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Abstract: Fusarium wilt, a disease caused by Fusarium oxysporum f.sp batatas (Fob) is an important disease in sweet potato production. Using endophytic bacteria for biological control of sweet potato diseases is one of the important ways. A Bacillus subtilis with antagonistic effect on Fusarium wilt of sweet potato was isolated from soil by confrontation culture. According to the biological characteristics, 16S rDNA sequence analysis, and physiological and biochemical analysis, the Bacillus subtilis HAAS01 was named. A pot experiment was conducted for the biological control experiment of strain HAAS01, and the endogenous hormone content, antioxidant enzyme activity, soluble protein content, and related gene expressions of sweet potato plants were detected. The results showed that the HAAS01 strain could promote the production of endogenous hormones and resist the infection of plant diseases together with defensive enzymes and upregulation of related gene expressions. In summary, Bacillus subtilis HAAS01 was effective in controlling Fusarium wilt of sweet potato and has potential for application and development.
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1  Introduction

Sweet potato (Ipomoea batatas (L.) Lam.), as the seventh-largest food crop in the world, is an important food crop, feed, and industrial raw material [1]. Sweet potato tubers, stems, and leaves contain a lot of starch cellulose and ascorbic acid, and other beneficial nutrients [2]. With the increasing global population and frequent occurrence of natural disasters, sweet potato pests and diseases have been widespread in the world, which seriously threatens the development of the sweet potato industry in various countries and attracts people’s attention [3]. Fusarium wilt is a serious fungal vascular bundle wilt disease with a wide range of incidence. The roots, stems, and petioles of sweet potato plants will crack after infection [4]. At present, sweet potato production mainly relies on chemical pesticides to control the Fusarium wilt of sweet potato. However, the long-term use of chemical pesticides has problems such as resistance of pathogens and environmental pollution, which is not in line with the concept of green agriculture and sustainable development [5].

Recently, researchers have focused on controlling plant-pathogen infections using effective bacteria; in sustainable organic agriculture, biological control has gradually become a very effective method to prevent and control soil-borne diseases. More and more endophytic bacteria are isolated and utilized. In previous studies, Sarwar et al. [6] isolated and identified a bacterial strain A1RT from the soil, and applied it to potato tubers suffering from scab. It was found that the severity of potato tuber disease decreased while the tuber weight and shoot development increased significantly. Durairaj et al. [7] isolated some Bacillus strains from mine tailings and selected a strain with obvious biological control effects on tomatoes infected with Pseudomonas syringe, which can reduce the damage of disease stress on plants and promote plant growth. In addition, 32 strains of endophytic bacteria were isolated from freshly collected pepper seeds, and 6 strains of endophytic bacteria were screened based on Ralstonia solanacearum inhibition assay. Among them, Bacillus subtilis KJ-2 showed the highest biocontrol effect, which promoted the growth of plants [8]. Numerous studies have shown that Bacillus has an obvious effect on the prevention and treatment of plant diseases. The species used as biocontrol bacteria are Bacillus subtilis, Bacillus thuringiensis, Bacillus amyloliquefaciens and Bacillus paenibaci [9]. The Bacillus subtilis isolated worldwide has antibacterial activity, which could inhibit the growth of a variety of plant pathogens; many studies showed that great development potential in biological control [10–12].

The strains of Bacillus subtilis HAAS01 isolated in a previous study in this experiment had a significant inhibitory effect on Fusarium wilt. There are few reports on endogenous hormone and antioxidant enzyme activity in sweet potato Fusarium wilt plants. Thus, the potted plant test was carried out to prove the preventive fungicide effect of Bacillus subtilis HAAS01 strain on sweet potato disease plants. This will contribute to fill relevant research gaps and provide new ideas for better biological control.

