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Abstract: Cabbage Fusarium Wilt (CFW) is a serious disease caused by Fusarium oxysporum f. sp.
conglutinans in many parts of the world. The use of chemical fungicides has placed a heavy burden on
the environment and is prone to drug resistance in plant pathogens. As a method with great potential,
biological control has attracted the attention of many academics both at home and abroad. In this
study, we have found that strains B5 and B6 had a strong inhibitory effect on various pathogens
and significantly inhibited mycelium growth. They were both identified as Bacillus velezensis by
morphological features, biochemical determinations, 165 rRNA gene and gyrA gene sequence analysis.
When different concentrations of bacterial suspension were applied to cabbage seeds, hypocotyl and
taproot length increased to varying degrees. The in vivo results showed that B5 and B6 decreased
the incidence of cabbage seedling wilt disease, with B6 performing significantly better. Furthermore,
B. velezensis B6 had the ability to colonize cabbage plants and rhizosphere soil. Thus, strain B6 has
great potential for biocontrol development and this research could lead to the development of a
promising biological agent for CFW.

Keywords: Bacillus velezensis; antimicrobial activity; growth-promoting effect; biocontrol efficiency

1. Introduction

Fusarium wilt is a general term for a class of plant diseases caused by pathogenic fungi
that wilt and kill plants. One of the most common fungal pathogens is Fusarium oxysporum.
Cabbage Fusarium wilt (CFW) is a soil-borne disease caused by Fusarium oxysporum £. sp.
conglutinans, which was first discovered in the United States in 1895 [1]. In the next few
decades, CFW was reported in Japan, China, India and other countries around the world.
In China, CFW was first found in Yanqing County, Beijing [2]. Since then, the damaged
area has been expanding, threatening about one third of the summer and autumn cabbage
planting areas in northern China, which has become a major resistance to the production of
cruciferous vegetables [3]. At present, the prevention and control of CFW is still dominated
by chemical fungicides, but this increases the risk of fungal drug resistance, and has high
residual toxicity, which adversely affects both the environment and human health. The
main method of disease control in agriculture is the breeding of disease-resistant varieties.
This method, however, is slow to take effect and is susceptible to seasonal or geographical
constraints. Pathogenic microorganisms may also cause variations and other problems,
affecting the ability of plants to control pathogens. As a result, biological control, such as
using plant extract and endophytic bacteria against pathogens [4], has received increased
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attention as a safe and environmentally friendly control method, and the research on
antagonistic microorganisms has also entered a new stage [5,6].

In recent years, the microorganisms used to control Fusarium wilt disease mainly
include Bacillus [7], Penicillium [8], Pseudomonas [9] and Streptomyces [10], etc., among which
Bacillus has advantageous characteristics such as heat tolerance, salt tolerance and UV
resistance [11-13]. Several Bacillus spp. have been developed as commercial bio-pesticides
because of their multi-layer cell wall structure and ability to produce endophytic spores
and long-term survival after treatment in the natural environment [14,15]. They are widely
used in agricultural production and are of great significance in the biological control of
plant diseases. Bacillus spp. are capable of producing two classes of antagonistic factors,
lipopeptide antibiotics and antagonist proteins, which have antibiotic effects against plant
pathogens [16]. Lipopeptides belong to a class of microbial polypeptides that activate
the defense mechanisms of plants [17]. Lipopeptide antibiotics synthesized by the non-
ribosomal pathway can be classified into surfactins, iturins and fengycins, which have a
good inhibitory effect on bacteria, fungi and viruses [18]. Surfactin can induce resistance
in plants, the capacity of Bacillus subtilis 5499 to generate surfactin is positively related
to its resistance to Botrytis cinerea [19]. Iturin plays an important role in the biological
control of plant pathogens due to its hemolytic, surface active and potent antifungal
properties. It is an important antimicrobial active substance that causes cytolysis and
cytoplasmic efflux of Verticillium dahliae [20]. B. subtilis UTBSP1 has the ability to produce
fengycin, which can inhibit the growth of Aspergillus flavus [21]. Antagonistic protein-based
antimicrobial substances of Bacillus mainly include cell-wall-degrading enzymes such as
chitinases and glucanases, as well as bacteriocins [22]. Fungal cell walls were broken down
by cell-wall-degrading enzymes released by B. atrophaeus JZB120050, such as chitinase and
glucanase [23]. Pei et al. found that the bacteriocin RC20975 was able to cause extensive
cell damage and bacterial lysis against Alicyclobacillus acidoterrestris [24]. Bacteriocins were
also found to inhibit plant pathogenic bacteria and nematodes in recent studies [25,26].
Therefore, Bacillus is a biocontrol bacterium with good application prospects.

