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Abstract: Tomato is a widely cultivated crop that is important for its nutritional value and genetic
diversity. Tomato production is seriously challenged by pests and diseases, among which tomato
gray mold and leaf mold are particularly serious. Biological control is one of the most preferred
methods for disease management in tomato production. At present, the fungi used to control tomato
gray mold are mainly Trichoderma and yeast. Bacillus and actinomycetes are the most effective
microorganisms for controlling tomato leaf mold. Tomato gray mold and leaf mold often occur at the
same time during the production process, yet there are fewer strains for controlling both diseases at
the same time. Biocontrol bacteria Pseudomonas azotoformans WXCDD51, Bacillus sp. WXCDD105,
Bacillus subtilis BS and Bacillus amyloliquefaciens BS WY-1, which were isolated and screened in the
previous stage, can prevent both tomato gray mold and leaf mold. Here, we optimized liquid
fermentation for the four biocontrol bacterial strains together. We obtained the best fermentation
medium formula and fermentation conditions for the four biocontrol bacteria. The broad-spectrum
properties of the four biocontrol bacteria were tested, and, on this basis, compound strains were
constructed. The control effect of single and compound strains on tomato gray mold and leaf mold
was evaluated. Their potential effects on the growth of tomato seeds and seedlings were also studied.
This research provides a foundation for the development and use of compound bacteria for growth
promotion and disease management in tomato production.

Keywords: tomato gray mold; tomato leaf mold; biocontrol bacteria; liquid fermentation; growth
promotion

1. Introduction

Gray mold and leaf mold are prevalent in tomato production, leading to huge eco-
nomic losses [1–3]. They were originally controlled with chemical pesticides; however,
this control method is not sustainable due to the high cost of synthetic pesticides and their
long-term effect on the environment. Microbial pesticides, on the other hand, are more
sustainable. Therefore, the application of beneficial microorganisms to control tomato
diseases has become increasingly popular.

Botrytis cinerea (teleomorph: Botryotinia fuckeliana) is an airborne plant pathogen with
a necrotrophic lifestyle, attacking over 200 crop hosts worldwide [4]. It causes the gray
mold disease in tomato and can damage many parts of the crop plant, leading to easily
identifiable symptoms. Infection damages the quality and taste of the tomato fruit, resulting
in significant economic loss [5]. The pathogen has a complex life cycle and can be spread
by spores, hyphae and sclerotia. Fulvia fulva is the causal organism of tomato leaf mold [6],
mainly infecting the leaves and fruits, thus leading to significant yield and quality losses [7].
The pathogen invades plants by means of air and water currents. Crop plants are prone to
disease during the flowering period and have a higher incidence during the fruit ripening
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period. Low temperature and high humidity, weak host growth, low ventilation, high
planting density, continuous rainy weather and repeated cropping are all likely to induce
these two diseases [8].

Biological control is the use of biological control agents (BCAs) to prevent and control
crop diseases caused by bacteria, fungi and nematodes [9]. In recent years, there have
been many reports on the use of biological control to mitigate tomato gray mold and leaf
mold. At present, the fungi used to control tomato gray mold are mainly Trichoderma
and yeast, and the bacteria are mainly Bacillus, Pseudomonas and Photobacterium [10–14].
Bacillus and actinomycetes are the most effective microorganisms for controlling tomato
leaf mold [15–17].

In recent years, bio-fermentation engineering has been optimized in agriculture for the
fermentation of bacteria metabolites to increase crop production and prevent diseases. It
includes two aspects: one is the optimization of the medium composition, and the other is
the optimization of the fermentation conditions. Using suitable optimization methods can
reduce production costs while improving production efficiency, making it more applicable.
There are many factors that affect the fermentation process of microorganisms [18–20].
Some experimental techniques and design methods have been widely used to optimize
both the medium composition and culture conditions [21–23]. Research has shown that
compound biocontrol bacteria are able to control plant diseases and promote plant growth.
The combination of bacteria, or the combination of bacteria and fungi, to form a composite
inoculant can prevent and control tomato gray mold, but compound strains for preventing
leaf mold have not been reported thus far [24]. Using Bacillus subtilis M6 and Trichoderma
10 to prepare 800 times and 1000 times compound bacteria dilutions can replace chemical
agents in controlling tomato gray mold [25]. Based on degrading bacteria and biocontrol
bacteria from Bacillus, the four groups of Z1, Z2, Z3 and Z4 composite strains constructed
by the researchers have good comprehensive effects and can promote tomato growth and
increase yield. The control effect of tomato gray mold is over 80%. The combination
of strains with different mechanisms of action can improve the control effect. This may
be related to the changes in nutritional conditions after the combination of biocontrol
bacteria [26], the interaction between strains [27] and the activation of related genes of the
strains [28].

In this study, biocontrol bacteria Pseudomonas azotoformans WXCDD51, Bacillus sp. WX-
CDD105, Bacillus subtilis BS and Bacillus amyloliquefaciens BS WY-1 were used as materials to
optimize the liquid fermentation process, and their spectrum of disease control was tested.
Based on this, the compound combinations were tested for their promotion of tomato
growth and their biocontrol effects on gray mold and leaf mold. This study provides
a theoretical and technological foundation for the development and use of compound
bacteria in tomato production.