2  Materials and Methods

2.1 Origin of Tested Strains, Sweet Potato Cultivars

The Bacillus subtilis HAAS01 was isolated from soil by the Hubei Academy of Agricultural Sciences (Wuhan City, Hubei Province, China). In detail, 10 g rhizosphere soil was taken back from the field and diluted with 90 ml sterile water at 30°C, centrifugated at 200 rpm for 30 min, then cultured at 80°C for 20 min; 50 μl soil suspension was cultured on potato dextrose agar medium (PDA, 200 g potato, 15 g agar, 20 g glucose, 1 L water, in natural pH) at 28°C for 3 d. Then, a single colony was selected and preserved at 4°C [13]. Fusarium wilt, a disease caused by Fusarium oxysporum f.sp batatas, was kindly provided from the Xuzhou Sweet Potato Research Center (Xuzhou City, Jiangsu Province, China). The sweet potato cultivar “Eshu 16” was selected as the plant material in this study, which is a new cultivar developed by the Hubei Academy of Agricultural Sciences.

2.2 Dual-Culture Antagonistic Assay

The fungicide activity of Bacillus against Fusarium oxysporum f.sp batatas of sweet potato was determined by confrontation in the dual-culture test. The 5 mm mycelia of Fusarium oxysporum f.sp batatas were inoculated on PDA medium and cultured at 28°C for 4 days. When the pathogen completely colonized the petri dishes, 20 microliters of the overnight culture of isolates were inoculated on the PDA medium, and only Luria-Bertani liquid medium (LB, 10 g Tryptone, 5 g Yeast extract, 10 g NaCl, 1 L water, in natural pH) was added as a control. The plates were incubated at 28°C. Three days later, the zone of inhibition was measured, and the mycelia of fungi from the zone were removed from the plate, and the changes in morphology were observed under the NIKON Ci-L microscope.

2.3 Classification and Identification of Bacillus

The total genomic DNA was extracted using EasyPure® Genomic DNA Kit (TransGen Biotech. Beijing, China) as follows: take Bacillus culture medium 1 ml into a centrifuge tube, 4°C 12000 rpm for 1 min, and the supernatant was removed. 100 μl of Lysis Buffer 2 and 20 μl of Proteinase K were added to the precipitate, and 55°C for 15 min. After 500 μl of Binding Buffer 2 was added at 25°C for 10 min, it was transferred to the centrifuge column at 4°C 12000 rpm for 30 s. Add 500 μl Clean Buffer 2 and Wash Buffer 2 respectively, 4°C 12000 rpm for 30 s. The centrifuged liquid was removed, and 100 μl of Elution Buffer preheated at 65°C was added to the center of the centrifuge column. After standing at 25°C for 1 min, DNA was obtained after centrifugation at 4°C 12000×g for 1 min. The liquid DNA of Bacillus screened was used as the PCR reaction template, The 16S rRNA gene was amplified by PCR using universal primers 27F (5’–AGAGTTTGATCCTGGCTCAG–3’) and 1492R (5’–ACGGCTACCTTGTTACGACTT–3’). The PCR program was as follows: 95°C for 10 min, followed by 34 cycles of 95°C for 30 s, 55°C for 30 s, and 72°C for 60 s, then 72°C for 10 min. PCR products were detected by 1% agarose gel electrophoresis [14]. DNA was recovered and ligated to the vector for sequencing (Aoke Botai Biotech Co., Ltd., Wuhan, China). Then, blast homology analysis by NCBI database (https://blast.ncbi.nlm.nih.gov/Blast.cgi), and construction of the phylogenetic tree of Bacillus strains and other similar strains by the maximum likelihood method in MEGA 6.0.

According to the Bergey’s Manual of Determinative Bacteriology [15], physiological and biochemical identification of the isolated strains was carried out, and the strains were subjected to Gram stain, starch hydrolysis, catalase, anaerobic growth, Voges-Proskauer determination, mannitol acid, glucose acid, nitrate reduction, and indole identification, and whether they can grow in different concentrations of NaCl (w/v) LB liquid medium. Identification by 16S rDNA and physiological and biochemical reactions of the isolates.

2.4 Preparation of Bacillus Suspension

The Bacillus strain was cultured in LB medium at 28°C, 200 rpm for 48 h, and then 5000 rpm for 10 min. Supernatant after precipitation was filtered with bacterial filter membrane (0.22 m), collected the filtered fluid. This filtered fluid was used undiluted and diluted (mixed with sterile water in the same volume) for the pot test.

