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A B S T R A C T

To control Fusarium-induced root rot in Polygonatum cyrtonema Hua, the endophytic antagonistic bacterium 
against root rot was screened in this work. Furthermore, antifungal capacity and mechanisms of the obtained 
Bacillus amyloliquefaciens (B. amyloliquefaciens) HJ9 and its degenerate strain dHJ9 were investigated. The ob
tained data demonstrated that cell-free supernatant (CFS) of B. amyloliquefaciens HJ9 significantly inhibited 
mycelial growth, spore germination, and biofilm formation of Fusarium sp. F2, whereas CFS of 
B. amyloliquefaciens dHJ9 exhibited substantially diminished antagonistic activity. The antifungal mechanism 
studies indicated that B. amyloliquefaciens HJ9 primarily disrupted the cell membrane integrity of Fusarium sp. 
F2, evidenced by increased membrane damage indicators. Pot trials confirmed that B. amyloliquefaciens HJ9 CFS 
showed optimal root rot control, superior to bacterial suspensions, whereas B. amyloliquefaciens dHJ9 treatment 
even exacerbated the disease. The degeneration resulted not only in the lose of key biosynthetic gene clusters, but 
also in a pronounced reduction in the production of the plant growth substances like indole-3-acetic acid (IAA). 
This study established a foundation for developing biocontrol agents based on the bioactive metabolites of en
dophytes from P. cyrtonema Hua.

1. Introduction

Polygonatum cyrtonema (P. cyrtonema) Hua, a perennial herb with 
both medicinal and food uses in the genus Polygonatum, plays an 
important role in Chinese traditional medical system (Liu et al., 2023b, 
2024). Its rhizome accumulates various biological active ingredients, 
such as polysaccharides, saponins, flavonoids, alkaloids, etc (Huang 
et al., 2021; Han et al., 2023; Liu et al., 2023a; Shi et al., 2025). Recent 
pharmacological investigations have indicated that P. cyrtonema Hua 
exhibits a wide range of bioactivities, including antioxidant, 
anti-inflammatory, immunomodulatory, anti-tumor, and antibacterial 
activity, as well as the capacity to regulate metabolic disorders (Khan 
et al., 2012; Long et al., 2018; Zeng et al., 2020; He et al., 2022; Xu et al., 
2023a; Yang et al., 2023). However, root rot caused by Fusarium spp. is 
one of the most devastating diseases limiting the sustainable cultivation 
of P. cyrtonema Hua (Lu et al., 2021; Pang et al., 2022; Wang et al., 

2025b). Currently, chemical fungicides (e.g. carbendazim, mancozeb, 
thiabendazole) serve as the primary means of controlling Fusarium-in
duced diseases. However, their long-term and intensive use can lead to 
numerous concerns, including pathogen resistance, drug residues, and 
environmental pollution (Kaye et al., 2015; Liu et al., 2019; Gonzalez 
et al., 2020; Acosta-González et al., 2022; Yi et al., 2023; Mohan et al., 
2024). Therefore, the development of green and efficient biocontrol 
strategies has become an urgent need for the sustainable cultivation of 
P. cyrtonema Hua.

Biological control has emerged as a highly promising alternative for 
controlling Fusarium-induced diseases, and has attracted increasing 
research interest in recent years (Aydin, 2019; Sharma et al., 2022). This 
approach utilizes beneficial microorganisms and/or their metabolites, 
offering advantages such as high water solubility, and strong antimi
crobial properties (Ma et al., 2023). Unfortunately, many microorgan
isms, particularly those represented by Bacillus spp., are prone to 
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degeneration during serial subculturing, leading to a significant decline 
in their antagonistic activity and consequently restricting their practical 
application (Tang et al., 1996; Zhu and Yang, 2000; Ren et al., 2017). 
Kadam et al. (1987) indicated that the recombinant plasmid pEAA 
harboring the amylase gene in B. subtilis exhibited structural instability, 
frequently undergoing spontaneous deletion of the exogenous gene 
fragment to form the degenerate strain pEAA1, which led to the com
plete loss of amylase production ability. Similarly, in the study of Ren 
et al. (2017), the authors found that the high-yielding adenosine 
B. subtilis D14–24 degenerated primarily through high-frequency 
reversion mutations in its histidine auxotrophy (His⁻), causing a 
decline in adenosine yield from 15.69 to 5.87 g/L. The degenerate 
isolate also displayed phenotypic abnormalities characterized by the 
aberrant accumulation of red-pigments metabolites (Ren et al., 2017). 
Therefore, strain degeneration remains a primary limitation for the 
utilization of biocontrol agents (Kadam et al., 1987).

Throughout their long-term co-evolution with plants, endophytic 
microorganisms have developed the ability to enhance host health by 
producing antimicrobial substances and inducing plant resistance, 
thereby suppressing pathogenic infections (Negi et al., 2024). In recent 
years, various studies have confirmed endophytes as valuable sources of 
biocontrol agents, contributing significantly to sustainable agriculture 
by reducing reliance on chemical pesticides and enhancing crop disease 
resistance (Chaudhary et al., 2022; Pandey et al., 2022). Endophytes 
have demonstrated efficacy in controlling root rot in various crops, such 
as wheat, sunflower, tomato, Ligusticum chuanxiong Hort, Panax noto
ginseng (Wang et al., 2023b; Chen et al., 2024; Li et al., 2024; Bui et al., 
2025;.Urooj and Farhat, 2025). At present, several endophytes from 
with anti-microorganism activity have been isolated from Polygonatum 
species. Chi et al. (2019) isolated 11 strains of endophytes from the 
rhizomes, leaves, and stems of P. cyrtonema Hua, among which B.vele
zensis ZJU-3 exhibited strong antagonistic activity against Fusarium 
oxysporum (F. oxysporum). Zhai et al. (2019) isolated an endophytic 
bacterium, identified as B. subtilis HJ-2, from the rhizomes of 
P. cyrtonema Hua cultivated in Anhui province, China, whose fermen
tation broth demonstrated broad-spectrum antibacterial activity against 
Escherichia coli (E. coli), Staphylococcus aureus (S. aureus), and Pseudo
monas aeruginosa (P. aeruginosa). However, the potential of endophytes 
in biocontrol against Polygonatum root rot remains unexplored. More
over, like many other microorganisms, plant endophytes are highly 
susceptible to strain degeneration. The degeneration process often in
volves various functional losses, including diminished synthesis of 
antimicrobial secondary metabolites (e.g., lipopeptides) and reduced 
production of plant growth-promoting substances like IAA. These 
changes compromise the efficacy and reliability of biocontrol agents, 
presenting a significant challenge to their industrial application. 
Therefore, to develop biocontrol strategies against P. cyrtonema Hua root 
rot, in this study, we isolated endophytic strains from healthy rhizomes 
and screened them for antagonistic activity against common pathogens. 
Furthermore, the antagonistic capacity and mechanisms of the selected 
endophyte and its degenerated variant were investigated. Specially, ef
fect of the degeneration on plant growth-promoting traits (IAA pro
duction) was also evaluated. This study not only evaluated the 
biocontrol potential of the obtained endophytes, but also provided 
critical insights into the functional and genetic markers of strain sta
bility. These findings would facilitate the practical application of sus
tainable biocontrol technology in managing Fusarium-induced root rot 
in Polygonatum species and other valuable medicinal crops.

2. Materials and methods

2.1. Isolation of endophytes with antibacterial activity from P. cyrtonema 
Hua

P. cyrtonema Hua were collected from Pan'an, Zhejiang Province, 
China in July 2024. Endophytes from P. cyrtonema Hua were isolated 

using the tissue separation method (Mao et al., 2021; Sahu et al., 2022). 
Fresh and healthy P. cyrtonema Hua were selected. Surface soil of the 
rhizomes was washed off. The rhizomes were then soaked in 75 % 
alcohol for 5 min. After that, the samples were soaked in 2.0 % sodium 
hypochlorite for 5 min. After surface sterilization, the rhizomes were 
aseptically cut into approximately 1 cm × 1 cm slices, and divided into 
two batches. One batch was inoculated onto LB agar media plates 
(tryptone 10.0 g/L, yeast extract 5.0 g/L, sodium chloride 10.0 g/L, agar 
15.0 g/L), and incubated at 37 ℃ for 1–2 d, while the other batch was 
inoculated onto PDA plates (potato infusion 200 g/L, glucose 20.0 g/L, 
agar 15.0 g/L), and incubated at 28 ◦C for 2–3 d, until bacterial or fungal 
growth was started on the cut rhizome portions.

The obtained endophytes were inoculated in the corresponding 
liquid medium for 2–3 d to prepare fermentation broth, and after being 
centrifuged at 4000 r/min, the supernatant was taken, which was named 
cell-free supernatant (CFS). In this work, the antimicrobial capacity of 
the isolated endophytes was measured by Oxford cup method using 
E. coli, S. aureus, and B. subtilis (Yang et al., 2025). Among the isolated 
endophytes, the strain HJ9 with good antibacterial activity, was selected 
for subsequent experiments.

