase letters represent a significant
difference of the same columns (p < 0.05, n = 3).

4. Discussion

Kiwifruit is rich in nutrients, making it susceptible to infection by various pathogens
during growth, storage, and transportation. As a result, the appearance and taste of the
fruits are seriously affected, and the reduction in fruit quality can lead to huge economic
losses [42]. With improved quality of life, consumers are paying more attention to food
safety. Guizhou is one of the main production areas of kiwifruit in China, and it is highly
important to develop friendly and safe kiwifruit disease control methods to meet the
increasing demand for high-quality pollution-free kiwifruit products. Bacillus spp. have
been widely recognized for their excellent performance in biological control of various
plant diseases [43,44].

Previous studies have shown that B. mojavensis had inhibitory effects on a variety of
pathogens. Galitskaya et al. [45] reported that B. mojavensis P1709 could protect postharvest
cherry tomatoes from fungal pathogens, and Bacon et al. [46] reported that Bacillus mojaven-
sis could reduce stalk lesions in maize seedlings. In this study, B. mojavensis BQ-33 had
an inhibitory activity on D. glomerata, Botryosphaeria dothidea, Alternaria alternata, Fusarium
oxysporum and Phomopsis cauloides. The in vivo experiment showed that SS with 400 mL L~!
had the best control effect on kiwifruit black spot disease, with a control efficacy of 100%.
These results indicated that B. mojavensis is a promising biocontrol agent in agriculture.

It has been shown that chitinase and -1,3-glucanase secreted by microorganisms
may be key players in inhibiting the growth of fungal pathogens [47]. In this study, the
high activities of chitinase and 3-1,3-glucanases, which are the key hydrolase enzymes for
lysing the cell wall of fungal pathogens, were detected in SS of BQ-33 [48,49]. Chitinase can
hydrolyze 3-1,4-glycosidic bond in chitin, causing the degradation of the fungal cell wall,
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while 3-1,3-glucanases can catalyze the cleavage of 3-1,3-linkages of 3-1,3-glucan and show
antifungal activity [50,51]. Therefore, BQ-33 may destroy the cell wall of fungal pathogens
by producing these two enzymes, thus, inhibiting the growth of fungal pathogens. In the
study of Bacon et al. [52], a surfactin was found in the metabolites of B. mojavensis, which
also had a good antifungal activity. It is plausible that surfactin also has a role in inhibiting
pathogens in SS of BQ-33, but this should be further verified.

The cell membrane is a double-layer structure of phospholipids surrounding the
cytoplasm. Its main components are lipids and protein molecules, which can provide
a protective barrier for small ions (Na*, K*), macromolecular substances and other cell
contents [53,54]. The mycelia of D. glomerata treated with SS produced red fluorescence
by PI staining, which indicated that SS may damage the integrity of the mycelial cell
membrane. Previous studies have shown that when the cell membrane is damaged, it leads
to the increase of relative conductivity and the leakage of a large number of intracellular
substances [55,56]. In this experiment, the relative conductivity of mycelium medium
treated with SS increased significantly, and the leakage of soluble protein and nucleic acid
also showed an abnormal upward trend, which was consistent with the above conclusions.
These results indicated that SS produced by BQ-33 may also destroy the cell membrane of
D. glomerata.

The SS produced by BQ-33 displayed greater antagonistic activity against D. glomer-
ata, both in vivo and in vitro, which was manifested by the inhibition of colony growth,
destruction of cell integrity, and the reduction of disease morbidity of the fruit. Overall,
this study shows that the B. mojavensis strain, BQ-33, isolated from the rhizosphere soil of
kiwifruit plant, displays excellent antifungal activity against fungal pathogens of kiwifruit
and has a high potential for use as a biocontrol agent.
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study and their GenBank accession numbers.