2.5 Bioassays of Biocontrol, Growth Promotion and Disease Resistance

To further evaluate the biocontrol activity of the HAAS01 strain against Fusarium wilt in plants, a potted plant experiment was conducted. The potted plant test was conducted from July 01 to July 20, 2021, in an artificial climate incubator with 25 ± 2°C, light 10 h dark 14 h alternatively, and 60% relative humidity at the Food Crop Research Institute Laboratory of the Hubei Academy of Agricultural Sciences. For the experiment were selected robust and disease-free sweet potato vines, 20–25 cm in length, with 5–6 spreading leaves. The vine cuttings were planted in a basin of 20 × 20 × 20 cm (depth/top diameter/bottom diameter), containing 300 g of soil mixed with the same quality of zircon, nutrient soil, and fine sand, previously sterilized at 120°C sterilization for 1 h.

The experiment set up four treatments that controlled CK (seedlings initially inoculated with sterile water), Fob (seedlings initially inoculated with Fusarium oxysporum f.sp batatas strain suspension), Fob+1/2H (seedlings initially inoculated with Fusarium oxysporum f.sp batatas, then inoculated with the HAAS01 strain suspension of filtrate diluted twice), and Fob+H (seedlings initially inoculated with Fusarium oxysporum f.sp batatas, then inoculated with the HAAS01 strain suspension of undiluted filtrate). 20 pots were planted per treatment. Seedlings were inoculated and cultured in artificial climate boxes and watered properly. Leaves were collected 5 and 10 days after inoculation. The inoculation methods used in the pot experiments were as follows: the sweet potato stems were immersed in the fresh incision of the Bacillus suspension of filtrate (109 cell⋅ml−1) for 15 min, then taken out and dried. Thereafter, immersed in the Fusarium oxysporum f.sp batatas suspension of filtrate (108 cell⋅ml−1) for 15 min, then taken out and dried, and again immersed in the inactivated Bacillus suspension of filtrate for 15 min, taken out and cut into the pot to complete the inoculation.

2.5.1 Evaluation of Disease Biocontrol

After 10 days of inoculation, the biological control effect of the strain on sweet potato plants was evaluated. The leaf wilt index (LWI) was calculated as follows: leaf wilt index = ∑ (number of plants with a disease scale × value of the corresponding scale)/(total plants rated × the highest scale value) [16]. Biocontrol efficacy was calculated as follows: Biocontrol efficacy = ((LWI of control plants-LWI of treated plants)/disease incidence of control) × 100 [17]. The experiment was divided into three replicates.

2.5.2 Determination of Plant Hormones

Ground 0.1 g leaf samples in liquid nitrogen, added pH 7.4 PBS (phosphate-buffered saline) buffer, at 4°C, 8000 rpm for 30 min, and removed liquid 4°C to preserve. The quantitative determinations of abscisic acid (ABA), gibberellin (GA), jasmonic acid (JA), and salicylic acid (SA) were carried out via an enzyme-linked immunosorbent assay (ELISA) according to Lequin [18].

2.5.3 Determination of Antioxidant Enzyme Activity and Soluble Protein Content

Superoxide dismutase (SOD) and Peroxidase (POD) activities in the supernatant were measured using the following photochemical method. SOD activity was assayed based on the reduction of NBT (nitroblue tetrazolium). POD activity was determined by measuring the absorbance changes at 470 nm. Different treated leaves were collected and separated, 0.25 g sample ground homogenate and homogenized in sodium phosphate buffer (pH 7.8), centrifugated at 4°C, 10,000 rpm for 20 min, and then collected with clear enzyme fluid. Coomassie brilliant blue G-250 method was used to determine soluble protein content [19].

2.6 Expression of Genes Related to Endogenous Hormones and Antioxidant Enzymes Signaling Pathways Analyzed by qRT-PCR

The sequences of gene-specific primers used in the assay are listed in (Table 1). Total RNA was isolated from 50 mg plant tissue by TRlcom Reagent Plant RNA Kit (Tianmo Biotech, TR201, Beijing, China). The first-strand cDNA synthesis was performed using the TransScript® One-Step gDNA Removal and cDNA Synthesis SuperMix (TRANs, Beijing, China). The PCR program was as follows: 94°C for 5 min, followed by 35 cycles of 94°C for 30 s, 55°C for 1 min, and 72°C for 1 min, then 72°C for 10 min.
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2.7 Statistical Analysis

Figures were created using Microsoft Excel 2019, and all data were processed using the SPSS Statistics 22.0.0.0 software. The maximum likelihood method was using the MEGA 6.06 software. Completely random single factor analysis of variance was used to analyze variance, and two-way ANOVA Duncan’s HSD (honestly significant difference) test was used to detect mean differences at the level P < 0.05.