In this study, we identified two B. velezensis strains B5 and B6, detected their antag-
onistic activity on various plant pathogenic fungi and researched their effects on disease
control against CFW and growth promotion in cabbage.

2. Materials and Methods
2.1. Microorganisms and Growth Condition

The biocontrol strains, used in this study, were isolated from healthy bitter melons
(Momordica charantia L.) and deposited in the Plant Disease Laboratory of Tianjin Agricul-
tural University under accession number PATAU191011 and PATAU191012. The pathogens
used in this study were provided by the Plant Pathology Laboratory of Tianjin Agricultural
University. The fungi cultured in potato glucose agar (PDA) plates at 28 °C and bacteria
cultured in LB (Luria-Bertani) plates at 37 °C.

2.2. Determination of Antifungal Activity

The pathogeny fungal plugs with a diameter of 5 mm were inoculated on the fresh
PDA plates, cultured at 28 °C for 2 days. Bacillus suspension of 2 uL (1 x 108 CFU/mL)
and pathogens were inoculated at the same distance on both sides as we reported [27]. As
a control, PDA was only inoculated with the pathogen. Then, incubated at 28 °C for 3 days
to observe and record the inhibition bandwidth. Each treatment was replicated three times.

2.3. Growth Condition of Pathogenic Fungi on Culture Medium Containing Different
Concentrations of Bacillus

Strains B5 and B6 were inoculated on LB plates and incubated at 37 °C for 24 h. Single
colonies were picked and inoculated into 100 mL of LB liquid medium and incubated for
20 h (37 °C, 180 rpm). Equivalent volume of the suspensions with specific concentration
were transferred to a 50 mL centrifuge tube, which was filled with potato glucose agar
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(PDA) medium to 20 mL and then mixed well. After that, it was, respectively, put into the
Petri dishes to create the medium with the corresponding concentrations of 104, 10°, 10°, 107
and 108. Finally, we inoculated the pathogen plugs with 5 mm diameter, including Fusarium
oxysporum f. sp. conglutinans, Botrytis cinerea, Alternaria solani, F. oxysporum f. sp. zingiberi
and Alternaria alternata, in the center of the plates, respectively, and incubated at 28 °C.
As a control, PDA was only inoculated with the pathogen. Each treatment was replicated
three times. The colony diameters were measured after 7 days using the crossover method,
and the inhibition rates were calculated for each treatment. The growth inhibition was
calculated using the formula [28]:

Percentage of growth inhibition = (C — T)/C x 100%, D

where C is the diameter of fungal colony in control and T is the diameter of fungal colony
in the treatment.

2.4. Identification of B5 and B6

B5 and B6 strains were cultured in LB plates at 37 °C for 2 days. The morphological
identification was determined by the colony characteristics. Physiological and biochemical
identification was based on the manual of systematic identification of general bacteria [29].
The molecular identification was conducted as follows. The DNA was extracted with the
bacterial DNA extraction kit. The 16S rRNA and gyrA genes were amplified to identify
strain B5 and B6 [30,31]. The sequencing was completed by Shanghai Sangon Biotech
Co., Ltd., China. The DNA sequence was analyzed by comparing it with those in NCBI
GenBank using the BLASTN program based on the method of Altschul et al. [32]. The DNA
multiple sequence homology analysis was performed using MEGA X software to construct
a phylogenetic tree using the maximum likelihood method [33].

