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Abstract

:

In this research, our objective was to investigate the combined impact of microbial extracts and chemical fungicides on Northern corn leaf blight (NCLB), which is induced by Exserohilum turcicum, and the growth-promoting effect of the crude extracts was also determined. NCLB poses a serious threat to global maize production, necessitating sustainable and environmentally friendly solutions. Mycelial growth rate assays were used to assess the single or synergistic effects of microbial crude extracts and chemical fungicides, and the seed-soaking and root irrigation method was used to detect the growth-promoting effect of the crude extracts on maize seedlings. The results revealed an 84.60% inhibition rate of B. amyloliquefaciens gfj-4 against E. turcicum, and with an EC50 of 49.01 mg·L−1 for the crude extracts. Chemical fungicides demonstrated varying toxicity levels, with fludioxonil exhibiting the highest potency. The mixture of the crude extracts and pyraclostrobin at an 8:2 volume ratio displayed the highest toxicity ratio of 1.24, indicating a synergistic effect. The selected combinations exhibited strong synergistic effects. Soaking maize seeds with 80 mg·L−1 of the crude extracts followed by root irrigation with 40 mg·L−1 produced the most significant growth-promoting effect on maize seedlings. This study highlights the potential of microbial crude extracts to enhance the control of NCLB when combined with pyraclostrobin, along with its growth-promoting effects on maize seedlings.
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1. Introduction


Northern corn leaf blight (NCLB) poses a global threat to corn crops, causing substantial damage to leaf tissues, reducing photosynthetically active areas, and significantly impacting corn yield and quality [1,2]. Exserohilum turcicum is the causative agent of NCLB [3]. In epidemic years of northern corn leaf blight, susceptible varieties can experience 30–70% yield loss [4,5]. The repercussions of NCLB include premature aging of corn, making plants susceptible to other diseases like stalk rot, ultimately hastening corn plant death, and, in severe cases, leading to complete crop failure [6,7]. The development of NCLB-resistant varieties is a pivotal strategy for disease prevention. However, the extended breeding cycle and the variability in the physiological races of E. turcicum may compromise resistance in varieties [8,9]. Agricultural practices such as straw return and reduced-tillage systems have increased the accumulation of pathogenic fungi in field soils, promoting the prevalence of NCLB in maize production globally [10]. Thus, effective control measures are essential for the sustainable management of NCLB.



At present, studies on the control of NCLB have primarily focused on screening efficient biocontrol agents, synthesizing effective and low-risk chemical fungicides, and developing synergistic combinations for disease control [11]. There have been some reports on the use of biocontrol bacteria to control NCLB. Zhang et al. [12] explored a new strain of Chaetomium globosum No.05 and found that the germination of spores on the detached leaves of maize was completely inhibited when the proportion of biocontrol strain culture medium was 20%. The control effect of strain culture medium on NCLB was 81.9% 2 h after spraying spores of E. turcicum, and chaetoglobosin A was an important active component that exerted an antifungal effect. Zhang et al. [13] found that Klebsiella jilinsis 2N3 can promote the growth and chlorophyll synthesis of maize seedlings, and the disease index decreased by 67.44% compared with that of the control after 14 days of artificial inoculation. It also demonstrated that strain 2N3 can increase the activity of various stress-resistant enzymes in maize leaves. Ma et al. [14] screened 11 Trichoderma strains with strong inhibitory effect on E. turcicum using the confrontation culture method, among which Trichoderma asperellum 576 showed the strongest inhibitory activity. Spraying the spore suspension at a concentration of 107 spores·mL−1 significantly promoted seed germination and seedling growth and had a significant inhibitory effect on NCLB. In summary, many indoor control effect tests of biocontrol bacteria have shown excellent performance, but these bacteria are easily affected by environmental conditions and other factors during field application, so it is difficult to achieve the desired effect [15]. As the identification of highly effective and new chemical inhibitors for NCLB is slow and expensive, traditional fungicides are still used to control NCLB, mainly including triazole fungicides like tebuconazole, flutriafol, and strobilurin fungicides such as pyraclostrobin and azoxystrobin [16,17]. The prolonged application of chemical fungicides has resulted in the development of dominant resistant strains in agricultural fields, leading to a persistent rise in fungicide usage [18,19] and the release of excess chemical agents into the environment, ultimately causing severe ecological damage and agricultural product quality and safety concerns [20,21]. The proportion of mixed fungicide used for chemical disease control has been steadily rising, such as the mixture of tebuconazole and trifloxystrobin, flutriafol and azoxystrobin, among others [22,23,24]. However, it is crucial to note that due to the scarcity of new fungicides, the screening for new synergistic combinations has become increasingly challenging.



At present, active antimicrobial substances from other sources such as microbial metabolites have attracted more and more attention. Luo et al. [25] isolated lasiodiplodin from the mycelium of Lasiodiplodia pseudotheobromae J-10, which had the strongest inhibitory effect on E. turcicum, with an EC50 value of 15.50 μg·mL−1. The mycelium treated with lasiodiplodin was severely distorted, nonseptate mycelia appeared, and the relative permeability of mycelium cells increased. Limdolthamand et al. [26] isolated 73 strains of endophytic Trichoderma spp. from healthy maize leaves, of which 15 strains had high antagonistic activity. The control effect of Trichoderma harzianum KUFA0710 dry spore powder on NCLB was 47.46%, and the control effect of liquid preparation was 55.70%. The isolated Trichoderma spp. showed good compatibility with azoxystrobin and the mixture of difenoconazole and azoxystrobin, and had important value in the combination of biocontrol bacteria and chemical fungicides.



