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Dual benefits of Bacillus
velezensis LJ-19: contact-
dependent biocontrol of
Fusarium wilt and growth
promotion in cucumber
Songwei Li †, Jingjing Li †, Minghui Yuan †, Jingxia Ren, Yang Jiao,
Linjie Zhao, Yeyun Wang, Zihan Yan, JinYu Li , Jianfeng Du*,
Hongliang Wang* and Chenyu Yang*

School of Plant Protection and Environment (School of Bee Science), Henan Institute of Science and
Technology, Xinxiang, Henan, China
Cucumber is an important economic crop widely cultivated globally. Fusarium

wilt, caused by Fusarium oxysporum f. sp. cucumerinum, seriously affects its yield

and quality and is difficult to control. Here, we isolated a novel Bacillus

velezensisstrain (LJ-19) from cucumber rhizosphere. Through assays for

antibacterial activity, enzymatic activity, detection of disease resistance genes,

and plant growth-promoting activity, this strain exhibited pronounced

antagonistic activity against Fusarium oxysporum f. sp. cucumerinum and

possessed plant growth-promoting traits. Notably, the inhibition of Fusarium

oxysporum f. sp. cucumerinum mycelial growth and spore germination by LJ-19

was primarily contact-dependent, rather than mediated by diffusible antibiotics.

Meanwhile, LJ-19 enhanced the activities of key defense enzymes—superoxide

dismutase (SOD), peroxidase (POD), phenylalanine ammonia lyase (PAL), and

polyphenol oxidase (PPO), thereby contributing to plant protection, and the

transcript levels of defense-related genes, including Nonexpressor of

pathogenesis-related genes 1 (NPR1), Pathogenesis-related gene 3 (PR3),

Lipoxygenase 1 (LOX1), Constitutive triple response 1 (CTR1), and Phenylalanine

ammonia-lyase 1 (PAL1), were up-regulated. Pot experiments demonstrated that

LJ-19 treatment significant increased the stem thickness, fresh weight, leaf area,

and overall biomass in cucumber. LJ-19 was also been confirmed could thrive in

nitrogen-free environment and solubilize inorganic phosphorus, produce

indole-3-acetic acid (IAA) and siderophores. Collectively, these findings

demonstrate that Bacillus velezensis LJ-19 suppresses cucumber Fusarium wilt

via direct antagonism and induction of systemic resistance. They also provide

insights into the molecular mechanisms by which LJ-19 controls Fusarium Wilt

and promotes cucumber growth, highlighting its potential as an effective

biocontrol agent for sustainable cucumber.
KEYWORDS

Bacillus velezensis LJ-19, Fusarium wilt, biocontrol, growth promotion, contact-
dependent inhibition, induced systemic resistance
frontiersin.org01

https://www.frontiersin.org/articles/10.3389/fpls.2025.1711383/full
https://www.frontiersin.org/articles/10.3389/fpls.2025.1711383/full
https://www.frontiersin.org/articles/10.3389/fpls.2025.1711383/full
https://www.frontiersin.org/articles/10.3389/fpls.2025.1711383/full
https://www.frontiersin.org/articles/10.3389/fpls.2025.1711383/full
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fpls.2025.1711383&domain=pdf&date_stamp=2025-12-11
mailto:jfd@hist.edu.cn
mailto:wanghlzb@163.com
mailto:yangchenyu@hist.edu.cn
https://doi.org/10.3389/fpls.2025.1711383
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/plant-science#editorial-board
https://www.frontiersin.org/journals/plant-science#editorial-board
https://doi.org/10.3389/fpls.2025.1711383
https://www.frontiersin.org/journals/plant-science


Li et al. 10.3389/fpls.2025.1711383
1 Introduction

Fusarium oxysporum f. sp. cucumerinum is a soil-borne

pathogen that causes cucumber wilt, posing a severe threat to

cucumber production and leading to yield losses (Ali et al., 2022;

Xu et al., 2023). In recent years, cucumber wilt has become one of

the most challenging issues in cucumber cultivation, aggravated by

factors including long-term monocropping, declining soil fertility,

and microbial community imbalances (Lian et al., 2023). In

response, biological control strategies have gained increasing

attention as sustainable and environmentally safe approaches to

managing soil-borne diseases (Naranjo et al., 2015). Microbial-

based biocontrol not only mitigates environmental pollution caused

by excessive fertilizer and pesticide use but also improves soil health

and reduces the recurrence of crop diseases (Nadarajah and Abdul

Rahman, 2023).

Natural soil microorganisms, including bacteria, fungi, and

protozoa, can exert beneficial, pathogenic, or neutral effects on

host plants (Ortıź-Castro et al., 2009). Biocontrol agents derived

from microorganisms can inhibit plant pathogens through multiple

mechanisms, such as niche competition, nutrient rivalry, secretion

of antibiotics and volatile compounds, lysozyme production, and

induction of plant resistance (Marilley et al., 1998; Sun et al., 2022).

When plants are attacked by fungal pathogens, biocontrol agents

can help establish a “defense barrier” to combat infections (Trivedi

et al., 2022; Hibbing et al., 2010; René et al., 2020). Plant

rhizobacteria are an important group of soil microorganisms that

play significant roles in promoting plant growth and enhancing

disease resistance (René et al., 2020; Wang et al., 2021), thus

emerging as a potential approach for controlling cucumber wilt.