2.5. The Growth Promotion Ability of B5 and B6 in Cabbage Seedlings

The bacterial cultures were centrifugated at 5000 rpm for 15 min, and the precipitates
were diluted by sterile water to obtain suspensions with concentrations of 106, 10° and
1012 CFU/mL. Cabbage seeds were soaked in above three concentrations of suspension for
40 min, sterile water was used as control, then placed in Petri dishes lined with wetted filter
paper. Twenty seeds were in each treatment and incubated in a light/dark cycle at 25 °C.
During the period, watering 1-2 times a day to keep humidity and provided a suitable
culture environment for the seeds. After 4 days, hypocotyl length and taproot length were
measured. The seed germination rate was calculated using the formula [34]:

Germination rate = n/N x 100%, 2)
where n is the number of seed germinated and N is the total number of seeds planted.

2.6. Biocontrol Efficacy of B5 and B6 in Potted Cabbage Seedlings Inoculated with F. oxysporum

F. oxysporum was prepared as a suspension of 1 x 107 CFU/mL [7] and the bacterial
suspension was prepared as 1 x 108 CFU/mL. Cabbage seedlings with 2-3 true leaves were
inoculated by the root-dipping method [35]. Treatment A was the healthy cabbage plants
inoculated with sterilized distilled water and these were used as the control group. There
was other five treatments in this research. Treatment B was the cabbage plants inoculated
with F. oxysporum only; Treatment C was the cabbage seedlings inoculated with F. oxysporum
and watered with 30 mL B5 suspension in the concentration of 1 x 108 CFU/mL into soil;
Treatment D was the cabbage seedlings inoculated with F. oxysporum and watered with
30 mL B6 suspension in the concentration of 1 x 108 CFU/mL into soil; Treatment E
was the cabbage seedlings inoculated with the suspension, including F. oxysporum and
B5; and treatment F was the cabbage seedlings inoculated with the suspension, including
F. oxysporum and B6. In total, 70 g of soil was weighed and the seedlings were replanted
in the seedling pots and maintained in a growth chamber under the condition of 28 °C
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for 16 h light and 8 h dark. Ten days after inoculation, the disease was recorded and the
disease index was calculated [7]. Disease symptoms were assessed based on the disease
rating scales [35]. The disease index (DI) and control efficacy were calculated using the
formulas [36]:

Di=(@ax0+bx1+cx2+dx3+ex4+fx5)/[a+b+c+d+e+f)x5]x 100, (3)
where a, b, ¢, d, e and f are the number of cabbage plants in the same disease rating scale.
Control efficacy (%) = (C — T)/C x 100%, 4)

where C refers to the disease index of the control group and T denotes the disease index of
the treatment group.

2.7. Colonization Characteristics of B6 in Cabbage Seedlings and Soil

To avoid the growth of various bacteria in the cabbage seedlings and soil, the natural
antibiotic labeling method was used as described previously [37]. The B6 suspension was
spread on LB medium with 2 ng/mL of kanamycin and incubated at 37 °C for 24 h. The
colonies with the same morphology as the original strain were selected and transferred
to LB medium with 5 ug/mL of kanamycin, then incubated for 24 h. This was repeated
to prepare the B6 strain which could grow on LB medium with 10, 15, 20, 25, 50, 75 and
100 pg/mL of kanamycin. The cabbage seedlings were treated by root irrigation with
10 mL of B6 suspension in the concentration of 3 x 103 CFU/mL. The roots, stems and
leaves of the cabbage seedlings were, respectively, sampled 1, 4, 7, 11 and 15 days after root
irrigation. The six plants were taken as a group, and 2 g of the roots, stems and leaves of
each plant was taken, which were ground into a homogenate after washing and diluted to
1x10%,1 x 10%,1 x 10* and 1 x 10° times. The 100 uL supernatant was taken, respectively,
and spread evenly on antibiotic LB plates and incubated for 48 h to observe the number of
colonies. Similarly, the rhizosphere soil of the cabbage seedlings was taken on the 1st, 4th,
7th, 11th and 15th day and placed in a triangular flask containing 10 mL of 0.85% NaCl
solution with shaking culture at 160 rpm for 30 min. The supernatant was diluted 1 x 102,
1 x 10%,1 x 10* and 1 x 10° times, respectively, and 100 pL was taken and spread evenly
on antibiotic LB plates. The colony number was observed after 48 h incubation.