In a previous experiment, a bacterial strain gfj-4 with biocontrol potential was isolated from tomato fruits in our laboratory. The strain was identified as B. amyloliquefaciens by traditional physiological and biochemical methods and 16S rDNA sequencing. Strain gfj-4 displayed marked antagonistic effects against important fungal pathogens such as E. turcicum, Botrytis cinerea, Fusarium graminearum, Rhizoctonia solani, Alternaria solani, and Coniella diplodiella. The inhibitory activity against E. turcicum was the highest in vitro. This indicated that the fermentation supernatant contained components with high inhibitory activity against the pathogen. Therefore, this study aimed to isolate crude extracts from the fermentation supernatant for the following exploration. A mixture of antifungal agents with different mechanisms is more likely to be a synergistic combination [27]. It can be speculated that the inhibition mechanism of the metabolites of B. amyloliquefaciens gfj-4 against E. turcicum may be quite different from that of commonly used chemical fungicides, so there is a high probability of developing new synergistic combinations. In addition, the growth-promoting effect of microbial metabolites on crops has application value. Cun et al. [28] isolated 174 strains of endophytic microorganisms from the roots of maize seedlings, of which 21 strains had a good antagonistic effect on E. turcicum and promoted the growth of maize. In this study, on the basis of detection of the inhibitory activity of the fermentation metabolites of biocontrol bacteria and six chemical fungicides against E. turcicum, the synergistic combination of fermentation metabolites and chemical fungicides was screened, and a synergistic combination was obtained. Finally, the growth-promoting effect of the crude extracts on maize seedlings was determined. The aim was to provide an important basis for the sustainable control of NCLB, the utilization of biocontrol bacteria, and the reduction in the use of chemical fungicides.




2. Materials and Methods


2.1. Fungicides, Plant Materials, Pathogens, and Antagonistic Bacteria


Fungicides included prochloraz (Shandong Huayang Technology Co., Ltd., Tai’an, China), propiconazole and hexaconazole (Jiangsu Fengdeng Crop Protection Co., Ltd., Changzhou, China), pyraclostrobin (Qingdao Hansheng Biotechnology Co., Ltd., Qingdao, China), trifloxystrobin (Zhejiang Yulong Biotechnology Co., Ltd., Jiaxing, China ), and fludioxonil (Jiangsu Yunnong Chemical Co., Ltd., Zhenjiang, China), culture substrate (Huai’an Zhonghe Agricultural Science and Technology Development Co., Ltd., Huai’an, China). Northern corn leaf blight pathogen (E. turcicum (Pass.) Leonard et Suggs), B. amyloliquefaciens gfj-4, and maize inbred line 21, which is susceptible to NCLB, were preserved in the Plant Soil Borne Disease Control Laboratory of Anhui Science and Technology University, China.




2.2. Inhibition Effect of B. amyloliquefaciens gfj-4 on E. turcicum


Using the confrontation culture method, 15 mL of PDA (potato dextrose agar) media was added to a culture dish [29]. Following solidification of the medium, a 4-day-old E. turcicum culture was added to the center of the dish. Filter papers were positioned in a cross shape surrounding the pathogen, spaced 5 cm apart. Then, 2 μL of strain gfj-4 culture with an OD600 = 1.0 was dispensed onto the filter paper using a pipette, while sterile water served as the control. The Petri dishes were incubated at a temperature of 26 °C for a duration of 96 h, and the percentage of colony growth inhibition was determined using the following method: the size of the E. turcicum colonies on control PDA plates (ΦA) and on PDA plates co-cultured with strain gfj-4 (ΦB) was recorded, and the inhibition percentages were calculated as follows: inhibition ratio (%) = (ΦA − ΦB)/(ΦA-diameter of fungus cake) × 100. Each treatment was performed in three repetitions for accuracy.




2.3. Inhibitory Activity of Microbial Crude Extracts and Chemical Fungicides on E. turcicum


The method of Ohno et al. [30] was used to prepare the crude extracts of B. amyloliquefaciens. The inhibitory activity was assessed by measuring the rate of mycelial growth [31]. The microbial crude extracts were diluted to different concentrations of 3200, 1600, 800, 500, 400, and 320 mg·L−1. Six fungicides were used, and the final concentrations were set as shown in Table 1. Next, 5 mL of every diluted extracts was mixed with 45 mL of PDA medium, along with 1 mL of streptomycin sulfate at a concentration of 2500 mg·L−1 to inhibit bacterial growth. After the agar plates solidified, a 4-day-old culture of the pathogen was inoculated in the center of each plate. The plates were placed in a growth chamber at 26 °C for a period of 96 h, during which the diameters of the colonies were assessed to determine a dose–response equation and the EC50 value.




