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Abstract
The biocontrol efficacy of probiotics Bacillus velezensis B31 against fusarium wilt is contingent upon its successful colo-
nization in the plant rhizosphere. This study aimed to develop a quantitative detection method for probiotics strain B31 and 
to monitor its rhizosphere dynamics. Utilizing comparative genomics, a specific gene in strain B31 was identified, which 
facilitated the design of precise primers and a Taqman probe. The resulting real-time PCR assay demonstrated high specificity 
to strain B31 and high sensitivity with detection limit of 28 copies/µL of the genome. Comparative analysis with regular PCR 
methods revealed a strong correlation, yet highlighted the superior sensitivity and rapidity of the real-time PCR technique. 
The temporal colonization profile of strain B31, post root-inoculation, was charted using this assay. An initial rhizosphere 
population of 7.2 × 107 CFU g−1 was observed, which then tapered to 105 CFU g−1 over 14 days. These dynamics corre-
sponded with the observed control effect, where a higher initial population correlated with enhanced disease suppression. 
This study underscores the potential of real-time PCR as a robust tool for biocontrol agents’ monitoring, offering insights 
into the microbial interactions within the rhizosphere.

Keywords  Bacillus velezensis · Unique orf3804 · Strain-specific primers · Rhizosphere colonization · Biocontrol 
monitoring · Fusarium wilt biocontrol

Abbreviations
Fo	� Fusarium oxysporum
MGB	� Minor groove binder
ELISA	� Enzyme-linked immunosorbent assay
LAMP	� Loop-mediated isothermal amplification
PCR	� Polymerase chain reaction
FISH	� Fluorescence in situ hybridization

qPCR	� Quantitative PCR
NCBI	� National Center for Biotechnology Information
FA	� Fusaric acid
Ct	� Cycle threshold
NT	� Nucleotide Sequence Database
AFLP	� Amplified fragment length polymorphism
RAPD	� Random amplified polymorphic DNA
CFU	� Colony-forming units
NR	� Non-redundant protein database
COG	� Clusters of orthologous groups of proteins
GO	� Gene ontology
KEGG	� Kyoto Encyclopedia of Genes and Genomes
PFAM	� Protein family database
BGSC	� Bacillus Genetic Stock Center

Introduction

Crop fusarium wilt, caused by Fusarium oxysporum (Fo), is 
a severe soil-borne disease and affects more than 100 plant 
species worldwide, including tomato, cucumber, and water-
melon [1]. It is ranked fifth among the top ten plant diseases 
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with significant scientific value or economic impact [2]. 
Chlamydospores formed by Fo can survive for several years 
in the soil even in the absence of a host, so it is extremely 
difficult to be controlled [3]. Planting resistant varieties is 
the most cost-effective and environment-friendly measure 
for controlling crop fusarium wilt [4]; however, the effective-
ness of numerous resistant cultivars is often limited to a few 
years owing to the collapse of resistance in response to new 
genotypes of Fo [5]. Grafting has emerged as an effective 
method for controlling wilt diseases in cucumber and water-
melon [6, 7]. However, while grafting successfully mitigates 
the spread of pathogens, it also introduces additional costs 
and compromises fruit quality. An alternative approach 
involves crop rotation across different plant families, which 
can alleviate pathogen accumulation and prevent wilt dis-
ease. Nevertheless, this measure is not without drawbacks, 
including extended cycles, increased labor expenses, limita-
tions based on planting patterns, and impracticality for large-
scale implementation [3]. Chemical fungicides have been 
used to control fusarium wilt [8]; however, their efficiencies 
are unsatisfactory and even led to environmental pollution if 
excessive application. Therefore, it is necessary to develop 
novel measures for controlling fusarium wilt.