2.8. Statistical Analysis

The experimental data were subjected to variance analysis (ANOVA) using the SPSS
software version 19.0 (SPSS Inc., Armonk, NY, USA). Different treatment mean values were
separated using Duncan’s multiple range test at p < 0.05.

3. Results
3.1. Determining the Antimicrobial Spectrum of Strains B5 and B6

The inhibitory effects of the strains B5 and B6 on the seven pathogenic fungi were
shown in Table 1. B5 and B6 had different antagonistic abilities against the pathogens, but
they all showed good inhibition effects. Strains B5 and B6 had a significant antagonistic
effect on Fusarium wilt disease on watermelon, cotton and cucumber, and demonstrated
fungal inhibitory bandwidths more than 10 mm. Apart from that, B5 also exhibited obvious
inhibitory effect against F. oxysporum f. sp. conglutinans, Botrytis cinerea and Alternaria alter-
nata, while B6 had an obvious inhibitory effect on F. oxysporum f. sp. conglutinans. Therefore,
B5 and B6 both have great potential for biocontrol development on plant Fusarium wilt.

3.2. Inhibition Effect of B5 and B6 Strains at Different Concentrations on Plant Pathogens

The strains B5 and B6 exhibited antagonistic activities against the five-tested fungal
pathogens on PDA plates. In general, the diameter of pathogen colonies was negatively
correlated with the concentration of bacterial suspension contained in the plates, namely,
the higher the concentration, the smaller the diameter of the pathogen colonies compared
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to the control group (Figure 1). This indicated that B5 and B6 both had significant inhibitory
effects on each pathogen.

Table 1. Antifungal activity of B5 and B6 against different pathogens in vitro.

Inhibition Effects !
F. oxysporum E. oxysporum
Strains oxfys:z orum oxfys;a orum oxfysgl orum f. sp. f. sp. Botrytis Altenaria
- SP- . °P- - SP- conglutinans conglutinans cinerea alternata
niveum vasinfectum  cucumerinum
Race 1 Race 2
B5 +++ +++ +++ ++ ++ ++ ++
B6 +++ +++ +++ ++ ++ + +

1 Mean values of inhibitory zone diameters were obtained from three replicates for each treatment. The inhibitory
zone diameters of <5 mm, 5—10 mm and >10 mm were shown as +, ++ and +++, respectively.
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Figure 1. Inhibition effects of strain B5 (white rectangle) and B6 (grey rectangle) against F. oxysporum
f. sp. conglutinans race 1 (a), F. oxysporum f. sp. conglutinans race 2 (b), Botrytis cinerea (c), Alternaria
solani (d), F. oxysporum f. sp. zingiberi (e) and A. alternata (f). Values were means of three replicates.
Error bars represented standard error of the mean. For each pathogen, different lowercases above the
columns indicated statistical difference at p < 0.05.

With the increasing concentration of BS and B6 suspension in the cultural medium, the
inhibition rate was generally on the rise. F. oxysporum £. sp. conglutinans race 1 reached the
maximum inhibition rate of 73.75% at the concentration of 107, but there was no significant
difference in the inhibition rate with 108. The rest of the pathogens were inhibited most
significantly at 108, and the inhibition rates were all above 75%, indicating that the higher
the concentration, the greater the inhibition effect.

3.3. Identification of B5 and B6

The colonies of strains B5 and B6 on LB plates both showed a creamy yellow color,
with an opaque, moist and smooth surface and untidy edges (Figure 2a). The single colony
is nearly circular (Figure 2b). They are Gram-positive bacteria and capable of producing
spores. They can grow well in a temperature of 28-37 °C. They were positive for methylred
staining, the Voges-Proskauer test, hydrolysis of starch, citrate utilization and sucrose
fermentation. They also had NaCl resistance, with growing occuring with 0-8% NaCl.
Furthermore, they were negative for carboxymethyl cellulose and phenylalanine deaminase
production.