2.4. Synergistic Effects of Microbial Crude Extracts and Chemical Fungicides


Based on the EC50 values of the microbial crude extracts and fungicides against E. turcicum, eleven volume ratios were prepared (10:0, 9:1, 8:2, 7:3, 6:4, 5:5, 4:6, 3:7, 2:8, 1:9, 0:10), and sterile water was used as the control. The actual inhibition rate and toxicity ratio of each ratio were determined based on the mycelial growth rate [31]. Then, the optimal volume ratio was verified according to Wadley’s method [32], and the dose–response equation, EC50, and synergistic ratio (SR) were calculated.




2.5. Control Effects of Selected Combinations on NCLB


2.5.1. Control Effects In Vitro


Uniform and intact maize leaves were rinsed with sterile water at least three times. Then, the leaves were treated with a mixture of pyraclostrobin (29.16 mg·L−1) and microbial crude extracts (157.06 mg·L−1) at the EC80 concentration. The mixture was prepared with the optimal volume ratio of 8:2 for microbial crude extracts and pyraclostrobin. The treated leaves were immersed in the solution for 30 s and then placed in a fresh-keeping box with filter papers; each box contained two leaves. A 4-day-old culture of the pathogen (Φ = 7 mm) was inoculated on leaf surfaces, and sterile water was used as the control. Following 4 days of treatment, the longest length and the widest width of the lesion were measured, and the inhibition rate was determined based on the half of the sum of the two as the size of the lesion. The lesion sizes of the control (ΦC) and the treatments (ΦD) were recorded, and the percentage of inhibition rate was calculated as follows: inhibition ratio (%) = (ΦC − ΦD)/(ΦC) × 100. Each treatment was repeated three times.




2.5.2. Control Effects In Vivo


Maize seeds were soaked in sterile water for germination. After the seeds sprouted, six seeds were transplanted into pots filled with culture substrate (top diameter 16.0 cm, height 14.0 cm). After the seedlings reached the three-leaf stage, the following experiments were conducted:



(1) Preventive effect: We prepared the EC80 concentrations of pyraclostrobin (29.16 mg·L−1) and crude extracts (157.06 mg·L−1). The combination of microbial crude extracts and pyraclostrobin (157.06 mg·L−1 and 29.16 mg·L−1, respectively, with a volume ratio of 8:2) was prepared immediately before use, and sterile water was used as the control. After spraying, the plants were placed in a growth chamber (light: 8 h, 6000 lux, 24 °C; dark: 16 h, 20 °C; RH 90%). Following 12 h of treatment, a solution containing 105 CFU·mL−1 (colony-forming units per mL) of E. turcicum was applied through spraying. The calculation of the disease index was conducted using the standards outlined in the study conducted by Liu et al. (2018) [33]. Each treatment was replicated three times.



(2) Curative effect: A suspension of 105 CFU·mL−1 of E. turcicum was sprayed on the maize seedlings. The plants were then placed in a growth chamber. In 12 h intervals, pyraclostrobin, microbial crude extracts, and the combination of microbial crude extracts and pyraclostrobin were sprayed, separately, at each of the concentrations used in the preventive group. Sterile water was used as a control. Each treatment was subjected to three repetitions. The disease index calculation method and control effect calculation method were consistent with those of the preventive group.





2.6. Effects of Maize Seeds Soaked with Crude Extracts of Fermentation Broth on the Growth of Maize Plants


Maize seeds were treated with 75% ethanol for 3 min to sterilize them. Following this, the seeds were washed thrice with sterile water. They were then exposed to various diluted concentrations of microbial crude extracts, with sterile water serving as a control. After 12 h of treatment, the seeds were cultured in boxes with 20 seeds per box and placed in a growth chamber (light: 8 h, 6000 lux, 24 °C; dark: 16 h, 20 °C; RH 90%). Ten days later, the fresh and dry weights of both the aboveground and underground components of maize seedlings were documented. Each treatment was replicated three times.




2.7. Effects of Crude Extracts on the Growth of Maize Plants


2.7.1. Soil Preparation


The soil that was prepared had organic matter totaling 13.4 g/kg, nitrogen available at 51.6 mg/kg, phosphorus available at 20.4 mg/kg, potassium available at 73.1 mg/kg, with a pH of 6.5. A mixture of soil and culture substrate was combined in a 2:1 ratio. This combined mixture was then subjected to sterilization at 121 °C for a duration of 30 min. Following sterilization, the mixture was left to dry naturally in a room before planting maize.




2.7.2. Growth Promotion Effect Determination


Maize seeds were immersed in 80 mg·L−1 of microbial crude extracts for 12 h, and then six seeds were sown in each pot (pot diameter 16.0 cm, height 14.0 cm, installing 450 g above prepared soil). These pots were placed in a growth chamber (light: 8 h, 6000 lux, 24 °C; darkness: 16 h, 20 °C; RH 90%). Following a 7-day cultivation period, a pair of robust seedlings per container was retained for the subsequent trial. The roots of the maize plants were watered with varying levels of microbial crude extracts at a concentration of 10, 20, 40, 80, 160, or 320 mg·L−1, and sterile water was used as a control. There were three pots per treatment. After 10 days of continuous culture, the fresh and dry weights of the aboveground and underground parts of maize seedlings were measured.





