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Abstract 

Background Pepper is a popular ingredient in many Chinese households; however, anthracnose caused by Colletotri-
chum spp. has greatly decreased pepper production. The genus Bacillus is widely known for its important role in the 
development and protection of plants from phytopathogenic fungi.

Results Fifty-eight endophytic strains were isolated from pepper leaves and tested for antifungal activity in this 
study. Specifically, L1-7 and L3-5 displayed growth inhibition rates of 79 and 80% against C. scovillei mycelium, respec-
tively, while 25 of these strains all had growth inhibition rates of greater than 60%. Bacillus amyloliquefaciens and B. 
velezensis, based on culture and morphological identification with 16S rDNA and gyrB gene sequence analyses, were 
determined to be the respective species L1-7 and L3-5. Additionally, it was discovered that these two antagonistic 
endophytic bacteria could fix nitrogen, produce indoleacetic acid (IAA) and have a high salt tolerance. Pot experi-
ments again showed excellent control of the pathogen C. scovillei by L1-7 and L3-5, with 80.64 and 73.39% control, 
respectively. Therefore, B. amyloliquefaciens (L1-7) and B. velezensis (L3-5) can be applied as biological control agents to 
protect peppers against C. scovillei-caused anthracnose.

Conclusion Bacillus amyloliquefaciens (L1-7) and B. velezensis (L3-5) can be applied as biological control agents to 
protect peppers against C. scovillei-caused anthracnose. Thus, they can serve as promising biocontrol agents and 
plant growth promoters, and future research on the pertinent bacteria will serve as a useful guide for the creation of 
microbial resources.
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Background
Endophytes are mostly bacteria, fungi and actinomy-
cetes. They are a diverse group of microorganisms that 
can live in healthy, living plant tissue without causing 
obvious pathological changes in the host plant (Hall-
mann et al. 1997). They are not only widely distributed in 

plants, but have also formed a mutually beneficial, sym-
biotic and interdependent relationship with plants over 
time, which can promote plant growth, endow plants 
with stress resistance, pest resistance and antagonistic 
functions (Bokhari et al. 2019), implying that plant endo-
phytes have excellent biological control potential. Endo-
phyte research is currently centered on promoting plant 
growth, acting as a nutrient and inhibiting the growth of 
pathogenic microorganisms (Egamberdieva et  al. 2017). 
Pepper anthracnose causes significant production losses 
in all countries where pepper plants are grown (De Silva 
et al. 2019). In addition to affecting peppers, these fungi 
cause diseases in a variety of vegetables, fruits and other 
crops (Farr and Rossman 2023). As a result, preventing 
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and treating pepper anthracnose caused by Colletotri-
chum are critical. Various methods are currently used to 
control various plant diseases. Chemical control is cur-
rently the most effective method for controlling plant 
diseases (Hirooka and Ishii 2013). However, the use of 
fungicides can pose a serious threat to the environment 
and cause harmful side effects in humans. The suppres-
sion of plant pathogen populations by microbial antago-
nists or the production of antimicrobials is referred to 
as the biocontrol of plant diseases. Therefore, microbial 
antagonists have been chosen as biocontrol agents as 
alternative to fungicides (Wonglom et al. 2019).

Furthermore, the use of endophytic strains to control 
pathogens is becoming more common (Bhattacharya 
et al. 2019). Many endophytic strains have been isolated 
and demonstrated to be capable of controlling a wide 
range of pathogens, including antagonistic bacteria, 
antagonistic fungi and antagonistic actinomycetes (Jiang 
and Song 2014). Endophytic strains have been used in 
biocontrol numerous times, but endophytic bacteria are 
the most commonly used (Asghari et al. 2019). According 
to an existing article, the dominant strains of endophytic 
bacteria isolated were: Bacillus, Pseudomonas and Strep-
tomyces (Liu et al. 2016). Bacillus pumilus, an endophytic 
bacterium, caused the plants to produce a large amount 
of deposited tannins and phenols, which thickened the 
cell wall and prevented pathogens from invading between 
the outer layer and the cork layer (Benhamou et  al. 
1996). Streptomyces griseocarneus R132 inhibited plant 
pathogen growth by 57.24 ± 4.54% (Fusarium oxyspo-
rum) to 73.93 ± 3.71% (Botryosphaeria dothidea), which 
appears to have controlled the development of anthrac-
nose symptoms caused by Colletotrichum gloeosporioides 
(Liotti et al. 2019). Despite numerous studies on antago-
nistic endophyte strain, there have been no reports on 
their ability to control C. scovillei.