Bacillus velezensis, as an emerging biocontrol microbial agent,

has attracted considerable attention for its roles in plant disease

management and plant growth promotion (Li et al., 2022).

Numerous Bacillus velezensis strains, including B. subtilis (Xu

et al., 2022), Bacillus velezensis (Luo et al., 2019), and B.

amyloliquefaciens (Wu et al., 2015), have demonstrated broad-

spectrum antagonism against phytopathogens through the

synthesis of antifungal metabolites and niche competition

(Keshmirshekan et al., 2024). Notably, Bacillus velezensis inhibits

pathogens through multiple synergistic mechanisms, such as

producing antifungal substances (e.g., lipopeptides, polyketides,

and bacteriocins) via distinct metabolic pathways and inducing

systemic resistance in host plants (Zhang et al., 2020; Xie et al.,

2021). For instance, Bacillus velezensis strain YB15 secretes b-
glucanase to suppress pathogenic fungi (Xu et al., 2014); strain

VJH504 promotes plant growth by producing siderophores and

indole-3-acetic acid (IAA) (Yang et al., 2023) and strain SH-1471

induces plant defense-related substances including pathogenesis-

related (PR) proteins, secondary metabolites, and cyclic

lipopeptides to limit pathogen invasion (Shen et al., 2023; Lau

et al., 2020; Stoll et al., 2021). Other strains can induce systemic

resistance by enhancing the activity of defense enzymes like

superoxide dismutase (SOD), peroxidase (POD), phenylalanine

ammonia lyase (PAL), polyphenol oxidase (PPO), and Catalase

(CAT) (Zhai et al., 2023; Ha-Tran et al., 2021; Bhattacharyya et al.,
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2020). Furthermore, Bacillus velezensis has also been shown to

promote plant growth through mechanisms such as phosphorus

solubilization, nitrogen fixation, secretion of plant growth

hormones, and enhancement of plant nutrient uptake. For

example, Bacillus velezensis strain HNU24 facilitates tomato root

growth (Cao et al., 2022); strain BAC03 exerts growth-promoting

effects on crops such as cucumber, potato, and tomato (Meng et al.,

2016); and strain CE100 inhibits pathogens including Botrytis

cinerea and Fusarium oxysporum while producing IAA to

promote plant growth (Moon et al., 2021). Thus, Bacillus

velezensis has garnered widespread attention as a highly effective

biocontrol agent in sustainable agriculture (Zhou et al., 2023).

In this study, we reported Bacillus velezensis LJ-19, which exerts

dual functions: biocontrol against Fusarium wilt via a contact-

dependent mechanism and possesses growth promotion in

cucumber. These findings provide a sustainable approach for

cucumber cultivation and pathogen control.
2 Materials and methods

2.1 Isolation of cucumber rhizosphere
bacteria

Rhizosphere bacteria were isolated from soil samples collected

from the root zone of cucumber plants following a modified

protocol based on Li et al. (2020). Soil samples were randomly

obtained from a cucumber greenhouse located on Donggan Road

Street, Muye District, Xinxiang City, Henan Province, China (GPS

coordinates: N35.3296, E113.9063). Four grams of each soil sample

were mixed with 36 mL of sterile water and shaken for 20 minutes.

The resulting rhizosphere bacterial suspension was serially diluted

to 10-6. A 100 µL aliquot of the diluted suspension was spread onto

Luria-Bertani (LB) agar plates and incubated for 16–18 hours.

Colonies exhibiting distinct morphological features were selected

and subcultured in fresh LB medium for 1–3 days. After three

rounds of purification, the isolated colonies were screened for

antagonistic activity against the fungal pathogen. The Fusarium

oxysporum f. sp. cucumerinum used in this study was provided

and preserved by the Henan Province Engineering Research

Center of Biological Pesticide & Fertilizer Development and

Synergistic Application.
2.2 Screening of cucumber rhizosphere
bacteria antagonistic to Fusarium
oxysporum f. sp. cucumerinum

The screening for rhizosphere bacteria with antagonistic activity

against Fusarium oxysporum f. sp. cucumerinum was performed

according to a previously described method (Wang et al., 2021),

with minor modifications. A 5 mm mycelial disc of a candidate

cucumber rhizosphere bacterial isolate and a 5 mm mycelial disc

were placed on opposite sides of a potato dextrose agar (PDA) plate

in 90 mm Petri dishes, with a distance of 50 mm between them.
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The plates were incubated at 25 °C for 7 days. A control plate was

prepared with only a disc. The antagonistic effect was assessed by

measuring the inhibition of hyphal growth; the diameter of the

colony was used as a statistical indicator to quantify the level of

antagonism. Each experiment was repeated three times.
2.3 Identification of cucumber rhizosphere
bacterial strain LJ-19

To characterize the antagonistic strain LJ-19, its morphological

and genetic features were examined following a previously

described method (Ma et al., 2023), with minor modifications.

