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Abstract: Root-knot nematodes are the major diseases in protected cultivation around the world. 
Bio-organic fertilizer has become a research hotspot, with a variety of microorganisms that control 
various vegetable soil-borne diseases. This study screened nematocidal microorganisms from fresh 
vermicompost, explored the inhibitory substances produced by biocontrol agents, and evaluated 
their potential biocontrol ability in the pot and field under greenhouse conditions. The highly effec-
tive antagonistic microbes of Meloidogyne incognita (M. incognita) were screened. Strains YL1 and 
YL31 were identified as Peribacillus frigoritolerans, and strain YL6 was identified as Lysinibacillus fu-
siformis. The three strains all produced chitinase and protease, which prevented the normal devel-
opment of eggs and the second-stage juveniles (J2) by destroying their appearance. The three strains 
all improved potassium-dissolving ability, and the strains YL1 and YL6 also enhanced phosphorus-
dissolving ability. Pot experiments showed that tomato root knots were reduced, and plant growth 
improved. Field tests showed that the root-knot index and nematode population were reduced sig-
nificantly, and cucumber growth and yield were enhanced. Strain YL1 had the best control effect 
with 70.6%, and the yield increased by 14.9% compared with the control. Overall, this study showed 
the ability of antagonistic bacteria YL1, YL6, and YL31 to control root-knot nematodes, and these 
antagonistic bacteria could be developed as biocontrol agents for sustainable agriculture. 

Keywords: Meloidogyne incognita; antagonistic bacteria; tomato; cucumber; Peribacillus frigoritolerans; 
Lysinibacillus fusiformis 
 

1. Introduction 
In recent years, plant-parasitic nematodes have become one of the major factors re-

stricting the development of the protected vegetable industry, causing economic losses of 
more than US$100 billion per year [1,2]. Among them, root-knot nematode is one of the 
most common and destructive soil-borne diseases in monoculture vegetable cropping, re-
sulting in huge losses to the protected vegetable industry [3]. Many studies have been 
conducted on root-knot nematode control measures [4–6]. The research focuses on breeding 
resistant plant varieties and developing nematicides. Breeding resistant plant varieties can ef-
fectively reduce losses caused by nematodes; however, invasion by many other pathogens can 
lead to weakened resistance due to severe selection pressure on resistant plants [7]. Nemati-
cides can effectively control nematodes, but their toxic residues affect the environment 
and human health [8,9]. In order to produce green vegetables, most nematicides are grad-
ually banned or strictly restricted in use. Therefore, there is an urgent need to develop 
alternative control strategies and long-term integrated approaches against nematode in-
festation to replace chemical nematicides [6,10]. 
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Biological control has received close aĴention because it does not damage the agri-
cultural ecological environment and avoids the harm of pesticides to human health. Bio-
logical control usually uses fungi, bacteria, and actinomycetes or their metabolites that 
feed on or parasitize nematodes [11,12], such as Bacillus [13], Arthrobotrys [14], and Strep-
tomyces [15] These antagonistic microorganisms contain nematocidal compounds, or re-
lease nematicides during the process of acting on nematodes [16]. At present, most of the 
root-knot nematode antagonistic microorganisms commonly used in biological control 
are screened from crop soils, natural fertilizer, and compost. Organic fertilizers based on 
organic waste, such as livestock and poultry manure, sewage sludge, and solid and food 
waste, have many advantages, including low cost, easy availability, reuse of waste, and 
reduction of environmental pollution [17]. As a biological control agent, organic fertilizers 
not only can improve soil environment and promote plant growth but also contain abun-
dant antagonistic microorganisms, which can effectively control soil-borne diseases [18]. 

Vermicompost is a product of the biodegradation of organic waste by earthworms 
and is a natural bio-organic fertilizer. Vermicompost is rich in microorganisms. These mi-
croorganisms not only can improve soil fertility and plant nutrition and enhance plant 
disease resistance but also regulate the microbial community in soil and indirectly stimu-
late nematode predators and parasites that depend on microorganisms [19]. It has been 
reported that vermicompost can effectively control many vegetables’ soil-borne diseases 
to a certain extent [20]. Vermicompost can significantly reduce plant-parasitic nematodes 
and decrease plants’ susceptibility [21,22]. Xiao et al. [23] showed that vermicomposting 
can help tomato plants, especially sensitive varieties, resist M. incognita infection. Field 
trials by Singh et al. showed that vermicompost can reduce the number of M. javanica in 
chickpea plants, promote plant growth, and increase yield [24]. However, these studies 
only demonstrated that vermicompost can prevent and control root-knot nematodes. The 
presence of the antagonistic microorganisms in vermicompost that can inhibit root-knot 
nematodes and their mechanism of action are still unclear. The aim of this study was to 
isolate and screen highly effective antagonistic bacteria against M. incognita from fresh 
vermicompost in pot and field conditions in a greenhouse seĴing. 