In this study, endophytic bacteria were isolated from 
healthy pepper leaves, strains with good antagonistic 
effects on the pathogen C. scovillei were screened and 
identified, and their biological functions were deter-
mined. These results laid the groundwork for the biologi-
cal control of pepper anthracnose and served as a guide 
for these endophytic strains to develop into excellent 
bacterial resources in plant disease control.

Methods
Biological material
The endophytic strains were isolated from healthy leaves 
of sweet peppers (Capsicum annuum), which were grown 
in the Biocontrol Engineering Laboratory of Crop Dis-
eases and Pests, College of Plant Protection, Gansu Agri-
cultural University (November 2020). This laboratory also 

houses the pathogen Colletotrichum truncatum. Nutrient 
agar medium (NA), potato dextrose agar medium (PDA), 
Pikovaskaia’s medium (PKO), King’s medium, Mehknha 
medium and Ashby medium (Wei et al. 2018b) were used 
to grow the strains in the experiment. Sarkowski’s rea-
gents (PC and S2) were used to determine the concentra-
tion of IAA (Glickmann and Dessaux 1995).

Isolation of endophytic bacteria
Endophytic strains were isolated (Separation place: 
Biocontrol Engineering Laboratory of Crop Diseases 
and Pests) from sweet pepper (Capsicum annuum) 
leaves using the traditional method of tissue separation 
(Vetrivelkalai et al. 2010). Based on the characteristics of 
colony size, morphology and color, 58 endophytic strains 
were isolated from pepper leaves and numbered as L1-7, 
L3-5, L5-3, L6-6, L7-5, L7-6, L7-7, L7-9, L7-10 and L7-13. 
Store the strains in test tubes and set them aside in a 4 °C 
refrigerator for backup.

Screening for endophytic strains with outstanding 
resistance to C. scovillei
The plate antagonism method (Skeen et  al. 1995) was 
used to assess each isolated endophytic strain’s ability to 
suppress the pathogen C. scovillei’s mycelial growth. All 
endophytic strains stored in the refrigerator at 4 °C were 
inoculated into NA medium for 48  h, and then, these 
endophytic strains were inoculated on four symmetrical 
positions 2.5  cm from the center of the PDA medium, 
and the center of the PDA medium was inoculated with 
0.6 cm diameter C. scovillei pathogenic fungi disks. Each 
biological treatment had four replicates, and the control 
was not inoculated with endophytic strains. They were 
placed in a constant temperature incubator at 25  °C for 
7 days, and then, the colony diameters of the control were 
measured, as well as those of the pathogens inoculated 
with the endophytic strain. Finally, the strain inhibition 
rate was calculated using the equation below:

where Cc is the fungus diameter of control (cm), Cf is the 
fungus diameter of treatment (cm) and 0.6 is the diam-
eter of the fungi disks.

Morphological identification of antagonistic strains
Antagonistic strains were inoculated onto NA medium 
and incubated at 28 °C for 18–24 h before Gram staining, 
observing bacterial morphology, measuring length and 
width, and photographing with a microscope. Endophytic 

Inhibition rate(%) =
(Cc− Cf)

(Cc− 0.6)
× 100%
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strains with inhibition function were incubated at 28  °C 
for 72 h before colony morphology was examined.