Author Contributions: Investigation and writing—original draft preparation, B.W.; conceptualiza-
tion, methodology, project administration, and resources, Y.L. and W.W.; software and data curation,
B.W.,, W.L. and ]J.C.; formal analysis, B.W. and X.L.; writing—review and editing and supervision, Y.L.
and W.W. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the China Agriculture Research System of MOF and MARA
(CARS-26), and the Science and Technology Foundation of Guizhou Province (QKHZC [2021] gen-
eral 237).

Data Availability Statement: The data analyzed in this study are included within the paper.

Acknowledgments: The authors would like to thank Caihong Zhong (Key Laboratory of Plant
Germplasm Enhancement and Specialty Agriculture, Wuhan Botanical Garden, Chinese Academy of
Sciences, Wuhan, 430074, Hubei, People’s Republic of China) for providing the strain of Didymella
glomerata.

Conflicts of Interest: The authors declare that they have no known competing financial interests.

1. Boeing, H.; Bechthold, A ; Bub, A.; Ellinger, S.; Haller, D.; Kroke, A.; Leschik-Bonnet, E.; Miiller, M.].; Oberritter, H.; Schulze, M.;
et al. Critical review: Vegetables and fruit in the prevention of chronic diseases. Eur. J. Nutr. 2012, 51, 637-663. [CrossRef]

2. Kumarihami, HM.P.C.; Kim, J.G.; Kim, Y.H.; Lee, M.; Lee, Y.S.; Kwack, Y.B.; Kim, J. Preharvest application of chitosan improves
the postharvest life of ‘Garmrok’ kiwifruit through the modulation of genes related to ethylene biosynthesis, cell wall modification
and lignin metabolism. Foods 2021, 10, 373. [CrossRef]

3. Richardson, D.P,; Ansell, J.; Drummond, L.N. The nutritional and health attributes of kiwifruit: A review. Eur. ]. Nutr. 2018, 57,

2659-2676. [CrossRef]

4. Zhao, L.; Cao, M.; Huang, Q.; Jing, M.; Bao, W.; Zhang, Y.; Hou, C.; Wu, Y.; Wang, Q. Occurrence and molecular characterization of
Actinidia virus C (AcVC), a novel vitivirus infecting kiwifruit (Actinidia spp.) in China. Plant Pathol. 2020, 69, 775-782. [CrossRef]


https://www.mdpi.com/article/10.3390/microorganisms10102085/s1
https://www.mdpi.com/article/10.3390/microorganisms10102085/s1
http://doi.org/10.1007/s00394-012-0380-y
http://doi.org/10.3390/foods10020373
http://doi.org/10.1007/s00394-018-1627-z
http://doi.org/10.1111/ppa.13171

Microorganisms 2022, 10, 2085 11 of 12

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Yang, Y.; Chen, L.; Wang, C.; Peng, H; Yin, W,; Li, R; Liu, C.; Ren, X.; Ding, Y. Pathogenic fungi diversity of ‘CuiXiang’ kiwifruit
black spot disease during storage. Horticultura 2022, 8, 13. [CrossRef]

Pan, H.; Chen, M.; Deng, L.; Wang, Z.; Li, L.; Zhong, C. First report of Didymella glomerata causing black spot disease of kiwifruit
in China. Plant Dis. 2018, 102, 2654. [CrossRef]

Huang, S.; Wang, L.; Wang, T.; Jiao, Z.; Pang, F,; Tao, A.; Niu, X.; Lu, W. First report of Didymella leaf blight on Cornus officinalis
caused by Didymella glomerata in China. Plant Dis. 2018, 102, 1031. [CrossRef]

Moral, J.; Lichtemberg, PS.E; Papagelis, A.; Sherman, J.; Michailides, T.]. Didymella glomerata causing leaf blight on pistachio. Eur.
J. Plant Pathol. 2018, 151, 1095-1099. [CrossRef]