The strains were identified based on their physiological and biochemical indices and mo-
lecular characteristics. The mechanism of effective antagonistic bacteria for controlling root-
knot nematodes and promoting growth in plants was examined to provide new resources for 
the development and utilization of vegetable root-knot nematode antagonists. 

2. Materials and Methods 
2.1. Microorganisms Isolated from Vermicompost 

Fresh vermicompost samples were provided by the Scientific Research Foundation of 
Shenyang Agricultural University. These samples were obtained by feeding earthworms (Ei-
senia foetida) with semi-decomposed cow dung. A total of 157 isolates containing bacteria, 
fungi, and actinomycetes were isolated from vermicompost. The isolated strains were inocu-
lated into the corresponding nutrient medium and shaken at 28 °C and 180 r/min for 18 h, 
48 h, and 96 h, respectively, to make seed liquid. The fermentation broth was prepared 
with 1% inoculum and cultured by shaking at 28 °C and 180 r/min for 2 d, 3 d, and 5 d, 
respectively. Finally, the concentration was adjusted to 109 CFU/mL for a stock solution 
and stored in a 4 °C refrigerator. 

2.2. Preparation of Root-Knot Nematode Inoculum 
Tomato tissue samples seriously infested by root-knot nematode were collected from 

greenhouses in Chaoyang, Liaoning, of China. The nematode infecting the tomato roots 
was identified as M. incognita [25]. The tomato roots infected by root-knot nematode were 
gently rinsed with distilled water, and the egg sacs were harvested with a sterile needle 
and placed into a 0.5% NaClO solution for disinfection for 5 min then rinsed with sterile 
water 3 times. They were then placed on a mesh screen of non-toxic filter paper. The egg 
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sacs were placed in a petri dish filled with sterile water. They were then in an incubator at 28 
°C for 4–7 days with replacement of sterile water daily. Newly hatched J2 were collected 
every 24 h. The concentration of nematodes was adjusted with sterile water to obtain about 
500 nematodes/mL and stored in a 4 °C refrigerator for both in vitro and in vivo trials. 

2.3. Screening of Antagonistic Bacteria against Root-Knot Nematode 
The experiment was performed in a 24-well cell culture plate with 0.8 mL fermenta-

tion broth and 0.2 mL J2 suspension in each well. A well with sterile distilled water and 
blank medium was used as a control. The treatment was repeated 4 times, and the plate 
was placed in a 28 °C incubator. Mortality was checked after 24 h under a stereomicro-
scope. If the nematodes were still motionless and remained motionless when touched with 
a toothpick, they were considered dead. The fermentation liquid of strains with a nematode-
corrected mortality rate higher than 90% was selected for re-screening. The fermentation broth 
was diluted 2 times, 3 times, and 5 times. The corrected mortality of J2 was checked after 12 h 
and 24 h with the same method. The mortality and corrected mortality of the second-stage 
juveniles (J2) after 24 h were calculated. 

Mortality = numbers of dead J2S/numbers of tested J2S × 100% (1)

Corrected mortality = (mortality of fermentation broth − control mortality)/(1 − 
control mortality) × 100%  

(2)

2.4. Identification of Antagonistic Bacteria in Root-Knot Nematode 
The screened high-efficiency antagonistic bacteria of root-knot nematodes were 

transferred to the beef peptone medium plate and cultivated in a 28 °C incubator for 24–
48 h. After the colonies grew vigorously into single colonies, colony size, color, texture, 
shape, and humidity were monitored. Gram staining and spore staining were also moni-
tored/recorded. Physiological and biochemical identification was conducted, including in-
dole, methyl red, V-P, and starch hydrolysis on root-knot nematode antagonistic bacteria 
following general physiological and biochemical methods in the Common Bacterial Sys-
tem Identification Manual [26]. 

Genomic DNA extraction of root-knot nematode antagonistic bacteria was carried 
out following the instructions of the Ezup Column Bacteria Genomic DNA Purification 
Kit (Sangon Biotech, Shanghai, China). Using the extracted genomic DNA as a template, 
the partial sequence of the 16S rRNA gene was amplified by PCR utilizing universal pri-
mers 27F (5′-AGA GTT TGA TCC TGG CTC AG-3′) and 1492R (5′-ACG GCT ACC TTG 
TTA CGA CTT-3′) [27]. After the PCR reaction products were detected by 1% agarose gel 
electrophoresis, they were sent to Shanghai Bioengineering Co., Ltd. (Shanghai, China). 
for sequencing. The measured 16S rDNA sequence was submiĴed to GenBank database 
of NCBI (National Center for Biotechnology Information) for BLAST comparison analysis 
(hĴp://blast.ncbi.nlm.nih.gov). The sequence of strain type with high homology was se-
lected, and phylogenetic analysis was carried out with Mega7.0 and ITOL software 
(hĴp://itol.embl.de/). 