Molecular identification of antagonistic strains
Using the Ezup Columnar Genomic DNA Extraction 
Kit (Solabao, Beijing, China), DNA was extracted from 
endophytic strains and stored as a backup at − 20 °C. In 
order to amplify gene fragments, the DNA was ampli-
fied using the universal primer set (27F: 5′-AGA GTT 
TGA TCM TGG CTC AG-3′, 1492R: 5′-TAC GGY 
TAC CTT GTT ACG ACT T-3′) and the gyrB-specific 
primer set (UP-1: 5′-GAA GTC ATC ATG ACC GTT 
CTG CAY GCN GGN AAR TTY GA-3′) (Bouaoud 
et al. 2018; Morris et al. 2008). The PCR amplification 
of both universal primer and specific primer was per-
formed in a 50  μl mixture containing 25  μl PCR Mix 
(2×), 2  μl of each primer (10  μmol·l−1), 2  μl template 
DNA and 19 μl  ddH2O, and the universal primer PCR 
conditions were pre-denaturation at 94  °C for 4  min, 
denaturation at 94  °C for 30  s, annealing at 60  °C for 
30  s, extension at 72  °C for 90  s, 30 cycles and a final 
extension at 72 °C for 10 min. The specific primer’s PCR 
conditions were pre-denaturation at 94  °C for 4  min, 
denaturation at 94 °C for 1 min, annealing at 57 °C for 
1 min, extension at 72 °C for 70 s, 35 cycles and a final 
extension at 72 °C for 10 min, with the amplified prod-
uct stored at 4 °C after the reaction. Electrophoresis on 
a 1% agarose gel was used to detect PCR amplification. 
The amplified products were sequenced at Qingke Biol-
ogy Company in Xi’an City, Shanxi Province, China. For 
approximate identification against the NCBI sequence 
database, the BLAST (https:// blast. ncbi. nlm. nih. gov/ 
Blast. cgi) algorithm with our gene sequences was 
used. The neighbor-joining (NJ) algorithm was used 
to construct a distance tree using the MEGA version 6 
software.

Biological function determination of antagonistic strains
Determination of nitrogen fixation ability
The antagonistic strains were inoculated into an NA liq-
uid medium and incubated in a thermostatic shaker for 
24  h (28  °C, 180  r·min−1). Subsequently, 0.1  ml of the 
culture was inoculated into triangular flasks contain-
ing 100 ml of Ashby’s liquid medium without nitrogen. 
As a control, equal volumes of sterile distilled water 
were inoculated into Ashby medium. Three replicates 
for each biological treatment. Petri dishes and trian-
gular flasks were incubated in a constant temperature 
incubator and oscillator at 28 °C for 7 days before being 
observed. If their colonies formed on Ashby’s medium 
or the liquid medium became turbid, it was demon-
strated that the endophytic strain with inhibition strain 
function could also fix nitrogen (Cui et al. 2016).

Determination of phosphorus solubilizing capacity
To test the ability of endogenous antagonistic strains 
to solubilize elemental phosphorus, they were coated 
on the surfaces of PKO medium, which contains inor-
ganic phosphorus, and Mehknha medium, which con-
tains organic phosphorus. Three times each biological 
treatment was used. The following equation was used 
to determine the elemental phosphorus solubilization 
capability (Yang et al. 2014).

Determination of IAA production capacity
The Salkowski colorimetric method (Dong and Cai 2001) 
was used to determine the ability of antagonistic endo-
phytic strains to produce IAA. 0.1 ml of the antagonistic 
endophytic strain culture was inoculated into 300-ml tri-
angular flasks containing 100 ml of King’s medium, which 
was divided into two types of medium, one without and 
with 100 mg·l−1 tryptophan. The same volume of sterile 
distilled water was added to the medium as a control, and 
the triangular flasks were incubated in a thermostatic 
shaker (28 °C, 120 r·min−1) for 12 days after spiking was 
completed. A 50 μl culture solution was drawn from each 
King medium, added to a 1.5-ml centrifuge tube contain-
ing an equal volume of Sakowski reagent (PC or S2) and 
left at room temperature for 15 min to observe the color 
reaction. Each biological treatment was replicated three 
times. When the color of all mixture turns red, it indi-
cates that they have the function of secreting IAA.

The concentration of the produced IAA was then 
determined. Cultures were transferred to 10-ml centri-
fuge tubes and placed in a low-temperature centrifuge 
(4 °C, 10,000 r·min−1) for 10 min. The supernatant after 
centrifugation was pipetted 4 ml into a 10-ml centrifuge 
tube containing the same volume of colorimetric solu-
tion, and the two solutions were thoroughly mixed with 
a vortexer before being placed in a dark environment 
for 30  min. Each biological sample was replicated three 
times. The absorbance values of the mixed solutions were 
measured at 530 nm UV wavelength, with a control con-
sisting of sterile distilled water and colorimetric solu-
tion. Using standard curves, IAA production secreted by 
endophytic strains was calculated.

Standards of IAA were used to prepare two groups 
of IAA standard solutions with different concentra-
tion gradients, each with seven different concentrations 
of IAA standard solutions (Group I: 2.5, 5, 7.5, 10, 12.5, 
15, 17.5  μg·ml−1; Group II: 25, 50, 75, 100, 125, 150, 
175 μg·ml−1). The absorbance value of the standard solu-
tion was determined using the same method as above. 