2.8. Data Analysis


IBM SPSS software 25.0 was employed for performing statistical analysis. Mean ± standard error from three biological replicates is presented in the dataset. Duncan’s multiple range tests were carried out using a one-way analysis of variance (ANOVA) to identify significant differences among the different experimental groups. Distinct letters are used to denote statistically significant differences, indicating a significance level of p < 0.05.





3. Results


3.1. Antagonistic Effects of B. amyloliquefaciens on E. turcicum


After 96 h of coculture, B. amyloliquefaciens gfj-4 exhibited stronger inhibitory effects on E. turcicum than the control (Figure 1). In the presence of gfj-4 crude extracts, the growth of E. turcicum was notably impeded, resulting in an inhibition rate of 84.60% ± 1.25%. This indicated the significant inhibitory effect of B. amyloliquefaciens gfj-4 on E. turcicum.




3.2. Inhibitory Effects of Crude Extracts and Chemical Fungicides on E. turcicum


As indicated in Table 2, the concentration of microbial crude extracts from 32.0 mg·L−1 to 320.0 mg·L−1 correlated with an increased inhibition rate of E. turcicum, ranging from 35.36% to 89.86%. The EC50 of the microbial crude extracts against E. turcicum was 49.01 mg·L−1, with a toxicity regression equation of y = 1.66x + 2.22 (R2 = 0.98). Notably, even at 50.0 mg·L−1, the inhibition rate exceeded 50%, indicating a substantial inhibitory effect. Morphological observations revealed distorted hyphae, increased septa, bead-like terminal ends, and augmented spore production (Figure 2).



The lower the EC50 value of the chemical fungicide, the better the inhibitory effect on the pathogen, and vice versa [34]. Among the fungicides tested, fludioxonil exhibited the highest toxicity, with an EC50 of 0.05 mg·L−1. Within the ergosterol biosynthesis inhibitors (EBIs), prochloraz, hexazole, and propiconazole displayed toxicity with EC50 values of 0.15, 0.26, and 0.32 mg·L−1, respectively. Strobilurin fungicides had relatively higher EC50 values: pyraclostrobin at 8.55 mg·L−1 and trifloxystrobin at 16.47 mg·L−1 (Table 3).




3.3. Antagonistic Effects of the Combination of Microbial Crude Extracts and Chemical Fungicides


The toxicity ratio of microbial crude extracts combined with triazole fungicides demonstrated an additive effect. The most significant enhancement occurred at a volume ratio of 3:7 for microbial crude extracts to hexaconazole, yielding a toxicity ratio of 1.1. The combination with pyraclostrobin primarily exhibited an enhancing or additive effect, peaking at a volume ratio of 8:2, with a toxicity ratio of 1.24 (Table 4). Overall, the combination with pyraclostrobin displayed substantial enhancement, leading to further assays on the combination of microbial crude extracts and pyraclostrobin.



As the level of the microbial crude extracts combined with pyraclostrobin rose, so too did the level of inhibition of E. turcicum (Table 5). When the concentration reached 120 mg·L−1, the inhibition rate peaked at 81.54% ± 0.92%. The toxicity regression equation for the mixture was y = 0.92x + 3.86 (R2 = 0.95), with a theoretical EC50 for E. turcicum of 40.91 mg·L−1. The observed EC50 value was 17.29 mg·L−1, with an SR (synergistic ratio) of 2.37, confirming a synergistic effect. High concentrations of the mixture significantly inhibited mycelial growth. As the concentration increased, the colony color gradually changed from olive to light yellow, and the growth momentum weakened (Figure 3).




3.4. Control of Pathogen Infection on Maize Leaves with Microbial Crude Extracts and Pyraclostrobin


As shown in Figure 4, E. turcicum infection produced severe symptoms on detached leaves. However, the leaves pretreated with microbial crude extracts showed a reduction in pathogen infection, with an inhibition rate of 36.36%. Treatment with pyraclostrobin inhibited the expansion of lesions, and, when compared to single treatment with microbial crude extracts, pyraclostrobin showed greater control efficacy, with an inhibition rate of 55.84%. The lesion areas were smaller with combined treatment, maintaining an overall green color compared to the controls, indicating a better control effect with an inhibition rate of 63.64%. Thus, the combined treatment showed a synergistic inhibitory effect on E. turcicum.




3.5. Enhancing Control Efficacy of E. turcicum on Maize Plants by Combining Microbial Crude Extracts and Pyraclostrobin


The disease index of the control treatments from the preventive and curative groups was 87.30% and 77.78%, respectively (Table 6). The maize seedlings in the control treatments exhibited symptoms of leaf withering and death (Figure 5). Moreover, the combination of microbial crude extracts and pyraclostrobin further demonstrated synergistic efficacy, reaching the highest efficacy at 40.0% for the preventive group and 56.48% for the curative group (p < 0.05). The control efficacy of the combined treatments was increased by 13.18% and 9.57% compared to single treatments in the preventive group and by 19.93% and 14.96% in the curative group, respectively. The curative effect on E. turcicum was superior to the preventive effect.