2.2. Preparation of CFS of the isolated strain HJ9 from P. cyrtonema Hua

The frozen strain HJ9 was thawed, and streaked it onto PDA plates to 
activate it. Afterwards, a single colony was selected, and inoculated in 
the basic PDB medium (potato infusion 200 g/L, glucose 20.0 g/L). After 
incubation at 160 r/min, 28 ◦C for 16 h, the seed culture was obtained, 
and then inoculated into the fermentation medium (potato infusion 
200 g/L, glucose 30.0 g/L, yeast extract 7.5 g/L, KH₂PO₄ 0.80 g/L) at an 
inoculum size of 2.0 %. After incubation at 160 r/min, 28 ◦C for 44 h, the 
fermentation broth was obtained. The fermentation broth was subse
quently centrifuged at 4000 r/min for 10 min, and the supernatant was 
filtered through a 0.22 μm membrane to obtain CFS of strain HJ9.

2.3. Obtaining the degenerated strain of HJ9

A single colony of strain HJ9 was inoculated into PDB medium, and 
cultured at 28 ◦C, 160 r/min for 16 h. After that, the seed culture was 
obtained. The seed culture of HJ9 was then added to the new PDB me
dium with 2.0 % inoculum size as two generations of bacteria, and 
continued to be cultured for 2 d at 28 ◦C, 160 r/min. Repeat the above 
steps, a total of 54 generations of experiments were carried out. Anti
bacterial activity was assessed for each generation of the strains, and the 
decline in inhibitory activity was analyzed. Successive generations were 
cultured until the antibacterial activity of HJ9 against indicator bacte
ria, E. coli and S. aureus, was completely disappeared (Zhang et al., 
2023b). The antibacterial activity was detected according to Oxford cup 
method. After 54 successive generations, completely degenerated strain 
dHJ9 was obtained, and preserved in glycerol tubes.

2.4. Morphological and molecular identification of the strains

The isolated bacterial strain HJ9 and the corresponding degenera
tion strain HJ9 were characterized by observing colony morphology. 
The strains were observed under an optical microscope after Gram 
staining (Coico, 2005).

For molecular analysis, the strains (HJ9 and dHJ9) were cultured in 
PDB medium for 24 h, and incubated at 28 ◦C, 160 r/min. The culture 
was then subjected to centrifugation at 4000 ×g for 10 min. The su
pernatant was discarded and the resulting cell pellet was then utilised 
for extracting genomic DNA, employing the Ezup column-based bacte
rial genomic DNA Extraction Kit (B518255), in accordance with the 
manufacturer’s instructions. The strains were identified by the se
quences of 16S ribosomal RNA (rRNA) genes. A sequence of approxi
mately 1500 bp was successfully amplified from genomic DNA using 
primers 27 F and 1492 R, which were specifically designed for the 
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amplification of 16S ribosomal RNA genes. A 25 μL PCR reaction con
tained 1.0 μL (0.5–10.0 ng) of template DNA, 10 μM of each primer, 27 F 
(5’-AGAGTTTGATCMTGGCTCAG-3’) and 1492 R (5’- GGTTACCTTGT
TACGACTT − 3’), dNTPs (each 10 mM), 10X PCR Buffer, 50 mM MgSO₄, 
and 5.0 U/μL Taq Plus DNA Polymerase. The cycle parameters were as 
follows: initial denaturation at 95 ◦C for 4 min; 30 cycles of denaturation 
for 30 sec at 94 ◦C, annealing for 30 sec at 57 ◦C, and extension for 90 sec 
at 72 ◦C; and a final overall extension for 10 min at 72 ◦C. The PCR 
product was then sent to Sangon Biotech (Shanghai, China) Co., Ltd. for 
sequencing. The sequences were subjected to a BLAST search against a 
database of homologous bacterial 16S ribosomal RNA sequences, as 
maintained by NCBI for analysis (Zhong et al., 2017).

2.5. Detection of pathogenicity of Fusarium sp. F2

The pathogenic fungus Fusarium sp. F2 used in this study was ob
tained from P. cyrtonema Hua tubers by our group, which was cultivated 
on PDA medium at 28 ◦C. Bacterial cake inoculation of isolated tubers 
method was used to determine the pathogenicity of Fusarium sp. F2 
(Wang et al., 2025b). Healthy P. cyrtonema Hua tubers were selected, the 
surface of which was sterilized with 75 % ethanol. Afterwards, the tu
bers were carefully placed within a sterile box containing absorbent 
filter paper. After 7 d of incubation, the bacterial cake was taken, and 
inoculated to the wound. The inoculated sterile PDA fungus cake tubers 
were utilised as the control. All the samples were cultured at 25 ◦C for 6 
d, and the incidence of the tubers was observed. The pathogenic bacteria 
were re-picked from randomly selected tubers, and the morphology was 
compared with that of the original inoculated strains. If it was the same 
as that of the original strains, it was indicated that the original strains 
were the pathogenic bacteria.

2.6. Comparison of the inhibitory activity of endogenous bacteria HJ9 
and degenerate strain dHJ9 on Fusarium sp. F2

2.6.1. Dual culture assay
Using the dual culture assay, a mycelial plug (8 mm in diameter) of 

the pathogen was inoculated at the center of a PDA plate, while endo
phytes were point-inoculated at the edge of the same plate. Control 
plates were only inoculated with the pathogen. All plates were incu
bated at 28 ◦C for 5–7 d. Following the incubation period, the growth of 
the pathogen was documented in both the test and control groups. Based 
on these obtained results, the colony radius of the pathogen was 
measured in the test and control groups, and a comparison was made 
(Du et al., 2022).

2.6.2. Measurement of antifungal activity of endogenous bacteria HJ9 and 
degenerate strain dHJ9

Antifungal activity of CFS of HJ9 and dHJ9, was assessed using the 
poisoned food technique (He et al., 2014; Bedine et al., 2025). PDA 
plates were prepared containing CFS at concentrations of 0, 1.0 %, 
5.0 %, 10 %, 15 %, 20 %, 25 %, 30 %, 35 %, 40 %, 45 %, 50 % (v/v). A 
mycelial plug with 8 mm in diameter, taken from a 7-day-old culture of 
Fusarium sp. F2, was placed at the center of each plate. Control plates 
containing PDA without CFS, were also inoculated. All plates were 
cultured at 28 ◦C for 7 d. The diameter of the colony was determined as 
the mean growth along two perpendicular lines. Antifungal activity was 
expressed as a percentage inhibition rate, which was calculated using 
the following formula:

Inhibition rate (%) = ((Rc - Rp) / Rc) × 100
Where Rc is the radial growth in the control, and Rp is the radial 

growth in the treated plates.

2.6.3. Measurement of spore germination rate
Sterile water was added into the activated Fusarium sp. F2 plates, and 

spores were then eluted off via agitation. The concentration of the spore 
suspension was subsequently diluted to achieve 1 × 107 CFU/mL. PDB 

medium containing varying contents of CFS (0, 12.5 %, 25 %, 50 % (v/ 
v)) was prepared and mixed thoroughly with the pathogenic spore 
suspension at a 1:1 ratio. The cultures were then left to incubate at 28 ◦C 
for 7 h, with regular counts conducted every 1 h. After the completion of 
the incubation, the spores were eluted off and counted, and the spore 
germination rate was calculated by microscopic observation method (He 
et al., 2025; Zhang et al., 2023a).

Spore germination rate (C) was calculated using the following 
formula:

C(%) = (C₁/C₂) × 100
Where the total number of microscopically examined spores is C₂, 

and the number of germinated spores is C₁.

2.6.4. Determination of protein and nucleic acid leakage
The experiments were performed following the methods described 

by Jiao et al. (2020) and He et al. (2025) with slight modifications. 
100 μL of Fusarium sp. F2 spore suspension (1 × 107 spores/mL) was 
transferred to conical flasks containing 100 mL PDB medium, and 
incubated at 160 r/min, 28 ◦C for 3 d. After the incubation, mycelia were 
collected via centrifugation at 4000 r/min for 10 min, after which they 
were thoroughly washed with sterile distilled water. The obtained fresh 
mycelium was re-suspended in CFS of endophytic bacteria at different 
concentrations adjusted into 0, 12.5 %, 25 %, 50 % (v/v). The suspen
sion was incubated at 160 r/min, 28 ◦C, where 100 μL was collected 
every 12 h. The suspension was centrifuged at 4000 r/min for 10 min. 
The supernatant was obtained, and the absorbance values were con
ducted at 260 and 280 nm, respectively, with the employment of a UV 
spectrophotometer (Thermofisher, China).