Song, L.; Jiang, N.; Tan, G.; Chen, Q.; Feng, S.; Zhang, Z. First report of round leaf spot on Sophora tonkinensis caused by Didymella
glomerata in China. Plant Dis. 2020, 105, 498. [CrossRef]

Cimmino, A.; Bahmani, Z.; Masi, M.; Abdollahzadeh, J.; Amini, J.; Tuzi, A.; Evidente, A. Phytotoxins produced by Didymella
glomerata and Truncatella angustata, associated with grapevine trunk diseases (GTDs) in Iran. Nat. Prod. Res. 2021, 20, 4316—4323.
[CrossRef]

Ma, W.; Yang, J.; Gao, X.; Han, T,; Liu, J.; Ding, J.; Zhao, W.; Peng, Y.; Bhadauria, V. First report of Didymella glomerata causing
Didymella leaf blight on maize in China. Plant Dis. 2022, 106, 2522. [CrossRef] [PubMed]

Thomidis, T.; Exadaktylou, E.; Chen, S. Diaporthe neotheicola, a new threat for kiwifruit in Greece. Crop Prot. 2013, 47, 35-40.
[CrossRef]

Bardas, G.A.; Veloukas, T.; Koutita, O.; Karaoglanidis, G.S. Multiple resistance of Botrytis cinerea from kiwifruit to SDHIs, Qols
and fungicides of other chemical groups. Pest Manag. Sci. 2010, 66, 967-973. [CrossRef]

Fira, D.; Dimki¢, L; Beri¢, T.; Lozo, J.; Stankovi¢, S. Biological control of plant pathogens by Bacillus species. J. Biotechnol. 2018, 285,
44-55. [CrossRef] [PubMed]

Kohl, J.; Kolnaar, R.; Ravensberg, W.J. Mode of action of microbial biological control agents against plant diseases: Relevance
beyond efficacy. Front. Plant Sci. 2019, 10, 845. [CrossRef] [PubMed]

van Lenteren, ].C.; Bolckmans, K.; Kohl, J.; Ravensberg, W.].; Urbaneja, A. Biological control using invertebrates and microorgan-
isms: Plenty of new opportunities. BioControl 2018, 63, 39-59. [CrossRef]

Feliziani, E.; Lichter, A.; Smilanick, ].L.; Ippolito, A. Disinfecting agents for controlling fruit and vegetable diseases after harvest.
Postharvest Biol. Technol. 2016, 122, 53—-69. [CrossRef]

Blake, C.; Christensen, M.N.; Kovécs, A.T. Molecular aspects of plant growth promotion and protection by Bacillus subtilis. Mol.
Plant-Microbe Interact. 2021, 34, 15-25. [CrossRef] [PubMed]

Papoutsis, K.; Mathioudakis, M.M.; Hasperué, ].H.; Ziogas, V. Non-chemical treatments for preventing the postharvest fungal
rotting of citrus caused by Penicillium digitatum (green mold) and Penicillium italicum (blue mold). Trends Food Sci. Technol. 2019,
86, 479-491. [CrossRef]

Mateus, ].R.; Dal'Rio, L; Jurelevicius, D.; da Mota, EE.; Marques, ]. M.; Ramos, R.T.; da Silva, A.L.D.; Gagliardi, P.R.; Seldin, L.
Bacillus velezensis T149-19 and Bacillus safensis T052-76 as potential biocontrol agents against foot rot disease in sweet potato.
Agriculture 2021, 11, 1046. [CrossRef]

Ramirez, V.; Martinez, J.; Bustillos-Cristales, M.; Catafieda-Antonio, D.; Munive, J.A.; Baez, A. Bacillus cereus MH778713 elicits
tomato plant protection against Fusarium oxysporum. J. Appl. Microbiol. 2021, 132, 470-482. [CrossRef]

Villa-Rodriguez, E.; Parra-Cota, F.; Castro-Longoria, E.; Lopez-Cervantes, J.; Santos-Villalobos, S.D. Bacillus subtilis TE3: A
promising biological control agent against Bipolaris sorokiniana, the causal agent of spot blotch in wheat (Triticum turgidum L.
subsp. durum). Biol. Control 2019, 132, 135-143. [CrossRef]