2. Materials and Methods
2.1. Bacterial Strains and Plant Material

The bacteria Pseudomonas azotoformans WXCDD51, Bacillus sp. WXCDD105, Bacillus
subtilis BS and Bacillus amyloliquefaciens BS wy-1, which have a control effect on tomato gray
mold, were isolated and preserved in our laboratory. The tomato cv. Dongnong 713 was
provided by the Tomato Research Institute of Northeast Agricultural University in China.
Tomato variety ‘Dongnong 713’ is a variety researched and preserved in our laboratory.
We conducted a pathogenicity test and found that it was susceptible to the pathogens. It
has no resistance to Botrytis cinerea and Cladosporium fulvum Cooke. LB (Luria-Bertani)
medium (5 g yeast extract, 10 g peptone, 10 g NaCl, 15–20 g agarose, 1000 mL distilled
water, pH 7) and PDA (Potato Dextrose Agar) medium (20 g glucose, 200 g potato, agar
15–20 g, 1000 mL distilled water, pH 7) were used.
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2.2. Research on Liquid Fermentation Technology of Four Biocontrol Bacteria
2.2.1. Strain Culture

The four biocontrol bacteria, which were stored at 4 ◦C, were cultured, and single
colonies based on colony morphology, color and size were transferred into LB solid medium
for purification by the plate streak method and cultivated at 30 ◦C for 24 h. A single colony
was picked the next day, transferred to 5 mL LB liquid medium, 30 ◦C, and cultured for
18 h at 200 rpm shaking. The seed liquid was transferred into 50 mL liquid medium
2% (v/v), cultured with shaking at 30 ◦C and 200 rpm/min for 24 h and used in the
study on fermentation conditions. The seed solution was diluted to 5 concentrations
in a 3-fold dilution gradient, and the number of viable bacteria in each dilution was
determined by the plate colony counting method, while the OD600 value was determined
by a spectrophotometer. LB culture broth of the same dilution was used as the blank control,
and the number of viable bacteria in the fermentation broth was used as the ordinate, while
absorbance was used as the abscissa to establish a standard curve.

2.2.2. Screening of Initial Fermentation Medium

LB, PPM, NYD and KB (LB: Luria-Bertani; PPM: Plant Preservative Mixture) culture
broth was used as the initial fermentation medium, the bacteria broth was fermented and
measured and the number of viable bacteria was calculated. After shaking for 4–7 days,
the antibacterial activity of the sterile fermentation filtrate was measured. Water was used
as control, and the experiment was repeated 3 times. We used the Oxford cup method to
determine the antibacterial activity of each sterile fermentation filtrate. After the pathogens
were cultured on the plate, the pathogen cake (Φ = 8 mm) was placed in the center of
the PDA plate (Φ = 90 mm). We placed the Oxford cup at 25 mm equidistant in three
directions from the center point and added 100 µL sterile filtrate. We incubated this in a
27 ◦C constant temperature incubator for 7 days and measured the inhibition distance [29].

2.2.3. Optimization of Fermentation Medium Composition

A single factor test was used to screen out the main components of the fermentation
medium of the four biocontrol bacteria. The orthogonal test method was used to study the
utilization of carbon, nitrogen and inorganic salts by the four biocontrol bacteria [30]. We
screened out the optimal content of each factor according to the influence of various factors
on the growth of biocontrol bacteria and the antibacterial activity of sterile fermentation
broth at different levels. The initial fermentation conditions were as follows: inoculum
volume 2%, 50 mL culture solution in a 250 mL Erlenmeyer flask, at 30 ◦C, 200 rpm/min
shaking. After 48 h, the OD600 value was determined, while the antibacterial activity of the
sterile fermentation filtrate was determined 2–7 days later (Tables S1 and S2).

2.2.4. Optimization of Fermentation Conditions

We used single factor experiments to determine the effects of the culture temperature,
initial pH, inoculum volume and liquid volume on the growth of each biocontrol bacterium
and the production of antibacterial substances. The effect of different temperatures (20 ◦C,
25 ◦C, 30 ◦C and 37 ◦C) on the growth of the 4 bacterial strains was investigated by seeding
10 mL, 30 mL, 50 mL, 70 mL, 100 mL and 120 mL into 250mL culture media at 1%, 2%, 3%,
4% and 5% inoculum, in triplicates, incubated for 48 h, and the absorbance was recorded
at OD600. Additionally, eleven pH levels (3, 4, 5, 6, 6.5, 7.0, 7.5, 8.0, 8.5, 9.0 and 10.0)
were evaluated.

2.3. Single and Compound Biocontrol Strains Promote the Growth of Tomato Seeds and Seedlings

Two of the four biocontrol bacteria were placed in one group, and a total of six groups
were created. A single colony of each strain was picked, inoculated in LB solid medium
according to the vertical cross streaking method and cultivated at 30 ◦C for 24 h. Bacteria
growth at the intersection was observed, and the experiment was repeated 3 times [30].
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2.3.1. Effect of Compound Bacteria Liquid on the Germination of Tomato Seeds

We adjusted the concentration of the four biocontrol bacteria (WXCDD51, WXCDD105,
Ba, Bs wy-1) fermentation broths with sterile water to maintain the same concentration, and
then we mixed them in equal amounts according to the three combinations of two, three
and four strains, adjusting the final concentration to make each combination fermentation
broth consistent (108 cfu/mL). After the tomato seeds were disinfected, we put 200 tomato
seeds in a test tube containing 10 mL of each single and compound bacterial solution
and sterile water. We soaked them at room temperature for 3 h and then took them out
and put them in a sterile Petri dish, 50 tablets per dish. We added 3 mL of sterile water,
incubated this at 28 ◦C and added sterile water regularly and quantitatively. We calculated
the germination rate (2–5 d) and recorded the radicle length of germinated tomato seeds,
repeating this 3 times.