3  Result

3.1 Dual-Culture Antagonistic Assay

In this study, overall, 5 endophytic bacteria were extracted from soil, The strains with the suppressive in vitro inhibition against Fusarium oxysporum f.sp batatas pathogen were screened by improving the agar diffusion method. Among them, the most prominent bacteriostatic effect was selected and applied in this study. Fusarium oxysporum f.sp batatas was used as relative control (CK), a Bacillus strain with antagonistic effect against Fusarium oxysporum f.sp batatas was screened by flat confrontation method. Fig. 1 shows the effect of the Bacillus strain against the fungus, with clear inhibition of mycelial growth.
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Figure 1: The inhibition of Bacillus subtilis HAAS01 fermentation filtrate on the growth of Fusarium oxysporum f.sp batatas (Fob)

After Fusarium oxysporum f.sp batatas was inhibited by HAAS01, the mycelium edge stopped growing, and the mycelium changed during the confrontation culture. Compared with the normal colony (Fig. 2A), the mycelium growth of the inhibited Fusarium oxysporum f.sp batatas was bent, shortened, and distorted (Fig. 2B).
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Figure 2: Morphology of Fusarium oxysporum f.sp batatas mycelium growing normally (A) and inhibited after treatment with Bacillus subtilis HAAS01 (B). a-Mycelial shortening, b-Mycelial disruption and dissolution, c-Terminal enlargement of mycelia

3.2 Identification of Selected Antagonist Strain

The strain was translucent yellow on a PDA medium and slightly dry (Fig. 1). After 16S rDNA PCR amplification, a 1525 bp target band was obtained. Its identity percentage was 100% with other nucleotides in NCBI. Through comparative analysis of 16S rDNA identification characteristics and phylogenetic tree (Fig. 3), it showed the evolutionary relationship between the isolate in our study and other similar strains. The physiological and biochemical characteristics of Bacillus were determined. The results showed that the strain was Gram-positive. Hydrolysis of starch, Catalase, Voges-Proskauer, Nitrate reduction to nitrite, Mannitol acid, and Glucose acid were positive. Anaerobic growth and Indole were negative. The strain could grow in LB liquid medium containing 2%–7% NaCl (w/v) and maintained its activity at 30°C–40°C. Combined with 16S rDNA and biological characteristics observation and physiological and ecological characteristics analysis (Table 2), it was identified and named as Bacillus subtilis HAAS01.
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Figure 3: Phylogenetic tree based on 16S rDNA gene sequence by the maximum likelihood method
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3.3 Evaluation of Disease Development

On the first day of inoculation strains (fungal pathogen and antagonistic bacteria), the growth status of the four treated sweet potato plants was consistent and developed normally (Fig. 4A). After 5 days, the CK and Fob+1/2H plants grew normally, while Fob and Fob+H treatments of the plant showed partial yellowing (Fig. 4B). Plant growth changed greatly 10 days after inoculation: Fob treatment caused obvious disease, leaves wilted and shed without vigor. However, plants under the other three treatments remained active. Compared with relative CK treatment, the leaf part became yellow under treatments Fob+1/2H and Fob+H, but there was no disease in general (Fig. 4C). It was found that on the 10th day after inoculation, the roots of CK were normal, and there was no absorption root formation in Fob, while there was less absorption root formation in Fob+1/2H and Fob+H treatments. Fob+1/2H formed more absorbing roots than Fob+H treatment (Fig. 4D). On the 10th day of inoculation, the biocontrol ability of Bacillus was evaluated. The results showed that the leaf wilt index (LWI) of plants inoculated with Fusarium oxysporum f.sp batatas. Fusarium wilt was 82.50. For plants inoculated with different concentrations of Bacillus, the control effect of the Fob+1/2H treatment on Fusarium oxysporum f.sp batatas was 70.00%, while that of the Fob+H treatment was 62.5%.
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Figure 4: Control effect of HAAS01 on Fusarium oxysporum f.sp batatas (Fob) in plants at 1 (A), 5 (B), and 10(C) days after inoculation with fungal pathogens; whole plant morphology after 10 days of inoculation (D). CK: seedlings initially inoculated with sterile water, Fob: seedlings initially inoculated with Fusarium oxysporum f.sp batatas strain suspension, Fob+1/2H: seedlings initially inoculated with Fusarium oxysporum f.sp batatas, then inoculated with HAAS01 strain suspension of filtrate diluted twice, Fob+H: seedlings initially inoculated with Fusarium oxysporum f.sp batatas, then inoculated with HAAS01 strain suspension of undiluted filtrate