Gowtham, H.G.; Murali, M.; Singh, S.B.; Lakshmeesha, T.R.; Murthya, K.N.; Amruthesh, K.N.; Niranjana, S.R. Plant growth
promoting rhizobacteria- Bacillus amyloliquefaciens improves plant growth and induces resistance in chilli against anthracnose
disease. Biol. Control 2018, 126, 209-217. [CrossRef]

Huang, C.; Xu, G.; Wang, L.; Zhang, P.; Zhao, P.; Zhong, Y. Antagonistic properties and screening of Bacillus Velezensis Nhw-B72
against wood fungal decay. Forests 2021, 12, 785. [CrossRef]

Tan, T.; Zhu, J.; Shen, A.; Li, J.; Yu, Y,; Zhang, M.; Zhao, M.; Li, Z.; Chen, ].; Gao, C.; et al. Isolation and identification of a Bacillus
subtilis HZ-72 exhibiting biocontrol activity against flax seedling blight. Eur. ]. Plant Pathol. 2019, 153, 825-836. [CrossRef]
Mamphogoro, T.P.; Kamutando, C.N.; Maboko, M.M.; Aiyegoro, O.A.; Babalola, O.O. Epiphytic bacteria from sweet pepper
antagonistic in vitro to Ralstonia solanacearum BD 261, a causative agent of bacterial wilt. Microorganisms 2021, 9, 1947. [CrossRef]
Yang, F; Zhang, R.; Wu, X; Xu, T.; Ahmad, S.; Zhang, X.; Zhao, J.; Liu, Y. An endophytic strain of the genus Bacillus isolated from
the seeds of maize (Zea mays L.) has antagonistic activity against maize pathogenic strains. Microb. Pathogenesis 2020, 142, 104074.
[CrossRef] [PubMed]

Kumar, S.; Stecher, G.; Tamura, K. MEGA?7: Molecular evolutionary genetics analysis version 7.0 for bigger datasets. Mol. Biol.
Evol. 2016, 33, 1870-1874. [CrossRef]

Chen, C.; Zheng, C.; Li, J.; Tao, C.; Feng, Y.; Han, Y. A novel endophytic strain of Lactobacillus plantarum CM-3 with antagonistic
activity against Botrytis cinerea on strawberry fruit. Biol. Control 2020, 148, 104306. [CrossRef]

Zheng, T; Liu, L.; Nie, Q.; Hsiang, T.; Sun, Z.; Zhou, Y. Isolation, identification and biocontrol mechanisms of endophytic
bacterium D61-A from Fraxinus hupehensis against Rhizoctonia solani. Biol. Control 2021, 158, 104621. [CrossRef]


http://doi.org/10.3390/horticulturae8010013
http://doi.org/10.1094/PDIS-04-18-0583-PDN
http://doi.org/10.1094/PDIS-07-17-0933-PDN
http://doi.org/10.1007/s10658-018-1422-y
http://doi.org/10.1094/PDIS-06-20-1239-PDN
http://doi.org/10.1080/14786419.2021.1979544
http://doi.org/10.1094/PDIS-02-22-0282-PDN
http://www.ncbi.nlm.nih.gov/pubmed/35253492
http://doi.org/10.1016/j.cropro.2012.12.024
http://doi.org/10.1002/ps.1968
http://doi.org/10.1016/j.jbiotec.2018.07.044
http://www.ncbi.nlm.nih.gov/pubmed/30172784
http://doi.org/10.3389/fpls.2019.00845
http://www.ncbi.nlm.nih.gov/pubmed/31379891
http://doi.org/10.1007/s10526-017-9801-4
http://doi.org/10.1016/j.postharvbio.2016.04.016
http://doi.org/10.1094/MPMI-08-20-0225-CR
http://www.ncbi.nlm.nih.gov/pubmed/32986513
http://doi.org/10.1016/j.tifs.2019.02.053
http://doi.org/10.3390/agriculture11111046
http://doi.org/10.1111/jam.15179
http://doi.org/10.1016/j.biocontrol.2019.02.012
http://doi.org/10.1016/j.biocontrol.2018.05.022
http://doi.org/10.3390/f12060785
http://doi.org/10.1007/s10658-018-1595-4
http://doi.org/10.3390/microorganisms9091947
http://doi.org/10.1016/j.micpath.2020.104074
http://www.ncbi.nlm.nih.gov/pubmed/32105801
http://doi.org/10.1093/molbev/msw054
http://doi.org/10.1016/j.biocontrol.2020.104306
http://doi.org/10.1016/j.biocontrol.2021.104621