Solubility of elemental phosphorus =
Phosphorus dissolving circle

Colony diameter

https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://blast.ncbi.nlm.nih.gov/Blast.cgi
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All data were processed in Microsoft Excel, and standard 
graphs were generated (Additional file 1: Fig. S1).

Determination of salt tolerance
Antagonistic endophytic strains were inoculated into 
300-ml triangular flasks containing 100 ml of NA liquid 
medium containing 2, 5, 10, 15, 20 and 25% NaCl, respec-
tively, with NaCl-free NA liquid medium serving as a 
control (Incubated at 28 °C for 24 h) (Chen et al. 2020). 
Each biological treatment was repeated three times. 
The absorbance values of the cultures were measured at 
600 nm to determine the salt tolerance of the endophytic 
antagonist strains.

Potted plant experiment
Plant five pre-treated, sprouted pepper seeds per pot (Cui 
et al. 2020). When the tenth new leaf was grown, 12 pots 
of uniformly grown pepper leaves were selected for arti-
ficial wounding, nine of which were inoculated with the 
pathogen C. scovillei and three of which were not, and 
they were placed in an artificial climate chamber (tem-
perature 25 °C, humidity 30%) for 48 h. This aided in the 
spread of the disease in pepper leaves. After 48  h, the 
peppers were removed and 3 pots of pepper leaves inoc-
ulated with the pathogen C. scovillei were sprayed with 
fermentation broth of strains L1-7 and L3-5 (50 ml, incu-
bated for 48 h) each for biological control. The remaining 
6 pots were used as controls, with 3 pots not inoculated 
with the pathogen C. scovillei and the 3 inoculated, but 
not sprayed with the fermentation solution. Finally, the 
disease grading standards for pepper anthracnose (Fang 
1998; Holliday 1970) were as follows:

Level 0: No signs of disease.
Level 1: Only the tender shoots show signs of dis-
ease.
Level 2: Less than 25% of leaves, leaf buds, flower 
buds or fruits are susceptible to disease.
Level 3: 25–50% of leaves, leaf buds, flower buds or 
fruits are susceptible to disease.
Level 4: More than 50% of leaves, leaf buds, flower 
buds or fruits are susceptible to disease.

The disease index and control efficiency were calcu-
lated as follows:

where Dpl is the diseased plants at all levels, Gd is the 
Grade of disease, Tip is the total number of investigated 
plants and Md is the maximum disease grade.

Disease index =

�(Dpl×Gd)

Tip×Md
× 100

where Cd is the diseased index of the control area and Td 
is the disease index of the treatment area.

Statistical analysis
Variance analysis was used to analyze the data. The soft-
ware used for this task was IBM SPSS Statistics 25. Data 
are presented as mean ± standard error (SE), based on 
three replicates. Means with the same lowercase letters 
are not significantly different (p < 0.05) according to Dun-
can’s multiple range tests. The experimental data were 
counted and calculated by Microsoft Excel to clarify the 
function and fungistatic effect of endophytic strains.

Results
Determination of antagonistic ability
Antagonistic potentials of 58 endophytic strains against 
the pathogen C. scovillei were studied (Additional file 2: 
Table S1). Eight of these endophytic strains prevented the 
pathogen’s mycelial growth to a level of 70–80%, while 
only two strains (L1-7 and L3-5) prevented a level of 
more than 80%. The mycelial growth of C. scovillei was 
suppressed by 33 endophytic strains by less than 60% 
and by 15 endophytic strains between 60 and 70%. To 
further study the stability of their capacity to suppress 
infections, endophytic strains with more than 70% inhibi-
tion of pathogenic fungal mycelium development in the 
initial round of screening were once again chosen (Addi-
tional file 3: Table S2). It was found that strains L1-7 and 
L3-5 once again inhibited C. scovillei mycelial develop-
ment by more than 79% (Fig.  1). The results of the two 
screening tests showed that L1-7 and L3-5 inhibited C. 
scovillei consistently and persistently. The effect of L1-7 
antagonistic on the pathogenic fungus C. scovillei’s myce-
lium resulted in a milky white, fluffy appearance, showing 
that L1-7 hindered the pathogenic fungus’s morpho-
logical transition in the early stages of its development. 
However, following exposure to L3-5, the mycelium of 
the pathogenic fungus C. scovillei was gray–green fluffy, 
indicating that the endophyte had a significant inhibi-
tory effect on the mycelium’s normal growth as opposed 
to having any influence on the pathogenic fungus’s devel-
opment of its developmental cycle. This conclusion was 
made in light of the C. scovillei mycelium’s early mani-
festation of a creamy white fluffy morphology and later 
change to a gray–green fluffy morphology in an advanta-
geous growth environment. This discovery suggests that 
the two antagonistic endophyte strains target the patho-
genic fungus through different nodes.