2.5. Research on the Functions and Growth-Promoting Properties of Antagonistic Bacteria 
2.5.1. Detection of the Protease and Chitinase Production Capacity of Antagonistic Bacteria 

Antagonistic bacteria were incubated on gelatin solid medium (10.00 g gelatin, 5.00 g 
peptone, 0.50 g K2HPO4, 0.2 g MgSO4·7H2O, 15 g agar, distilled water 1000 mL, pH 7.0–7.2) 
and chitin solid medium (200 mL colloidal chitin, 0.3 g KH2PO4, 0.7 g K2HPO4, 0.01 g 
FeSO4, 0.5 g MgSO4, 0.1 g NH4Cl, 0.1 g NaCl, 20 g agar, 1000 mL distilled water, pH 7) and 
inverted at 30 °C for 24 h and 48 h. The growth status was monitored. The diameter of the 
hydrolysis circle (D) and the diameter of the colony (d) were measured, and the ratio of 
D/d was calculated. 



Horticulturae 2024, 10, 407 4 of 16 
 

 

2.5.2. Phosphorus-Dissolving and Potassium-Dissolving Ability Tests of Antagonistic 
Bacteria 

Antagonistic bacteria were inoculated on the phosphorus-dissolving solid medium 
(10.00 g glucose, 0.50 g (NH4)2SO4, 0.5 g yeast extract powder, 0.3 g NaCl, 0.3 g 
MgSO4·7H2O, 0.03 g FeSO4·7H2O, 0.03 g MnSO4, 5.00 g Ca3(PO4)2, 0.3 g KCl, 15 g agar pow-
der, 1000 m distilled water, pH 7.0–7.5) and the potassium-dissolving solid medium (5 g 
glucose, 0.50 g MgSO4·7H2O, 0.1 g CaCO3, 0.006 g FeCL3, 2 g Ca3(PO4)2, 20 g agar powder, 
1000 mL distilled water, pH 7.0, 2 mL of 0.5% bromothymol blue (BTB) per 100 mL of 
culture medium were added before use) and incubated at 30 °C for 5 and 7 d at a constant 
temperature, and the growth status of the bacteria was monitored. The diameter (D) and 
colony diameter (d) of the phosphorus-dissolving circle and potassium-dissolving circle 
were measured. The ratio of D/d was calculated. 

2.6. Effects of Antagonistic Bacteria on the Development of Root-Knot Nematode Eggs and J2 
Ten fresh worm eggs were extracted with a pipeĴe and placed into the cell culture 

plate. A total of 20 µL of the fermentation broth of strain YL1, strain YL6, and strain YL31 
was added, using a sterile culture broth as a control, and this was repeated 5 times for 
each treatment. The normal egg hatching process was observed as a control. Samples were 
taken every 12 h, and the eggs were sucked up on a glass slide with straw. The develop-
ment process of the eggs was monitored and photographed under an optical microscope. 
The method for observing the effects of antagonistic bacteria on the development of J2 was 
the same as above. The samples were taken and observed at 12 h and 24 h. 

2.7. Pot Experiment 
Root-knot nematodes were collected from a greenhouse seriously infested with to-

matoes in Chaoyang, Liaoning, of China. The soil in the plough layer at a depth of 0–20 
cm was taken and then sieved with a 5 mm screen. This was done to remove coarse plant 
debris and particles. It was thoroughly mixed and used for pot experiments. Healthy soil 
was collected in the same area and not infected with root-knot nematodes. The tomato 
variety tested was L-402. Five treatments were used: (1) healthy soil CK0; (2) infested soil 
CK1; (3) infested soil + antagonistic bacteria YL1; (4) infested soil + antagonistic bacteria 
YL6; and (5) infested soil + antagonistic bacteria YL31. During the three-leaf stage, tomato 
seedlings were transplanted into 15 cm × 13 cm pots filled with 1 kg of soil each. The 
antagonistic bacteria fermented liquid was taken from a stock solution, diluted 10-fold 
and 50-fold. The dose was 10 mL with root irrigation, and each treatment was repeated 
three times. The poĴed plants were randomly placed in a constant temperature light in-
cubator at 28 °C and cultivated under 16 h light/8 h dark conditions. Without any addi-
tional fertilizer, the poĴed plants were weĴed in a timely and quantitative manner. 

Forty-five days after transplantation, the tomato plants were harvested by gently 
shaking the soil around the roots to obtain intact plant roots, followed by rinsing them 
with water to remove the soil from the root surface. Tomato plant height, stem thickness, 
root fresh weight, aboveground fresh weight, and root knot number were measured. A 
total of 100 g of soil around the tomato plant roots was taken, and the nematode popula-
tion in the soil was detected under a microscope. The disease grade was recorded [28]. 
The root-knot index and relative effect were assessed as follows: 

Root-knot Index = Σ (Number of Diseased Plants at All Levels × Corre-
sponding Level Value)/(Total Number of Investigated Plants × Highest 

Level) × 100%  
(3)

Control Effect = [(Root-knot Index with Control − Root-knot Index with 
Treatment)/Root-knot Index with Control] × 100% 