3.4 The Endogenous Hormone Content Levels

Plant endogenous hormones were the main factors that affected plant growth and development. Measurement of ABA, GA, JA, and SA in sweet potato leaves under various treatments showed that, compared to the control on the 5th day, the ABA content in the Fob treatment was enhanced, while Fob+1/2H and Fob+H treatments presented the opposite effects–the ABA content decreased in response to the endophyte HAAS01. Then on the 10th day, ABA content in different treatments increased, but the differences between treatments remained unchanged. The GA content was highest in CK and lowest in the Fob treatment on the 5th day. With the extension of the growth period, except for the decrease of GA content on leaves of sweet potato plants under the Fob treatment, the other treatments increased, but the differences remained unchanged in general. In the whole growth period, JA and SA contents were the highest under the Fob+1/2H treatment, followed by the Fob+H treatment, and the CK content was the lowest in the control group (Table 3).
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Different lower-case letters in each column indicate significant differences between different treatments in the same period (P < 0.05). DAT: days after transplanting, CK: seedlings initially inoculated with sterile water, Fob: seedlings initially inoculated with Fusarium oxysporum f.sp batatas strain suspension, Fob+1/2H: seedlings initially inoculated with Fusarium oxysporum f.sp batatas, then inoculated with HAAS01 strain suspension of filtrate diluted twice, Fob+H: seedlings initially inoculated with Fusarium oxysporum f.sp batatas, then inoculated with HAAS01 strain suspension of undiluted filtrate.

3.5 Antioxidant Enzyme Activity and Soluble Protein Content Levels

As important enzymes in the antioxidant enzyme system, SOD and POD activities were significantly different among different treatments. From the 5th to the 10th day, the SOD activities of the four treatments all increased with the highest SOD activity under the Fob+1/2H treatment, followed by Fob+H and Fob treatments, and the lowest SOD activity under the CK treatment. However, it was found that with the development of the growth period, except for the decrease of POD activity under the Fob treatment, the enzyme activity of the other treatments increased. In the determination of soluble proteins in leaves, it was found that only the Fob treatment had the lowest soluble protein content and decreased significantly, while the other treatments did not change significantly. The soluble protein content of CK was the highest (Table 4).
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Different lower-case letters in each column indicate significant differences between different treatments in the same period (P < 0.05). DAT: Days after transplanting, CK: seedlings initially inoculated with sterile water, Fob: seedlings initially inoculated with Fusarium oxysporum f.sp batatas strain suspension, Fob+1/2H: seedlings initially inoculated with Fusarium oxysporum f.sp batatas, then inoculated with HAAS01 strain suspension of filtrate diluted twice, Fob+H: seedlings initially inoculated with Fusarium oxysporum f.sp batatas, then inoculated with HAAS01 strain suspension of undiluted filtrate.