3.6. Growth-Promoting Effects of Microbial Crude Extracts on Maize Plants


With the increase in the seed soaking concentration of the microbial crude extracts, the fresh and dry weights of both the aboveground and underground parts of the maize seedlings initially increased and then decreased (Figure 6). Upon treatment with 80 mg·L−1 crude extracts, maize seedlings exhibited the highest fresh and dry weights (p < 0.05). This optimal concentration of microbial crude extracts was employed in the subsequent experiments. As shown in Figure 7, the crude extracts, when utilized as a seedsoaking solution at a concentration of 80 mg·L−1 followed by subsequent watering with sterile water, exhibited a notable growth-promoting effect on maize plants compared to the control group. These findings suggested that an optimal concentration of microbial crude extracts for seed soaking indeed bolstered the growth of maize seedlings. Remarkably, the most significant impact on the growth of maize seedlings was observed when using a soaking concentration of 80 mg·L−1 of the extracts, followed by root irrigation with a concentration of 40 mg·L−1. These findings demonstrate the effectiveness of using crude extracts at ideal concentrations and in consecutive applications to enhance the growth of maize seedlings, as shown by the notable enhancement in growth factors.





4. Discussion


Maize is a crucial global crop, playing a significant role in ensuring food and feed security [35,36]. NCLB, a major threat to global maize production, is characterized by rapid spread, high outbreak frequency, and causing extensive damage [37]. Current control strategies for NCLB encompass resistance breeding, chemical treatments, and biological control [38,39]. Chemically spraying fungicides during the corn tasseling period remains a prevalent preventive measure against NCLB, with propiconazole, azoxystrobin, and pyraclostrobin being common choices [40,41]. In this study, toxicity assessments revealed that fludioxonil exhibited the highest toxicity, followed by C-14 demethylation inhibitors, including tebuconazole, hexaconazole, and propiconazole. Pyrazoxystrobin is an important class of respiratory inhibitors, mainly acting on cytochrome bc1Q0 ubiquinone oxidase. It is widely used in the prevention and cure of maize leaf spot diseases [42]. In order to avoid the rapid development of resistance to pyrazoxystrobin and prolong its lifespan, it is necessary to search for an exogenous substance that can enhance its inhibitory activity.



Sartori et al. [43] investigated the inhibitory effects of various biocontrol agents, including genera such as Bacillus, Pantoea, Corynebacterium, and Enterococcus, on NCLB. Leaf spraying with these agents reduced disease incidence by 30–78% on day 20 and 39–56% on day 39. The application of B. amyloliquefaciens crude extracts to maize leaves, particularly at the 10-leaf stage, demonstrated optimal disease control efficacy, with high stability on the leaf surface. Liu et al. [33] isolated Chaetomium globosum LB-2, which exhibited significant inhibition against the NCLB pathogen. The application of 1 mg·mL−1 n-butanol crude extract resulted in an 89.99% inhibition rate. In greenhouse trials, 1000.0 mg·L−1 n-butanol crude extract effectively reduced disease severity by 53.47%, suggesting potential antifungal applications through competition and secretion of antifungal substances. Luo et al. [44] isolated a strain from Stephania kwangsiensis and found that the ethyl acetate extract from its liquid fermentation inhibited E. turcicum with an EC50 of 10.0 mg·L−1. One component, griseofulvin, displayed an EC50 of 1.3 mg·L−1, indicating its potential value in disease control. In this study, the EC50 of B. amyloliquefaciens gfj-4 crude extract against E. turcicum was 49.01 mg·L−1, indicating the need for further purification and the identification of its active components. Chang et al. [45] demonstrated the effectiveness of Beauveria bassiana inoculation in reducing the incidence of NCLB. Additionally, Burkholderia and Pseudomonas abundance increased in maize roots, suggesting synergy between biocontrol agents and beneficial indigenous bacteria and fungi. Zahra et al. [46] explored the use of biochar derived from cow dung to enhance soil quality and induce resistance, which reduced the incidence of NCLB. This study highlights the potential of beneficial microorganisms, such as the B. amyloliquefaciens gfj-4, in controlling aboveground diseases through root application. This research examined the suppressive impact of strain gfj-4 crude extracts on NCLB. While additional investigation is needed on the active ingredients, the promise of strain gfj-4 as a biocontrol agent for managing NCLB is clear. The combination of microbial crude extracts and triazole fungicides showed an additive effect, with pyraclostrobin demonstrating significant enhancement. The application of this combination demonstrated synergistic efficacy against NCLB. Moreover, the gfj-4 crude extracts exhibited a growth-promoting effect on maize plants. These findings provide valuable insights into the potential of strain gfj-4 as a biocontrol agent and the development of novel antifungal substances. Further research is needed to identify strategies for sustainable maize production.