2.6.5. Evaluation of plasma membrane integrity
100 μL of Fusarium sp. F2 spore suspension (10⁷ spores/mL) was 

added into PDB medium containing 0, 12.5 %, 25 %, 50 % (v/v) con
centrations of CFS of endophytic bacteria HJ9 and dHJ9. The mixture 
was cultured at 28 ◦C for 4 d. The mycelium was collected, washed with 
PBS, and stained using a propidium iodide staining kit (Sangon Biotech, 
Shanghai, China). The staining was conducted at ambient temperature 
in a dark environment for a duration of 30 min. The samples were 
observed under a fluorescence microscope (Sun et al., 2020).

2.6.6. Detection of membrane lipid peroxidation
Malondialdehyde (MDA) level was measured using thiobarbituric 

acid (TBA) method (Botsoglou et al., 1994; Ren et al., 2024). The treated 
mycelia, obtained according to the method 2.6.5, were ground in a 
mortar under liquid nitrogen. 2.0 mL of 10 % trichloroacetic acid (TCA) 
was added to a small amount of quartz sand, which was then subjected 
to grinding until a homogenate was formed. Subsequently, an additional 
8.0 mL of TCA was added for further grinding. The homogenate un
derwent centrifugation for 10 min, after which the resulting upper layer 
was collected as the sample extract. 2.0 mL of the supernatant was then 
mixed with 2.0 mL of a 0.60 % TBA solution. This mixture was reacted in 
a boiling water bath for 15 min, rapidly cooled, and centrifuged again. 
The supernatant was collected, and its absorbance (A) was determined 
at wavelengths of 532 nm, 600 nm, and 450 nm, respectively. MDA 
content was calculated using the formula (Wu et al., 2018; Ren et al., 
2024):

MDA (μmol/kg) = 6.45 × (OD532 - OD600) - 0.56 × OD450

2.6.7. In vitro biofilm formation assay
The experimental procedures were performed following the methods 

described by Peng et al. (2024) and Sav et al. (2018) with slight modi
fications. Spore suspensions (1 × 105 spores/mL) were obtained by the 
method described in the Section 2.6.3. Aliquots of 100 µL of the spore 
suspension were added to wells of a 96-well microtiter plate. Concur
rently, 100 µL of endophyte CFS at different concentrations (0, 
1.5625 %, 3.125 %, 6.25 %, 12.5 %, 25 %, 50 % (v/v)) was added to 
each well. The plates were then incubated statically at 28 ◦C for 24 h. 
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After the 24 h incubation, the culture medium was carefully aspirated 
and discarded. Each well was treated with 200 µL of methanol for 
15 min. The methanol was then discarded, and the plates were air-dried. 
Afterwards, 200 µL of 0.10 % (w/v) crystal violet solution was added 
into each well and fostered at room temperature for staining 10 min. The 
crystal violet solution was aspirated, and the biofilms were washed three 
times with sterile water, followed by air-drying. To solubilize the bound 
crystal violet, 200 µL of 33 % (v/v) glacial acetic acid was added into 
each well and allowed to stand for 15 min. The resultant solution was 
subsequently transferred to a new 96-well microtiter plate. Absorbance 
at 570 nm (OD₅₇₀) was measured using a microplate reader.

The percentage reduction in biofilm formation capacity was calcu
lated using the following formula: Percentage reduction (%) = (1 - 
[OD₅₇₀ of test group / OD₅₇₀ of control group]) × 100

2.6.8. Inhibitory effects on mature biofilms
The spore suspension (1 × 10⁵ spores/mL) was prepared following 

the method described in the Section 2.6.3. 100 µL of the suspension was 
aliquoted into wells of a 96-well microtiter plate. Subsequently, 100 µL 
of PDB medium was added into each well. The plate was then incubated 
statically at 28 ◦C for 24 h to allow mature biofilm formation (Tang 
et al., 2024). After the incubation, the culture medium was aspirated, 
and the biofilms were gently washed with sterile water. Then, 200 µL 
different concentrations of CFS (0, 12.5 %, 25 %, 50 % (v/v)) was added 
into each well, followed by static incubation at 28 ◦C for 24 h. Effect of 
CFS concentrations on mature pathogenic biofilms was evaluated using 
the crystal violet staining assay. The methodology was conducted 
following the Section 2.6.7.

2.6.9. In vivo activity evaluation of endophyte CFS
P. cyrtonema Hua rhizomes were soaked in endophyte CFS at the 

concentration of 25 % (v/v), as well as in sterile water (control), for 
15 min. The rhizomes were air-dried in a laminar flow hood. A purified 
pathogen culture (Fusarium sp. F2) was inoculated onto the wounds of 
the rhizomes. The inoculated rhizomes were placed in sterilized storage 
boxes, which were cultured at room temperature. Observations were 
investigated every 2 d to monitor tissue changes and disease progression 
during storage (Ezzat et al., 2021).

2.6.10. Pot experiment biocontrol experiment
To evaluate the efficacy of endophyte HJ9 and its degenerate strain 

dHJ9 in controlling P. cyrtonema Hua root rot, pot experiments were 
conducted according to previous reports by Sha et al. (2025) and Liu 
et al. (2022) with some modifications. Specifically, P. cyrtonema Hua 
seedlings were transplanted into the pots. After the seedlings were sta
bilized, they were then divided into two parts: one part was left to grow 
naturally without treatment as the untreated control group; the other 
part was subjected to overnight root-damage immersion treatment with 
Fusarium sp. F2 suspension (prepared following the method 2.6.4).

After disease symptoms were developed on the treated P. cyrtonema 
Hua seedlings, they were divided into 4 groups for root irrigation, with 6 
pots per group. Group A: treated with 50 mL sterile water (Control). 
Group B: treated with 50 mL CFS of strain dHJ9. Group C: treated with 
50 mL bacterial suspension of strain HJ9 (1 ×10⁸ CFU/mL). Group D: 
treated with 50 mL CFS of strain HJ9. After 14 d of treatment, the dis
ease index and relative biocontrol efficacy of P. cyrtonema Hua seedlings 
were assessed. Disease severity was rated on a 0–4 scale (Feng et al., 
2025): Grade 0: no visible symptoms. Grade 1: slight wilting of leaves. 
Grade 2: plant showing wilting symptoms. Grade 3: plant yellowing, 
stunted, and wilting. Grade 4: plant dead. The disease index and relative 
biocontrol efficacy were calculated as follows:

Disease index = 100 ×
∑

(number of diseased plants in each gra
de∕total number of plants investigated with the highest disease index)

Relative biocontrol efficacy(%) = (disease index of the con
trol− disease index of the antagonist)∕disease index of the control × 100

2.6.11. Determination of IAA production
After culturing endophyte HJ9 and its degenerate strain dHJ9 in 

liquid medium to the logarithmic growth phase, OD₆₀₀ of the suspension 
was measured. The suspension was centrifuged at 10,000 r/min for 
10 min, and 100 µL of the supernatant was mixed with an equal volume 
of Salkowski colorimetric reagent. The mixture was kept in the dark for 
30 min, after which OD₅₃₀ was measured (Ribeiro and Cardoso, 2012; 
Zeng et al., 2025). IAA secretion amount = Cₛₐₘₚₗₑ / OD₆₀₀; Cₛₐₘₚₗₑ 
= (OD₅₃₀ − 0.04470) / 0.005017, where IAA secretion amount: the 
amount of IAA secreted per unit volume of the suspension when the cell 
concentration corresponds to OD₆₀₀ = 1.0 (µg/mL); Cₛₐₘₚₗₑ: the con
centration of IAA in the samples, obtained from the linear regression 
equation of the standard curve (µg/mL).

2.6.12. Gene expression for lipopeptide antibiotic compounds
PCR amplification was performed using the genomic DNA of the 

strain as the template. Primers were designed for the genes ItuA (Iturin A 
synthetase gene), FenB (Fengycin synthetase gene), SrfAB (Surfactin 
synthetase gene), bmyA (Bacillomycin D synthetase gene), and bamD 
(bamD gene within Bacillaene biosynthetic gene cluster) (Zhang et al., 
2019; Yang et al., 2024). The primer sequences were listed in Table 1. 
PCR reaction was carried out in a 50 µL system under the following 
conditions: 94 ◦C for 5 min; 30 cycles of 94 ◦C for 30 s, 58 ◦C for 30 s, and 
72 ◦C for 1 min; followed by a final extension at 72 ◦C for 10 min. The 
PCR products were analyzed by 1.2 % agarose gel electrophoresis to 
verify the amplification of the target fragments.