2.3.2. Effect of Single and Compound Bacteria Liquid on the Growth of Tomato Seedlings

Firstly, the effects of different concentrations and different treatment methods on
tomato seedlings of each bacterial solution were measured, and then the growth-promoting
effects of each single and compound bacterial solution on tomato seedlings were compared.

Two different concentrations: each an original bacterial solution (108 cfu/mL), were
diluted 10 times and 100 times. This was applied by mixing soil, and water was used as
a control.

There were three processing methods: Seed soaking: After soaking tomato seeds with
the best dilution of the multiple-bacteria solution for 3 h, they were sown and transplanted
into a nutrient bowl at the 2 leaves and 1 heart stage. Seeds soaked in sterile water were
used as control. Root irrigation: Seedlings at the 2 leaves and 1 heart stage were irrigated
in bacterial solution, 20 mL per bowl, while sterile water was used as the control. Mixing
soil: After taking 2 leaves and 1 core, the seedlings were transplanted into nutrient bowls.
Each bowl was filled with an equal amount of nutrient soil mixed with 20 mL of the
best dilution ratio of the bacteria solution. Aseptic water mixing soil treatment was used
as a control. After each treatment was completed, it was placed in the greenhouse for
routine management. At the 4–5 leaf stage, the morphological indicators were determined,
20 seedlings per treatment, 3 repetitions.

2.4. Control Effect of Single and Compound Biocontrol Strains on Tomato Gray Mold and
Leaf Mold

Using tomato gray mold and leaf mold as indicator bacteria, the plate confrontation
method was used to determine the antagonistic effects of the different compound bacterial
solutions on tomato gray mold and leaf mold. Single bacteria and sterile water were used as
control, repeated 3 times, and the rate of inhibition was calculated. Combinations of strains
with strong antagonistic effects on tomato gray mold and leaf mold based on different
compound ratios (1:1; 1:2; 2:1; 1:3; 3:1; 1:4; 4:1) were optimized. Single strains and sterile
water were used as a control and repeated to determine the antibacterial activity.

2.4.1. Indoor In Vitro Control Effect of the Best Compound Biocontrol Strains against
Tomato Gray Mold and Leaf Mold
In Vitro Control Effect on Fruit

Tomato fruits with the same size and maturity were selected and disinfected with
75% alcohol. The same concentrations (108 cfu/mL) of the compound bacterial solutions
B-1 and B-2, and single strains Ba, Bs wy-1 and WXCDD105 were sprayed on fruits under
aseptic conditions. After drying, the peel was pierced with an inoculation needle and
inoculated with the gray mold hyphae. A sterile culture flask was used for cultivation at
25 ◦C, and the disease was observed daily. The vernier caliper cross method was used
to measure the mycelial area, and the incidence, disease index and control effect were
subsequently calculated.
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Control Effect on Detached Leaves

Young tomato leaves of the same size were selected and disinfected with 75% alcohol.
The petioles were wrapped with moist cotton, placed in a Petri dish and covered with
sterile filter paper. The spraying method refers to the control effect of isolated fruits. Then,
we measured the chlorosis area, and calculated the incidence of detached leaves, disease
index and control effect.

2.4.2. Greenhouse Control Effect of Single and Optimal Compound Biocontrol Strains on
Tomato Gray Mold and Leaf Mold

Tomato seeds were sterilized, germinated and sown in growth medium consisting
of pastoral soil and peat in a ratio of 3:1, and an appropriate amount of perlite was
added. Tomato seedlings at the 2 leaves and 1 heart stage were transferred. Inoculation
was conducted after the emergence of 4–5 true leaves. For a detailed description of the
experimental method, refer to Wang et al., 2021.

2.5. Antibacterial Substances Produced by Biocontrol Bacteria WXCDD51 and WXCDD105
2.5.1. Detection of the Ability of Strains to Secrete Extracellular Enzymes, Siderophores
and HCN

Protease, cellulase, chitinase, glucanase and ferritin identification media were used to
specifically detect whether the strain has these enzyme activities. We placed an Oxford cup
in the center of each specific medium and added 50 µL of bacterial solution dropwise. It
was incubated for 2–7 d at 30 ◦C, and we observed whether there was an enzymolysis circle.

2.5.2. Determination of Antibacterial Crude Protein

Fungicide crude protein was extracted by the ammonium sulfate fractional precipita-
tion method. The saturation of ammonium sulfate was set to 30%, 50%, 70% and 90%. After
the crude product was obtained, the Oxford cup method was used, with tomato Botrytis
cinerea as the indicator. We took the pathogenic bacteria cake (Φ = 8 mm) and placed it
in the center of the PDA plate. We placed the Oxford cup on the four corners at equal
distances around the pathogen. A 50 µL sample was dropped into the Oxford cup, sterile
water was used as blank control, cultured at 27 ◦C for 7 days, and the antibacterial activity
of crude protein was determined.

2.5.3. Determination of Lipopeptide Antibiotics

We used the hydrochloric acid precipitation method for the determination of lipopep-
tide antibiotics. The Oxford cup method was used to determine the antibacterial activity of
lipopeptide antibiotics against Botrytis cinerea (the method is the same as Section 2.5.2).

3. Results
3.1. Identification of the Best Fermentation Conditions for Four Biocontrol Bacteria

The morphological, physiological and biological characteristics of the biocontrol
bacterium WXCDD51, as well as analysis of its 16 s rDNA, revealed that this strain belongs
to the genus Pseudomonas. The strain WXCDD105 was previously identified as Bacillus
subtilis suBap.subtilis (Figures S1 and S2).