3.6 Gene Expression Related to Endogenous Hormones and Antioxidant Enzymes Signaling Pathway Analysis by qRT-PCR on Day 5 and 10

In gene expression related to endogenous hormone biosynthesis and signaling pathways (Fig. 5), there was no significant difference between IbNCED and IbGA20ox gene expression under four treatments. Compared with the control, the expression of the IbNCED gene under the Fob treatment was the highest. In the whole period, the expression level of the IbGA20ox gene under the Fob treatment was the lowest; the Fob+1/2H and Fob+H treatments down-regulated the IbGA20ox gene expression compared with CK. There were significant differences in gene expression of IbMYC2 and IbPR1 between different treatments. The Fob+1/2H and Fob+H treatments both promoted IbMYC2 and IbPR1 up-regulation, and the up-regulation of IbMYC2 was greater than that of IbPR1. On the 5th day after transplanting, the expression levels of IbMYC2 and IbPR1 genes under the Fob+1/2H treatment were significantly higher than those under other treatments. Compared with the control, the expression of IbMYC2 and IbPR1 under the Fob+1/2H treatment was at a high level on the 10th day. Two antioxidant enzyme genes expression analyses by qRT-PCR, the expression of IbSOD gene was significantly different under different treatments on day 5 and 10; comparing the CK, the Fob+1/2H treatments, up-regulated the IbSOD gene expression in sweet potato. On day 5, there were significant differences in IbPOD gene expression among different treatments, but there was no significant difference on day 10; Compared with the control, the other three treatments increased the expression of the IbPOD gene, and the expression level of the Fob treatment was the highest on the 5th day, and the expression level of the Fob+1/2H treatment was the highest on the 10th day.
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Figure 5: Relative expression levels of genes related to ABA (IbNCED), GA (IbGA20ox), JA (IbMYC2), SA (IbPR1), SOD (IbSOD), and POD (IbPOD) signaling pathways in sweet potato analyzed by qRT-PCR at 5 and 10 days post irrigation with fungal pathogens. Different lower-case letters above each histogram indicate significant differences between different treatments in the same period (P < 0.05). DAT: days after transplanting, CK: seedlings initially inoculated with sterile water, Fob: seedlings initially inoculated with Fusarium oxysporum f.sp batatas strain suspension, Fob+1/2H: seedlings initially inoculated with Fusarium oxysporum f.sp batatas, then inoculated with HAAS01 strain suspension of filtrate diluted twice, Fob+H: seedlings initially inoculated with Fusarium oxysporum f.sp batatas, then inoculated with HAAS01 strain suspension of undiluted filtrate

4  Discussion

Bacillus subtilis is one of the main growth-promoting bacteria in the plant rhizosphere [10]. It dissolves minerals, competes with pathogens for nutrition and infects spatial sites, secretes antimicrobial substances [20], improves microbial community structure in the plant-rhizosphere soil, and induces plant hormone release. To promote plant development, it enhances plant disease resistance, and limits resistance to pathogen damage to plants [12,21]. It is reported that a Bacillus subtilis HK-CSM-1 isolated from the rhizosphere of plants has an effective control on Panax ginseng. When ginseng is inoculated with this strain, the number of pathogens in the plant is significantly reduced [22]. An endophyte strain named B21 was isolated from Osmanthus fragrans Lour; the culture filtrate showed antifungal activity against Magnaporthe oryzae which causes rice blast disease [23]. Our study proved for the first time that Bacillus subtilis HAAS01 is an effective bacillus, which can promote plant resistance to Fusarium wilt by inhibiting Fusarium oxysporum f.sp batatas.

As one of the most influential fungal diseases in the growth of the sweet potato, the Fusarium wilt pathogen can destroy the membrane system of sweet potato roots, resulting in metabolic disorders, thereby inhibiting the absorption and transportation of root cell nutrients and water, negatively affecting root development [24]. The roots, stems, and petioles of sweet potato plants split, and this situation usually occurs in parts close to the ground [25] and leaves fall off obviously [26,27]. Moreover, studies have shown that the isolated Bacillus has an obvious control effect on Fusarium oxysporum f.sp batatas in sweet potato [4]. Meanwhile, our pot trial assay showed that plants infected with Fusarium wilt pathogen almost had no absorption root formation and stem vines were dehiscent. The incomplete development of absorption roots harmed the absorption, synthesis, and transportation of nutrients, resulting in withering and falling of many leaves and growth stagnation. However, the disease condition of the diseased plants inoculated with Bacillus subtilis HAAS01 was significantly improved, more absorbing roots appeared, and the stems were not cracked. To our surprise, the growth status of the plants in treatment Fob+1/2H was better than that in Fob+H. Therefore, we speculated that a low concentration of Bacillus subtilis HAAS01 may have a better control effect on Fusarium wilt, and further research is needed.