The inhibitors of ergosterol biosynthesis affect the structure and function of the cell membrane of fungi [47]. In this study, the synergistic effect of microbial crude extracts and fungicides on E. turcicum was not significant, which may have been caused by the similar action mechanisms of the microbial crude extracts and fungicides. There have been many reports on the research on biocontrol bacteria and their mixed microbial crude extracts and chemical fungicides in managing plant diseases. Ji et al. [48] investigated the bacteriostasis effect of crude Bacillus extracts combined with fludioxonil on tomato grey mold and showed that the bacteriostasis effect of the mixed treatment was higher than that of the single treatment. It was also found that there was a synergistic effect between the bacteria and fungicides in pot experiments. The control effect of 108 CFU·mL−1 of Bacillus TA-1 and 50 g·hm−2 of fludioxonil on grey mold could reached 70.16%, which was higher than that of the single treatment. Kim et al. [49] showed that the butanol extract of the fermentation broth of B. amyloliquefaciens JCK-12 and a mixture of iprodione, fludioxonil, benomyl, difenoconazole, and tebuconazole had obvious synergistic activity against F. graminearum, which causes scab of wheat, and it was concluded that it had the strongest synergistic activity with benomyl. Further greenhouse and field efficacy tests showed that the usage of chemical fungicides could be significantly reduced. It was speculated that the reason for the synergistic effect of the combination was that the crude extracts increased the permeability of the cell membrane by destroying its structure. Next, the dose of the chemical fungicides entering the cells increased, indicating that microbial crude extracts can enhance the sensitivity of pathogenic fungi to some fungicides. Pyraclostrobin is one of the most widely used chemical fungicides, and it has great adaptability in mixing with other types of fungicides [50]. In this study, the volume ratio of microbial crude extract and pyraclostrobin was 8:2, which exhibited synergistic effects on pathogen infection. Therefore, the crude extracts from B. amyloliquefaciens gfj-4 enhanced the antibacterial activity of pyraclostrobin. However, what components of the crude extract played the main role remains to be further explored.



It has been reported that one of the biocontrol mechanisms of Bacillus species is the induction of compensation or tolerance caused by its promotion of growth [51,52]. Nunes et al. [53] reported that both B. subtilis FMCH002 and B. licheniformis FMCH001 can significantly promote the growth of tomato plants, which can produce IAA. Cui et al. [54] found that a strain of B. amyloliquefaciens, B9601-Y2, can significantly promote the growth of maize seedlings and the activity of soil enzymes, thereby reducing disease incidence and improving the yield of maize. This study indicated that soaking seeds with 80 mg·L−1 crude extract followed by root irrigation with 40 mg·L−1 crude extract had a significant effect on the growth of maize. However, the active components in the crude extracts that play a role in promoting growth remain to be further explored.




5. Conclusions


In summary, this study underscores the inhibitory potential of B. amyloliquefaciens gfj-4 and its crude extracts against NCLB. A promising strategy for enhanced disease control was demonstrated by the synergistic effects observed when a microbial crude extract was combined with chemical fungicides, particularly pyraclostrobin, at a volume ratio of 8:2 (microbial crude extracts: pyraclostrobin at the EC50). Additionally, the dual benefits of utilizing microbial crude extracts in agricultural practices was demonstrated by the growth-promoting effects on maize plants. This was achieved through seed soaking at a concentration of 80 mg·L−1 of the crude extracts, followed by root irrigation at a concentration of 40 mg·L−1. The results lay the foundation for utilizing and implementing these synergistic combinations as efficient and long-lasting strategies for managing NCLB and enhancing maize growth.




6. Patents


A Chinese patent named “Bacillus amyloliquefaciens gfj-4 and its composition” resulted from this work. Inventor: Haiming Duan and Li Yu. Patentee: Anhui Science and Technology University.
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Figure 1. Confrontation culture of B. amyloliquefaciens gfj-4 and E. turcicum after 96 h; (a) and (b) the control and the inhibition effect of strain gfj-4 of E. turcicum, respectively. 
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Figure 2. Inhibition effect of crude extracts from B. amyloliquefaciens gfj-4 on E. turcicum by mycelial growth rate method. (a–f) Colony size of the treatment with 320.0, 160.0, 80.0, 50.0, 40.0, and 32.0 mg·L−1 after 96 h of culture, respectively. (g) Normal hyphae of E. turcicum and (h) deformed hyphae of E. turcicum treated with microbial crude extracts of 49.01 mg·L−1 after 96 h of culture. 
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Figure 3. Inhibition effect of mixture of microbial crude extracts and pyraclostrobin on E. turcicum by Wadley method: (a–f) 5, 10, 20, 40, 80, and 120 mg·L−1 after 96 h of culture, respectively. 
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Figure 4. Inhibition effect of different treatments on leaf inoculation of E. turcicum. (a–d) The control, microbial crude extracts, pyraclostrobin, and synergistic combination treatment, respectively. 
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Figure 5. Control effect of curative methods on E. turcicum. (a–d) The CK, microbial crude extracts, pyraclostrobin, and mixture in the curative group, respectively. 
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Figure 6. Effect of soaking seeds with different concentrations of microbial crude extracts on the growth of maize seedlings. Bars above columns represent the standard error. 
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Figure 7. Effect of microbial crude extracts on dry and fresh weight of aboveground and underground maize parts. Bars above columns represent the standard error. 
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Table 1. Concentration settings for six fungicides.
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Fungicide

	
Concentration Gradient (mg·L−1)