The general trend in the growth curve of all four biocontrol bacteria was an “S” curve,
that is, the bacteria amount increased with an increase in the cultivation time. The end of
logarithmic growth was at 18–30 h; therefore, 18 h was selected as this the best inoculation
age, while the bacteria count reached a maximum at 48 h (Figure S3). The bacterial counts
of the four biocontrol bacteria have a good linear relationship with the measured OD600
value. The greater the number of bacteria, the greater the OD600 value (Figure S4). We
screened the initial fermentation medium of four strains of bacteria and combined the
number of bacteria and antibacterial activity. The final strains WXCDD51 and Bs wy-1
were selected on NYD medium, and WXCDD105 and Ba were selected on KB medium
(Figure S5).
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We optimized the composition of the fermentation medium and determined the
optimal carbon source of the four strains. The results show that WXCDD51 uses sucrose as
the carbon source to achieve the largest bacterial population, followed by potato starch and
glycerin. Considering the cost of fermentation materials, potato starch was selected as the
most suitable carbon source for WXCDD51 (Figure S6). Based on the two indicators of the
bacterial count and antibacterial activity, sucrose, soluble starch and glycerol were selected
as the optimal carbon sources for WXCDD105, Ba and Bs wy-1, respectively (Figure S6).
In addition to the identification of the optimum carbon source for all four bacteria, the
optimum nitrogen source of the four strains was also determined. Using the two indicators
of bacterial mass and antibacterial activity, yeast powder was selected as the optimal
nitrogen source for WXCDD51 and WXCDD105, while peanut meal powder was optimal
for Ba and Bs wy-1 (Figure S7). WXCDD51 had its highest bacterial count for the first
four combinations of inorganic salts: Na2HPO4, KH2PO4, NaCl and MgSO4. WXCDD105
had its highest bacterial count and antibacterial activity with the combination of KH2PO4,
CaCl2 and MnSO4. Ba and Bs wy-1 produced their highest bacteria count and antibacterial
activity with the combination of CaCl2, Na2HPO4 and KH2PO4 (Figure S8).

Next, we optimized the fermentation conditions, and the effect of the temperature
on bacterial growth was detected. When strain WXCDD51 was cultured at 30 ◦C, and
WXCDD105, Ba and Bs wy-1 were cultured at 37 ◦C, the cell density and the diameter
of the inhibition zone of the fermentation broth both reached their maximum. Therefore,
30 ◦C was chosen as the optimum culture temperature for strain WXCDD51, and 37 ◦C
as the optimum culture temperature for strains WXCDD105, Ba and Bs wy-1 (Figure S9).
Based on the growth of the strains, we chose the starting pH of the fermentation medium
to be WXCDD51: 7.0, WXCDD105: 6.5, Ba: 6.5 and Bs wy-1: 7.0 (Figure S10). When the
inoculum amount was 2% and 3%, the bacteria amount of the four biocontrol bacteria and
the antibacterial activity of the fermentation broth were higher. Therefore, 2% of strains
WXCDD51, WXCDD105 and Bs wy-1 was selected as the optimal inoculation amount, and
3% for strain Ba (Figure S11). The influence of the filling volume on the four strains was
detected, and, finally, WXCDD51 was optimal in 50 mL of culture medium in a 250 mL
shake flask, while 70 mL was optimal for WXCDD105 and Bs wy-1, and 30 mL was optimal
for Ba (Figure S12).

3.2. Single and Compound Biocontrol Strains Promote the Growth of Tomato Seeds and Seedlings

We determined the antimicrobial spectrum of the four strains (Table 1) and tested
their compatibility. As it is shown in Figure S13, the strains at the cross-line in the six
combinations grew normally. This shows that the four biocontrol bacteria cannot inhibit the
growth of each other and can be mixed for subsequent tests. We first observed the effect of
single and compound combination bacteria on the germination of tomato seeds. The results
show that the four bacteria were effective in promoting seed germination in the order of
WXCDD51 > Ba > WXCDD105 > Bs wy-1. After mixed treatment, most of the combinations
had no obvious difference from the single strain, and only WXCDD105 + WXCDD51 + Ba
showed an obvious effect of promoting seed germination. The germination rate of seeds
after 5 days of treatment was 88.00%, 12.00% higher than that of the water control, and
9.00%, 2.00%, 5.00% and 11.00% higher than WXCDD105, WXCDD51, Ba and Bs wy-1,
respectively. We named it mixed combination S-1 for follow-up tests (Figure 1).
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Table 1. Fungicide rate of four biocontrol bacteria.

Strain
Fungicide Rate/%

WXCDD51 WXCDD105 Ba Bs wy-1

Botrytis cinerea 85.63 a 98.61 a 96.79 a 98.02 a
Corynespora cassiicola 93.74 a 93.55 adc 91.87 b 91.80 cd

Fusarium sp. 56.13 cdef 96.09 ab 89.78 bc 95.45 ab
Sclerotinia sclerotiorum (Lib.) de Bary 69.16 bc 86.78 def 83.66 de 86.93 ef

Fusarium oxysporium Schelcht 58.34 bcdef 80.05 gh 85.27 d 76.27 g
Pythium sp. 70.63 b 94.57 abc 95.36 a 89.61 de

Alternaria sp. 68.31 bcd 95.35 ab 94.66 a 94.98 b
Septoria lycopersici Speg. 65.79 bcde 91.54 bcd 88.36 c 86.89 ef
Colletotrichum lagenarium 56.97 cdef 89.44 cde 80.35 f 76.38 g