Infection of host plants by pathogenic fungi can cause changes in plant endogenous hormone content [11]. ABA is known as the stress hormone [28], and GA is the key hormone to promote cell elongation and growth [29,30]. It was reported that Botrytis cinerea can increase endogenous ABA content and ethylene release in grape tissues [31]. The ABA content of tomato significantly increased after infection with Verticillium alboatrum [32]. In this study, the ABA content of the four treatments increased, but the ABA content of the plants inoculated with HAAS01 maintained a low level. Except that the GA content of Fob treatment decreased with the growth period, the other treatments all increased. These findings are consistent with other reports [31,32]. With the invasion of pathogens, plants can make an active response to pathogen stress by jasmonic acid signaling [33]. The JA content was induced to increase after Fusarium wilt invaded plants. After inoculation with HAAS01, the JA content continued to increase, which was significantly higher than that of CK and Fob treatments. High levels of JA largely slowed down the invasion of Fusarium wilt. Salicylic acid plays an important role in the signaling pathway of the plant defense response [34]. In transgenic crops, reducing salicylic acid levels affects plant sensitivity to fungi [35]. In this study, the SA content on the 10th day was higher than that on the 5th day. Compared with the control, the SA content of plants inoculated with Fusarium oxysporum f.sp batatas and HAAS01 increased, and the content on the Fob+1/2H treatment was the highest. It is reported that after pathogen infection, SA in plants will accumulate in large quantities to increase the resistance of plants to pathogen infection [36]. This also confirmed that the HAAS01 strain can improve the diseased plants’ ability.

Disease resistance is not only related to antagonistic substances produced by the biocontrol bacteria but is closely related to the defense enzyme system [37]. The activities of SOD and POD and the content of soluble proteins involved in physiological and metabolic activities in plants reflect the degree of stress in plants [38]. The increased enzyme activity and protein content hinder the transmission of pathogens, thereby maintaining the balance of the active oxygen system, which was an important indicator for the tested plant resistance [39,40]. Our result in the present study showed that increased SOD and POD activities in the four treatments improved disease resistance, with the Fob+1/2H treatment showing the highest increase in SOD and POD activities. Except that the soluble protein content of CK increased with the growth period, the other treatments all decreased, among which the Fob treatment decreased the most, while the soluble protein content of the HAAS01 treatment maintained a high and stable level. The study is similar to others [38,39]. Preliminary analysis showed that the HAAS01 strain enhanced the defense system enzymes and increased osmotic adjustment substances to enhance the water retention ability of cells. It positively regulated the growth and development of diseased plants by affecting the activity of antioxidant enzymes in sweet potato leaves.

Previous and recent studies on transgenic plants have clearly shown that the transcriptional regulation of NCEDs [41], GA20ox [42], MYC2 [43], and PR1 [44] plays an important role in plant immune responses. To our surprise, the IbNCED and IbGA20ox gene expression in the seedlings pretreated with HAAS01 did not completely greater than in seedlings inoculated with distilled water and pathogen-infected alone. The IbNCED and IbGA20ox genes were involved in the ABA and GA signaling pathway by HAAS01, respectively, indicating their important role in bacterium interactions. The expression of the IbMYC2 gene was up-regulated after plant inoculation with Fusarium wilt and HAAS01. At the same time, the IbPR1 gene was also up-regulated after infection of HAAS01-pretreated plants with Fusarium wilt. This is consistent with previous reports [45,46], indicating that IbMYC2 and IbPR1 genes were activated by pathogens in sweet potato to induce up-regulation of gene expression. On this basis, the gene expression was up-regulated to varying degrees after inoculation with HAAS01, and the synthesis of the endogenous hormones JA and SA was stimulated. Similarly, we observed up-regulated expression of the IbSOD and IbPOD genes, but without a concomitant increase in POD enzyme activity levels. One possible explanation could be that SOD and POD signaling pathways interact antagonistically or positively [47,48]. Further studies will enable us to better understand the correlation between the relevant indicators caused by the signal transduction process.