(4)
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2.8. Field Tests 
Field experiments were conducted in a cucumber greenhouse with severe nematode oc-

currence in Shenyang, Liaoning Province, China. The initial population density of nematodes 
was determined to be 1095.0 ± 26.5 J2/100 g soil using the Baermann funnel method [29,30]. 
The temperature range was 15~30 °C, and the cucumber variety was Jinyou 30. Four treat-
ments were used: (1) control CK with water; (2) antagonistic bacteria YL1; (3) antagonistic 
bacteria YL6; and (4) antagonistic bacteria YL31. Each treatment was repeated 4 times, the 
plot area was 2.4 m2, and 9 seedlings were planted in each plot using a random block 
arrangement. The three kinds of bacterial fermentation broth (1 × 109 CFU/mL) and the same 
amount of water were inoculated on the cucumber seedlings after transplantation for 7 days. 
The dose was 100 mL with root irrigation. Routine management was performed in the 
greenhouse during the test. 

After 75 days of planting, the root situation of the cucumber plants was observed, the 
root-knot index was investigated, and the control effect was calculated according to 
method 2.7. The fresh weight and dry weight of the aboveground part, the fresh weight 
and dry weight of the underground part, and the yield were measured. 

2.9. Data Analysis 
All statistical analyses were performed using analysis of variance (ANOVA) with 

SPSS 22.0 statistical software and Microsoft Office Excel 2019. Significant differences 
among treatments were determined according to Duncan’s multiple range test (p < 0.05). 

3. Results 
3.1. Isolation and Identification of Root-Knot Nematode Antagonistic Bacteria 

A total of 157 strains were isolated from vermicompost. Through the nematocidal 
activity of the fermentation broth, six strains with a corrected mortality rate of more than 
90% were selected for further screening (Table S1). Antagonistic bacteria YL1, YL6, and 
YL31 with stable and efficient nematocidal effect at three dilutions of different concentra-
tions were selected as follow-up research objects (Table S2). 

The morphology and biochemical characterization of strains YL1, YL6, and YL31 are 
shown in Figure 1A,B. The three isolates are Gram-positive. The sizes of 16S rDNA gene 
fragments of strains YL1, YL6, and YL31 were 1458 bp, 1454 bp, and 1458 bp, respectively. 
The 16S rDNA gene sequences of the three strains were compared, and the phylogenetic 
analysis of the sequences showed that strains YL1 and YL31 belonged to the same branch 
as Peribacillus frigoritolerans, and strain YL6 had the highest similarity with Lysinibacillus 
fusiformis. Based on the results of strain morphology, physiology, biochemistry, and mo-
lecular identification, strains YL1 and YL31 were identified as Peribacillus frigoritolerans, 
and strain YL6 was identified as Lysinibacillus fusiformis. These sequences of strains YL1, 
YL6, and YL31 were submiĴed to the GenBank database under accession numbers 
PP565075, PP565089, and PP565091. 
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Figure 1. Identification of antagonistic bacteria YL1, YL6, and YL31. (A): Morphological character-
istics; (B): Physiological and biochemical characteristics; (C): 16S rDNA system circle developmental 
tree. YL1, YL6, and YL31 represent three antagonistic bacteria against root-knot nematodes isolated 
from vermicompost. 

3.2. Functions and Growth-Promoting Properties of Antagonistic Bacteria 
3.2.1. Protease and Chitinase Production Capacity of Antagonistic Bacteria 

As shown in Figure 2, all three strains have collagenase activity. Compared with 
strains YL6 and YL31, strain YL1 has the smallest colony diameter and relatively slow 
growth, but the ratio of its hydrolysis circle diameter to the colony diameter is the largest 
among all strains. Strain YL6 has the fastest growth rate, but its hydrolyzed collagen ac-
tivity is low. These results indicated that under the same culture conditions, the growth 
rate of the strain was not necessarily related to enzyme production activity. 

All three strains can have chitinase activity and degrade colloidal chitin to form a 
transparent circle (Figure 2). Compared with strains YL6 and YL31, strain YL1 has the 
smallest colony diameter and relatively slow growth, but the size of the transparent circle 
is not different from the other strains, and the ratio of the diameter of its water hydrolysis 
circle to the diameter of the colony is the largest. Therefore, strain YL1 had the strongest 
ability to produce chitinase. 

3.2.2. Phosphorus-Dissolving and Potassium-Dissolving Ability of Antagonistic Bacteria 
Apart from strain YL31, both strain YL1 and strain YL6 can dissolve phosphorus (Fig-

ure 2). The growth rate of strain YL6 is greater, the transparent circle is larger, and the 
ratio of the transparent circle to the colony diameter is also higher, but its phosphorus-
dissolving ability is not significantly different from that of strain YL1. 