Setosphaeria tuicicum 53.26 efg 89.59 cde 89.99 bc 88.37 e
Fusarium verticillioides 33.14 h 84.76 efg 80.65 f 93.94 bc
Fusarium oxysporum 49.61 fg 73.12 ij 85.55 d 64.57 h

Fusarium oxysporum f. sp. niveum 55.36 def 71.73 j 82.20 ef 65.84 h
Fusarium bulbigenum var. lycopersici 51.98 fg 88.96 cdef 80.21 f 85.20 f
Fusarium oxysporum f. sp. cucumerinum 52.01 fg 83.25 fg 88.63 c 87.01 ef

Note: Small letters behind the data of the same column indicate significant difference at the 0.05 level. The same
as below. Different letters indicate significant differences within each category according to one-way analysis of
variance (ANOVA) followed by Duncan’s test at the 0.05 alpha level of confidence.

Figure 1. Germination rate of tomato seeds under the treatment of single and compound combined bacterial solutions.

Then, we observed the effect of single and compound combination bacteria on the
growth of tomato seed radicles. The results show that the single strains Bs wy-1 and
WXCDD105 had a significant growth-promoting effect on tomato seed radicles. However,
the effect of Ba and WXCDD51 with most of the mixed combinations is not obvious. Only
Ba + WXCDD51 + Bs wy-1 and Ba + WXCDD51 + WXCDD105 + Bs wy-1 have seed radicle
lengths of 41.88 mm and 46.03 mm, respectively. These are 5.80 mm and 10.01 mm longer
than the water control group. Among them, the growth-promoting effect of the mixed
combination Ba + WXCDD51 + WXCDD105 + Bs wy-1 was significantly higher than that
of the single strain treatment group. We named it mixed combination S-2 for follow-up
tests (Figure 2).
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Figure 2. Growth-promoting effect of single and compound combination bacterial liquids on the growth of tomato
seed radicles.

The effects of single and compound bacteria on the growth of tomato seedlings
were also observed. The results show that different concentrations of the WXCDD51 and
WXCDD105 strains had effects on the growth of tomato seedlings at the four–five leaf
stage. The effect of the 100-fold dilution is slightly better because the plant height was
significantly higher than in the 10-fold dilution, and the growth of tomato seedlings treated
in different ways was stronger than the control. For WXCDD51, the effect of soil mixing
and seed soaking was better than that of root irrigation, and for WXCDD105, soil mixing
was more effective than root irrigation and seed soaking. In contrast, the 10 times dilution
of Ba and Bs wy-1 had a better growth effect on the height, stem thickness, main root length
and whole plant fresh weight of tomato seedlings than the 100 times dilution. For the
Ba bacterial solution, the difference between different treatment methods is not obvious,
but for Bs wy-1, soil mixing and root irrigation treatments are slightly more effective than
the seed soaking treatment (Figure 3). The mixed combinations of S-1 and S-2 at different
concentrations had a positive effect on the growth of tomato seedlings at the four–five leaf
stage, and the effect of the 100-fold dilution was relatively good. The growth of tomato
seedlings in each treatment was better than that of the control. For the S-1 bacterial solution,
the soil mixing and root irrigation treatments were slightly stronger than the seed soaking
treatment, and for the S-2 bacterial solution, the seed soaking treatment had a slightly
stronger effect (Figure 4a,b). Among them, the indicators of the mixed combination S-2
were higher than those of other treatment groups, and the mixed combination S-1 had no
significant difference from the single strains WXCDD51, WXCDD105 and Ba. The single
strain Bs wy-1 had the worst relative effect (Figure 4c).
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Figure 3. Effects of biocontrol bacteria with different concentrations and treatments on the growth of
tomato seedlings. (a) Effects of WXCDD51 fermentation broth on the growth of tomato seedlings
with different concentrations (1) and different treatments (2). (b) Effects of WXCDD105 fermentation
broth on the growth of tomato seedlings with different concentrations (1) and different treatments (2).
(c) Effects of Ba fermentation broth on the growth of tomato seedlings with different concentrations
(1) and different treatments (2). (d) Effects of Bs wy-1 fermentation broth on the growth of tomato
seedlings with different concentrations (1) and different treatments (2).
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Figure 4. (a) Effects of combination S-1 fermentation broth on the growth of tomato seedlings with
different concentrations (1) and different treatments (2). (b) Effects of combination S-2 fermentation
broth on the growth of tomato seedlings with different concentrations (1) and different treatments (2).
(c) Comparison of effects of single and mixed fermentation broths on the growth of tomato seedlings.

3.3. Antibacterial Effect of Single and Compound Biocontrol Strains on Tomato Gray Mold and
Leaf Mold

We screened the best compound biocontrol strains and found that the combination
of Ba and Bs wy-1 is most effective in inhibiting both gray mold and leaf mold of tomato,
followed by the combination of Ba + WXCDD105. These two combinations were chosen for
follow-up tests (Figure S14). The combination of Ba and WXCDD105 had its most effective
inhibitory effect on Botrytis cinerea when combined in a ratio of 2:1, having an inhibitory
distance and rate of 10.70 mm and 74.26%, respectively. This combination was named B-1.
The effect of the combination of the two bacteria on leaf mold, on the other hand, was most
effective at a ratio of 1:4, having an inhibitory distance and rate of 9.25 mm and 70.63%,
respectively. This combination was named F-1 (Table S1).