The expression levels of the genes ItuA, bamD, SrfAB, and bmyA were 
evaluated by quantitative Real-Time PCR (qRT-PCR). The primer se
quences used were listed in Table 1. Total RNA was extracted from 
bacterial samples according to the manufacturer's instructions. qRT-PCR 
was performed using SYBR Green Realtime PCR Master Mix as per the 
manufacturer's protocol. The rplA gene was used as the internal refer
ence (primer sequences showed in Table 2; Cheng et al., 2024). The 
qRT-PCR program was as follows: 95 ◦C for 2 min; 40 cycles of 95 ◦C for 
5 s and 60 ◦C for 15 s, with fluorescence signal acquisition at 60 ◦C. Gene 
expression was quantified using the 2⁻ΔΔCT method, where ΔCT = CT 
(sample) – CT (control), and CT represents the threshold cycle.

2.7. Data statistics and analysis

Excel 2021 software was used to analyse the data, and calculated the 
mean value and standard deviation. The statistical analysis was con
ducted using SPSS 27.0 software, and P < 0.05 was considered as sig
nificant difference. Origin 2021 and GraphPad Prism 10.1.2 were used 
for plotting.

3. Results and discussion

3.1. Isolation of endophytes from P. cyrtonema Hua

In this study, 359 endophytic bacterial strains were isolated from 

Table 1 
Primer sequence of lipopeptide antibiotic synthase associated gene 
amplification.

Primer Sequence: 5′ to 3′ Product size (bp)

ItuA F: TGCCAGACAGTATGAGGCAG 885
R: CATGCCGTATCCACTGTGAC

bamD F: ATGAACAATCTTGCCTTTTTATTTCC 1203
R: TTTTAAAATCCGCAATTCTTCCC

SrfAB F: GTTCTCGCAGTCCAGCAGAAG 308
R: GCCGAGCGTATCCGTACCGAG

bmyA F: AAAGCGGCTCAAGAAGCGAAACCC 1200
R: CGATTCAGCTCATCGACCAGGTAGGC

FenB F: TACCAATCGCAATGTCGTGT 767
R: CTTCGATTTCTAACAGCCGC
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P. cyrtonema Hua, among which 56 strains exhibited good antimicrobial 
activity against common pathogens (E. coli, S. aureus, B. subtilis). Among 
them, strain HJ9 emerged as the most potent antagonist, showing stable 
inhibitory activity, and was subsequently identified as 
B. amyloliquefaciens (Fig. 1a). At present, several endophytic Bacillus 
strains have been isolated and characterized from P. cyrtonema Hua. Chi 
et al. (2019) isolated B. velezensis from P. cyrtonema Hua, which 
exhibited notable antagonistic activity against F. oxysporum, a primary 
pathogen responsible for Polygonatum root rot. Lyu et al. (2022) further 
confirmed that endophytic B. velezensis strain HJ-3 from P. cyrtonema 
Hua inhibited F. oxysporum and F. graminearum by 73.87 % and 72.16 %, 
respectively, reinforcing the potential of Bacillus species in controlling 
Fusarium spp. The Gram-positive biocontrol bacterium 
B. amyloliquefaciens, has showed great potential for managing crop 
diseases, owing to its broad-spectrum antimicrobial activity, environ
mental adaptability, and multiple growth-promoting mechanisms (Luo 
et al., 2022; Sun et al., 2025). Many investigations have showed that 
B. amyloliquefaciens can directly inhibit various pathogenic fungi (e.g., 

Fusarium spp.), bacteria and nematodes by secreting lipopeptides, vol
atile organic compounds, and iron carriers, while also indirectly 
enhancing host defense through induced systemic resistance niches 
competition (Chen et al., 2007; Jamali et al., 2018; Wu et al., 2019; Xu 
et al., 2023b). According to the antibacterial activity of 
B. amyloliquefaciens HJ9 in this study, the strain represented a promising 
biocontrol candidate for Polygonatum-related diseases.

3.2. Obtaining the degenerate strain B. amyloliquefaciens dHJ9

To investigate the functional decline often observed in Bacillus spe
cies during subculturing, B. amyloliquefaciens HJ9 was subjected to 54 
consecutive subcultures in this study. The resulting degenerate strain 
B. amyloliquefaciens dHJ9, completely lost its ability to inhibit E. coli and 
S. aureus (Fig. 1b). The phenomenon of microbial degeneration has been 
observed. Zhu and Yang (2000) reported that degenerate strains of 
B. subtilis significantly diminished antagonistic activity against patho
gens such as Rhizoctonia spp. and Penicillium spp. The authors further 
found that the degeneration rate was strongly influenced by both the 
medium’s nutritional composition and the strain’s inherent genetic 
traits. Tang et al. (1996) found that Beauveria bassiana exhibited high 
genetic instability, leading to strain degeneration. The degeneration 
resulted in reduced virulence against Pine processionary caterpillar, and 
seriously compromising its efficacy as a biocontrol agent.

Comparative molecular analysis of B. amyloliquefaciens HJ9 and its 
degenerated strain dHJ9 revealed a 98.3 % sequence similarity, con
firming that species-level identity was remained despite the loss of 
antagonistic activity. Similarly, in the study of Zhang et al. (2023b), the 
authors investigated molecular mechanisms underlying degeneration in 
Cordyceps militaris, and found that although the degenerate strain 
exhibited no genomic mutations, significant alterations in its gene 
expression profile were observed (e.g., a 39.6 % upregulation in 

Table 2 
RT-PCR primer sequences.

Primer Sequence: 5′ to 3′ Product size (bp)

rplA F: CGTGTGCTTGGACCAAAAGG 80
R: TCGCCGATTGCTTTTTCCAC

ItuA F: CAACTTCTCCCCGTCTTCTGA 140
R: AATGCGAGGCTGCAGAGAAT

bamD F: GAAAAGGGTGCGGCATACAC 179
R: TCGCTGATCGAATTTCCGCT

SrfAB F: ACTATAAAGCCGGCAGCGAG 98
R: TACCTGCACGAAATAGGCCG

bmyA F: CCGAGACCGATCCGAAATCC 171
R: GTGATCCGCAGTCTTGGTGA

Fig. 1. The endophytic bacterium B. amyloliquefaciens HJ9 from P. cyrtonema Hua and its degenerate strain dHJ9. a. P. cyrtonema Hua sample; b. Changes in 
antibacterial activity of B. amyloliquefaciens strain HJ9 during subculture (E. coli and S. aureus); c. B. amyloliquefaciens HJ9 and degenerate strain B. amyloliquefaciens 
dHJ9: c1. Plate of B. amyloliquefaciens HJ9; c2. Gram staining of B. amyloliquefaciens HJ9; c3. Plate of degenerate strain dHJ9; c4. Gram staining of degenerate strain 
dHJ9; d. Pathogenic fungus Fusarium sp. F2: d1. plate of Fusarium sp. F2; d2. Mycelium and spores of F2 under optical microscope; d3. The control for pathogenicity 
test; d4. Pathogenicity test of Fusarium sp. F2; d5. Comparison of antagonistic effect of B. amyloliquefaciens HJ9 and degenerate strain dHJ9 against Fusarium sp. F2.
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CCM_04090 gene expression), which ultimately led to reduced fruiting 
body formation and cordycepin production. This study revealed a sig
nificant difference in antibacterial activity between B. amyloliquefaciens 
dHJ9 and HJ9, supporting the viewpoint that strain degeneration could 
result in functional impairment. However, the underlying mechanisms 
responsible for this outcome remained unclear. To address this issue, our 
group has been employed PCR and qRT-PCR assays to monitor and 
compare the transcript levels of the key biosynthetic genes involved in 
antifungal compound (e.g., lipopeptide synthetase genes) production 
between HJ9 and its degenerate counterpart, dHJ9.

As showed in Fig. 1c, clear morphological differences were evident 
between B. amyloliquefaciens HJ9 and its degenerate strain, dHJ9. Col
onies of B. amyloliquefaciens dHJ9 exhibited a diminished central region 
and an expanded periphery containing substantial extracellular sub
stances. This morphology might suggest impaired proliferative capacity, 
with the peripheral substances likely representing abnormal metabolites 
(e.g. exopolysaccharides, degradative enzymes), a phenomenon consis
tent with the abnormal residual nutrient consumption reported during 
Cordyceps militaris degeneration (Zhang et al., 2023b).

3.3. Detection of pathogenicity of Fusarium sp. F2

In our preliminary study, Fusarium sp. F2 was isolated from 
P. cyrtonema Hua affected by root rot. The morphological characteristics 
of Fusarium sp. F2 were showed in Figs. 1-d1, d2. The colony exhibited a 
fluffy texture, with dense and vigorous mycelium covering the surface. 
The mycelial mat was opaque and displayed a grayish-white coloration. 
The hyphae were slender, branched, grew robustly, presenting a cottony 
and appressed appearance. Conidiophores emerged from lateral 
branches, typically with 2–3 whorled branches, and were arranged 
singly, in pairs, or in clusters. The conidia were elliptical, formed at the 
hyphae tips, pale in color, featured smooth outer walls with fusiform 
ends. Microconidia were ovoid to reniform, aseptate, and had bluntly 
rounded apices.