Microorganisms 2022, 10, 2085 12 of 12

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Tang, W.; Ding, Z.; Zhou, Z.; Wang, Y.; Guo, L. Phylogenetic and pathogenic analyses show that the causal agent of apple ring rot
in China is Botryosphaeria dothidea. Plant Dis. 2012, 96, 486-496. [CrossRef] [PubMed]

Long, H.; Yang, S.; Yin, X.; Zhao, Z.; Long, Y.; Fan, J.; Shu, R.; Gu, G. First report of leaf spot on Prunus salicina caused by Alternaria
alternata in China. J. Plant Pathol. 2021, 103, 1021. [CrossRef]

Jin, M.; Yang, C.; Liu, Z.; Wei, L.; Cui, L. First Report of Fusarium oxysporum Causing Root Rot on Chinese Chives in China. Plant
Dis. 2019, 103, 2945. [CrossRef]

Li, L.; Pan, H.; Chen, M.; Zhang, S.; Zhong, C. Isolation and identification of pathogenic fungi causing postharvest fruit rot of
kiwifruit (Actinidia chinensis) in China. |. Phytopathol. 2017, 165, 782-790. [CrossRef]

Hong, S.; Kim, T.Y.; Won, S.J.; Moon, ]. H.; Ajuna, H.B.; Kim, K.Y.; Ahn, Y.S. Control of fungal diseases and fruit yield improvement
of strawberry using Bacillus velezensis CE 100. Microorganisms 2022, 10, 365. [CrossRef]

Moon, ].H.; Won, S.J.; Maung, C.E.; Choi, J.H.; Choi, S.I; Ajuna, H.B.; Ahn, Y.S. Bacillus velezensis CE 100 inhibits root rot diseases
(Phytophthora spp.) and promotes growth of japanese cypress (Chamaecyparis obtusa Endlicher) seedlings. Microorganisms 2021,
9, 821. [CrossRef] [PubMed]

Mo, E; Hu, X; Ding, Y.; Li, R;; Long, Y.; Wu, X,; Li, M. Naturally produced magnolol can significantly damage the plasma
membrane of Rhizoctonia solani. Pestic. Biochem. Phys. 2021, 178, 104942. [CrossRef] [PubMed]

Chavan, PS.; Tupe, S.G. Antifungal activity and mechanism of action of carvacrol and thymol against vineyard and wine spoilage
yeasts. Food Control 2014, 46, 115-120. [CrossRef]

Van de Wouw, A.P; Pettolino, F.A.; Howlett, B.J.; Elliott, C.E. Mutations to LmIFRD affect cell wall integrity, development and
pathogenicity of the ascomycete Leptosphaeria maculans. Fungal Genet. Biol. 2009, 46, 695-706. [CrossRef] [PubMed]

Xin, Z.; Yang, Q.; Wan, C.; Che, J.; Li, L.; Chen, J.; Tao, N. Isolation of antofine from Cynanchum atratum BUNGE (Asclepiadaceae)
and its antifungal activity against Penicillium digitatum. Postharvest Biol. Technol. 2019, 157, 110961. [CrossRef]