Briefly, strain LJ-19 was streaked onto LB agar plates and

incubated at 28 °C for 48 hours. Colony morphology, including

edge, size, and color, was recorded. Gram staining was performed

using a commercial kit (Beijing Solaibao Technology Co., Ltd.) and

observed under an oil immersion microscope at 100×

magnification. For molecular identification, genomic DNA was

extracted from strain LJ-19 using a bacterial genomic DNA

extraction kit (Beijing ComWin Biotech Co., Ltd.). The 16S rRNA

gene was amplified by PCR with universal primers 27F:5’-

AGAGTTTGATCATGGCTCAG-3’ and 1492R: 5’- TACGGCTA

CCTTGTTACGA-3’). The 25 mL PCR reaction mixture contained

2 mL of DNA template, 1 mL of each primer, 8.5 mL of ddH2O, and

12.5 mL of 2× Taq plus Master Mix. The amplified product was

purified and sequenced by Sangon Biotech (Shanghai) Co., Ltd. The

resulting sequence was analyzed using the BLAST algorithm on the

NCBI database, and a phylogenetic tree was constructed with

MEGA 6.0 software (Wang et al., 2024). The resulting sequence

was analyzed using the BLAST algorithm on the NCBI database,

and a phylogenetic tree was constructed with MEGA 6.0 software.
2.4 Assessment of nitrogen fixation,
phosphorus solubilization, and potassium
solubilization by strain LJ-19

The nitrogen fixation, phosphorus solubilization, and potassium

solubilization capabilities of strain LJ-19 were evaluated according to

previously described methods (Zhai et al., 2023), with slight

modifications. The strain was inoculated onto nitrogen-free Ashby

medium, Pikovskaya (PVK) medium, and potassium feldspar (PF)

solid medium, followed by incubation at 30 °C for 5 days. The

formation of transparent zones around the colonies was examined as

an indicator of nitrogen fixation, phosphorus solubilization, and

potassium solubilization activities, respectively.
2.5 IAA production assay

To quantify IAA production, strain LJ-19 was initially cultured in

liquid LB medium at 30 °C for 48 hours. A bacterial suspension with a

concentration of 107–108 CFU/mL was then transferred into a nutrient

broth supplemented with 100 mg/mL tryptophan and incubated in the
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dark at 30 °C for 72 hours. After incubation, the culture was centrifuged

at 12,000 rpm for 5 minutes to collect the supernatant. Then, 3 mL of

the supernatant was mixed with an equal volume of Salkowski reagent

and incubated in darkness at 30 °C for 30minutes. The development of

a pink color indicated IAA production. A medium control without

bacterial inoculation was included. The absorbance of the solution was

measured at 540 nm using a spectrophotometer to confirm IAA

synthesis (Zhai et al., 2023).
2.6 Siderophore production assay

Siderophore production was qualitatively assessed using the

chrome azurol S (CAS) agar plate method as described by Zhai et al.

(2023). Strain LJ-19 was inoculated onto CAS agar plates and

incubated at 28 °C for 7 days. Siderophores secreted by the strain

chelate iron from the iron-CAS complex in the medium, resulting in

the formation of an orange halo around the bacterial colony. The

presence of an orange halo around the colony of LJ-19 was

considered a positive indicator of siderophore production.
2.7 Effect of strain LJ-19 on the induction
of defense enzymes in cucumber

Uniformly grown cucumber seedlings (Zhongnong No. 8) were

selected as experimental materials. The seedlings were cultivated in

a greenhouse under the following conditions: temperature

maintained between 24 °C and 28 °C, a photoperiod of 16 hours

light/8 hours dark, and relative humidity ranging from 64% to 83%.

During the two-leaf stage, the seedlings were transplanted into

plastic pots, with 10 seedlings per pot. Four treatment groups were

established as follows: the first group was treated with sterile water

(control); the second group was treated with a bacterial suspension

of strain LJ-19 (1 × 108 CFU/mL); the third group was treated with a

suspension of the cucumber wilt pathogen (1 × 106 spores/mL); the

fourth group was treated with both the LJ-19 bacterial suspension

(1 × 108 CFU/mL) and pathogen suspension (1 × 106 spores/mL).

After 96 hours of treatment, root samples were collected from the

cucumber seedlings. A total of 0.1 g of root tissue was homogenized

in 1 mL extraction buffer of the specific assay kit (Suzhou Greis

Biotechnology Co., Ltd., China) using a pre-cooled mortar and

pestle. The homogenate was kept at 4 °C during processing and then

centrifuged at 10,000 rpm for 10 minutes at 4 °C. The resulting

supernatant was collected, and its absorbance was measured at

240 nm, 290 nm, 470 nm, 560 nm, and 495 nm to determine the

activities of CAT, PAL, POD, SOD, and PPO, respectively. Each

treatment was repeated three times (Wang et al., 2020b).
2.8 Quantification of gene expression
using RT-qPCR

Quantitative real-time PCR (RT-qPCR) was performed to

analyze the transcript levels of defense-related genes in cucumber
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plants treated with strain LJ-19 or sterile water (control) following

inoculation with Fusarium oxysporum f. sp. cucumerinum. The root

samples from cucumber plants were collected at 72 hours post-

inoculation according to the method described by Pu et al. (2014).

For each sample, 0.1 g of tissue was homogenized in 1 mL of TRI

Gene Reagent (purchased from Nanjing Vazyme Biotech Co., Ltd.,

China) using a pre-cooled mortar and pestle. The expression of the

following genes was examined: Actin (internal reference), PR1, PR3,

LOX1, CTR1, and PAL1. Gene-specific primers were designed using

Primer Premier 5.0 based on the cDNA sequences of each target gene

(Supplementary Table S1). RT-qPCR was carried out using an ABI

7500 Real-Time PCR System. Each 15 µL reaction mixture contained:

7.5 mL of 2× TransStart™ Green qPCR SuperMix, 0.5 mL of passive

reference dye II, 0.5 mL of each forward and reverse primer, 6 mL of

ddH2O, and 0.5 mL of cDNA template. The amplification protocol

consisted of an initial denaturation at 95 °C for 2 minutes, followed by

40 cycles of 95 °C for 15 seconds, 59 °C for 30 seconds, and 72 °C for

35 seconds. The Actin gene was used as an endogenous control to

normalize cDNA levels across samples. Relative gene expression was

calculated using the 2-DDCt method. Each treatment included fifteen

seedlings, and data are presented as the mean ± standard deviation

from three independent biological replicates (Pu et al., 2014).
2.9 Poison food technique

Strain LJ-19 was cultured in 250 mL of LB medium at 28 °C for

7 days with shaking at 180 r/min. After fermentation, the broth was

centrifuged at 8000 × g for 10 minutes to collect the supernatant.