After 6 d of inoculation with Fusarium sp. F2, the healthy rhizomes 
developed significantly more extensive lesions than those in the control 
group (Figs. 1-d3, d4). Therefore, our results confirmed the strong 
pathogenicity of Fusarium sp. F2. Various pathogens have been reported 
to cause root rot in P. cyrtonema Hua. Liang and Li (2021) isolated and 
identified pathogens from P. cyrtonema Hua in Hunan Province, China, 
who determined that F. foetens and F. hostae were primarily causes for 
root rot in this region. In the work of Han et al. (2020), the authors 
indicated that F. oxysporum and F. solani were responsible for root rot in 
P. cyrtonema Hua in Chongqing, China. Recently, Wang et al. (2023a) 
isolated 28 fungal strains from infected P. cyrtonema Hua samples, 12 of 
which induced significant root rot symptoms. Subsequent analysis based 
on morphological characteristics and phylogenetic tree construction 
identified these 12 pathogenic strains as F. oxysporum. Our findings were 
consistent with previous studies in establishing Fusarium spp. as a key 
pathogen in P. cyrtonema Hua root rot. However, the specific species 
identity of the highly pathogenic Fusarium sp. F2 strain used in this study 
requires further investigation.

3.4. Antifungal activity of B. amyloliquefaciens HJ9 and its degenerate 
strain B. amyloliquefaciens dHJ9 against Fusarium sp. F2

3.4.1. Dual culture assay
In dual-culture assays, the average growth inhibition rate of 

B. amyloliquefaciens HJ9 against Fusarium sp. F2 was 63.39 %. In com
parison, the degenerate strain dHJ9 showed a reduced efficacy, with an 
average inhibition rate of 53.74 %. As illustrated in Fig. 1d5, a distinct 
inhibition zone was evident at the interface between B. amyloliquefaciens 
HJ9 and Fusarium sp. F2, whereas no such zone was observed with the 
degenerate strain dHJ9. The limited growth restriction of the pathogen 
that did occur was likely attributed to the rapid colonization by the 
degenerate strain of B. amyloliquefaciens dHJ9, which competed with 

Fusarium sp. F2 for spatial and nutritional resources. In the work of 
Palmieri et al. (2020), the authors demonstrated that Rahnella aquatilis 
suppressed Fusarium growth via environmental acidification mediated 
by gluconic acid secretion, and that the loss of this ability in gcd mutants 
largely abolished the antagonism. Here, the potent inhibition and 
distinct zone induced by B. amyloliquefaciens HJ9 suggested a similar 
mechanism potentially involving acidification or the secretion of anti
microbial metabolites that altered the microenvironment. Conversely, 
the absence of an inhibition zone by strain dHJ9 indicated a reduce in 
the antimicrobial activity, a phenotype consistent with the deficiency 
observed in gcd mutants of Rahnella aquatilis (Palmieri et al., 2020). 
Despite its reduced antifungal activity, B. amyloliquefaciens dHJ9 might 
have still limited pathogen proliferation by competing for nutrients, 
which aligned with the observations reported by Wu et al. (2025). 
Furthermore, Franco et al. (2025) observed that antagonistic in
teractions in fungal co-cultures (e.g., Trichoderma spp.) frequently acti
vated defense-related metabolite production, leading to growth arrest 
zones. Therefore, the differential antagonism between 
B. amyloliquefaciens HJ9 and the degenerate strain dHJ9 was driven 
primarily by antibiosis through the production of bioactive metabolites.

3.4.2. Determination of the inhibitory rate of Fusarium sp. F2 mycelial 
growth

The antifungal activity of CFS of B. amyloliquefaciens HJ9 or its 
degenerate strain dHJ9 was evaluated by incorporating CFS into PDA 
solid medium and culturing Fusarium sp. F2 on it. As showed in Fig. 2a, 
the average colony diameter of Fusarium sp. F2 in the control group 
reached 78.8 mm after 7 d of incubation. In contrast, the addition of CFS 
from B. amyloliquefaciens HJ9 at concentrations of 0–50 %(v/v) resulted 
in a dose-dependent inhibition of mycelial growth, with significant re
ductions ranging from 20 % to 76 %, respectively (P < 0.05) (Fig. 2b). 
These results indicated that CFS from B. amyloliquefaciens HJ9 signifi
cantly inhibited the growth of Fusarium sp. F2 in a concentration- 
dependent manner. In contrast, CFS from the degenerate strain dHJ9 
exhibited minimal inhibitory activity, with inhibition rates remaining 
near 0 % (P = 0.1975) even at at the highest concentration of 50 % (v/ 
v). The poor antifungal activity of CFS of B. amyloliquefaciens dHJ9 
demonstrated that this degenerate strain lost the capacity to secrete 
antifungal components. Such components, likely acted by destroying 
fungal cell structures. Yi et al. (2024) confirmed that lipopeptides could 
induce hyphal swelling and deformation. In the work of He et al. (2025), 
the authors observed that treatment with oleuropein and matrine caused 
morphological damage, such as shrinkage and breakage in Fusarium sp. 
hyphae, which was accompanied by the leakage of intracellular nucleic 
acids and proteins. In our present study, CFS of B. amyloliquefaciens HJ9 
strongly inhibited the growth of Fusarium sp. F2, reducing colony 
diameter by up to 76 %. This suggested that its active components might 
suppress hyphal extension, potentially via the disruption of the cell 
membrane structure. In the work of Saikia et al. (2025), the authors 
demonstrated that the antifungal properties of microorganisms were 
closely linked to the integrity of their secondary metabolic gene clusters. 
The loss or inactivation of these clusters could lead to a decrease of 
antifungal capability (e.g., interruption of secondary metabolite syn
thesis). In this study, the degenerate strain B. amyloliquefaciens dHJ9 
showed no inhibitory activity even at high CFS concentrations, sug
gesting that it might have lost the ability to synthesize lipopeptides or 
key extracellular enzymes as a result of genetic degeneration. This 
findings were also consistent with the report by Yi et al. (2024), which 
emphasized the necessity of functional biosynthetic pathways for the 
antifungal action of B. amyloliquefaciens strain ZK-9.

3.4.3. Determination of inhibition rate for Fusarium sp. F2 spore 
germination

As showed in Fig. 2c, the inhibition rate of CFS of B. amyloliquefaciens 
HJ9 on Fusarium sp. F2 spore germination was concentration- 
dependent, with higher CFS concentrations leading to greater 
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inhibition. At 50 % (v/v)CFS, a strong inhibitory activity was observed, 
reaching 74 % inhibition rate after 7 h and remaining a substantial level 
of 64 % by 9 h. These results indicated that CFS exhibited both rapid and 
sustained antifungal efficacy. In contrast, at a low concentration 
(12.5 %, v/v), CFS showed a comparatively weaker inhibition rate 
(49 % at 7 h), which decreased markedly to 19 % by 8 h, indicating that 
the inhibitory effect was only transient under low-concentration con
ditions. In short, during the investigated time, the inhibition rate 
declined across all concentration groups, through this decrease was 
notably more persistent in the high-concentration group. In contrast, 
CFS of the degenerate strain B. amyloliquefaciens dHJ9 exhibited no 
significant difference in spore germination inhibition between high and 
low concentrations (Fig. 2d), indicating a lack of concentration- 
dependent effect. These results demonstrated that the bioactive com
pounds secreted by the degenerate strain B. amyloliquefaciens dHJ9 were 
ineffective in suppressing Fusarium sp. F2 spore germination. The reason 
might that the loss or inactivation of the active compounds was due to 
the degeneration.

Hari et al. (2024) found that Origanum elongatum extract at a high 
concentration (20 mg/mL) inhibited F. oxysporum spore germination by 
73.58 %. In our present study, CFS of B. amyloliquefaciens HJ9 at high 
concentration also exhibited potent and sustained inhibition of Fusarium 
sp. F2 spore germination, a pattern consistent with the prolonged anti
fungal effect reported by Hari et al. (2024) for high-concentration 
oregano extract against F. oxysporum spores. The dose-dependent inhi
bition of tomato Fusarium wilt by crude protein of B. siamensis QN₂MO-1 
was reported by Zhang et al. (2024b). The findings in this work also 

indicated that the antifungal active compounds produced by 
B. amyloliquefaciens HJ9 required reaching a threshold concentration to 
exert stable effect. In the study of Wang et al. (2025a), the authors 
observed that saponins strongly inhibited Fusarium fungi mycelial 
growth at high concentrations, but had poor efficacy or even stimulated 
spore germination at low concentrations. The transient inhibitory effect 
of CFS of B. amyloliquefaciens HJ9 at low doses was also observed in this 
work.