Xu, Y,; Wang, L.; Liang, W.; Liu, M. Biocontrol potential of endophytic Bacillus velezensis strain QSE-21 against postharvest grey
mould of fruit. Biol. Control 2021, 161, 104711. [CrossRef]

Zhang, D.; Bi, W,; Kai, K; Ye, Y.; Liu, J. Effect of chlorogenic acid on controlling kiwifruit postharvest decay caused by Diaporthe
sp. LWT 2020, 132, 109805. [CrossRef]

Ramarathnam, R.; Bo, S.; Chen, Y.; Fernando, D.; Gao, X.; Kievit, T.D. Molecular and biochemical detection of fengycin- and
bacillomycin D-producing Bacillus spp., antagonistic to fungal pathogens of canola and wheat. Can. J. Microbiol. 2007, 53, 901-911.
[CrossRef] [PubMed]

Chowdhury, S.P.; Hartmann, A.; Gao, X.W.; Borriss, R. Biocontrol mechanism by root-associated Bacillus amyloliquefaciens FZB42
—A review. Front. Microbiol. 2015, 6, 780. [CrossRef]

Galitskaya, P.; Karamova, K.; Biktasheva, L.; Galieva, G.; Gordeev, A.; Selivanovskaya, S. Lipopeptides produced by Bacillus
mojavensis P1709 as an efficient tool to maintain postharvest cherry tomato quality and quantity. Agriculture 2022, 12, 609.
[CrossRef]

Bacon, C.W.; Hinton, D.M. In planta reduction of maize seedling stalk lesions by the bacterial endophyte Bacillus mojavensis. Can.
J. Microbiol. 2011, 57, 485-492. [CrossRef]

Kim, PI.; Chung, K.C. Production of an antifungal protein for control of Colletotrichum lagenarium by Bacillus amyloliquefaciens
MET0908. FEMS Microbiol. Lett. 2004, 234, 177-183. [CrossRef]

Kim, Y.C; Hur, J.Y;; Park, S.K. Biocontrol of Botrytis cinerea by chitin-based cultures of Paenibacillus elgii HOA73. Eur. ]. Plant
Pathol. 2019, 155, 253-263. [CrossRef]

Asif, T,; Javed, U.; Zafar, S.B.; Ansari, A.; Ul Qader, S.A.; Aman, A. Bioconversion of colloidal chitin using novel chitinase from
Glutamicibacter uratoxydans exhibiting anti-fungal potential by hydrolyzing chitin within fungal cell wall. Waste Biomass Valori.
2020, 11, 4129-4143. [CrossRef]

Ye, X.Y.; Ng, T.B. A new antifungal protein and a chitinase with prominent macrophage-stimulating activity from seeds of
Phaseolus vulgaris cv. pinto. Biochem. Biophys. Res. Commun. 2002, 290, 813-819. [CrossRef]

Hong, T.; Meng, M. Biochemical characterization and antifungal activity of an endo-1,3-3-glucanase of Paenibacillus sp. isolated
from garden soil. Appl. Microbiol. Biot. 2003, 61, 472-478. [CrossRef] [PubMed]

Bacon, C.W.; Hinton, D.M.; Mitchell, T.R.; Snook, M.E.; Olubajo, B. Characterization of endophytic strains of Bacillus mojavensis
and their production of surfactin isomers. Biol. Control 2012, 62, 1-9. [CrossRef]

Lai, T.; Wang, Y.; Fan, Y.; Zhou, Y.; Bao, Y.; Zhou, T. The response of growth and patulin production of postharvest pathogen
Penicillium expansum to exogenous potassium phosphite treatment. Int. |. Food Microbiol. 2017, 244, 1-10. [CrossRef] [PubMed]
Cox, S.D.; Mann, C.M.; Markham, J.L.; Gustafson, ].E.; Warmington, ].R.; Wyllie, S.G. Determining the antimicrobial actions of tea
tree oil. Molecules 2001, 6, 87-91. [CrossRef]