Horticulturae 2022, 8, 744

6 of 12

0.0020

(d)

Bacillus velezensis strain B6 ON564871

Bacillus velezensis strain BS ON564870

Bacillus velezensis strain R 71003 ON358418.1

Bacillus velezensis CAU B946 HE617159.1
Bacillus velezensis strain FZB42 NR 075005.1

100

Bacillus amyloliquefaciens strain FUM50 MK093018.1
Bacillus amyloliquefaciens strain BBR 1 KX518857.1 100

93{ Bacillus velezensis CAU B946 HE617159.1
96|' Bacillus velezensis strain B5 ON584562
Bacillus velezensis strain FZB42 CP000560.2

59[ Bacillus velezensis strain B6 ON584563

Bacillus subtilis TUB10 NC 016047.1

| Bacillus amyloliquefaciens KCTC 1660T AF272015.1
Bacillus amyloliquefaciens strain ATCC15841 FN662838.1

Bacillus subtilis TUB10 NC 016047.1

Bacillus i strain MT12 MN559371.1 73 Bacillus amyloliquefaciens 23 FN652780.2

S —
0.10

Figure 2. The morphological and molecular identification of strains B5 and B6. Morphological and
microscopic observation of strains B5 (a) and B6 (b). Phylogenetic tree based on the sequences of 165
rRNA gene (c) and gyrA gene (d).

The strains BS and B6 were tested with genomic DNA as a template, and the PCR
products were detected by agarose gel electrophoresis. The 165 ribosomal RNA gene and
gyrA gene fragments were obtained by sequencing, respectively, which were homology
matched by BLASTN in NCBI, and phylogenetic evolutionary trees were constructed. The
phylogenetic trees demonstrated that B5 and B6 strains formed a cluster closely related to
B. velezensis pattern strains CAU B946 and FZB42, indicating that B5 and B6 strains belong
to the species B. velezensis (Figure 2¢,d). Combining the morphological characteristics and
molecular identification results, B5 and B6 were identified as B. velezensis. The 16S ribosomal
RNA gene sequence and partial gyrA of B5 and B6 were deposited in the GenBank database
with the accession numbers ON564870, ON564871, ON584562 and ON584563, respectively.

3.4. Growth Promoting Ability of B5 and B6 in Cabbage Seedlings

To investigate the effect of B5 and B6 on seed germination and growth, cabbage seeds
were treated with different concentrations of B5 and B6 suspension, sterile water was
used as a control. They significantly improved the germination rate and seed viability to
different degrees (Table 2). The hypocotyl length and taproot length under the treatment of
B6 suspension with 10’2 CFU/mL were the longest, with 1.25 cm and 2.55 cm, respectively
(Figure 3). The seed germination rate increased the concentration of suspension increased.
The germination rate of B5 or B6 suspension in concentrations 10° and 102 CFU/mL was
100%. To summarize, B5S and B6 suspension could promote cabbage germination and
growth significantly, and B6 performed better.

Table 2. Effect of BS and B6 suspension at different concentrations on cabbage seed germination.

Treatment (CFU/mL)
B5 B6
CK
10° 10° 1012 10° 10° 1012
Gerr?;rtl: tlon 85% a 90% a 100% b 100% b 90% a 100% b 100% b

Different lowercases indicated statistical difference at p < 0.05.

3.5. Biocontrol Efficacy of B5 and B6 in Cabbage Seedlings Inoculated with F. oxysporum

The disease assessment was conducted 10 days after inoculation. The disease index
of each treatment group was calculated separately according to the disease rating scales.
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There was no disease symptoms for treatment A (Figure 4a). Compared with treatment B,
the disease index of Fusarium wilt in cabbage was significantly reduced under the effects
of B5 and B6 suspension (Figure 4). There was no significant difference in disease indexes
and control effects among treatments C, D and E. The control effects were all less than 35%.
Treatment F, the roots dipped with B6 suspension, had a good control effect that reached
55.18%. The disease index also decreased significantly, which was 27.08 (Table 3). Therefore,
we chose B6 for further research on its colonization characteristics in cabbage and soil.

108 10° 1012 106 10° 1012
B5 B6

64
5_
4_
-
3
= 31
%0 a
g 2
bc
1- +
de o L2 b cod b :
O T 1
CK

Figure 3. The hypocotyl length (white rectangle) and taproot length (grey rectangle) under different
treatments. Different lowercases indicated statistical difference at p < 0.05.