The combination of Ba and Bs wy-1 in a ratio of 1:3 had the highest inhibitory effect
on the growth of Botrytis cinerea, having an inhibitory distance and rate of 10.89 mm and
74.73%, respectively. This combination was named B-2. The effect of the combination of Ba
and Bs wy-1 on leaf mold, on the other hand, was most effective in a ratio of 3:1, having an
inhibitory distance and rate of 7.80 mm and 67.01%, respectively. This combination was
named F-2 (Table S2).

In order to more effectively evaluate the effect of biocontrol bacteria on the two
diseases, detached tomato fruits and detached leaves were inoculated with Botrytis cinerea
and Fulvia fulva, respectively. The control effect of B-1 and B-2 on tomato gray mold
infection in vitro was 29.18% and 32.68%, respectively. The in vitro control effects of single
strains WXCDD105, Ba and Bs wy-1 were 15.48%, 25.19% and 11.13%. Thus, the two mixed
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combinations can more effectively control tomato gray mold than any of the bacteria when
used as a singleton (Figure 5a). The control effects of the mixed combinations F-2 and
F-1 on the detached leaves infected with tomato leaf mold were 82.47% and 80.51%. The
in vitro control effects of single strains WXCDD105, Ba and Bs wy-1 were 75.37%, 79.47%
and 73.02%. This shows that the two mixed combinations can effectively control tomato
leaf mold, and the control effect was significantly higher than that of each single strain
(Figure 5b).

Figure 5. Effects of single and compound strains on the in vitro fruits of tomato gray mold (a) and
leaf mold (b).

Pyrimethanil is a chemical agent with a broad bactericidal spectrum and is mainly
used to prevent and control gray mold. In the treatment test of tomato gray mold, the
incidence and disease index of the chemical pesticide 40% pyrimethanil treatment were
23.61% and 16.82, respectively, and the treatment effect was 61.50%. The morbidity and
disease index of the strain combination B-1 were 38.60% and 10.43, respectively, which
were 19.58% and 76.12% less than the water control, and the treatment effect was 76.10%.
The morbidity and disease index of the strain combination B-2 were 39.16% and 12.19,
respectively, which were 18.41% and 71.54% less than the water control, and the treatment
effect was 72.08%. The treatment effects of the two combinations are stronger than each
single strain and chemical pesticides (Figure 6).
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Figure 6. Therapeutic effects of single and complex strains on tomato seedlings infected with gray mold.

Polyoxin is an antibiotic that can effectively prevent leaf mold. In the treatment test of
tomato leaf mold, the incidence and disease index of the chemical pesticide 10% polyoxin
treatment were the lowest, 28.22% and 12.96, respectively, and the curative effect was
71.54%. The morbidity and disease index of the strain combination F-1 were 30.35% and
9.48, respectively, which were 37.03% and 79.22% less than the water control, and the
curative effect was 79.09%. The morbidity and disease index of the strain combination
F-2 were 30.21% and 9.31, respectively, which were 37.32% and 79.59% less than the
water control, and the curative effect was 79.56%. Thus, the treatment effects of the two
combinations are stronger than each single strain and chemical pesticides (Figure 7).

Figure 7. Therapeutic effects of single and complex strains on tomato seedlings infected with
leaf mold.

3.4. Preliminary Study on Antibacterial Substances of Biocontrol Bacteria WXCDD51
and WXCDD105

Only WXCDD51 had obvious transparent circles around the Oxford cup on the
protease-containing identification medium, indicating that WXCDD51 has protease activity,
and that no other enzyme activities were detected. In the HCN test, the test paper did not
change color, indicating that no HCN was produced (Figure 8a). WXCDD105 had obvious
transparent circles around the Oxford cup on the protease- and ferrophilin-containing
identification medium, indicating that WXCDD105 can produce protease and ferrophilin,
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and that no other enzyme activities were detected. In the HCN test, the test paper did not
change color, indicating that no HCN was produced (Figure 8b).

The protein substances obtained by the fermentation broth of WXCDD105 and WX-
CDD51 after 50%, 70% and 90% of saturation ammonium sulfate precipitation have an
inhibitory effect on Botrytis cinerea. This shows that both WXCDD105 and WXCDD51 can
produce antibacterial proteins (Figure 8c).

The lipopeptide antibiotics obtained by precipitation of the fermentation broth of
WXCDD105 with concentrated hydrochloric acid can inhibit Botrytis cinerea. WXCDD51
did not produce lipopeptide antibiotics (Figure 8d).

Figure 8. (a,b) Detection of secretory substances in strains WXCDD51 and WXCDD105. (c) An-
tibacterial activity of antibacterial crude protein. (d) Determination of antibacterial activity of
lipopeptide antibiotics.