Shi, C.; Song, K.; Zhang, X.; Sun, Y.; Sui, Y.; Chen, Y.; Jia, Z.; Sun, H.; Sun, Z.; Xia, X. Antimicrobial activity and possible mechanism
of action of citral against Cronobacter sakazakii. PLoS ONE 2016, 11, €0159006. [CrossRef]

Diao, W.; Hu, Q.; Zhang, H.; Xu, J. Chemical composition, antibacterial activity and mechanism of action of essential oil from
seeds of fennel (Foeniculum vulgare Mill.). Food Control 2014, 35, 109-116. [CrossRef]


http://doi.org/10.1094/PDIS-08-11-0635
http://www.ncbi.nlm.nih.gov/pubmed/30727432
http://doi.org/10.1007/s42161-021-00839-9
http://doi.org/10.1094/PDIS-04-19-0842-PDN
http://doi.org/10.1111/jph.12618
http://doi.org/10.3390/microorganisms10020365
http://doi.org/10.3390/microorganisms9040821
http://www.ncbi.nlm.nih.gov/pubmed/33924463
http://doi.org/10.1016/j.pestbp.2021.104942
http://www.ncbi.nlm.nih.gov/pubmed/34446208
http://doi.org/10.1016/j.foodcont.2014.05.007
http://doi.org/10.1016/j.fgb.2009.06.004
http://www.ncbi.nlm.nih.gov/pubmed/19539773
http://doi.org/10.1016/j.postharvbio.2019.110961
http://doi.org/10.1016/j.biocontrol.2021.104711
http://doi.org/10.1016/j.lwt.2020.109805
http://doi.org/10.1139/W07-049
http://www.ncbi.nlm.nih.gov/pubmed/17898845
http://doi.org/10.3389/fmicb.2015.00780
http://doi.org/10.3390/agriculture12050609
http://doi.org/10.1139/w11-031
http://doi.org/10.1111/j.1574-6968.2004.tb09530.x
http://doi.org/10.1007/s10658-019-01768-1
http://doi.org/10.1007/s12649-019-00746-2
http://doi.org/10.1006/bbrc.2001.6240
http://doi.org/10.1007/s00253-003-1249-z
http://www.ncbi.nlm.nih.gov/pubmed/12764561
http://doi.org/10.1016/j.biocontrol.2012.03.006
http://doi.org/10.1016/j.ijfoodmicro.2016.12.017
http://www.ncbi.nlm.nih.gov/pubmed/28042969
http://doi.org/10.3390/60100087
http://doi.org/10.1371/journal.pone.0159006
http://doi.org/10.1016/j.foodcont.2013.06.056

	Introduction 
	Materials and Methods 
	Fungal Pathogen 
	Rhizobacteria Isolation and Antifungal Activity Evaluation 
	Identification of the BQ-33 Strain 
	Preparation of QB-33 the Sterile Supernatant (SS) 
	Test of Antifungal Activity of BQ-33 and Its SS 
	Chitinase and -1,3-Glucanase Activity Assays 
	Changes in Cell Permeability 
	Effects of SS on Cell Structures of Fungal Pathogens 
	Effects on Cell Walls 
	Effects on Cell Membranes 

	In Vivo Control Effect of SS 
	Statistical Analyses 

	Results 
	Screening of Biocontrol Bacteria 
	Identification of Strain BQ-33 
	Antifungal Spectrum of BQ-33 Regarding Kiwifruit Diseases 
	Enzymatic Activities of BQ-33 SS 
	Effect of SS on the Permeability of D. glomerata Cells 
	BQ-33 SS Influence on Fungal Cells 
	Biocontrol Efficacy of BQ-33 SS towards Kiwifruit Black Spot Disease 

	Discussion 
	References