The supernatant was then filter-sterilized using a 0.22 mm
membrane and incorporated into PDA plates inoculated with

Fusarium oxysporum f. sp. cucumerinum to assess antagonistic

activity. The presence of a growth inhibition zone around the

Fusarium oxysporum f. sp. cucumerinum inoculum indicated

antagonistic effects attributable to the extracellular metabolites

produced by strain LJ-19 (Dong et al., 2023).
2.10 Effect of strain LJ-19 on Fusarium
oxysporum f. sp. cucumerinum spore
germination

Fusarium oxysporum f. sp. cucumerinum was cultured on

potato dextrose agar (PDA) medium, and spores were harvested

to prepare a spore suspension. Three treatment groups were

established as follows: the first group served as a control, LB

medium without bacteria was mixed with the Fusarium

oxysporum f. sp. cucumerinum spore suspension in a 1:1 ratio; the

second group mixed the liquid culture of strain LJ-19 was mixed

with the Fusarium oxysporum f. sp. cucumerinum spore suspension

in a 1:1 ratio; and the third group mixed the filter-sterilized

extracellular metabolite filtrate of strain LJ-19 was mixed with the

Fusarium oxysporum f. sp. cucumerinum spore suspension in a 1:1

ratio. The mixtures were placed on concave slides and incubated at

28 °C. After 48 hours, spore germination was observed under a
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A conidium was considered germinated when the germ tube length

exceeded half of the conidium length. Each treatment was repeated

three times (Li et al., 2015).
2.11 Effect of strain LJ-19 on seed
germination and seedling growth of
cucumber

Cucumber seeds were surface-disinfected to remove external

contaminants. The seeds were rinsed with distilled water, soaked in

75% alcohol for 3 min, and then immersed in a 5% sodium

hypochlorite solution for 30 seconds, followed by three washes

with sterile distilled water. Two main treatment groups were

established for the germination assay: First group: thirty seeds

were soaked in sterile water for 6 hours. Half of these were then

transferred to a bacterial suspension of strain LJ-19 (1 × 107 CFU/

mL) for 1 hour. Second group: thirty seeds were soaked in the LJ-19

bacterial suspension (1 × 107 CFU/mL) for 6 hours. Half were then

treated with a Fusarium oxysporum f. sp. cucumerinum spore

suspension (1 × 106 spores/mL) for 20 minutes, while the other

half were soaked in sterile water for 20 minutes. Germination was

monitored daily. The following parameters were calculated:

germination rate (percentage of normal seedlings), germination

index (GI), and seedling vigor index (SVI). GI was calculated as the

cumulative number of germinated seeds divided by the number of

days after sowing, assessed over 7 days. SVI was determined by

multiplying GI by seedling fresh weight. After 7 days, seedlings at

the cotyledon stage were transplanted into pots. The experimental

group received irrigation with the LJ-19 bacterial suspension (1 ×

107 CFU/mL), while the control group was irrigated with sterile

water. Plants were grown in a greenhouse under the following

conditions: temperature 24–28 °C, 16-h light/8-h dark photoperiod,

and relative humidity 64–83%, with 10 seedlings per pot. Each

treatment was replicated three times. After 45 days, plant growth

parameters were recorded. Seedlings were carefully removed from

the pots, and plant height, root length, fresh weight, biomass, and

maximum leaf area were measured to evaluate the growth-

promoting effects of strain LJ-19 (Yang et al., 2024).
2.12 Effect of strain LJ-19 on cucumber
disease prevention

Strain LJ-19 was cultured in LBmedium at 30 °C for 24 hours with

shaking at 180 r/min, and the bacterial concentration was adjusted to

108 CFU/mL based on OD600 measurement. Fusarium oxysporum f. sp.

cucumerinum was grown on PDA medium at 28 °C for 5 days. Then,

ten 5-mm mycelial plugs were excised and transferred into 100 mL of

potato dextrose broth (PDB), followed by incubation in a shaker at 28 °

C and 180 r/min for 3 days. The resulting culture was filtered through

four layers of sterile gauze, and the spore concentration was adjusted

to 105 spores/mL. Uniform cucumber seeds were surface-sterilized by

soaking in 5% sodium hypochlorite for 30 seconds and 75% ethanol for
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3 minutes, then rinsed three times with sterile water. The seeds were

placed in sterile Petri dishes and transferred to seedling trays for growth

in a greenhouse at 25 °C under a 16-h light/8-h dark photoperiod until

the two-leaf stage was reached. Each pot of cucumber seedlings was

subjected to one of the following treatments: (1) Soaking with 15 mL of

Fusarium oxysporum f. sp. cucumerinum spore suspension; (2) Soaking

with 15 mL of LJ-19 bacterial suspension followed, after 24 hours,

by soaking with 15 mL of Fusarium oxysporum f. sp. cucumerinum

spore suspension. After treatment, the seedlings were transplanted

into plastic pots. Each treatment consisted of 12 cucumber seedlings

and was repeated three times. The disease index of plants inoculated

with Fusarium oxysporum f. sp. cucumerinum, with or without LJ-19

pretreatment, was recorded 25 days after inoculation (Xu et al., 2022).
2.13 Statistical analysis