Control efficiency(%) =
Cd− Td

Cd
× 100%
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Identification of morphological characteristics
The L1-7 colony had a spherical or nearly circular colony 
form and was milky white. The colony’s surface was ini-
tially smooth and opaque, but as it grew, the edge devel-
oped clearly serrated wrinkles. The colony was encircled 
by a translucent, colorless halo. The L3-5 colony was 
irregularly shaped, yellowish in color, with a dry, wrin-
kled, dull surface. Gram-positive bacteria L1-7 and L3-5 

are both rod-shaped, with L1-7 measuring 0.71–2.25 μm 
and L3-5 measuring 0.86–2.23  μm and 0.24–0.51  μm, 
respectively (Fig. 2).

Gene sequence analysis
When the 16S rDNA gene sequence obtained by 
sequencing was compared to other sequences in the 
GenBank database, it was discovered that the two 

Fig. 1 Inhibition of Colletotrichum scovillei by antagonistic strains L1-7 and L3-5. A Inhibitory effect of L1-7 on C. scovillei; B inhibitory effect of L3-5 
on C. scovillei; C control

Fig. 2 Culture traits and gram-stained characteristics of antagonistic bacterial strains L1-7 and L3-5. A Culture traits of L1-7; B culture traits of L3-5; C 
gram staining of strain L1-7 (100 ×);  D gram staining of strain L3-5 (100 ×). Scale bars = 4 μm for (c and d)
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antagonistic endophytic bacteria were both Bacillus. L1-7 
and L3-5, in contrast, were found to be 100% identical 
to Bacillus spp. (Figs. 3 and 4). Using the same universal 
primer (27F, 1492R), L1-7 and L3-5 were amplified yield-
ing DNA fragments of 1433  bp and 1401  bp in length, 
respectively. L1-7 and L3-5 were both submitted to Gen-
Bank (MW672320 for L1-7, MW672321 for L3-5). By 
amplification and sequencing with the Bacillus-specific 
primer gyrB, the L1-7 and L3-5 antagonistic endophytic 
strains were identified. When the sequenced gene frag-
ments were compared in the GenBank database, it was 
discovered that both strains were related to the Bacillus 
species B. amyloliquefaciens and B. velezensis. However, 
L1-7 and L3-5 culture characteristics matched those of 
B. amyloliquefaciens and B. velezensis, respectively, with 
a milky white culture characteristic and a yellowish cul-
ture characteristic. Therefore, in order to construct a 
phylogenetic tree, the gene sequences of the strains 
that matched the cultural characteristics of each of the 
two strains were selected. L1-7 and L3-5 were clustered 

with B. amyloliquefaciens (HM585078) and B. velezensis 
(MK203036), respectively, on the phylogenetic tree, and 
their similarity was 99% (Figs.  3 and 4). By combining 
culture and morphological traits with the findings of 16S 
rDNA and gyrB gene sequence analysis, L1-7 was there-
fore determined to be B. amyloliquefaciens, and L3-5 
was determined to be B. velezensis. L1-7 and L3-5 were 
amplified, using the required primers (UP-1 and UP-2r), 
producing DNA fragments of 1195  bp and 1198  bp, 
respectively. L1-7 and L3-5 have been added to GenBank 
(MZ209100 for L1-7, MZ209101 for L3-5).

Biological function test
Biofunctional experiments revealed that strains L1-7 and 
L3-5 could not fix elemental nitrogen, but could solu-
bilize elemental phosphorus. IAA could be secreted by 
L1-7 and L3-5, although tryptophan in the medium had 
no effect on IAA production (Table  1). The versatility 
and high potential of strains L1-7 and L3-5 in preventing 

Fig. 3 Phylogram generated from neighbor-joining analysis based on alignment of partial sequences of 16S rDNA and gyrB gene, showing the 
phylogenetic relationships of Bacillus species to the isolate L1-7. Among them, ‘L1-7 MW672320’ was the sequence of amplification by the universal 
primer. ‘L1-7 MZ209100’ was the sequence of amplification by the gyrB primer
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plant diseases and fostering plant growth are revealed by 
these findings.