3.4.4. Determination of protein nucleic acid leakage
As showed in Fig. 3a, under high concentrations (50 % (v/v)) of 

B. amyloliquefaciens HJ9 CFS, there was a significant increase in the 
leakage of nucleic acids and proteins from Fusarium sp. F2. In contrast, 
under lower concentrations (12.5 % (v/v) and 25 % (v/v)) of 
B. amyloliquefaciens HJ9 CFS, no significant differences in cellular 
leakage were observed in Fusarium sp. F2. Additionally, at all concen
trations tested, CFS of the degenerate strain B. amyloliquefaciens dHJ9 
induced negligible changes in nucleic acid and protein leakage from 
Fusarium sp. F2 (Fig. 3b).

Treatment with a high concentration (50 % (v/v)) of 
B. amyloliquefaciens HJ9 CFS caused a sustained increase in the leakage 
of nucleic acid and protein from Fusarium sp. F2 over the period of 12 h 
to 96 h (Fig. 3a). This results suggested that the antimicrobial substances 
from B. amyloliquefaciens HJ9 destroyed the integrity of the indicator 
strain cell membrane. In the study of Yan et al. (2023), the authors 
demonstrated that 100 μg/mL ferulic acid significantly damaged the cell 
membrane of F. graminearum, leading to elevated electrical conductivity, 

Fig. 2. The inhibitory effects of B. amyloliquefaciens HJ9 and the degenerate strain dHJ9 on the growth of Fusarium sp. F2. a. Mycelial growth patterns after 7 days of 
incubation at 28 ◦C. b. Effect of different concentrations of CFS of B. amyloliquefaciens HJ9 and the degenerate strain dHJ9 on the inhibition rate of mycelial growth of 
the pathogen. c. Effect of different concentrations of CFS of B. amyloliquefaciens HJ9 on the germination rate of Fusarium sp. F2 spores. d. Effect of different con
centrations of CFS from the degenerate strain B. amyloliquefaciens dHJ9 on the germination rate of Fusarium sp. F2 spores. Data are the mean ± standard error 
(n = 3). Asterisks indicated significant differences between the control and experimental groups as determined by the spore germination rate test (**p < 0.01, 
*p < 0.001, ****p < 0.0001), and ns indicated no significant difference.

X.-P. Ye et al.                                                                                                                                                                                                                                    Industrial Crops & Products 240 (2026) 122708 

7 



a 4-fold increase in nucleic acid leakage, and nearly a 2-fold higher in 
protein leakage. Similarly, Jiao et al. (2020) reported that ε-poly-
L-lysine (200–400 mg/L) induced a sharp 3.6–4.7-fold surge in protein 
leakage in Botrytis cinerea within 2 h. Recently, Meng et al. (2024)
confirmed that perillaldehyde could enhance cell membrane perme
ability of F. graminearum, causing increased electrical conductivity and 
the leakage of soluble sugars, nucleic acids, and proteins. In this study, 
the findings demonstrated that the antifungal activity of 
B. amyloliquefaciens HJ9 primarily operated through targeted disruption 
of the cell membrane, as evidenced by the sustained leakage of nucleic 
acids and proteins under high-concentration CFS treatment. In contrast, 
neither low concentrations (12.5 %, 25 %) of B. amyloliquefaciens HJ9 
CFS nor the degenerate strain dHJ9 induced significant membrane 
damage, likely due to insufficient production of active antifungal 
components.

3.4.5. Evaluation of plasma membrane integrity
Propidium iodide is a fluorescent DNA-binding dye that enters cells 

with compromised plasma membrane integrity, producing red fluores
cence upon binding to nuclear DNA (Sun et al., 2020). As showed in 
Fig. 4, Fusarium sp. F2 hyphae treated with CFS from the degenerate 
strain B. amyloliquefaciens dHJ9 exhibited only minimal PI staining, 
indicating largely intact cell membranes, and low levels of cell death or 
damage. However, treatment with B. amyloliquefaciens HJ9 CFS resulted 
in substantial PI staining, the intensity of which increased in a 
concentration-dependent manner. This demonstrated severe membrane 

damage and elevated cell mortality in Fusarium sp. F2, further con
firming the consistency between the PI staining results and the previ
ously observed leakage of protein and nucleic acid (Fig. 3). Both ferulic 
acid and perillaldehyde inhibited pathogenic fungi by disrupting 
membrane integrity, increasing permeability, and elevating PI fluores
cence intensity (Yan et al., 2023; Meng et al., 2024). These results were 
consistent with the concentration-dependent increase in red fluores
cence observed in PI-stained Fusarium sp. F2 hyphae treated with 
B. amyloliquefaciens HJ9 CFS. Collectively, the results confirmed the 
detrimental impact of B. amyloliquefaciens HJ9 CFS on both cellular 
function and membrane integrity in Fusarium sp. F2.

3.4.6. Determination of MDA content
The integrity, fluidity, and selective permeability of cell membrane 

are vital for microbial growth and pathogenicity. The accumulation of 
MDA, a byproduct of lipid peroxidation, serves as an indicator of cell 
membrane damage (Zhang et al., 2024a). Under treatment with CFS of 
B. amyloliquefaciens HJ9 and its degenerate strain dHJ9, MDA content in 
Fusarium sp. F2 exhibited distinct variations compared to the control 
(Fig. 5). B. amyloliquefaciens HJ9 CFS treatment resulted in a significant, 
concentration-dependent increase in MDA levels at all tested concen
trations, whereas the degenerate strain dHJ9 caused no notable change. 
This suggested that B. amyloliquefaciens HJ9 enhanced its inhibition 
against Fusarium sp. F2 by promoting lipid peroxidation of the cell 
membrane. These findings were in accordance with the results of Meng 
et al. (2024) and Pan et al. (2025). In contrast, treatment with 

Fig. 3. Determination of protein and nucleic acid leakage in Fusarium sp. F2. a. Effect of CFS of B. amyloliquefaciens HJ9 and its degenerate strain dHJ9 on nucleic 
acid leakage of Fusarium sp. F2; b. Effect of CFS of B. amyloliquefaciens HJ9 and its degenerate strain dHJ9 on protein leakage of Fusarium sp. F2.
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B. amyloliquefaciens dHJ9 CFS resulted in only marginal increases in 

MDA content at lower concentrations (12.5 % (v/v) and 25 % (v/v)), 
with no significant difference observed at 50 %(v/v) compared to the 
control. This indicated a minimal impact of B. amyloliquefaciens dHJ9 
CFS on the cell membrane. B. amyloliquefaciens HJ9 could efficiently 
inhibit Fusarium sp. F2 through a concentration-dependent pathway 
involving the induction of membrane lipid peroxidation. The degenerate 
strain B. amyloliquefaciens dHJ9, however, likely suffered from reduced 
production of antimicrobial substances (e.g., lipopeptides) capable of 
causing membrane damage, and consequently lost its antifungal activ
ity, potentially due to the downregulation of secondary metabolite 
synthesis genes (Pan et al., 2025).

3.4.7. Biofilm inhibition and eradication assays
As showed in Fig. 6a, the inhibitory effect of B. amyloliquefaciens HJ9 

CFS on Fusarium sp. F2 biofilm formation increased in a concentration- 
dependent manner. At the highest concentration (50 % v/v) of CFS, the 
inhibition rate reached approximately 63 %. The inhibitory effect was 
reduced with the decrease of the concentrations, dropping to ~7 % at 
6.25 % (v/v), with no significant inhibition observed at lower concen
trations. In contrast, CFS of the degenerate strain B. amyloliquefaciens 
dHJ9 exhibited weaker inhibition rate of Fusarium sp. F2 biofilm for
mation, showing only ~40 % inhibition at 50 % (v/v) and declining 
rapidly to negligible levels at lower concentrations. Fig. 6b showed that 
neither B. amyloliquefaciens HJ9 nor the degenerate strain 
B. amyloliquefaciens dHJ9 CFS significantly eradicated mature Fusarium 
sp. F2 biofilms at any tested concentrations, indicating limited efficacy 
against established biofilms.

Biofilm formation proceeds through four key stages: adhesion, hy
phal development, maturation, and dispersal (Pereira et al., 2021). 
Among these, the initial adhesion of planktonic cells to surfaces and 
subsequent hyphal differentiation from spores are particularly critical 
for biofilm establishment and pathogenesis (Huang et al., 2020; Zhang 

Fig. 4. PI staining observation of mycelia. At 28 ± 1 ◦C, Fusarium sp. F2 was exposed to different concentrations of B. amyloliquefaciens HJ9 and its degenerate strain 
dHJ9 CFS for 4 d, and cell membrane integrity was detected.