All experimental data were processed using Origin 2019

software. Statistical significance of differences was assessed

through analysis of variance (ANOVA) performed with SPSS

(version 19.0 for Windows, USA). Pairwise comparisons were

carried out using t-tests and one-way ANOVA implemented in

GraphPad Prism software. Data are presented as mean ± standard

deviation (SD). The following symbols were used to denote

significance levels: P < 0.05. NS, not significant.
3 Results

3.1 Cucumber rhizobacterium LJ-19
inhibits hyphal growth of Fusarium
oxysporum f. sp. cucumerinum

In this study, 156 bacterial strains were isolated from the

cucumber rhizosphere and screened for antagonistic activity

against Fusarium oxysporum f. sp. cucumerinum. Among these,

strain LJ-19 exhibited the strongest antifungal activity (Figures 1a b,

Supplementary Table S2), with an inhibition rate of 83.59%

(Figure 1c). To determine whether inhibition required physical

contact, the distance between LJ-19 and Fusarium oxysporum f. sp.

cucumerinum was varied. When not in direct contact, the hyphal

diameter of Fusarium oxysporum f. sp. Cucumerinum showed no

significant difference compared to the control. In contrast, hyphal

growth was completely inhibited upon direct contact with LJ-19

(Figures 1d, e). Furthermore, microscopic observation revealed that

upon contact with LJ-19, Fusarium oxysporum f. sp. cucumerinum

hyphae ceased polarized growth, exhibited increased branching,

and underwent severe structural alterations. Compared to the

control, most hyphae lost their original morphology, forming

irregular clusters with apparent surface shrinkage and

deformation (Figure 1f). Together, these results indicate that

strain LJ-19 inhibits Fusarium oxysporum f. sp. cucumerinum

hyphal growth through direct contact, resulting in morphological

disruption and impaired fungal development.
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3.2 Effect of cucumber rhizobacterium LJ-
19 on the severity of cucumber wilt disease

Although the antagonistic effect of cucumber rhizobacterium LJ-19

against Fusarium oxysporum f. sp. cucumerinum was established, its

ability to mitigate Fusarium oxysporum f. sp. Cucumerinum induced

damage in cucumber plants warranted further investigation. The

germination rate of cucumber seeds was evaluated following

treatment with LJ-19 and Fusarium oxysporum f. sp. cucumerinum,

both individually and in combination. Under normal conditions, seed

germination was comparable between LJ-19-treated and untreated

groups (Figure 2a). However, under Fusarium oxysporum f. sp.

cucumerinum infection, seeds treated with LJ-19 showed significantly

higher germination percentage, germination index, and seedling vigor

index compared to the infected control. In contrast, Fusarium

oxysporum f. sp. cucumerinum infection alone resulted in markedly

reduced values across these indices relative to the sterile water control

(Figures 2b–d). Additionally, cucumber seedlings treated with LJ-19

exhibited a substantially lower disease incidence, with a disease index of

34, compared to the control value of 50.68 (Figures 2e, f). These

findings indicate that strain LJ-19 effectively alleviates Fusarium

oxysporum f. sp. cucumerinum induced damage and delays the onset

of cucumber wilt disease.
3.3 Morphological and molecular
identification of cucumber rhizobacterium
LJ-19

To characterize the cucumber rhizobacterium LJ-19, both

morphological and molecular biological identification were carried

out. Colonies of strain LJ-19 appeared round, opaque, pale yellow,

with irregular margins, rough surfaces, and raised profiles.

Physiological and biochemical assays confirmed that the strain is

Gram-positive and rod-shaped (Figures 3a, b, Supplementary Figure

S1, Supplementary Table S3). The 16S rDNA gene was amplified

from strain LJ-19 and sequenced. Phylogenetic analysis based on the

16S rDNA sequence revealed that LJ-19 shares high homology with

members of the Bacillus velezensis group and clusters within this

species in the phylogenetic tree (Figure 3c). Combined results from

colonial and cellular morphology, physiological and biochemical

characteristics, and molecular identification confirm that strain LJ-

19 belongs to Bacillus velezensis.
3.4 Plant growth-promoting activity of
strain LJ-19 in vitro

As a cucumber rhizosphere microorganism, strain LJ-19 not

only exhibited antagonistic activity against Fusarium oxysporum f.

sp. cucumerinum but also demonstrated potential for enhancing

plant growth. To evaluate its growth-promoting effects, key

parameters of cucumber plants, including stem thickness, root

length, maximum leaf area, fresh weight, and dry weight, were
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measured following treatment with LJ-19. Compared to the control,