Biological control, especially using living microbial 
agents is an effective and environment-friendly method for 
controlling soil-borne diseases including fusarium wilt in 
crops [5]. The genus Bacillus is an important resource for 
developing microbial fungicides [9]. Bacillus species can 
produce a variety of antimicrobial active compounds and 
form heat-resistant spores, which is conducive for the devel-
opment and shelf-life extension of microfungicide [10, 11]. 
The mechanisms for Bacillus species suppressing plant soil-
borne diseases are complex, mainly including antagonistic, 
competitive, and inducing plant systemic resistance [12, 13]. 
However, effective colonization and keep high population of 
the biocontrol agent in plant rhizosphere are prerequisite for 
successful suppression of plant soil-borne diseases. There-
fore, quantitative detection of the colonization dynamics of 
the biocontrol agent in the rhizosphere of plants is useful for 
developing scientific and reasonable application techniques 
to improve the biocontrol ability for plant disease. In addi-
tion, in Europe and the USA, registration of microbial pesti-
cides requires developing quantitative detection technology 
for biocontrol agents so as to assess their environmental 
safety [14]. Also, China needs to adopt similar approaches 
to assess the safety of biocontrol agents. The rhizosphere 
colonization ability of the biocontrol agent is affected by 
environmental conditions as well as the genetic characters 
of the biocontrol agent; therefore, it is necessary to develop 
an accurate quantitative detection technology for a specific 
biocontrol agent.

Various detection methods have been established and exten-
sively employed for the identification and detection of specific 

microorganisms, include culture-dependent techniques utiliz-
ing antibiotic-resistant mutants, loop-mediated isothermal 
amplification (LAMP), enzyme-linked immunosorbent assay 
(ELISA), and nucleic acid amplification–based methods such 
as polymerase chain reaction (PCR) and real-time quantita-
tive PCR (qPCR) [15–19]. Also, modern molecular tools have 
been developed to detect soil microorganisms. Metagenomic 
sequencing, a high-throughput technique, analyzes the total 
genetic material in soil samples, providing a comprehen-
sive view of both culturable and unculturable microbes [20]. 
Fluorescence in situ hybridization (FISH) utilizes fluorescent 
probes to target specific nucleic acid sequences, enabling the 
direct visualization and quantification of microbial taxa, as 
well as their spatial distribution and interactions within the 
soil matrix [21]. The qPCR technique boasts high sensitiv-
ity, strong specificity, rapidity, high throughput, reliability, 
simplicity of operation, and accurate quantification [22]. Two 
primary methods are employed in qPCR: the Taqman probe 
method and the SYBR method. The Taqman probe method 
is noted for its superior specificity and heightened sensitivity 
[23]. To target a specific microorganism, obtaining a specific 
probe is a prerequisite for establishing quantitative detection 
[24]. With the enrichment of the whole-genome database, 
specific gene sequences for a certain microorganism can be 
obtained through comparative genomics technology, which 
can be used to develop probes for that microorganism [25]. 
qPCR has been proven as a reliable tool for detection and 
quantification of specific strains in different environments [26]. 
However, significant challenges remain in (i) high-throughput 
screening of molecular targets for strain-specific quantification 
of superior biocontrol strains, (ii) establishing robust detec-
tion systems with species-level specificity, and (iii) elucidating 
the quantitative relationship between rhizosphere colonization 
dynamics and disease suppression efficacy. These limitations 
hinder the optimization of biocontrol strategies and the predic-
tion of their ecological impacts.

In a previous study, through tolerance to fusaric acid and 
antifungal activity determination, an effective biocontrol bac-
terium, B. velezensis strain B31, was obtained for the control of 
fusarium wilt in economic crops [9]. It was found that the B31 
cell suspension plays a significant role in controlling fusarium 
wilt [9], suggesting that the strain B31 has strong rhizosphere 
colonization ability. The purpose of this study was to establish 
a quantitative detection method for strain B31 and explore the 
colonization dynamics of B31 in the tomato root rhizosphere.

Materials and Methods

Strains and Culture Conditions

Escherichia coli TOP10 was cultured at 37 °C in Luria–Ber-
tani medium. A single colony of the biocontrol strain B31 
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was selected and inoculated into 5 mL liquid LB medium. 
After incubation at 37 °C and 180 rpm for 12 h, the mixture 
was transferred to 250 mL LB medium and cultured at 30 °C 
and 180 rpm for an additional 24 h. The bacterial suspen-
sion was adjusted to an OD600 of 1.0. The phytopathogen, F. 
oxysporum FQ143, was routinely cultured at 25 °C on PDA 
medium. Typically, FQ143 was incubated in 100 mL PDB 
medium at 25 °C and 180 rpm for 4 days. The spore suspen-
sion was collected by filtration through four layers of gauze. 
The spore count was estimated using a hemocytometer, and 
the concentration was adjusted to 5 × 107 spores mL−1. The 
primers used were synthesized by Genewiz (China), and the 
MGB TaqMan probe was synthesized by Thermo Fisher Sci-
entific (USA).