4. Discussion

In this study, the fermentation conditions for four biocontrol bacteria were studied
to lay the foundation for the liquid submerged fermentation of the strains. The liquid
fermentation process included two aspects: one was the optimization of the medium
components, and the other was the optimization of the fermentation conditions. When
selecting materials, we considered the growth of bacteria, the production of fermentation
products and the cost. A single factor test was used to screen the amount of bacteria
and the antibacterial activity of the sterile filtrate as indicators. The carbon source was
commonly used sugars and some grain starches as alternative materials. The results show
that the best carbon sources for WXCDD51 and Ba are starches, potato starch and soluble
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starch, respectively. The wide source range, low price, large bacterial population and high
antibacterial activity of the metabolites made these more advantageous. However, there are
also some shortcomings, such as the thicker fermentation broth and being difficult to use.
The selected nitrogen sources were organic nitrogen (peptone, beef extract, yeast powder,
peanut meal, soybean meal) and inorganic nitrogen (ammonium nitrate, ammonium
chloride, urea, potassium nitrate) as alternative materials. The four biocontrol bacteria
used organic nitrogen significantly better than inorganic nitrogen. The optimum nitrogen
source for WXCDD51 and WXCDD105 was yeast powder [31], and the optimum nitrogen
source for Ba and Bs wy-1 was peanut meal powder. Since the source of organic nitrogen
is unstable and the composition is more complex, in addition to providing nitrogen, we
provided some inorganic salts and growth factors. Subsequent experiments should also
consider the impact of raw material fluctuations on fermentation when using organic
nitrogen sources. In terms of the selection of inorganic salts, the test was sorted according
to the detection index from large to small, and the best inorganic salt combinations for the
four biocontrol bacteria were determined.

There have been some reports on some compound strains that promote tomato growth.
In this study, four strains of biocontrol bacteria were mixed with one, two, three and four
strains and then tested for growth promotion. The results show that all four biocontrol
bacteria can promote seed germination. The order of single strains in promoting seed
germination is WXCDD51 > Ba > WXCDD105 > Bs wy-1. After the mixed treatment, only
the mixed combination S-1 (WXCDD105 + WXCDD51 + Ba) treatment had the highest
seed germination rate. Strains Bs wy-1 and WXCDD105 have an obvious promoting effect
on seed radicle growth, but Ba and WXCDD51 have no obvious effect with most mixed
combinations. Only S-2 (Ba + WXCDD51 + WXCDD105 + Bs wy-1) has a significantly
higher seed radicle length than the single strains. This shows that the growth-promoting
effect of different strains on tomato seeds is not necessarily stronger than that of a single
strain. This may be related to the mechanism between different biocontrol bacteria and the
difference in the production of metabolites. The utilization rate of plants can be improved
only by reasonable compounding and increasing the accumulation of nutrients.

This study also explored whether compound strains would have a synergistic effect
in promoting growth in tomato seedlings compared with a single strain. First, the opti-
mal concentration and treatment method for growth promotion of each bacterial liquid
treatment group were explored. The results show that Ba and Bs wy-1 diluted 100 times
have the best effect, and other treatments diluted 10 times have better effects. The single
strains adopted the soil mixing treatment to promote the growth effect, and the mixed com-
binations S-1 and S-2 adopted the root irrigation and seed soaking treatments, respectively.
From the comparison of the growth promotion results of the mixed strains and the single
strains, the effect of the mixed combination S-2 was significantly stronger than that of other
treatment groups. This research also provides a valuable mixed bacteria combination for
future production trials, which can be made into different dosage forms, such as powder,
granules and seed coatings. This study provides a foundation for the development of a
new growth-promoting bioagent.

The antibacterial spectrum test showed that the four biocontrol bacteria have broad-
spectrum disease resistance, and they are good materials for constructing a combination
of compound strains. We also showed that not all combinations can be synergistic, and
the number of strains combined does not necessarily make the combination more effective.
The mixtures of only two bacteria, such as Ba + Bs wy-1 and Ba + WXCDD105, are more
effective in controlling gray mold and leaf mold than any other combinations, including
triple combinations. Indeed, there was a major difference between the in vitro activity
of biocontrol bacteria and the in vivo control effect. Since it is difficult to evaluate the
combination of strains based on the level of the in vitro control effect alone, we conducted
a greenhouse pot experiment to further evaluate these effects. The goal of the mixed
combination experiments was to obtain a commercial compound bacterial agent that can
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be applied in the field. At present, there are fewer varieties of compound bacteria that can
be applied, and the adaptability and spectrum are also poor.

There are not many reports on the mechanism mediating the control of plant diseases
by compound bacteria, although studies have shown that interaction between the strains
in mixed combinations allows them to have a more significant control effect than single
bacteria [32]. The final control effect can also be determined by the affinity between the
different strains in the combination. In addition, the interaction between the strains also
improves their colonization ability in the rhizosphere of the plant. The complementary
effect of the disease prevention mechanism between the strains can also make the disease
prevention and growth promotion effects stronger than those of the single strains.

This study determined the antibacterial substances produced by the biocontrol bacte-
ria WXCDD51 and WXCDD105. We found that WXCDD51 can produce proteases, while
WXCDD105 can produce both proteases and ferrophils. Research has shown that Bacil-
lus subtilis is able to produce different types of antibacterial substances including larger
molecular weight proteins and small-molecular weight lipopeptide antibiotics. Proteins
and lipopeptides secreted by Bacillus subtilis STO-12 have been reported to have good
antibacterial activity against the pathogens of various fruit tree diseases. Hu et al. used
salting-out and acid precipitation methods to prepare crude protein extracts and crude
lipopeptide extracts from LB and Landy fermentation broths of endophytic Bacillus subtilis
ge25. There are few reports on the production of antibacterial proteins and lipopeptides by
Pseudomonas. The antibacterial protein purified from Pseudomonas GY-1 can inhibit wheat
root rot. Pseudomonas chlororaphis HT66 can produce the lipopeptide product colistin,
which can effectively regulate the relevant biological functions of the strain. In this study,
fungicide crude protein was extracted from the fermentation broth of WXCDD51 and
WXCDD105, and this inhibited the growth of Botrytis cinerea. A lipopeptide antibiotic
with an obvious inhibitory effect on tomato gray mold was extracted from WXCDD105.
However, we did not find any lipopeptide antibiotics in the fermentation broth containing
WXCDD51. In this study, only the antibacterial substances of two biocontrol bacteria were
investigated. The yield of antibacterial substances was also related to the culture conditions
of the strain. The disease control mechanism by biocontrol bacteria is extremely compli-
cated. Therefore, in addition to the production of antibacterial substances, various aspects
such as competition and induction of the defense response need to be further explored.