Fig. 5. Effects of CFS concentrations from B. amyloliquefaciens HJ9 and its 
degenerate strain dHJ9 on MDA content of Fusarium sp. F2. Expose Fusarium F2 
mycelium to different concentrations of B. amyloliquefaciens HJ9 and its 
degenerate strain dHJ9 CFS at 28 ± 1 ◦C for 4 d, and measure MDA levels. Data 
are the mean ± standard error (n = 5). Asterisks indicated significant differ
ences between the control and experimental groups as determined by the 
determination of MDA content (**p < 0.01, *p < 0.001, ****p < 0.0001), and 
"ns" indicated no significant difference.
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et al., 2022). The adhesion stage initiates surface colonization, while 
hyphal development facilitates structural consolidation and invasion, 
thereby playing a decisive role in the infection process. In this study, 
B. amyloliquefaciens HJ9 CFS (12.5–50 % v/v) significantly inhibited 
Fusarium sp. F2 biofilm formation, reducing biomass by up to 63 % at 
50 % (v/v). This suggested that B. amyloliquefaciens HJ9 metabolites 
primarily interfered with early-stage processes (adhesion or hyphal 
morphogenesis) during biofilm formation. This was consistent with its 
previously observed capacity of B. amyloliquefaciens HJ9 CFS to inhibit 
Fusarium sp. F2 spores germination (Fig. 2c). In contrast, the limited 
eradication of mature biofilms likely reflected structural resilience 
provided by the extracellular polymeric substance (EPS), which 
impeded antimicrobial penetration, in addition to the inherent 
complexity and tolerance of fungal biofilm (Aflakian and Hashemitabar, 
2025). The eradication of mature biofilms poses a major challenge in 
antifungal biocontrol, as their dense EPS matrix forms a significant 
physical and chemical barrier (Lin et al., 2025). In our group, we have 
been developing a multi-mechanistic, synergistic strategy that combined 
B. amyloliquefaciens HJ9 CFS with other natural compounds possessing 
biofilm-disrupting activity, which might be key to overcoming 
biofilm-mediated tolerance.

Shay et al. (2022) demonstrated that early biofilm development in 

F. graminearum depended on EPS and nucleic acid deposition, with 
oxidative stress triggering adaptive hyphal responses. The potent inhi
bition by B. amyloliquefaciens HJ9 CFS might due to interference with 
EPS/nucleic acid synthesis, or disruption of cellular adhesion. 
Conversely, the reduced efficacy of the degenerate strain 
B. amyloliquefaciens dHJ9 indicated loss of key antimicrobial agents (e. 
g., cell wall–disrupting lipopeptides or hydrolases) or a diminished ca
pacity to mitigate biofilm-inducing reactive oxygen species.

3.4.8. In vivo activity evaluation of endophyte CFS
Tissue analysis revealed that lesions on P. cyrtonema Hua rhizomes in 

the sterile water (control) group progressively worsened within the first 
6 days (Fig. 7). In contrast, the rhizomes treated with 
B. amyloliquefaciens HJ9 CFS showed significantly milder symptom; 
Fusarium sp. F2 inoculum disc exhibited minimal growth beyond the 
wound site, indicating effective inhibition by B. amyloliquefaciens HJ9 
CFS during the initial stage. After the treated time at 8 d, control rhi
zomes were extensively colonized by Fusarium sp. F2 mycelium, with 
approximately two-thirds showing visible decay. Conversely, in rhi
zomes treated with B. amyloliquefaciens HJ9 CFS, the growth of Fusarium 
sp. F2 mycelium was confined to within 5 mm of the inoculation point, 
further confirming the strong antifungal efficacy of CFS treatment. 
Tiwari et al. (2020) demonstrated that non-pathogenic endophytes from 
potato phyllosphere and rhizosphere effectively suppressed dry rot 
pathogens, including F. sambucinum and F. solani. Furthermore, Zhang 
et al. (2024b) reported that the metabolites from Bacillus siamensis 
QN₂MO-1 interacted with tomato plants, potentially influencing 
phytohormone production levels. These hormones, such as auxins, gib
berellins, and cytokinins, affected fruit development and ripening pro
cesses, and could induce plant immunity. The effective inhibition of 
Fusarium sp. F2 spread within the first 6 days by B. amyloliquefaciens HJ9 
CFS treatment in this study suggested that B. amyloliquefaciens HJ9 CFS 
contained potent antifungal compounds, and might also produce 
bioactive substances that interacted with P. cyrtonema Hua rhizomes, 
significantly enhancing plant growth and inducing disease resistance.

Compared to the control, rhizomes treated with the degenerate strain 
B. amyloliquefaciens dHJ9 CFS exhibited a discernible but considerably 
weaker inhibitory effect against Fusarium sp. F2 than those treated with 
B. amyloliquefaciens HJ9 CFS. However, secondary infections caused by 
other pathogens were observed around the inoculation sites on rhizomes 
treated with the degenerate strain, indicating its compromised biocon
trol capacity. Xue et al. (2019) demonstrated that T-2 toxin produced by 
biocontrol agents, could activate the phenylpropanoid metabolic 
pathway in plants, thereby enhancing tuber disease resistance. The 
increased susceptibility of B. amyloliquefaciens dHJ9 CFS-treated rhi
zomes to secondary infection was likely attributable to reduced secre
tion of signaling molecules (e.g., lipopeptides, polyketides) by the 
degenerate strain that were crucial for inducing systemic resistance in 
P. cyrtonema Hua. This observation was consistent with the mechanism 
indicated by Wang et al. (2025a), where microbial interaction imbal
ances could trigger secondary diseases.

3.4.9. Pot experiments for biological control
As showed in Fig. 8 and Table 3, both B. amyloliquefaciens HJ9 and its 

CFS demonstrated a significant protective effect against Fusarium- 
induced root rot in P. cyrtonema Hua. CFS of B. amyloliquefaciens HJ9 
exhibited particularly optimal efficiency, achieving a control efficiency 
of 67.86 % and reducing the disease index to a level comparable to the 
control group. While the bacterial suspension of B. amyloliquefaciens HJ9 
also reduced root rot severity compared to the positive control (infected 
untreated), its efficacy was weaker than that of CFS, achieving a control 
efficiency of 28.57 %. Conversely, CFS of the degenerate strain 
B. amyloliquefaciens dHJ9 might exacerbate root rot, as reflected by a 
higher disease index than the positive control.

The superior disease control efficacy of B. amyloliquefaciens HJ9 CFS 
compared to the bacterial suspension group, might be attributed to 

Fig. 6. Effects of CFS concentrations of B. amyloliquefaciens HJ9 and its 
degenerate strain dHJ9 on biofilm formation (a) and eradication of mature 
biofilms (b) in Fusarium sp. F2. The line graph showed the reduction rate of 
biofilm-forming ability in Fusarium sp. F2 after treatment with CFS of 
B. amyloliquefaciens HJ9 or its degenerated strain dHJ9 at different concen
trations. The bar graph showed the absorbance (OD570) of crystal violet-stained 
biofilms in Fusarium sp. F2 after 24 h of treatment with CFS of 
B. amyloliquefaciens HJ9 or its degenerate strain dHJ9 at different concentra
tions on pre-formed mature biofilms. Data represented the mean ± standard 
error (n = 5). "ns" indicated no significant difference.
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higher concentrations of active metabolites, enabling rapid inhibition of 
Fusarium sp. F2 growth. In contrast, the bacterial suspension depended 
on successful colonization and in situ metabolite production, whose ef
ficiency was influenced by environmental factors (e.g. soil pH and 
nutritional competition) and the strain’s colonization capability (Sun 
et al., 2025).

In the work by Sun et al. (2025), CFS of B. velezensis GX1 was rich in 
antimicrobial metabolites, such as lipopeptides, and could act directly 

suppressed pathogens. Compared to B. velezensis GX1, the strain 
B. velezensis GX8 showed the lower antibacterial activity due to lower 
lipopeptide production. It was similar to the degenerate strain 
B. amyloliquefaciens dHJ9 in this study. Furthermore, degenerate strains 
might accumulate organic acids or other compounds that altered 
rhizosphere pH or micro-ecological balance, potentially exacerbating 
disease progression. For instance, seabuckthorn root exudates inhibited 
wolfberry (Lycium barbarum) growth by elevating rhizosphere soil pH 

Fig. 7. In vivo antifungal activity assay of B. amyloliquefaciens HJ9 and its degenerate strain dHJ9 CFS against Fusarium sp. F2 on P. cyrtonema Hua rhizomes. 
Rhizomes were treated by immersion for 15 min in either: (1) sterile water (control), (2) 25 % (v/v) CFS of B. amyloliquefaciens HJ9, or (3) 25 % (v/v) CFS of the 
degenerate strain dHJ9. Following treatment, the rhizomes were inoculated with Fusarium sp. F2 mycelial plugs. The appearance of the rhizomes was visually 
assessed every 2 days.