Design of Specific Primers and Probe for the Strain 
B31

The whole genome of strain B31 has been uploaded to the 
National Center for Biotechnology Information (NCBI) 
(accession number CP126226). All open reading frame 
sequences were aligned in batches on the NCBI database 
to screen the specific gene for B31. Genes with low or no 
homology and no alignment were identified as specific 
sequences of B. velezensis B31. Primer Express 3.0 soft-
ware was used to design the specific primers and the MGB 
TaqMan probe for B. velezensis B31 based on the unique 
gene orf3804.

Bioinformatics Analysis of the Unique Gene orf3804 
in Strain B31

Bioinformatics analysis of the unique orf3804 in strain B31, 
including gene annotation and protein structure–function 
domain prediction, was performed. Several databases, such 
as clusters of orthologous groups of proteins (COG), gene 
ontology (GO), Kyoto Encyclopedia of Genes and Genomes 
(KEGG), and the non-redundant protein database (NR) were 
used to annotate gene function; PFAM and Swissport were 
used to predict the protein structure–function domains.

Specificity Test of the Specific Primers and Probe

qPCR was used to evaluate the specificity of the primers 
and probe for strain B31, and conventional PCR was set as 
control. DNA from B. velezensis B31 was used as a posi-
tive control while 33 standard strains of Bacillus species 
(Table 1) were used as negative control; the bacteria DNA 
was extracted with a Tiangen Reagent Kit (Tiangen, China). 
The sieved soil and peat moss were mixed in a 1:1 volume 
ratio, then sterilized at high temperature and air-dried for 
subsequent use. In addition, the soil DNA and the soil inocu-
lated with strain B31 were also included; the soil DNA was 

extracted by a FastDNA SPIN Kit for Soil (MP Biomedicals, 
USA). The concentration of the extracted DNA was meas-
ured using a NanoDrop 2000 spectrophotometer (NanoDrop 
Technologies, USA). The conventional PCR system includes 
2 × Rapid PCR Mix (Vazyme, China) (25 μL), specific prim-
ers (1 μL each, 10 μM), template DNA (2 μL), and sterile 
ddH2O to a total of 50 μL. The amplification conditions 
were as follows: initial denaturation at 94 °C for 3 min; 32 
cycles of denaturation at 94 °C for 15 s, annealing at 60 °C 
for 15 s, and extension at 60 °C for 5 s. The final exten-
sion stage was carried out at 72 °C for 5 min. Following 
the conventional PCR, the reaction products were analyzed 
via gel electrophoresis. A 1% agarose gel containing 0.01% 
ethidium bromide was prepared in 1 × Tris–acetate-EDTA 
(TAE) buffer. Five microliters of the PCR product was mixed 
with 1 μL of 6 × loading buffer and loaded into the gel wells. 
A 2000-bp DNA marker (TransGen, China) was employed 
as a reference for estimating the size of the DNA fragments. 
The gel was electrophoresed at 120 V for 30–40 min and 
subsequently visualized under ultraviolet light. Bands of 
the expected size in strain B31 samples indicated successful 
amplification, whereas the absence of bands in negative con-
trol samples confirmed primer specificity. Primer specific-
ity was further confirmed using TaqMan qPCR (TransGen, 
China). The reaction mixture included probe real-time PCR 
Mix (10 μL), specific primers (0.4 μL each, 10 μM), the 
MGB TaqMan probe (0.4 μL, 5 μM), template DNA (2 μL), 
and sterile ddH2O, for a total volume of 20 μL per reaction. 
The amplification program started with an initial incubation 
step at 94 °C for 5 min, followed by 40 cycles of denatura-
tion at 94 °C for 30 s, and annealing/extension at 60 °C for 
45 s.

Sensitivity Test of Specific Primers and Probe

A fragment containing the MGB TaqMan probe was ampli-
fied from B. velezensis strain B31 with primers B31-F2/
R2. The fragment was ligated into the pMD19-T vector 
(Takara, Japan), and then linearized by restriction endo-
nuclease KpnI. The product was serially diluted to 100 to 
107 copies μL−1. qPCR was performed using serial dilu-
tions as template. The standard curve was constructed with 
the logarithmic value of the plasmid copy number on the 
x-axis and the cycle threshold (Ct) of TaqMan qPCR on 
the y-axis. The copy number of the recombinant vector was 
calculated as follows: estimated copy number = Avogadro’s 
constant × concentration (ng∕μL) × 10−9/(base pair num-
bers × 660 Da∕bp). Primer specificity was tested using both 
conventional PCR and TaqMan qPCR with a serial dilution 
solution as the template. The amplification conditions were 
as described in the section “Specificity test of the specific 
primers and probe.” The logarithmic value of the plasmid 
copy number on the x-axis and the cycle threshold (Ct) of 
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TaqMan qPCR on the y-axis were used to create a standard 
curve. Amplification efficiency E (%) = (10−1/slope − 1) × 100.