Figure 4. The disease symptoms of cabbage seedlings under different treatments. (a) Treatment
A, which refers to cabbage seedlings inoculated with sterilized distilled water as a control group;
(b) Treatment B, which refers to cabbage seedlings inoculated with F. oxysporum only; (c) Treatment C,
which refers to cabbage seedlings inoculated with F. oxysporum and watered with B5 suspension into
soil; (d) Treatment D, which refers to cabbage seedlings inoculated with F. oxysporum and watered
with B6 suspension into soil; (e) Treatment E, which refers to cabbage seedlings inoculated with
the suspension, including F. oxysporum and B5; (f) Treatment F, which refers to cabbage seedlings
inoculated with the suspension, including F. oxysporum and B6.
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Table 3. Control effects of B5 and B6 on cabbage Fusarium wilt.

Treatments 1

Disease Index

Control Effect/%

A 0 —
B 60.42 a -
C 39.58b 3449 a
D 4792b 20.69 a
E 43.75b 27.59 a
F 27.08 ¢ 55.18b

! Treatment A refers to plants inoculated with sterilized distilled water as a control. Treatment B refers to plants
inoculated with F. oxysporum only. Treatment C/D refers to plants inoculated with F. oxysporum and watered with
B5/B6 suspension into soil. Treatment E/F refers to plants inoculated with the suspension, including F. oxysporum
and B5/B6. Different lowercases indicated statistical difference at p < 0.05.

3.6. Colonization Characteristics of B6 in Cabbage Seedlings and Soil

The colonization of biocontrol bacteria is essential for its biocontrol efficacy. Figure 5
showed the colonization of B6 in cabbage seedlings and soil. It could colonize in roots,
stems and leaves, especially in roots. In total, 7 days after irrigation, the number of
colonies isolated from the roots, stems and leaves reached the maximum, which was
12 x 10° CFU/g, 1.9 x 10° CFU/g and 0.5 x 10° CFU/g, respectively. After that, colonies
started to gradually decline and disappeared on the 15th day. In addition, the number of
colonies isolated from the seedlings was “root > stem > leaf” in the days after irrigation.
Overall, 3 x 10° CFU/g was monitored in the roots as early as the first day after root
irrigation. At this time, B6 had not been detected in the stems and leaves. Figure 5d
showed that B6 also colonized in rhizosphere soil. In general, the colonization amount of
B6 in rhizosphere soil was the highest for the whole experiment. The number of colonies
decreased gradually with time after root irrigation, with the greatest decrease of 25% on
the 7th day until it decreased to 0 after 15 days. As a result, B6 could colonize effectively in
the cabbage host and rhizosphere soil for more than 11 days.
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Figure 5. Colonization of B6 in the roots (a), stems (b), leaves (c) and rhizosphere soil (d) of cabbage
seedlings. Different lowercases indicated statistical difference at p < 0.05.

4. Discussion

In recent years, biological control technology has become an important initiative for
plant disease control in modern agricultural production. Due to the ability of Bacillus to
secrete a variety of antifungal substances, it has become one of the most popular strains
in the field of biocontrol. Studies showed that under the artificial control condition, the
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application of biocontrol bacteria can often achieve good control effects [38]. It has been
an effective strategy to screen biocontrol strains from plants. We have isolated microbes
from various plants, among which B. velezensis strains B5 and B6 demonstrated excellent
effects. In this study, the two strains had high antifungal activities, which could act against
a variety of pathogens on different hosts, not only on cabbage. These findings suggested
that they were potential biocontrol agents in agriculture.

Furthermore, BS and B6 both had significant roles in promoting growth. The germina-
tion rate of seeds treated with B5 and B6 in concentrations over 10° CFU/mL was 100%. For
cabbage roots, the growth effect become better along with the increase in B6 concentration,
while the situation of B5 is different. The results showed that 10 CFU/mL of B5 was the
most suitable for the growth of cabbage seeds, and there was no significant difference
between 10° CFU/mL and 10'?> CFU/mL from the germination rate. Liu et al. (2020)
found that B. methylotrophicus DD-1 may create a range of plant growth inducers, including
Indole-3-acetic acid (IAA), Gibberellic acid (GA) and Siderophore, which can improve the
dry weight, root length and shoot length of rice seedlings [39]. This study showed the
increase in the bacterial concentration promoted the growth of plants. That may be due
to the production of antifungal substances or growth regulators. Microbial mechanisms
for promoting plant growth in practical application including nitrogen fixation [40], phos-
phorus solubilization [41] and secretion of plant hormones [39], etc. Additionally, several
systems frequently cooperate. B. cereus YN917 was reported to promote seed germination
and seedling plant growth by producing siderophores, ACC deaminases, indole-3-acetic
acid (IAA), phosphate solubilizing and enzymes such as (3-1,3-glucanase, protease, cellu-
lase and amylase [42]. Overall, the mechanism is complex and diverse, which should be
explored further.