5. Conclusions

The fermentation medium formulation and fermentation conditions are as follows:

(1) WXCDD51 strain: potato starch 4.97%, yeast extract 1.48%, potassium dihydrogen
phosphate 0.06%, disodium hydrogen phosphate 0.15%, sodium chloride 0.3%, mag-
nesium sulfate 0.03%. The initial pH was 7.0, the inoculum volume was 2%, the
culture temperature was 30 ◦C and the liquid volume was 50 mL/250 mL.

(2) WXCDD105 strain: sucrose 4.4%, yeast extract 1.32%, 0.08% calcium chloride, 0.1%
potassium dihydrogen phosphate, 0.02% manganese sulfate. The initial pH was 6.5%,
the inoculum volume was 2%, the culture temperature was 37 ◦C and the liquid
volume was 70 mL/250 mL.

(3) Ba strain: soluble starch 4.4%, peanut cake powder 1.31%, disodium hydrogen phos-
phate 0.04%, calcium chloride 0.3%, potassium dihydrogen phosphate 0.15%. The
initial pH was 6.5%, the inoculum volume was 3%, the culture temperature was 37 ◦C
and the liquid volume was 30 mL/250 mL.

(4) Bs wy-1 strain: glycerin 2.2%, peanut cake powder 1.24%, calcium chloride 0.09%,
potassium dihydrogen phosphate 0.1%, disodium hydrogen phosphate 0.1%. The
initial pH was 7.0, the inoculation volume was 2%, the culture temperature was 37 ◦C
and the liquid volume was 70 mL/250 mL.

Antibacterial spectrum tests showed that the four biocontrol bacteria had a broad
spectrum of inhibition. The inhibitory rate of strain WXCDD51 against 16 diseases ranged
from 33.14% to 93.74%, that of strain WXCDD105 ranged between 71.73% and 98.61%, that
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of strain Ba was between 72.28% and 96.79% and that of strain Bs wy-1 ranged between
64.57% and 98.02%.

We studied the effects of single and compound strains on tomato seeds’ and seedlings’
growth. Screening out the best mixed combinations, S-1 (Ba + WXCDD51 + WXCDD105
+ Bs wy-1) and S-2 (Ba + WXCDD51 + WXCDD105 + Bs wy-1), was conducted. The two
combinations had the best promoting effects on promoting tomato seeds’ germination
and tomato seeds’ radicle growth, respectively. The seedling stage tests showed that
single and mixed combinations of S-1 and S-2 could significantly promote the growth
of tomato seedlings. The optimal dilutions of single strains WXCDD51 and WXCDD105
and the combinations of S-1 and S-2 were 100 times dilutions. The optimal dilutions of
Ba and Bs wy-1 were 10 times dilutions (the concentration of the original broth was 108
cfu/mL). The single mixed soil treatment method had the best growth-promoting effects.
The combinations of S-1 and S-2 using the root irrigation and seed soaking treatments had
the best effects, respectively. Among the single and mixed strains, the combination of S-2
had the best effect on the growth of tomato seedlings, and the single strain Bs wy-1 had the
worst effect, but there was a non-significant difference in the other treatments.

We also studied the biocontrol effects of single and combined strains on tomato gray
mold and leaf mold. The antagonistic effects of Ba + Bs wy-1 and Ba + WXCDD105 on
tomato gray mold and leaf mold were screened. The best compounding ratios of the
combinations for the control of gray mold were Ba + WXCDD105 (2:1) and Ba + Bs wy-
1 (1:3). They were named B-1 and B-2, respectively. The best compounding ratios for
controlling leaf mold were Ba + Bs wy-1 (3:1) and Ba + WXCDD105 (1:4). They were named
F-1 and F-2, respectively. In the in vitro test, the control effects of combinations B-1 and
B-2 on gray mold and combinations of F-1 and F-2 on leaf mold were significantly higher
than those of the single strains. In the greenhouse pot experiment, the control effects
of each compounding combination on gray mold and leaf mold were also significantly
higher than the single strains. The preventive effect of each treatment was better than the
treatment effects.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/agriculture11070686/s1, Figure S1: The colony morphology of strain WXCDD51. Figure S2:
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four biocontrol bacteria. Figure S4: Linear relationship between bacteria population and absorbance.
Figure S5: Effects of different media on growth of the four biocontrol bacteria. Figure S6: Carbon
source utilization map of biocontrol bacteria. Figure S7: Nitrogen utilization map of biocontrol
bacteria. Figure S8: Application of inorganic salt combinations for biocontrol bacteria. Figure S9:
Effects of culture temperature on fermentation of the four biocontrol bacteria. Figure S10: Effects
of pH value on the fermentation of the four biocontrol bacteria. Figure S11: Effects of inoculation
amount on fermentation of the four biocontrol bacteria. Figure S12: Effects of liquid loading on
fermentation of the four biocontrol bacteria. Figure S13: The growth of cross marking of the four
biocontrol bacteria. Figure S14: Inhibitory effects of different treatments on tomato gray mold and leaf
mold. Table S1: Screening of different mixing proportions of Ba + WXCDD105. Table S2: Screening of
different mixing proportions of Ba + Bs wy-1.
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