LJ-19 treatment led to significant increases in stem thickness (15.44

± 0.04%), fresh weight (13.82 ± 0.3%), maximum leaf area (37.75 ±

6.31%), and biomass (13.22 ± 0.02%) (Figures 4a–f), indicating

pronounced growth promotion. The plant growth-promoting

potential of LJ-19 was further assessed in vitro. When cultured on

phosphorous-solubilizing medium for three days, the strain formed

a distinct dissolution halo (Figure 4g), confirming its ability to

solubilize inorganic phosphorus. No halos were observed on

nitrogen-free Ashby, Pikovskaya (PVK), or potassium feldspar

(PF) media, supporting the specificity of its phosphorus-

solubilizing trait. Additionally, the formation of an orange halo

around LJ-19 colonies on chrome azurol S (CAS) medium indicated

siderophore production (Figure 4h), which facilitates iron

acquisition in plants. Moreover, the culture supernatant

supplemented with L-tryptophan developed a deeper red color

compared to the unsupplemented control, verifying the synthesis

of IAA (Figure 4i). These findings demonstrate that Bacillus
Frontiers in Plant Science 06
velezensis LJ-19 is capable of producing siderophores, solubilizing

phosphorus, and synthesizing IAA in vitro, which may collectively

contribute to its plant growth-promoting effects in cucumber.
3.5 Detection of defense enzyme activities
induced by strain LJ-19 in cucumber in
response to Fusarium wilt

To determine whether strain LJ-19 enhances the defense

response in cucumber, the activities of several defense-related

enzymes were measured. The results showed that under Fusarium

wilt stress, treatment with strain LJ-19 significantly increased the

activities of several defense enzymes in cucumber roots compared to

the control (CK) group: POD by 5.22% (Figure 5a), SOD by 34.59%

(Figure 5b), and PPO by 22.04% (Figure 5c). Furthermore, LJ-19

treatment markedly enhanced PAL activity both under pathogen

stress and in the absence of Fusarium oxysporum f. sp.
FIGURE 1

Contact-dependent antagonistic activity of Bacillus velezensis LJ-19 against Fusarium oxysporum f sp. cucumerinum. (a) Inhibition of Fusarium
oxysporum f sp. cucumerinum growth by LJ-19. (b) Effect of LJ-19 treatment on Fusarium oxysporum f sp. cucumerinum colony diameter.
(c) Hyphal growth of Fusarium oxysporum f sp. Cucumerinum before contact with LJ-19. (d) Changes in hyphal diameter of Fusarium oxysporum
f sp. cucumerinum before contact with LJ-19. (e) Microscopic morphology of Fusarium oxysporum f sp. cucumerinum hyphae after contact with
LJ-19. (f) Antagonistic inhibition of extracellular metabolites hyphae. (g) The diameter of Fusarium oxysporum f sp. cucumerinum after LJ-19
extracellular metabolites treatment. (h) Microscopic morphology of Fusarium oxysporum f sp. cucumerinum hyphae grown with extracellular
metabolites of LJ-19. (i) The effects of strain LJ-19 and its extracellular metabolites on the development of Fusarium oxysporum f sp. cucumerinum
spores. Foc: Fusarium oxysporum f sp. cucumerinum. Error bars represent standard deviation (SD) of the mean (n = 3). Asterisks indicate significant
differences: *** p < 0.001; NS, Non-significant.
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cucumerinum, with a stronger induction effect than that caused by

Fusarium wilt infection alone (Figure 5d). In contrast, no significant

effect on CAT activity was observed (Figure 5e). These results

indicate that strain LJ-19 induces the activity of defense enzymes

POD, SOD, PPO, and PAL, thereby enhancing cucumber resistance

to Fusarium oxysporum f. sp. cucumerinum.
3.6 Expression pattern analysis of defense-
related genes

The expression dynamics of defense-related genes in cucumber

roots treated with strain LJ-19 and inoculated with Fusarium

oxysporum f. sp. cucumerinum were analyzed using quantitative

real-time PCR (RT-qPCR). Defense-related genes play essential

roles in plant disease resistance, with many being induced by

beneficial rhizosphere microorganisms. Our results showed

transcript levels of several key defense-related genes were

significantly up-regulated 72 hours after treatment with strain LJ-

19. Specifically, NPR1—a marker gene in the salicylic acid (SA)

pathway—was up-regulated 3.14-fold (Figure 6a). PR3 expression
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increased by 6.16-fold compared to the Fusarium oxysporum f. sp.

cucumerinum only treatment group (Figure 6b), suggesting its

involvement in the induced defense response. LOX1, which is

associated with lipid metabolism regulation, showed a 9.43-fold

increase (Figure 6c). CTR1, a regulator of the ethylene signaling

pathway, was up-regulated 2.14-fold (Figure 6d), while PAL1,

critical for secondary metabolite synthesis, exhibited a 4.97-fold

increase in expression (Figure 6e). Collectively, the up-regulation of

NPR1, PR3, LOX1, CTR1, and PAL1 indicates that strain LJ-19

activates multiple metabolic pathways linked to plant disease

resistance, enhancing cucumber’s ability to combat Fusarium

oxysporum f. sp. cucumerinum infection.
4 Discussion

The occurrence of plant soil-borne diseases is governed by

complex interactions within the rhizosphere microbiome.