The experiment of releasing potassium showed that each bacterial strain produces 
yellow halos of different sizes on the screening medium plate containing bromothymol 
blue. This indicates that all three strains can produce acid and have a certain ability to 
dissolve potassium. Among them, strain YL1 showed the largest halo, and the D/d ratio 
was significantly greater than that of other strains, indicating that strain YL1 had the most 
effective acid production effect and the strongest potassium-decomposing ability. 
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Figure 2. The ability of antagonistic bacteria to inhibit nematodes and promote growth. YL1, YL6, 
and YL31 represent three antagonistic bacteria against root-knot nematodes isolated from ver-
micompost. D/d: The ratio of hydrolysis zone (D) to colony (d) diameter. Different leĴers represent 
a significant difference at p < 0.05 by Duncan’s test. 

3.3. Effects of Antagonistic Bacteria on Root-Knot Nematode 
3.3.1. Root-Knot Nematode Egg Development 

The normal development process of the untreated root-knot nematode eggs was 
shown in Figure S1A. Figure S1B–D showed the destructive effects on root-knot nematode 
eggs at the various stages after the treatment with the fermentation broth of the three 
strains. After the treatment with the fermentation broth of strain YL1, the protoplasm of 
the eggs in the single-cell stage is blurred and unevenly distributed; in the twin-cell and 
triple-cell stages, scaĴered uneven lumpy materials were formed. During the four-cell and 
blastocyst stages, vacuoles of different sizes were formed; The outline of the eggshell was 
blurred during the gastrula stage. The contents of the embryo severely disintegrated and 
gradually disappeared and finally became a dead egg that stops developing (Figure S1B). Af-
ter strain YL6 was treated with the fermentation broth, vesiculation occurred in the twin-
cell stage. The protoplasm in the blastocyst stage shrank toward the middle and was se-
verely separated from the eggshell, and the root-knot nematode in the larval stage was 
severely disintegrated (Figure S1C). The eggs treated with the fermentation broth of strain 
YL31 also had a similar situation, that is, uneven distribution of protoplasm, vesicles, and 
plasmolysis. From the blastocyst stage, the egg appeared concave, and the protoplasm in 
the egg gathered toward the middle, gradually disintegrated, and disappeared (Figure 
S1D). 

3.3.2. J2 of Root-Knot Nematode Development 
The bodies of the nematodes that died normally were stiff, and there was no signifi-

cant difference in the internal structure of the nematodes before death (Figure S2). The 
epidermis of the nematodes was smooth, and the outline was clear and complete. The size 
of the protoplasm in the body was uniform. After treatment with the fermentation broth 
of strain YL1 for 12 h, the internal structure of the nematodes disintegrated, the proto-
plasm decreased, and vesicles appeared. After 24 h, the nematodes were severely de-
formed, the epidermis deteriorated and gradually disappeared, and the internal materials 
were lost, forming large vesicles. After 12 h of treatment with the strain YL6 fermentation 
broth, the distribution of protoplasm in the nematodes was uneven, and a small number 
of vesicles appeared. After 24 h, the epidermis of the nematodes became thinner, and some 
of them completely disintegrated and disappeared. The protoplasm in the body was seri-
ously damaged, forming rough lumps of different sizes. Similarly, vesicle formation, body 
wall disintegration, and complete disappearance occurred in the nematode bodies treated 
with the fermentation broth of the bacterial strain YL31. 
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3.4. Efficacy in Controlling Nematodes of Tomato 
3.4.1. Effects of Antagonistic Bacteria on Root-Knot Nematodes 

In the pot experiments (Figure S3A), compared with the control, the number of to-
mato root knots treated with different concentration dilutions of all strains was signifi-
cantly reduced, but the inhibitory effect gradually weakened with the increase of fermen-
tation broth dilution (Figure 3A,B). The strain YL1 stock solution had the most significant 
reduction in root knots with 76.4%, followed by the stock solution of YL6 with 65%. Under 
the 50-fold dilution, the inhibitory effects of strains YL6 and YL31 on the number of to-
mato root knots decreased significantly, and the difference between the two strains was 
not significant. There was no significant difference in control efficiency between the stock 
solution and the 10-fold dilution of strain YL31, and when it was diluted to 50 times, its 
control efficacy significantly weakened to 30.0% (Figure 3C). The control efficacy of strains 
YL1 and YL6 significantly weakened with the increase in dilution factors; however, the 
50-fold dilution of strain YL1 could still achieve a control efficacy of 43.2%, suggesting 
that YL1 has a beĴer biocontrol potential. 

Compared with the control, all strains reduced the population of nematodes in the 
tomato rhizosphere at different concentrations of stock dilution, but their inhibitory effect 
increased with lesser dilution (Figure 3D). The strain YL1 stock solution had the most 
significant inhibitory effect, and the population of rhizosphere nematodes was reduced 
by 85.7% compared with the control; the inhibitory effect of the 10-fold and 50-fold dilu-
tions of strain YL1 on rhizosphere soil nematodes was significantly decreased, but the 50-fold 
dilution was still significantly different from the control, with an inhibition rate of 63.1%. 
The population of rhizosphere nematodes treated with the strains YL6 and YL31 stocks de-
creased by 61.1% and 62.0%, respectively, compared with the control. The 10-fold dilution of 
the two strains still had a significant inhibitory effect on the population of rhizosphere nema-
todes, and the inhibitory effect was similar. Under a 50-fold dilution, strain YL31 had no sig-
nificant inhibitory effect on the population of rhizosphere nematodes. Except for the 50-
fold dilution of strain YL31, various stock dilutions of strains YL1 and YL6 inhibited the re-
production of root-knot nematodes in the tomato rhizosphere to varying degrees. 