5  Conclusion

Bacillus subtilis HAAS01 was a biocontrol strain isolated from rhizosphere soil of plants and identified as Bacillus subtilis by analysis of its 16S rDNA gene sequence and its biochemical and physiological characteristics. In the potted pathogenic test, it was observed that plants inoculated with HAAS01 spore suspension could promote the formation of more absorbing roots and alleviate the symptoms of stem cracking, promote the production of the endogenous hormones GA, JA, and SA, and jointly resist the infection of plant diseases under the joint action of the defensive enzymes SOD and POD. In addition, with the increase of the hormone content and enzyme activities, the expression levels of related regulatory genes IbMYC2, IbPR1, IbSOD, and IbPOD were significantly up-regulated. This indicated that the basal defense response can be stimulated and induce plant resistance. This study is the first report regarding Bacillus subtilis HAAS01 biocontrol potential against Fusarium wilt in sweet potato, thus playing a preventive role, with the potential as a plant fungicide and could be used for commercial exploration.
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Table 1: The sequences of gene-specific qRT-PCR primers

Primers Sequences (5’ to 3”)
p-Actin Forward AGCAGCATGAAGATTAAGGTTGTAGCAC
Reverse TGGAAAATTAGAAGCACTTCCTGTGAAC
IPNCED  Forward AGAAGCAGGGCAAATAAACAAG
Reverse CCGTCGCCGTACCTAAACTC
IbGA>p0x  Forward TTTACAGCCCCTTTGTTTGC
Reverse GGCCAGCATAATCTTTAACTGTG
IbMYC2  Forward AAGAATTGTCCACCAAAGAGC
Reverse ACCACAGAAACACTGGCATG
IbPRI Forward GCAAGATTACCTAAACCCCCA
Reverse GGAGTTGGCGTAGTTCTGCG
1bSOD Forward TCCTGGACCTCATGGATTTC
Reverse GCCACTATGTTTCCCAGGTC
1bPOD Forward TTCACGACTGCTTCGTTGA

Reverse

TTCTCAACCGCGGTCTTAA
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Table 3: The endogenous hormone contents were analyzed at 5 and 10 days after being moculated with fungal
pathogens

Treatments ABA content GA content JA content SA content
(ng-g' FW) (ng-g ' FW) (ng-g ' FW) (ng-g ' FW)
5 DAT 10 DAT S5 DAT 10DAT 5DAT 10DAT 5 DAT 10 DAT
CK 135.68b  158.09p 11.98a  14.92a 14.70d  10.87d 2.48c 3.21c
Fob 190.07a  216.37a  7.28c¢ 6.47d 16.95¢ 16.31c 3.85b 5.35b
Fob+1/2H 77.92d 94.53d 11.30a  11.57b 26.43a  30.79a 7.95a 10.48a
Fob+H 101.07¢  120.38¢c  8.60b 9.88¢ 19.24b  19.54b 7.68a 5.31b
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Table 4: The SOD, POD activity, and soluble protein content were analyzed at 5 and 10 days after being
inoculated with fungal pathogens

Treatments SOD activity POD activity Soluble protein
(U-g”' FW) (AA470-min "mg ' FW) content (mg-g ' FW)
5 DAT 10 DAT 5 DAT 10 DAT 5 DAT 10 DAT
CK 10.03d 18.91d 80.40c¢ 136.32d 36.44a 43.41a
Fob 25.76¢ 28.86¢ 372.27a 338.62b 24.49d 7.82d
Fob+1/2H 56.01a 77.57a 101.96c¢ 434.16a 32.83b 32.15b

Fob+H 40.15b 52.10b 203.47b 230.81c 28.07c 27.14c
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Table 2: Physiological, morphological, and biochemical characterization

Indices Characteristic
Gram stain +
Hydrolysis of starch +
Catalase +

Anaerobic growth -
Voges-Proskauer

+ 4

Nitrate reduction to nitrite
Indole
Mannitol acid

Glucose acid production

Growth at pH (6)

Growth at temperature (30—40)°C
Growth in NaCl concentration (2—7)%

Note: +: Positive, -: Negative.

+ + + 4+ +
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