Quantitative Detection of the Colonization 
Dynamics of Strain B31 in Tomato Roots

Tomato seeds (Namei, susceptible to fusarium wilt) were 
surface sterilized and then incubated at 30 °C for 3 days 
under 100% humidity. The consistently germinated tomato 
seeds were sown in seedling trays filled with sterile grass 
charcoal and cultivated in a greenhouse. When the tomato 
plants developed two leaves, their roots were treated with 
3 mL of strain B31 cell solution at concentrations of 2 × 108, 

107, 106, and 105 CFU mL−1 for one time. Three days after 
treatment, the seedlings were carefully removed from the 
seedling trays and soaked into 5 × 107 spores mL−1 FQ143 
cell suspension for 60 min before being transplanted into 
sterilized soil. Two days after transplantation, 3 mL of strain 
B31 cell solution was applied to each plant again. Plants 
were cultured in greenhouse under 16-h light and 8-h night 
cycle at temperatures of 20–30 °C. Triple repetitions were 
included and each repletion contained 16 plants. Fourteen 
days after treatment, the efficacy of strain B31 against 
tomato fusarium wilt was evaluated according to the criteria 
described by Bai and Zheng [27]. The rhizosphere soil was 
collected 0, 7, 14, and 21 days after the second application 

Table 1   Specific detection 
of primers and probe for B. 
velezensis B31

Number Strain Type Origin CT value

1 B31 B. velezensis Lab stock 17.05
2 B31 + soil — — 26.34
3 Soil — — —
4 PHYDL125 B. velezensis Lab stock —
5 HMB 19198 B. subtilis Lab stock —
6 HMB 29359 B. subtilis Lab stock —
7 PHODB35 B. velezensis Lab stock —
8 HMB 22277 B. velezensis Lab stock —
9 HMB 28148 B. velezensis Lab stock —
10 HMB 27698 B. velezensis Lab stock —
11 HMB 27634 B. velezensis Lab stock —
12 Corn-1 B. velezensis Lab stock —
13 HMB 27756 B. velezensis Lab stock —
14 HMB 33604 B. velezensis Lab stock —
15 HMB 28388 B. velezensis Lab stock —
16 HMB 22922 B. subtilis Lab stock —
17 HMB 20428 B. frigoritolerans Lab stock —
18 HMB 26553 B. velezensis Lab stock —
19 HMB 20199 B. halotolerans Lab stock —
20 HMB 27636 B. velezensis Lab stock —
21 HMB 27684 B. amyloliquefaciens Lab stock —
22 HMB 27633 B. velezensis Lab stock —
23 HMB 27688 B. amyloliquefaciens Lab stock —
24 HMB 28353 B. velezensis Lab stock —
25 PHYDG36 B. amyloliquefaciens Lab stock —
26 5A1 B. licheniformis ATCC8480 BGSC —
27 1A857 B. subtilis NDH03 BGSC —
28 14A1 B. pumilus Biosubtyl BGSC —
29 10A18 B. amyloliquefaciens CU8004 BGSC —
30 7A36 B. megaterium 899 BGSC —
31 3A22 B. subtilis ATCC21332 BGSC —
32 5A24 B. licheniformis ATCC 11946 BGSC —
33 29A1 B. firmus NRS 613 BGSC —
34 8A3T B. pumilus ATCC 7061 BGSC —
35 6A12 B. mycoides 96/3308 BGSC —
36 29A2 B. firmus NRS 854 BGSC —
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of strain B31; after air-dried, the total DNA was extracted 
using a FastDNA SPIN Kit for Soil (MP Biomedicals, USA). 
qPCR was performed using specific primers for B. velezensis 
B31 and the total DNA was used as a template. The popula-
tion of strain B31 in the soil was calculated according to the 
standard curve.