  
(A) (B) 
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(C) (D) 

Figure 3. Effects of different dilution factors of antagonistic bacteria on tomato root-knot nematodes. 
(A): Roots of tomato plants impacted by antagonistic strains; (B): Number of tomato root knots; (C): 
Control effect of root-knot nematodes in tomato plants; (D): Nematode population in 100 g soil. 
CK1: Infested soil uninoculated bacteria. YL1, YL6, and YL31: Three antagonistic bacteria against 
root-knot nematodes isolated from vermicompost. 0×, 1×, 10×, and 50× represent control, strain stock 
solution, and 10-fold and 50-fold dilutions, respectively. Different leĴers represent statistical signif-
icance at p < 0.05 by Duncan’s test. 

3.4.2. Effects of Antagonistic Bacteria on Tomato Growth 
The results of the analysis of tomato biomass and agronomic traits showed that the 

growth of tomato plants was inhibited after being infected by root-knot nematodes. Tomato 
height, stem diameter, and fresh weight of aboveground biomass all decreased (Figure 4A–
C), while the fresh weight of roots infected with nematodes was either slightly or signifi-
cantly higher than that of non-infected tomato plants (Figure 4D). After the fermentation 
broth of strains YL1, YL6, and YL31 were applied to the root-knot nematode-infected soil, 
compared with the uninoculated infected soil (CK1), the three strains all promoted tomato 
growth to varying degrees, but their growth-promoting effects differed. Among them, the 
stem diameter and the fresh weight of the aboveground biomass treated with the stock 
solution of strain YL1 increased by 68.8% and 100.8%, respectively, compared with CK1, 
which was close to the growth of the healthy soil (CK0). 

  
(A) (B) 
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(C) (D) 

Figure 4. The growth of tomato plants impacted by antagonistic bacteria. (A–D): Effect of different 
treatments on plant height, stem diameter, aboveground fresh weight, and root weight of tomato 
plants. CK0: Healthy soil. CK1: Infested soil uninoculated bacteria. YL1, YL6, and YL31: Three an-
tagonistic bacteria against root-knot nematodes isolated from vermicompost. Different leĴers rep-
resent statistical significance at p < 0.05 by Duncan’s test. 

The plant height and the fresh weight of the root with the stock solution of strain YL1 
varied from those of CK0 and CK1, showing its improvement over the disease-infected 
soil but statistically insignificant. The 10-fold and 50-fold dilutions of the stock solution 
from strain YL1 could still significantly improve the tomato stem thickness and shoot fresh 
weight with little effect on plant height and root fresh weight. The stock solution of strain LY31 
increased tomato stem diameter and shoot fresh weight, and its 10-fold dilution increased 
shoot fresh weight, while a 50-fold dilution had no positive effect on tomato growth. 

3.5. Efficacy in Controlling Nematodes of Cucumber 
During field experiments on cucumber plants (Figure S3B), inoculation with strains 

YL1, YL6, and YL31 considerably suppressed root-knot nematode infection (Table 1). 
Compared with the control, all treatments significantly reduced the root-knot index of the 
root-knot nematode population. The root-knot index for tomato plants treated with the 
control (CK) was 71.9%. The treatments of tomato plants with strains YL1, YL6, and YL31 
reduced the root-knot index to 21.1%, 30.4%, and 43.3%, respectively. The control effects 
of antagonistic bacteria YL1, YL6, and YL31 were 70.6%, 57.8%, and 39.7%, respectively. 
Among them, strain YL1 had the highest control effect, followed by strain YL6. Compared 
with the control (CK), the nematode population in the soil treated with strains YL1, YL6, 
and YL31 was reduced by 65.9%, 43.9%, and 36.1%, respectively. 

Table 1. Effect of antagonistic bacteria on M. incognita of the cucumber plants in field experiment. 

Treatment 
Root-Knot  
Index (%) 

Control Efficacy (%) 
Nematode Population/ 

100 g Soil 
CK 71.9 ± 2.0 a - 1916.2 ± 46.4 a 
YL1 21.1 ± 0.8 d 70.6 ± 1.2 a 653.5 ± 48.3 d 
YL6 30.3 ± 0.3 c 57.8 ± 0.4 b 1075.5 ± 35.7 c 

YL31 43.3 ± 1.2 b 39.7 ± 1.7 c 1223.8 ± 71.5 b 
Different letters in the same column indicate significant difference at p < 0.05 by Duncan’s test. 