In addition, our results also showed that B. velezensis B5 and B6 decreased the incidence
of cabbage seedlings’ wilt disease. When the roots were dipped with B6 suspension, the
control efficacy reached 55.18%. The disease index also decreased significantly, which
was 27.08. Several previously described potential biocontrol agents have similar or higher
efficacy. For example, the biocontrol efficacy of Paenibacillus polymyxa HX-140 against
Fusarium wilt of cucumber seedlings was reported to be 55.6 % in 2021 [43].

B. velezensis B6 was able to colonize cabbage seedlings efficiently and rapidly. During
this process, bacteria can exploit a number of strategies to enhance colonization, such
as surfactin production [44], cell-wall-degrading enzyme production [45] and biofilm
formation [46,47]. The production of multiple lipopeptides enhances and broadens the
antifungal and antibacterial spectrum of Bacillus and facilitates the colonization of ecological
niches [48]. In this study, the maximum amount of colonization in the root, stem and leaf
was 12 x 10° CFU/g, 1.9 x 10° CFU/g and 0.5 x 10° CFU/g, respectively, and even up to
100 x 10° CFU/g in the rhizosphere soil. This suggested that the B6 strain could mainly
colonize in the root and rhizosphere soil during the process of colonization, which was
consistent with the conclusions of Coy’s study [49]. Biocontrol bacteria could compete
with pathogens for sites and play roles in disease control [50]. The amount of colonization
in the rhizosphere soil showed a continuous decreasing trend, but increased in the roots,
stems and leaves, indicating that B6 may transferred from the rhizosphere soil. Then, after
7 days, the colonies isolated from the roots, stems and leaves started to gradually decline
and disappeared on the 15th day. This phenomenon indicated that the activity of the
strain B6 was decreasing after 7 days, which led to weaker effects on cabbage seedlings.
Since F. oxysporum is often infected from the root [51] and B6 could colonize the root, root
irrigation treatment during cabbage planting could form an effective biological barrier to
prevent the invasion of F. oxysporum. In this study, B. velezensis B6 was also found in the
stems and leaves of cabbage, which proved that the B6 strain could be transferred from the
roots to the stems and leaves, thus preventing the infection of pathogens more effectively.
The colonization of Bacillus FZB42 on Zea mays, Arabidopsis thaliana and Lemna minor also
showed similar results [52]. This strain was previously designated to B. amyloliquefaciens
and reclassified to B. velezensis in 2018 [53]. The same was true for B. velezensis CAU B946,
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which was previously known as B. amyloliquefaciens subsp. plantarum [53,54]. Another
study found that B. subtilis EA-CB0575 not only effectively colonized banana and tomato
rhizosphere, but also showed a certain role in promoting growth [55]. Endophytes colonize
host plants and form a tight mutualistic symbiotic connection. It is critical to investigate the
colonization and growth-promoting mechanisms of endophytes, as well as the molecular
recognition mechanism between endophytes and plants, in order to fully exploit the entire
function of the endophyte-plant microecosystem and ensure the long-term development of
green agriculture.

In conclusion, we reported the biological control effects of two B. velezensis strains on
CFW for the first time. This study has laid a theoretical foundation for the development
and further application of B. velezensis; however, the above experiments were conducted in
an indoor environment and the antagonistic bio-protection effect under natural conditions
is easily affected by many factors such as soil, indigenous microorganisms and climate,
etc. As a result, numerous experiments must be carried out to determine whether it can be
successfully used as a biocontrol bacterium in actual production.
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