Data Processing

The experimental data were organized using Microsoft 
Excel 2016 and analyzed via one-way analysis of variance 
(ANOVA) with IBM SPSS Statistics version 20. Before con-
ducting ANOVA, the assumptions of normality and homo-
geneity of variances were verified. Normality was assessed 
using the Shapiro–Wilk test, while homogeneity of vari-
ances was evaluated using Levene’s test. A significance test 
(P < 0.05) was performed using Duncan’s method, while the 
graphs were drawn using GraphPad Prism 9.

Results

Analysis of Specific Genes Based on B31 Genome 
Sequence

Using the NCBI Nucleotide Sequence Database (NT), 
BLASTn search for 4024 genes of strain B31 was performed 
with default settings. A 117-bp gene named orf3804 was 
found specific to strain B31. This gene comprises two known 
segments. The first segment, containing 96 base pairs (bp), 
exhibits 100% homology with the B. velezensis strain KKLW 
genome. Similarly, the second segment, which is 21 bp long, 

also shows 100% homology with the B. tequilensis strain 
EA-CB0015 genome. Interestingly, these two sequence 
segments are not contiguous in other bacteria. Therefore, 
the sequence of the two combined segments in strain B31 
is unique. This specificity could potentially serve as a dis-
tinguishing feature of the strain B31. Specific primers and 
TaqMan probe for strain B31 were designed based on the 
specific gene sequence. The primer encompassed the entire 
gene sequence (B31 F2: AGG​ATG​ACA​GAA​GAG​TTC​AG, 
B31 R2: CTG​TTT​CAC​TTC​AAC​CGG​ATAAC), and the 
MGB Taqman probe spanned the two combinatorial frag-
ments (B31 P2: AAC​CCT​GCG​GAG​GGG​ACT​GA) (Fig. 1).

Annotations from the NR database indicated that orf3804 
is associated with the SMI1/KNR4 family of proteins, a 
characteristic shared by orf3801. Notably, annotations of 
orf3804 from COG, GO, KEGG, PFAM, and Swiss-Prot 
databases were absent. Upon conducting protein domain 
analysis using InterPro, ORF3804 was determined that the 
amino acid sequence TEEEFRAAEKSLRASFPKAYKR-
LLHKKN, corresponding to the base sequence ACA​GAA​
GAA​GAG​TTC​AGG​GCT​GCG​GAA​AAA​AGC​TTG​AGA​
GCG​TCT​TTT​CCG​AAA​GCG​TAT​AAA​CGG​CTG​CTT​CAT​
AAA​AAGAA, forms the functional domain of the SMI1/
KNR4 family protein. Conversely, the amino acid sequence 
PAEGTDPIR, which corresponds to the base sequence CCC​
TGC​GGA​GGG​GAC​TGA​CCC​CAT​AAG​ATG​A, might not 
contribute to the formation of the functional domain by 
InterPro (Fig. 2b). A BLASTp comparison of the non-func-
tional amino acid sequences in NCBI revealed its conser-
vation across various microorganisms. The non-functional 
sequence exhibited 100% homology with the amino acid 
sequence of the DNA ligase–associated DEXH box helicase 

Fig. 1   Location of specific primers and the MGB TaqMan probe. The 
sequence of orf3804 was integrated with 96 conserved bases (indi-
cated by the green section) and subsequent 21 bases (indicated by the 
yellow section), each demonstrating 100% sequence homology with 

other microorganisms. Specific detection primers B31-F2/ R2 and 
MGB TaqMan probe B31-P2 are indicated. The primer encompassed 
the entire orf3804 and the space sequence between orf3804 and 
orf3803, and the probe spanned a two-part combinatorial fragment
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from Phycisphaera sp. TMED151, the Ig-like domain repeat 
protein from Streptomyces sp. NBC_01433, and the xan-
thine dehydrogenase small subunit from a Burkholderiales 
bacterium. These sequences have been implicated in a range 
of physiological functions in microorganisms. The protein 
encoded by the upstream orf3805 incorporates the DUF2716 
structural domain, the function of which remains unknown, 
whereas the downstream orf3803 and orf3802 encode trans-
posases (Fig. 2a).