The three antagonistic bacteria also improved plant growth and yield (Table 2). The 
aboveground fresh weight and dry weight of cucumber plants were significantly in-
creased with all bacteria treatments, and strain YL1 increased by 76.0% and 33.4%, respec-
tively, compared with the control (CK). The underground fresh weight and dry weight of 
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cucumber plants were not significantly affected by strain YL31 inoculation. Furthermore, 
compared with the control (CK), strains YL1, YL6, and YL31 enhanced the yield by 14.9%, 
6.8%, and 4.3%, respectively. 

Table 2. Effect of antagonistic bacteria on cucumber growth with M. incognita in field experiment. 

Treatment Aboveground Weight(g) Underground Weight(g) Yield (kg ha−1) 
Fresh Dry Fresh Dry 

CK 246.8 ± 4.8 c 22.1 ± 0.7 b 15.8 ± 1.4 a 1.4 ± 0.1 a 102965.0 ± 39.4 d 
YL1 434.3 ± 18.0 a 33.4 ± 7.3 a 10.5 ± 1.5 b 0.9 ± 0.1 b 118350.0 ± 48.2 a 
YL6 379.4 ± 13.9 ab 27.0 ± 3.0 a 10.9 ± 0.8 b 0.9 ± 0.1 b 109911.3 ± 24.1 b 

YL31 373.8 ± 25.1 b 27.8 ± 4.1 a 11.4 ± 1.7 ab 1.0 ± 0.2 ab 107338.8 ± 23.1 c 
Different letters in the same column indicate significant difference at p < 0.05 by Duncan’s test. 

4. Discussion 
Root-knot nematode disease is one of the most serious soil-borne diseases worldwide 

and can cause dramatic yield losses in vegetable crops [31]. Although chemical controls 
with nematicides have achieved remarkable results, inappropriate use of the same pesti-
cide over a long period of time not only makes pathogens resistant to pesticides but also 
leads to environmental pollution [32]. 

Vermicompost is a natural ecological organic fertilizer. Studies have shown that ver-
micompost has a good control ability against root-knot nematodes [16,33]. In this study, 
70 strains of bacteria, 38 strains of fungi, and 49 strains of actinomycetes were isolated 
from vermicompost, and the nematicide activity of their fermentation liquid was deter-
mined. After primary and secondary screening, three efficient and stable root-knot nema-
tode antagonistic strains (YL1, YL6, and YL31) were discovered. Strains YL1 and YL31 
were identified as Peribacillus frigoritolerans, and strain YL6 was identified as Lysinibacillus 
fusiformis. The hydrolysis zones formed by the three strains on gelatin and chitin plates 
reflected their potential to utilize collagen and chitin. The outer epidermis of root-knot 
nematodes is mainly composed of collagen protein. The eggshell is mainly composed of 
three parts, of which the middle layer is a protein-chitin cross-linked layer, accounting for 
80% of the entire eggshell composition, providing strength support for the entire egg 
structure and being an important barrier to prevent infection from foreign microorgan-
isms [34,35]. The effect of the antagonistic bacteria solution on the growth and develop-
ment of root-knot nematode egg embryos and J2 was observed under a dissecting micro-
scope. All three antagonistic bacteria resulted in severe disintegration and shedding of the 
epidermis of J2. Strains YL1 and YL6 resulted in lysis and disappearance of the epidermis 
of eggs. Although strain YL31 did not cause obvious peeling on the surface of the eggs, 
the internal structure of the eggs was seriously damaged due to the action of antagonistic 
bacteria and the phenomenon of vesiculation and loss of protoplasm. These results show 
that some proteases, hydrolytic enzymes, and small molecular metabolites produced by 
the three strains isolated from vermicompost can degrade or penetrate the epidermis of 
root-knot nematode eggs, hinder the normal development of eggs, destroy the morpho-
logical structure of J2, and lead to suppressing eggs and killing insects. There have been 
many reports on the control of root-knot nematodes by antagonistic metabolites. Among 
them, Paecilomyces lilacinus, which has been investigated the most, can produce chitinase 
and protease, which alter the internal structure of eggs, result in follicle cystization, and 
inhibit the normal hatching of eggs [36]. Trichoderma harzianum has been reported to be 
able to control root-knot nematode disease, and a protease produced by it plays an im-
portant role in the control of root-knot nematodes (Meloidogyne incongnita) [37]. Bacillus 
thuringiensis and Bacillus cereus can also produce one or several proteases or other second-
ary metabolites, which severely damage the eggshell [38–40]. Fallahzadeh et al. [41] ob-
tained a strain of Bacillus wiedmannii and reported that the control of root-knot nematodes 
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depends mainly on producing highly active chitinase, which destroys the eggs and egg-
shells of J2. 