Fig. 8. Results of the pot experiments. The blank control group was allowed to grow naturally without treatment; the other groups were treated by soaking the roots 
in a suspension of Fusarium sp. F2 overnight. After 7 d of Fusarium sp. F2 colonization, each group's samples (Water control; 50 mL of CFS from strain B. amyloli
quefaciens dHJ9; 50 mL of bacterial suspension from strain B. amyloliquefaciens HJ9 (1 × 10⁸ CFU/mL); 50 mL of CFS from strain B. amyloliquefaciens HJ9) were 
applied to the soil, and the results were observed 15 days after planting.
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and decreasing total carbon (Zhang et al., 2025). Alternatively, the 
degenerate strain B. amyloliquefaciens dHJ9 might secrete substances 
that were utilized by pathogens, for example, Fusarium species could 
utilize saponins as a carbon source (Wang et al., 2025a), potentially 
exacerbating disease. The observed aggravation of root rot by 
B. amyloliquefaciens dHJ9 in this study was contrary to the typical pro
tective function of biocontrol agents. However, this was consistent with 
the earlier findings by Nicol et al. (2003) and Wang et al. (2025a), who 
reported that ginseng crude saponins could stimulate the growth of 
soil-borne pathogens. It is hypothesized that metabolic dysregulation in 
degenerate strains gives rise to similar outcomes. Our findings have 
important practical implications for quality control in the production of 
biological antifungal compounds. Therefore, it is essential to rigorously 
monitor metabolic stability throughout fermentation to prevent 
production-strain degeneration during subculturing.

3.4.10. Determination of IAA production
The capacity to synthesize plant growth-promoting substances is a 

key attribute of effective biocontrol agents for sustainable agriculture. 
The production of IAA, a crucial auxin, in both B. amyloliquefaciens HJ9 
and its degenerate counterpart dHJ9, was quantified. As showed in 
Fig. 9, IAA yield of B. amyloliquefaciens HJ9 was significantly higher 
(38.77 ± 0.89 µg/mL) than that of its degenerate counterpart dHJ9 
(11.92 ± 0.17 µg/mL). The results demonstrated that the degenerative 
process not only impaired the antibacterial and antifungal secondary 
metabolism, but also adversely affected the plant growth-promoting 
functions of the strain.

IAA is known to stimulate root development, enhance nutrient up
take, and improve overall plant vigor, thereby indirectly increasing host 
resistance to pathogens (Yuan et al., 2025). The ability of 
B. amyloliquefaciens HJ9 to produce substantial IAA highlighted its dual 
potential as both a biocontrol and a biofertilizer agent. The markedly 
reduced IAA production in B. amyloliquefaciens dHJ9 (Fig. 9) provided 
explained its inferior performance in pot experiments (Fig. 8), where it 
consequently failed to protect P. cyrtonema Hua seedlings. The loss of 
this growth-promoting trait compromised the ability of 
B. amyloliquefaciens dHJ9 to either directly inhibit the pathogen nor 
support the host plant's health and defense capacity. The degeneration 
highlights the necessity of maintaining strain stability during 
industrial-scale production and formulation. Effective quality control 
must therefore monitor both the integrity of antimicrobial gene clusters 
and the preservation of plant-beneficial traits to guarantee the reliability 
and efficacy of the final product.

3.4.11. Gene expression for lipopeptide antibiotic compounds
PCR analysis of the lipopeptide-associated genes ituA, srfAB, bmyA, 

and bamD was performed on both B. amyloliquefaciens HJ9 and its 
degenerate strain dHJ9 genomic DNA. All target genes were amplified as 
single bands in both strains, corresponding to the anticipated molecular 
weights. However, FenB synthesis gene was not amplified (Fig. 10a and 

b). These results indicated that both B. amyloliquefaciens HJ9 and its 
degenerate strain dHJ9 were capable of producing lipopeptide antibi
otics such as surfactin, iturin, bacillomycin D, and bacillaene. Compared 
to B. amyloliquefaciens HJ9, the degenerate strain dHJ9 showed signif
icantly reduced expression of ituA (3.3-fold decrease, p < 0.001) and 
bamD (2.5-fold decrease, p = 0.041) genes. In contrast, the expression 
levels of srfAB and bmyA did not change significantly (Fig. 10c, d, e, f).

In the study by Wang et al. (2024), the antifungal activity of Bacillus 
strains was attributed primarily to iturin-family compounds, including 
iturin A. The normal expression of ItuA gene in B. amyloliquefaciens HJ9 
enabled the synthesis of iturin, which possessed conserved antifungal 
activity shared by iturin A (Wang et al., 2024). In contrast, the expres
sion of ItuA gene in the degenerate strain dHJ9 was downregulated by 
3.3-fold, which might lead to reduced synthesis of iturin and conse
quently resulted in the complete loss of its inhibitory effect against 
Fusarium sp. F2 (Fig. 10). Xu (2014) reported that bamD gene encoded 
bacillomycin D synthetase, which was crucial for antifungal activity and 
biofilm formation in B. amyloliquefaciens SQR9. Knockout of bamD led to 
decreased antagonistic ability, delayed biofilm formation, and weak
ened rhizosphere colonization in the strain SQR9. The findings were 
consistent with the differential inhibition activity exhibited against 
Fusarium sp. F2 by B. amyloliquefaciens HJ9 compared to the degenerate 
strain dHJ9 in this study (Fig. 10). Therefore, the findings demonstrated 
that the reduced antifungal activity following degeneration was mainly 
attributable to alterations in gene expression regulation. Bacillaene and 
iturin were the key metabolites responsible for the inhibition of Fusarium 
sp. F2 by B. amyloliquefaciens HJ9. The downregulation of their 
biosynthetic genes directly led to reduced secretion of these compounds, 
thereby weakening antifungal effects such as disruption of pathogen cell 
membranes and induction of nucleic acid/protein leakage.

Table 3 
Pot experiment biocontrol experiments.

Treatment Disease index Disease control 
effect (%)

Blank control group 16.67 ± 18.82a ——
Fusarium sp. F2 + water control group 58.33 ± 6.45b ——
Fusarium sp. F2 + CFS of strain 

B. amyloliquefaciens dHJ9
62.50 ± 17.68c -7.14 ± 27.88c

Fusarium sp. F2 + bacterial suspension of 
strain B. amyloliquefaciens HJ9

41.67 ± 10.21d 28.57 ± 20.43d

Fusarium sp. F2 + CFS of strain 
B. amyloliquefaciens HJ9

18.75 ± 17.23e 67.86 ± 27.28e

Data are the mean ± standard error (n = 6). Different letters indicate a signifi
cant difference between treatment groups within each category as determined 
by an LSD test (P < 0.05).

Fig. 9. IAA production by B. amyloliquefaciens HJ9 and its degenerate strain 
dHJ9. Different letters indicated significant differences (p < 0.01).
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4. Conclusions

In this work, 359 endophytic bacterial strains were successfully 
isolated from P. cyrtonema Hua, of which 56 exhibited significant 
antagonistic activity against common pathogens. Among the obtained 
endophytes, B. amyloliquefaciens HJ9, selected for its potent antimicro
bial properties, demonstrated strong antagonism against Fusarium sp. 
F2. In contrast, its degenerate derivative, B. amyloliquefaciens dHJ9, 
exhibited a marked decline in antifungal activity. Mechanisms studies 
revealed that B. amyloliquefaciens HJ9 could inhibit the pathogen by 
secreting active metabolites that disrupted the integrity of the fungal cell 
membrane. This membrane damage led to the leakage of nucleic acids 
and proteins, enhanced PI staining, and elevated levels of membrane 
lipid peroxidation. Furthermore, B. amyloliquefaciens HJ9 CFS strongly 
suppressed spore germination and significantly inhibited early biofilm 
formation. However, the down-regulation of ItuA and bamD in 
B. amyloliquefaciens dHJ9 led to the absence of active metabolite syn
thesis, thereby failing to inhibit the fungal growth. In pot experiments, 
CFS of B. amyloliquefaciens HJ9 demonstrated the highest control effi
cacy, whereas B. amyloliquefaciens dHJ9 might accumulate pathogen- 
promoting substances due to metabolic dysregulation, resulting in an 
increased disease index. In addition to losing antifungal metabolites and 
key biosynthetic gene clusters, the degenerate strain B. amyloliquefaciens 
dHJ9 showed a pronounced reduction in the production of the plant 
growth hormone IAA.

In summary, B. amyloliquefaciens HJ9 considered as a biocontrol 
agent, were primarily by targeting and disrupting the pathogen cell 
membrane and inhibiting biofilm formation. The loss of activity in the 
degenerate strain B. amyloliquefaciens dHJ9 was mainly due to the 
dysregulation of its secondary metabolic pathways. This study provided 
a theoretical basis for developing stable biocontrol formulations based 

on the active metabolites of B. amyloliquefaciens HJ9. In future studies, 
the focus should be on the expression regulation mechanisms of lip
opeptide synthesis gene clusters to construct degeneration-resistant 
engineered strains. Furthermore, a deeper investigation into the mo
lecular basis of the strong antagonistic activity of B. amyloliquefaciens 
HJ9, as well as the mechanisms underlying functional loss in the 
degenerate strain B. amyloliquefaciens dHJ9, is also carried out.
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