Specific Detection of Primers and Probe for Strain 
B31

Conventional PCR and TaqMan qPCR were employed to 
evaluate the specificity of the specific primers. DNA was 
extracted from the Bacillus species (Table 1) and adjusted to 
10 ng μL−1. The quality of DNA was confirmed by conven-
tional PCR amplification with 16S rDNA primers. The 16S 
rDNA electrophoresis results indicated that the genomes of 
all Bacillus species were successfully extracted, ruling out 
the possibility that the genomes were missing (Fig. 3a). PCR 
amplification of all Bacillus species was conducted using 

the specifically designed primers B31 F2/R2 for strain B31. 
Notably, only strain B31 amplified the target band, demon-
strating the high specificity of the primers designed for the 
strain B31 (Fig. 3b). TaqMan qPCR results indicated the 
fluorescent signal could be generated only from the DNA 
of strain B31 and soil containing strain B31; no fluorescent 
signal could be detected using DNA of other Bacillus strains 
and soil (Fig. 3c). So the results confirmed the high specific-
ity of the designed primers and probe for strain B31.

Establishment of a Standard Curve for the Specific 
orf3804 of B. velezensis B31

A series of dilutions of linearized recombinant plasmid 
(orf3804-pMD19-T) containing specific gene orf3804 
in strain B31 was used as a template to generate a stand-
ard curve for TaqMan qPCR. The TaqMan qPCR results 
demonstrated a good linear relationship within a range 
of plasmid concentrations from 2 × 101 to 1 × 107 cop-
ies μL−1 (Fig. 4). The standard curve for the specific gene 
orf3804 in strain B31 is represented by the linear equation 

Fig. 2   Function of genes upstream and downstream of orf3804 and 
prediction of the structural domain of ORF3804 based on amino 
acids within strain B31. a The arrows indicate the direction of the 
genes; purple-labeled gene is unique orf3804, and gray-labeled genes 

are functionally known or unknown genes, respectively. b Capital let-
ters represent amino acids; green shape indicates predicted known 
structural domain-SMI1/KNR4-like family protein
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y =  − 3.44913x + 40.0207, with amplification efficiency of 
94.95% (Fig. 4).

Sensitive Detection of B. velezensis B31

Conventional PCR and TaqMan qPCR were employed to 
evaluate the sensitivity of the specific primers. A series of 
dilutions of the linearized recombinant plasmid was used as 
a template. The amplification of samples containing orf3804 
was successfully achieved using the specific primer pair B31 
F2/R2, with visible amplification bands occurring when the 
template concentration ranged from 105 to 107, and a very 
weak band was detected at 104 (Fig. 5a). In TaqMan qPCR, 
a cycle threshold (CT) value exceeding 35 is generally 
regarded as a negative amplification result. In the context 
of this detection system, when the CT value was 35, the 
copy number of the recombinant plasmid was 28.55. This 
implied that the detection sensitivity of the system was 28 
copies μL−1 (Fig. 5b).

Fig. 3   Specificity of conventional PCR and TaqMan qPCR using the 
designed primers. a 16S rDNA bands confirmed the presence of all 
genomes. b Primer specificity determined by conventional PCR. The 

numbers in (a) and (b) represent the templates listed in Table  1. c 
Specific detection of primers and MGB TaqMan probe for B. velezen-
sis B31

Fig. 4   Standard curve of the specific orf3804 



86	 Probiotics and Antimicrobial Proteins (2025) 18:79–90

The Colonization Dynamics of Strain B31 in Tomato 
Rhizosphere

The colonization dynamics of strain B31 in the rhizosphere 
of tomato was evaluated by TaqMan qPCR (Fig. 6a). After 
application of strain B31, the initial population in the rhizo-
sphere was 7.2 × 107 CFU g−1 soil. The population of strain 
B31 in tomato rhizosphere gradually decreased to 4.8 × 107 
and 7.5 × 106 CFU g−1 soil after 3 and 7 days of inocula-
tion, respectively. Fourteen days after inoculation, the pop-
ulation of strain B31 in tomato rhizosphere decreased to 
105 CFU g−1 soil. To clarify the relationship between the 
population of strain B31 in the rhizosphere and its biocontrol 
efficiency against fusarium wilt, a quantitative inoculation 
of strain B31 was carried out. As shown in Fig. 6b, when the 
inoculation amount of strain B31 was 107 CFU mL−1, the 
control effect against tomato fusarium wilt reached 80.83%. 
When the inoculation amount was 106 CFU mL−1, the con-
trol effect was 70.41%, and when the inoculation amount 
was 105 CFU mL−1, the control effect was 59.8%. These 

results indicate that the inoculation quantity of strain B31 
significantly affected its ability to control tomato fusarium 
wilt.