	
Prochloraz

	
0.05

	
0.1

	
0.2

	
0.4

	
0.8

	
1.6




	
Propiconazole

	
0.05

	
0.1

	
0.2

	
0.4

	
0.8

	
1.6




	
Hexaconazole

	
0.05

	
0.1

	
0.2

	
0.4

	
0.8

	
1.6




	
Pyraclostrobin

	
2.0

	
4.0

	
6.0

	
8.0

	
10.0

	
12.0




	
Trifloxystrobin

	
1.0

	
2.0

	
4.0

	
8.0

	
16.0

	
24.0




	
Fludioxonil

	
0.01

	
0.04

	
0.08

	
0.16

	
0.24

	
0.32











 





Table 2. Inhibition effect of crude extracts of fermentation broth mixed with six fungicides on E. turcicum.
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	Concentration (mg·L−1)
	Inhibition Rate (%) a





	320.0
	89.86 ± 0.36 a



	160.0
	81.52 ± 0.63 b



	80.0
	69.20 ± 0.46 c



	50.0
	55.07 ± 0.72 d



	40.0
	45.29 ± 1.31 e



	32.0
	35.36 ± 1.28 f







a: Mean ± standard error of three independent experiments is presented. One-way ANOVA and Duncan’s multiple range test were used to determine significant differences, with distinct letters indicating significance at the p < 0.05 level.













 





Table 3. Antifungal activity of six fungicides against E. turcicum.
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	Fungicide
	Toxicity Regression Equation a
	EC50 (mg·L−1)
	95% Confidence Interval
	R2





	Fludioxonil
	y = 0.92x + 6.23
	0.05
	0.03–0.06
	0.96



	Prochloraz
	y = 0.55x + 5.45
	0.15
	0.10–0.21
	0.95



	Hexaconazole
	y = 1.04x + 5.60
	0.26
	0.21–0.32
	0.95



	Propiconazole
	y = 0.58x + 5.28
	0.32
	0.23–0.47
	0.95



	Pyraclostrobin
	y = 1.58x + 3.53
	8.55
	7.47–10.14
	0.98



	Trifloxystrobin
	y = 0.92x + 3.87
	16.47
	11.59–27.21
	0.98







a x, common logarithm value of dosage; y, probability value of inhibition rate conversion.













 





Table 4. Inhibition effect of microbial crude extracts mixed with six fungicides on E. turcicum.
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Volume Ratio #

	
Actual Antifungal Rate ± Standard Error (%)

	
Toxicity Ratio ± Standard Error (%)