Rhizosphere biodiversity plays a crucial role in modulating these

interactions and influencing disease outcomes (Gao et al., 2021;

Abbass et al., 2022). Rhizobacteria can reshape microbial
FIGURE 2

Effect of Bacillus velezensis strain LJ-19 on seed germination and disease index of cucumber wilt disease. (a) Seed germination rate; (b) Germination
potential; (c) Germination index; (d) Seedling vigor; (e) Phenotype of cucumber seedlings; (f) Disease index of cucumber wilt. CK1, untreated
control; CK2, inoculated with Fusarium oxysporum f sp. cucumerinum only. Values represent mean ± SD (n = 3). Significance levels: ** P < 0.01;
*** P < 0.001; NS, Non-significant.
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community structure, enhance soil enzyme activities, and improve

nutrient availability, thereby promoting plant growth and inducing

systemic resistance against pathogens (Saeed et al., 2021; Santoyo

et al., 2021). Among them, Bacillus velezensis has garnered

widespread attention due to its numerous beneficial traits,

including regulating the rhizosphere microbiome, increasing

microbial diversity, enriching beneficial microorganisms,

mobilizing nutrients, promoting plant growth, inhibiting

pathogen infection, and activating plant immunity (Fazle Rabbee

and Baek, 2020; Wang et al., 2020a; Liu et al., 2021; Wang et al.,

2024). For instance, Bacillus velezensis strain B4–7 reduces the

incidence of tobacco wilt disease and promotes plant growth

(Meng et al., 2024); strain C16 inhibits Alternaria solani via

lipopeptides and volatile organic compounds (Zhang et al.,

2021a); and strain HN-2 induces antioxidant defense mechanisms

in pepper to resist viral infection (Xuan et al., 2024). Currently,

Bacillus velezensis has emerged as a crucial resource for the green
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control of crop diseases, as it can effectively inhibit the growth and

pathogenicity of phytopathogenic fungi through multiple

mechanisms. In this study, the rhizobacterial strain LJ-19 isolated

from cucumber rhizosphere was identified as Bacillus velezensis

(Figure 3). This strain exhibited significant antagonistic activity

against Fusarium oxysporum f. sp. cucumerinum with an inhibition

rate of 83.59% (Figure 1c), indicating strain L-19 holds potential for

the development of biocontrol agents.

Traditional biocontrol Bacillus velezensis exhibit diverse

mechanisms of action, with the most representative being their

secreted antimicrobial metabolites—a process that does not rely on

direct contact between biocontrol bacteria and pathogens (Deveau

et al., 2018; Steffan et al., 2020; Zhou et al., 2022). For example,

Phenazine-1-carboxamide secreted by Pseudomonas chlororaphis

ZJU60 can directly target topoisomerase IV (Topo IV) of Bacillus

subtilis, thereby inhibiting bacterial cell division (Zhou et al., 2025).

Bacillus velezensis XT1 metabolized surfactin to inhibit the infection
FIGURE 3

Characterize of the cucumber rhizobacterium LJ-19. (a, b) Morphological, physiological, and biochemical characterization of strain LJ-19.
(c) Phylogenetic tree of strain LJ-19 based on 16S rDNA gene sequence.
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of Botrytis cinerea in tomatoes (Toral et al., 2018) and strain TP-1

enhanced grape resistance to gray mold by inducing the activities of

plant defense enzymes PAL, PPO, and POD in grapes (Zou et al.,

2023). Corallococcus sp. strain EGB controlled cucumber Fusarium

wilt by migrating to the plant root and regulating the soil microbial

community (Ye et al., 2020). In our study, LJ-19 treatment

significantly enhanced the activities of PPO, POD, SOD, and PAL

in cucumber plants under Fusarium oxysporum f. sp. cucumerinum

challenge (Figure 5), indicating a robust biochemical defense

response elicited by LJ-19. PPO and POD contribute to pathogen
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inhibition via quinone formation and lignin polymerization

(Kumar and Ebel, 2016; Dos Santos-Costa et al., 2022), while

SOD mitigoxidative stress by scavenging reactive oxygen species

(Zhang et al., 2021b). PAL is essential for synthesizing

phenylpropanoid-derived defense compounds (Cuéllar-Torres

et al., 2022). Moreover, LJ-19 induced the expression of key

defense-related genes (Figure 6). NPR1, a central regulator of

salicylic acid-dependent immunity, was up-regulated, along with

PR3, which encodes a pathogenesis-related protein involved in

antifungal defense (Zavaliev and Dong, 2024) The increased
FIGURE 4

Effect of LJ-19 on cucumber growth. (a-f) Growth promotion of cucumber by strain LJ-19; (g) Phosphate-solubilizing activity; (h) Siderophore
production; (i) IAA producing activities. Error bars represent standard deviation (SD) of the mean (n = 45). Significance levels: **, P < 0.01; NS, Non-
significant.
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FIGURE 5

Effects of strain LJ-19 on the activities of defense enzymes in cucumber under Fusarium wilt stress. (a) Peroxidase (POD); (b) Superoxide dismutase
(SOD); (c) Polyphenol oxidase (PPO); (d) Phenylalanine ammonia-lyase (PAL); (e) Catalase (CAT). CK1, untreated control; CK2, inoculated with
Fusarium oxysporum f sp. cucumerinum only. Error bars represent mean ± SD (n = 3). Significance levels: * P < 0.05; *** P < 0.001; NS, Non-
significant.
FIGURE 6

Expression levels of defense-related genes in cucumber roots. (a) NPR1; (b) PR3; (c) LOX1; (d) CTR1; (e) PAL1. Data are presented as mean ± SD
(n = 3). Asterisks indicate statistically significant differences, *** P < 0.001.
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expression of LOX1 suggests activation of oxylipin signaling

(Gousiadou and Kouskoumvekaki, 2018), while up-regulation of

CTR1 and PAL1 reflects modulation of ethylene signaling and

phenolic metabolism, respectively (Chen et al., 2022; Park et al.,

2023). These results indicate that strain LJ-19 can simultaneously

trigger the plant’s multi-pathway defense response, thereby

enhancing the plant’s ability to resist infection by Fusarium

oxysporum f. sp. cucumerinum.