Discussion

Gene fragments specific to strain B31 were obtained through 
bioinformatics analysis. Based on the unique sequence, dis-
tinct primers and a probe were designed to set up a quanti-
tative detection system. The dynamic colonization process 
of the strain B31 within the rhizosphere of tomato was elu-
cidated in this study. The mechanisms by which biocontrol 
agents control soil-borne diseases in crops include antago-
nism, competition, and the induction of plant systemic resist-
ance [12, 13]. Effective colonization and the maintenance of 
a large population of biocontrol agents in the rhizosphere of 
plants are prerequisites for controlling soil-borne diseases 
[28]. Soils with β-proteobacteria possessing strong rhizo-
sphere colonization ability were the main factor inhibiting 

Fig. 5   Sensitivity detection of 
primer by conventional PCR (a) 
and TaqMan qPCR (b) under 
different copy numbers of target 
template

Fig. 6   Number of strain B31 
colonization in tomato rhizos-
phere and control effect of strain 
B31 against fusarium wilt at dif-
ferent concentrations. Different 
letters indicate significant differ-
ences at the level of p < 0.05 by 
Duncan’s new multiple range 
method
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the reproduction of Ralstonia solanacearum, which causes 
tomato bacterial wilt [29]. Studies have shown that the 
rhizosphere colonization ability of biocontrol bacteria is 
positively correlated with biofilm formation and bacterial 
motility [16, 30].

For the biological control of soil-borne diseases, the colo-
nization number of biocontrol bacteria in the rhizosphere of 
plants affects their ability to control the disease. The colo-
nization number of biocontrol bacteria is related not only to 
their genetic factors but also to the physical and chemical 
properties of the plant rhizosphere soil [31, 32]. This may 
also be one of the factors underlying crop instability in terms 
of the biological control of soil-borne diseases. Therefore, 
quantitative detection of the colonization dynamics of bio-
control bacteria in the rhizosphere of plants not only helps 
to characterize the disease prevention mechanism of biocon-
trol bacteria but also helps to scientifically and reasonably 
apply biocontrol bacteria to improve disease control effect 
and stability. qPCR is widely used for quantitative detection 
of target microorganisms in different environments [33–37]. 
Obtaining specific primers and probes for a target micro-
organism is a prerequisite for establishing a target-specific 
quantitative detection system. Previously, specific sequence 
fragments in target microorganisms were obtained by ampli-
fied fragment length polymorphism (AFLP) and random 
amplified polymorphic DNA (RAPD). However, these tech-
nologies not only are time-consuming and laborious but also 
provide limited information [38, 39]; many of the specific 
fragments are no longer specific with the gradual increase 
in the number of experimental strains. Some highly con-
served housekeeping genes (gyrB, gap, rpoD, atpD, rho, 16S 
rRNA) and functional genes (galE, metC, pdhA, pgk) were 
also selected to identify strain-specific base pair sequence by 
comparative analysis between relative closely species; some 
specific primers had been designed for Lactobacillus spp., 
B. cereus, B. velezensis, B. subtilis, B. amyloliquefaciens, 
and B. licheniformis [40–42]. However, housekeeping genes 
are often relatively conservative in the species level and it is 
extremely hard to obtain strain-specific base pair sequence. 
In contrast, genes with unknown function were successfully 
developed for designing strain-specific primers, such as B. 
subtilis strain QST713, B. amyloliquefaciens strain D747, 
B. firmus I-1582, and B. amyloliquefaciens QST713 [37, 
43]. In recent years, with the fast development of whole-
genome sequencing technology, an increasing number of 
bacterial whole-genome sequences have been submitted to 
public databases, so it is possible to screen strain-specific 
gene sequences by comparative genomics technology. At 
present, strain-specific primers had been designed for B. 
firmus strain I-1582 and B. amyloliquefaciens strain TF28 
based on comparative genomics and qPCR systems were 
successfully developed for the two strains [43, 44]. Further-
more, a pan-genome analysis among 364 Bacillus strains 

was carried out to uncover the unique genomic characteris-
tics for B. velezensis strain GH1-13, and strain-specific gene 
sequences were obtained [45].