L1-7 grew best in a medium containing 2% salt, while 
L3-5 grew best in a medium containing 5% salt. Both 
considerably differed (p < 0.05) from other biological 
treatments. Both endophytic strains could also continue 
to grow in media with a 10% salt content (Fig. 5). Accord-
ing to this finding, L1-7 and L3-5 both had a good salt 

tolerance. These two antagonistic strains may one day 
be used to treat plant diseases in locations with salinized 
soil.

Potted control effect of antagonistic strains
The pathogen-inoculated pepper leaves that were not 
sprayed with the fermentation solution had the most 
spots and the most severe disease, according to the 

Fig. 4 Phylogram generated from neighbor-joining analysis based on alignment of partial sequences of 16S rDNA and gyrB gene, showing the 
phylogenetic relationships of Bacillus species to the isolate L3-5. Among them, ‘L3-5 MW672321’ was the sequence of amplification by the universal 
primer. ‘L3-5 MZ209101’ was the sequence of amplification by the gyrB primer

Table 1 Biological functions determination of antagonistic endophytic bacteria L1-7 and L3-5

‘+’: With biological function, ‘−’: Without biological function

Strain Inhibition 
rate (%)

Nitrogen 
fixation

Phosphorus solubilizing Concentration of IAA (μg·ml−1)

Inorganic 
phosphorus

Organic 
phosphorus

Qualitative determination Quantitative determination

With 
tryptophan

Without 
tryptophan

With 
tryptophan

Without 
tryptophan

PC S2 PC S2 PC S2 PC S2

L1-7 79 + − − + + + + 0.054 1.048 0.055 1.048

L3-5 80 + − − + + + + 0.054 1.049 0.056 1.047
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results of the controlled indoor pot trials (Fig. 6). The fre-
quency of spots and intensity of the symptoms on pep-
per leaves treated with L1-7 and L3-5 sprays were much 
less frequent and severe compared to pepper leaves not 
treated with fermentation solutions. The harmful fungus 
was successfully eradicated by the biocontrol strain, as 
cured by a comparison of pepper leaves with and with-
out the infection implanted. Based on the incidence data 
on the leaves, L1-7 and L3-5 were shown to be 80.64 and 
73.39% effective against the pathogen C. scovillei, respec-
tively. Therefore, L1-7 and L3-5 are unquestionably better 
biological control agents.

Discussion
Plant endophytes are a group of microorganisms that 
colonize plant tissues organs or intercellular spaces at a 
specific stage or throughout their life cycle (Choub et al. 
2021). Plant endophytes have been shown to perform a 
variety of biological functions, including plant hormone 

secretion, plant resistance induction, antifungal metabo-
lite production and nitrogen fixation (Amaresan et  al. 
2012). In this study, two endophytic bacterial strains from 
healthy pepper were isolated and identified. These strains 
had good antagonistic effects on C. scovillei leaves. They 
were identified as B. amyloliquefaciens and B. velezensis, 
respectively, and it was shown that they both possessed 
excellent salt tolerance, nitrogen fixation and IAA secre-
tion abilities. As previously reported by (Reyes-Este-
banez et al. 2020), B. subtilis, B. amyloliquefaciens and B. 
velezensis were good antagonists against agents for con-
trolling Colletotrichum. Since C. scovillei is a pathogen 
that was only recently found in China (Zhao et al. 2016), 
there have been no research on how endophytic Bacil-
lus strains can control this pathogen. Therefore, the two 
endophytic strains identified in this study are essential 
for controlling the pathogen C. scovillei.