In recent years, a contact-based antibacterial activity mode

independent of antifungal metabolites have garnered increasing

attention, which was achieved through intercellular contact

between bacterial cells and fungal conidia, and provided a novel

idea for plants to resist fungal infections (Lin et al., 2025). Studies

have shown that beneficial bacteria can effectively defend against

pathogenic fungal infections through type VI secretion system (T6SS/

T4SS), contact-dependent growth inhibition (CDI) systems, and

antibiotic-independent intercellular interactions (Nikolakakis et al.,

2012; Klein et al., 2020; Shen et al., 2021; Wu et al., 2021).

Pseudomonas aeruginosa PAO1 harbors multiple functional T6SS

gene clusters and secretes a variety of antibacterial effector proteins

(e.g., Tse1, Tse2, and Tse3), exerting a potent inhibitory effect on a

wide range of gram-negative bacteria (Sana et al., 2016). Lysobacter

enzymogenes OH11 inhibited the infection of Xanthomonas citri by

secreting toxic effectors via the type IV secretion system (T4SS) (Shen

et al., 2021). Pseudomonas strains 2P24 and FoE9 inhibited the

growth of Fusarium in a contact-dependent manner mediated by

T6SS (Lin et al., 2025). Escherichia coli EC93 possesses a functional

CDI system, which can deliver the CdiA-CT toxin to neighboring

bacteria through cell contact, inhibiting their growth (Nikolakakis
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et al., 2012). In our study, LJ-19 did not suppress hyphal development

of Fusarium oxysporum f. sp. cucumerinum via extracellular

compounds (Figures 1f–i). Instead, it significantly reduced germ

tube elongation of the pathogen’s spores during direct coculture

(Figures 1a–e), indicating that its antagonism primarily operates

through contact-dependent mechanisms—rarely reported in

Bacillus velezensis. This distinctive mode of action, differing from

other strains of the species and diffusional antibiotics, has potential

advantages in reducing the risk of drug resistance and accurately

targeting pathogenic bacteria and also has great advantages in

adaptability in microbial community competition and niche

occupation, which provides a novel strategy for pathogen control.

In addition, LJ-19 was demonstrated multiple plant growth-

promoting traits (Figures 4a–f). It solubilized phosphorus,

produced siderophores, and synthesized IAA (Figures 4g–i)—key

mechanisms that enhance nutrient availability and stimulate plant

development (Zhang et al., 2024; Martinez-Viveros et al., 2010; Zhou

et al., 2021; Ma et al., 2023; Ta et al., 2024), which were consistent

with other reported Bacillus velezensis strains that simultaneously

promote growth, such as strain YXDHD1–7 in tomato against early

blight (Li et al., 2024). These results indicate that strain LJ-19

possesses dual functions in controlling Fusarium wilt of cucumber

and promoting cucumber growth.
5 Conclusions

Here, we confirmed that Bacillus velezensis LJ-19, isolated from

the cucumber rhizosphere, exerts dual synergistic effects: potent
FIGURE 7

Bacillus velezensis strain LJ-19 antagonizing Fusarium oxysporum f. sp. cucumerinum growth, inducing disease resistance, and stimulating growth.
Strain LJ-19 played a role in stimulating cucumber growth by dissolving inorganic phosphorus, producing indole-3-acetic acid and iron carriers.
Meanwhile, strain LJ-19 inhibited the hyphal growth of Fusarium oxysporum f. sp. cucumerinum to suppress its infection and activated the
resistance response of cucumber.
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biocontrol against Fusarium oxysporum f. sp. cucumerinum via a

contact-dependent mechanism and significant promotion of

cucumber growth. This discovery mediated by contact-dependent

antagonism redefines the functional potential of Bacillus velezensis,

proving that its biocontrol efficacy is not limited to metabolite

secretion but can also rely on direct interaction with pathogens. The

results showed that LJ-19’s efficacy depends on direct contact with

pathogens (inducing hyphal deformation), while activating plant

immunity (up-regulating the activities of defense enzymes and the

expression of defense-related genes) and possessing growth-

promoting traits (phosphorus solubilization, siderophore

production, and IAA synthesis) (Figure 7), demonstrating its

multifunctional synergy rather than a single functional trait. This

understanding provides valuable insights for the rational

development of sustainable biocontrol agents in agriculture,

offering a green alternative to chemical pesticides for the control

of cucumber Fusarium wilt while enhancing crop yield.
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J. (2009). The role of microbial signals in plant growth and development. Plant
Signaling Behav. 4, 701–712. doi: 10.4161/psb.4.8.9047

Park, H. L., Seo, D. H., Lee, H. Y., Bakshi, A., Park, C., Chien, Y. C., et al. (2023).
Ethylene-triggered subcellular trafficking of CTR1 enhances the response to ethylene
gas. Nat. Commun. 14, 365. doi: 10.1038/s41467-023-35975-6

Pu, X., Xie, B., Li, P., Mao, Z., Ling, J., Shen, H., et al. (2014). Analysis of the defence-
related mechanism in cucumber seedlings in relation to root colonization by
nonpathogenic Fusarium oxysporum CS-20. FEMS Microbiol. Lett. 355, 142–151.
doi: 10.1111/1574-6968.12461
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