In this study, a specific gene sequence was acquired 
from B. velezensis B31 by comparative genomics. Infor-
matics analysis indicates that the gene might consist of two 
sequences. Despite both the preceding and subsequent sec-
tions of this sequence demonstrating 100% homology with 
other microorganisms in the NCBI database, the composite 
sequence generated by combining these two sections did not 
preserve 100% homology. According to the annotation in the 
NR database, this gene is involved in the SMI1/KNR4 family 
(SUKH-1). Proteins in the SMI1/KNR4 family, including 
Saccharomyces cerevisiae Knr4, regulate 1,3-beta-glucan 
synthase activity and cell wall formation [46], connect the 
PKC1-SLT2 MAPK pathway with cell proliferation, and 
interact with Bck2 to coordinate cell cycle progression 
with cell wall integrity [47, 48] and with the Tys1-encoded 
tyrosine-tRNA synthetase protein in the sporulation pro-
cess [49], with bacterial homologues potentially serving 
as immunity proteins in certain contact-dependent inhibi-
tory toxin systems [50, 51]. Simultaneously, the C-terminal 
amino acid sequence, which does not participate in the func-
tional domain, exhibits 100% homology with the amino acid 
sequences of the DNA ligase–associated DEXH box helicase 
from Phycisphaera sp. TMED151, the Ig-like domain repeat 
protein from Streptomyces sp. NBC_01433, and the xanthine 
dehydrogenase small subunit from a Burkholderiales bac-
terium in the NCBI database. Moreover, the two upstream 
genes adjacent to orf3804 both encode transposases. Based 
on these results, it is inferred that the non-functional C-ter-
minus of orf3804 likely originated from horizontal gene 
transfer. Horizontal gene transfer sequences have also been 
used as genomic markers for the detection of Lactobacillus 
rhamnosus, Salmonella, and Listeria strains [52].

Based on the specific fragment sequences orf3804, 
specific primers and TaqMan probe for strain B31 were 
designed, and the TaqMan qPCR system for strain B31 was 
successfully developed. The specificity and sensitivity of 
TaqMan qPCR for strain B31 were confirmed to be suitable 
for quantitatively detecting strain B31 in the rhizosphere of 
plants. It is undeniable that the specific fragment could not 
exist only in strain B31, and the environment may harbor 
other closely related strains also possessing the specific frag-
ment but at extremely low probability. With the increase of 
strains that have undergone complete genome sequencing, 
it is plausible that additional strains with the specific frag-
ment genes may appear in the future. However, we think the 
qPCR system remains effective for the quantitative detection 
of strain B31 within certain limits. Furthermore, the use 
of PMA reagent can mitigate interference from non-viable 
cells, thereby facilitating accurate quantification of viable 
strains [42, 53]. Additionally, previous studies indicate that 
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humic acid impairs real-time PCR amplification efficiency, 
with DNA quantification becoming unreliable at concentra-
tions exceeding 4.8 ng/μL [54].

Soil serves as a substantial buffering medium; externally 
applied biocontrol bacteria typically did not establish long-
term and large-scale colonies in the soil. Consequently, 
the population density of these bacteria tended to decrease 
gradually over time. B. subtilis RB14-C was a biocontrol 
agent against Rhizoctonia solani–induced tomato seedling 
damping-off by root application; the population of B. sub-
tilis RB14-C in the non-planted tomato soil peaked on the 
first day, declined, and could not be detected 3 days later 
[55]. The population of B. amyloliquefaciens TF28 was 
monitored in the soil of soybean in the field. During the 
120-day growth period of soybean, the colonization popu-
lation of TF28 showed dynamic changes and reached the 
maximum at the branching and flowering stages [44]. B. 
velezensis strain D was a biocontrol agent against tobacco 
bacteria wilt. The population of the biocontrol agent in the 
soil reached a maximum count of about 8.27 × 104 CFU g−1 
at 20th day after application, and then progressively 
decreased to 5.33 × 104 CFU g−1 at 30th day [56]. The pre-
sent study employed TaqMan qPCR to analyze the dynamic 
colonization of strain B31 in the tomato rhizosphere, and 
results showed that the population of strain B31 in tomato 
rhizosphere decreased from 7.2 × 107 CFU g−1 soil at initial 
inoculation to 105 CFU g−1 soil 14 days after inoculation. In 
comparison, the ability of dynamic colonization of B31 was 
stronger than that of B. velezensis strain D.

Conclusion

B31-specific gene fragments were obtained by bioinformat-
ics analysis, and specific primers and probe were designed 
based on a unique sequence to establish a quantitative detec-
tion system. The dynamic colonization of probiotics strain 
B31 in tomato rhizosphere was clarified.
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