Bacillus is often employed as a biocontrol agent in agri-
cultural settings because of its powerful ability to inhibit 

Fig. 5 Salt tolerance of antagonistic bacterial strains L1-7 and L3-5. A Salt tolerance of strain L1-7; B salt tolerance of strain L3-5. Data are presented 
as mean ± standard error (SE), based on three replicates. Means with the same lowercase letters are not significant different (p < 0.05) according to 
Duncan’s multiple range tests

Fig. 6 Results of pot experiment. A a: After inoculation with pathogenic fungi, the leaves treated with fermentation liquid L1-7 was sprayed; b: 
after inoculation with pathogenic fungi, the leaves treated with fermentation liquid L3-5 was sprayed; c: leaves untreated after inoculation with 
pathogenic fungi; d: a blank control without any treatment. B Data are presented as mean ± standard error (SE), based on three replicates. Means 
with the same lowercase letters are not significant different (p < 0.05) according to Duncan’s multiple range tests
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plant pathogenic bacteria (Mishra et al. 2022). According 
to a similar study, both endophytes are the main strains 
employed as bioorganic pesticides or biofertilizers to 
control plant diseases and strains that promote plant 
development (Wei et  al. 2018a). In other studies, the 
bacillin D produced by B. amyloliquefaciens prevented 
pathogenic mycelium from developing normally, so con-
trolling the spread of the disease (Luna-Bulbarela et  al. 
2018). Additional studies have also demonstrated that 
it can secrete a certain antifungal substance that makes 
the pathogenic fungus stop growing (Chen et al. 2018). In 
addition, B. amyloliquefaciens HAB-2 produces a metab-
olite n-butanol that deforms and swells the mycelium, 
thus preventing the pathogen from harming the plant 
(Wei et  al. 2018b). The previous literature also contains 
information on B. velezensis as a biocontrol agent, dem-
onstrating its capacity to suppress a number of fungal 
infections, such as Arthrinium phaeospermum, Fusarium 
oxysporum, Cylindrocladium scoparium, Botrytis cinerea 
and Penicillium (Sun et al. 2018). However, while exerting 
their effects against pathogenic fungi, many endophytic 
strains exhibit a variety of reactions and distinct modes 
of action (Gomes et al. 2023).

In addition to controlling pathogens that harm plants, 
biocontrol strains increase the bioavailability of essen-
tial nutrients and improve plant growth and perfor-
mance (Younas et al. 2023). In the present study, Bacillus 
strains L1-7 and L3-5 possessed these same functions, 
such as nitrogen fixation, IAA secretion and higher salt 
tolerance. Similar studies have reported that B. velezen-
sis can secrete IAA to promote plant root develop-
ment and nutrient uptake to promote plant growth and 
improve plant resistance (Cai et  al. 2018). In addition, 
B. amyloliquefaciens K103 was shown to have the ability 
to fix nitrogen and dissolve organic phosphorus (Dong 
et al. 2018), but the strains we tested could not dissolve 
organic phosphorus. The differences in the function of 
endophytic strains may be due to the fact that they were 
isolated from different hosts and the hosts live in very dif-
ferent environments, thus resulting in different functions 
of bacteria of the same species. Global land management 
is facing significant challenges due to soil salinization 
(Xun et al. 2015). Research and development of biocon-
trol strains with salt tolerance are required to successfully 
prevent and control diseases in saline soil locations. Both 
Bacillus strains demonstrated increased salt tolerance 
in the current experiment, indicating greater ecologi-
cal flexibility. In highly salinized environments, they can 
function better as antagonists.

In order to manage the pathogenic fungus C. scovillei, pot 
experiments for the endophytic strains L1-7 and L3-5 were 
designed, and they demonstrated 80.64 and 73.39% control 
in potted circumstances, respectively. Similar results were 

shown in a similar experiment on the control of early leaf 
spot disease by B. amyloliquefaciens (Ahsan et  al. 2022). 
However, the method described in this report was different 
than the one that used, where they sprayed the fermenta-
tion solution before the pathogen infection. Additionally, 
the final control efficiency was higher (92.00%) than that 
of spraying following the commencement of the disease. 
Therefore, prevention before infection with the disease is 
also possible based on the benefits of biocontrol microor-
ganisms that are favorable to the environment. According 
to the findings, not all diseases can be controlled by Bacil-
lus species, despite the fact that many of them have been 
tested for pathogen control. Therefore, it would be worth-
while and helpful to reexamine the greater resistance of the 
screened-out Bacillus to the pathogen C. scovillei.

Conclusion
A total of 58 endophytic strains was examined, and anti-
pathogen testing revealed that two Bacillus strains, B. 
amyloliquefaciens (L1-7) and B. velezensis (L3-5) showed 
outstanding control over the anthracnose fungus C. scov-
illei. Additionally, both of them were capable of fixing 
nitrogen and secreting IAA, and also had a good salt tol-
erance. Pot studies confirmed their exceptional antago-
nistic potential against the pathogen C. scovillei.
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