Bacillus-like bacteria are ubiquitous in various habitats in nature, and they have 
strong environmental adaptability. They are a valuable type of biocontrol bacteria for 
plant diseases and insect pests and can effectively promote the growth and development 
of plants [42,43]. The action mechanism of Bacillus in controlling plant root-knot nema-
todes is (1) to compete for nutrients and space; (2) to alter the action mode of root exudates 
and nematodes; (3) to produce toxic substances that are fatal for root-knot nematodes; and 
(4) to generate secondary metabolites that inhibit egg hatching and larval development 
[44]. Currently, Bacillus has been isolated and screened for the control of root-knot nema-
todes, including Bacillus thuringiensis [38], Bacillus amyloliquefaciens [45], Bacillus subtilis 
[46], Bacillus simplex [47], Bacillus firmus [48], Bacillus pumilus [49], Bacillus mycoides [50], 
and Bacillus megaterium and Bacillus cereus [9]. Peribacillus frigoritolerans is a multifunc-
tional strain with the characteristics of preventing and controlling soil-borne diseases, pro-
moting plant growth, and tolerating low temperature and saline-alkali environments [51]. 
Lu et al. [52] isolated a strain of Peribacillus frigoritolerans from a biogas slurry, and the 
control effect on tomato incognita was more than 80%. In this study, the Peribacillus frig-
oritolerans YL1 isolated from vermicompost has a control effect of 76.4% on tomato root-
knot nematodes. Lysinibacillus widely exists in soil, oceans, plants, and animals, with a 
variety of physiological and metabolic characteristics, and can resist various harsh envi-
ronments in nature. Ling et al. [53] discovered Lysinibacillus mangiferahumi isolated from 
the rhizosphere soil of mango plants, which produced nematiocidal volatile compounds 
with activities against M. incognita. Cheng et al. [54] screened a strain of Lysinibacillus ma-
croides from soil and observed that it had a poisonous effect on M. incognita and could 
promote plant growth. In most cases, Lysinibacillus fusiformis has been isolated from soil, 
water, and plants. The research focus has been limited to the production of biosurfactants 
[55] and exopolysaccharides [48], degradation of crude oil [56], soil pollution remediation 
[57], inhibition of fungi [53], algae-lytic activity, and productivity of microalgae [58]. How-
ever, there are few reports on the control of nematode diseases. In this study, the high-
efficiency nematicide of Lysinibacillus fusiformis was discovered from vermicompost, 
which is a practical strain resource for the biological control of root-knot nematodes. 

Phosphorus and potassium are essential nutrients for plants [59], and the deficiency 
of phosphorus and potassium will reduce plant growth. However, most of the phospho-
rus and potassium in the soil is in the form of insoluble phosphorus and potassium, which 
cannot be directly absorbed by plants [60,61]. Thus, most crops require applications of 
phosphorus and potassium fertilizers to promote crop growth and improve crop quality 
and yield. However, the utilization rate of these chemical fertilizers is low, which is vul-
nerable to resulting in environmental pollution and waste of resources. Studies have 
shown that the insoluble phosphorus and potassium in the soil can be converted into 
available phosphorus and potassium through microorganisms and inoculants that can be 
utilized by plants, thereby promoting plant growth and quality improvement [62,63]. In 
this study, the three strains isolated and screened from vermicompost, except for strain 
YL31, which has no phosphorus-dissolving effect, can dissolve phosphorus and potas-
sium. Moreover, the results of the greenhouse pot and field test also showed that the three 
bacterial strains not only have good control effects on root-knot nematodes but also pro-
mote crop growth. It has been shown in the literature that Peribacillus frigoritolerans and 
Lysinibacillus fusiformis both have a certain ability to dissolve phosphorus and potassium. 
Costa et al. [64] screened Peribacillus frigoritolerans from cambic calcisol soil, which has a 
high ability to solubilize phosphorus and potassium. Jha et al. [65] isolated Lysinibacillus 
fusiformis from the roots of Suaeda nudiflora, which can effectively improve plant growth 
by enhancing the dissolution of phosphorus in the soil. Santosh et al. [66] isolated and 
screened a strain of Lysinibacillus fusiformis with high ability to dissolve potassium from 
the rhizosphere soil of coĴon. The three antagonistic bacteria screened in this study not 
only have a strong inhibitory effect on root-knot nematode incognita but also possess 
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phosphorus- and potassium-dissolving abilities. These strains of bacteria have great po-
tential to prevent and control root-knot nematodes and can be used for further investiga-
tion as a useful biological control agent for practical application. 

5. Conclusions 
In this study, we isolated three strains from vermicompost. The three antagonistic 

isolates displayed nematocidal activity as well as plant growth-promoting characteristics 
and were found to be efficient in controlling root-knot nematodes on tomato and cucum-
ber crops. The results reveal the potential of the three isolates for microbial applications 
and commercial use as biocontrol agents in the field. There is an urgent need for more 
robust examinations under field conditions. The ability of the three isolates screened from 
this study to colonize in the rhizosphere, their interactions with other soil microorgan-
isms, and nematocidal biological control of other crops all need to be studied further. 
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Figure S2: Effects of antagonistic bacteria on J2.; Figure S3: Pictures of tomato pot experiment (A) 
and cucumber field experiment (B). 
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