	
Prochloraz

	
Propiconazole

	
Hexaconazole

	
Pyraclostrobin

	
Trifloxystrobin

	
Fludioxonil

	
Prochloraz

	
Propiconazole

	
Hexaconazole

	
Pyraclostrobin

	
Trifloxystrobin

	
Fludioxonil






	
10:0

	
52.21 ± 1.95 ab

	
52.30 ± 1.3 abc

	
52.22 ± 1.36 b

	
52.25 ± 0.36 e

	
52.63 ± 0.38 de

	
52.20 ± 1.64 bcd

	
1.00 ± 0.03 ab

	
1.00 ± 0.02 bcd

	
1.00 ± 0.02 b

	
1.00 ± 0.01 e

	
1.00 ± 0.02 d

	
1.00 ± 0.03 cde




	
9:1

	
49.90 ± 0.85 ab

	
49.85 ± 1.93 bcd

	
47.47 ± 0.51 c

	
63.79 ± 2.52 a

	
53.84 ± 0.76 cd

	
48.40 ± 1.20 e

	
0.96 ± 0.02 b

	
0.96 ± 0.04 d

	
0.91 ± 0.01 c

	
1.22 ± 0.04 a

	
1.03 ± 0.01 cd

	
0.93 ± 0.02 f




	
8:2

	
50.20 ± 3.21 ab

	
49.55 ± 1.67 cd

	
47.95 ± 0.89 c

	
64.88 ± 0.81 a

	
57.10 ± 1.56 a

	
50.31 ± 0.91 d

	
0.97 ± 0.06 b

	
0.96 ± 0.03 d

	
0.92 ± 0.02 c

	
1.24 ± 0.01 a

	
1.10 ± 0.03 ab

	
0.97 ± 0.02 e




	
7:3

	
49.98 ± 0.85 ab

	
50.26 ± 2.41 abcd

	
47.90 ± 0.89 c

	
59.17 ± 0.64 b

	
57.74 ± 0.38 a

	
51.19 ± 0.45 cd

	
0.97 ± 0.02 b

	
0.98 ± 0.05 cd

	
0.92 ± 0.02 c

	
1.13 ± 0.01 b

	
1.12 ± 0.01 a

	
0.99 ± 0.01 de




	
6:4

	
50.27 ± 0.42 ab

	
50.46 ± 0.48 abcd

	
48.38 ± 2.86 c

	
58.16 ± 1.44 b

	
56.31 ± 0.38 ab

	
54.64 ± 0.45 a

	
0.98 ± 0.01 ab

	
0.99 ± 0.01 cd

	
0.93 ± 0.05 c

	
1.11 ± 0.03 b

	
1.10 ± 0.01 ab

	
1.06 ± 0.01 a




	
5:5

	
50.56 ± 0.42 ab

	
50.15 ± 0.83 bcd

	
52.50 ± 2.36 b

	
55.59 ± 0.00 c

	
54.91 ± 1.38 bc

	
53.45 ± 0.45 ab

	
0.99 ± 0.01 ab

	
0.99 ± 0.02 cd

	
1.01 ± 0.04 b

	
1.06 ± 0.00 c

	
1.08 ± 0.03 b

	
1.04 ± 0.01 ab




	
4:6

	
50.84 ± 1.12 ab

	
51.35 ± 1.44 abcd

	
56.08 ± 2.06 a

	
54.57 ± 0.84 cd

	
52.49 ± 0.00 de

	
52.76 ± 0.00 abc

	
1.00 ± 0.02 ab

	
1.02 ± 0.03 abcd

	
1.08 ± 0.04 a

	
1.04 ± 0.02 cd

	
1.04 ± 0.00 c

	
1.03 ± 0.00 abc




	
3:7

	
52.13 ± 1.12 a

	
52.02 ± 0.48 abcd

	
57.07 ± 0.89 a

	
53.56 ± 0.73 cde

	
51.62 ± 0.38 ef

	
52.08 ± 0.45 bcd

	
1.03 ± 0.02 a

	
1.04 ± 0.01 abc

	
1.10 ± 0.02 a

	
1.02 ± 0.0 de

	
1.03 ± 0.01 cd

	
1.02 ± 0.01 bcd




	
2:8

	
49.89 ± 0.74 ab

	
52.68 ± 0.83 ab

	
56.49 ± 1.03 a

	
53.08 ± 1.82 de

	
50.76 ± 1.32 fg

	
51.92 ± 1.36 bcd

	
0.99 ± 0.01 ab

	
1.06 ± 0.02 ab

	
1.09 ± 0.02 a

	
1.01 ± 0.03 de

	
1.02 ± 0.03 cd

	
1.02 ± 0.03 bcd




	
1:9

	
49.16 ± 1.12 b

	
53.33 ± 1.44 a

	
55.92 ± 0.51 a

	
53.11 ± 1.21 de

	
49.89 ± 1.01 gh

	
51.24 ± 0.00 cd

	
0.98 ± 0.02 ab

	
1.08 ± 0.03 a

	
1.08 ± 0.01 a

	
1.01 ± 0.02 de

	
1.01 ± 0.02 cd

	
1.01 ± 0.00 bcd




	
0:10

	
49.93 ± 1.28 ab

	
49.06 ± 2.89 d

	
51.73 ± 2.24 b

	
52.62 ± 0.00 de

	
49.04 ± 1.01 h

	
50.57 ± 2.27 d

	
1.00 ± 0.04 ab

	
1.00 ± 0.06 bcd

	
1.00 ± 0.04 b

	
1.00 ± 0.00 e

	
1.00 ± 0.01 d

	
1.00 ± 0.04 cde








# The volume ratio of V (crude extracts):V (chemical fungicide). Significant differences were determined using one-way ANOVA and Duncan’s multiple range test, as indicated with different letters in the same column at p < 0.05 significance level.













 





Table 5. Inhibition effect of microbial crude extracts mixed with pyraclostrobin on E. turcicum.






Table 5. Inhibition effect of microbial crude extracts mixed with pyraclostrobin on E. turcicum.





	Mixture Concentration (mg·L−1)
	Inhibition Rate (%) a





	5
	33.54 ± 1.41 f



	10
	44.00 ± 0.31 e



	20
	47.69 ± 0.31 d



	40
	56.00 ± 0.81 c



	80
	75.69 ± 0.31 b



	120
	81.54 ± 0.92 a







a Inhibition rate is the mean ± standard error. Significant differences were determined using one-way ANOVA and Duncan’s multiple range test, as indicated with different letters at p < 0.05 significance level.













 





Table 6. Potted control effect of microbial crude extracts mixed with pyrazoxystrobin on NCLB.






Table 6. Potted control effect of microbial crude extracts mixed with pyrazoxystrobin on NCLB.





	
Application Method

	
Treatment

	
Disease Index (%)

	
Preventive (Curative) Effect (%) a






	
preventive group

	
control

	
87.30 ± 2.34 a

	
— b




	
crude extracts

	
63.89 ± 1.94 b

	
26.82 ± 2.14 c




	
pyraclostrobin

	
60.73 ± 1.69 c

	
30.43 ± 2.04 b




	
mixture

	
52.38 ± 0.53 d

	
40.00 ± 1.68 a




	
curative group

	
control

	
77.78 ± 2.57 a

	
—




	
crude extracts

	
49.35 ± 1.42 b

	
36.55 ± 1, 02 c




	
pyraclostrobin

	
45.48 ± 1.54 c

	
41.52 ± 1.24 b




	
mixture

	
33.85 ± 1.22 d

	
56.48 ± 0.94 a








a The preventive (curative) effect is the mean±standard error. b “—” indicates no activity was observed. Significant differences were determined using one-way ANOVA and Duncan’s multip