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Abstract

:

Fusarium Head Blight (FHB, scab) is a destructive fungal disease that causes extensive yield and quality losses in wheat and other small cereals. Biological control of FHB is considered to be an alternative disease management strategy that is environmentally benign, durable, and compatible with other control measures. In this study, to screen antagonistic bacteria with the potential to manage FHB, 113 endophytes were isolated from the stems, leaves, panicles, and roots of wheat. Among them, six strains appeared to effectively inhibit Fusarium graminearum growth and one isolate, XS-2, showed a highly antagonistic effect against FHB. An in vitro antagonistic test of XS-2 on wheat heads confirmed that XS-2 could suppress the disease severity of FHB. The 16S rDNA sequence analysis revealed that XS-2 is a strain of Bacillus amyloliquefaciens. Antagonistic spectrum analyses showed that XS-2 had antagonistic effects against two and four types of cotton and fruit tree pathogens, respectively. The fermentation condition assays showed that glucose and peptone are the most suitable nutrient sources for XS-2, and that the optimal pH value and temperature for fermentation were 7.4 and 28 °C, respectively. Our study indicates that XS-2 has a good antagonistic effect on FHB and lays a theoretical foundation for the application of the strain as a biological agent in the field to control FHB.
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1. Introduction


Fusarium head blight (FHB), which is mainly caused by Fusarium graminearum, is one of the most serious diseases of wheat and other small grain cereals in both temperate and semi-tropical regions [1]. It can cause the whole plant to rot, including seeds, seedlings, stalks, stems, and ears, and yield loss can reach up to 70% in some crop fields [2]. Besides the economic losses caused by reductions in the grain yield, another main problem is potential contamination of wheat seeds with mycotoxins, mainly deoxynivalenol (DON), which poses a serious threat to food safety and animal health [3]. Although there are cultivars that are moderately resistant to FHB, such as ‘Sheng selected No. 6′, these are usually susceptible to powdery mildew and stripe rust, which makes it difficult to deploy these FHB-resistant varieties in the field [4].



Presently, the control of FHB is highly dependent on the application of agrochemicals [5]. However, the chemical control method also results in many problems [6]. First, FHB mostly occurs when wheat plants are flowering, which overlaps with the rainy period of the summer season. The pesticides are easily washed away by rainwater, which limits the control efficiency. Second, there is growing concern about the negative effects of chemical pesticides, particularly about their potentially toxic effects on humans and animals. Thus, alternative disease management strategies are needed to fulfill the consumer demand for pesticide-free food while maintaining environmental safety.



Endophytes, such as bacterial and fungi microorganisms, are widely distributed in all living plants. They do not directly cause any plant diseases, but some antagonize the infection, colonization, and development of other plant pathogens [7]. A large number of studies have shown that endophytic bacteria are correlated with enhanced plant growth under both abiotic (heat, drought, salinity, heavy metal exposure, etc.) and biotic stresses, including Fusarium head blight [8,9,10]. For example, Comby et al. [8] isolated 86 microorganisms from wheat plants to find endophytes with the potential to become biological control agents against FHB, and 13 strains conferred significant protection against FHB on wheat spikelets. Dal Bello et al. [11] found that a strain of Trichoderma harzianum could inhibit Fusarium head blight by a rate of 79%. Combined effects of different kinds of endophyte and other materials, such as ZnO nanoparticles, have also been reported. For example, mixtures of multiple isolates of Pseudomonas, Erwinia, and Bacillus spp. have been reported to exert greater antagonistic effects against the growth of F. graminearum than a single isolate [12]. Dimkpa et al. [13] and Palazzini et al. [14] demonstrated that ZnO nanoparticles combined with biocontrol bacteria (Pseudomonas chlororaphis O6) could significantly inhibit the growth of F. graminearum in wheat. These studies indicate that endophytes have a significant potential to control FHB.



Currently, limited useful biocontrol resources are available to manage FHB. Thus, there is an urgent need to identify more endophytic resources and to evaluate their antagonistic abilities against FHB. In this study, we aimed to explore biocontrol resources for FHB. In this context, our objectives were: (1) to isolate endophytic bacteria from wheat tissues and determine their antagonistic effects on F. graminearum, (2) to classify the endophyte strain XS-2, which was isolated from wheat spikelets and showed the greatest antagonistic effect on F. graminearum, using 16S rDNA sequence analysis, (3) to preliminarily study the strain’s suitable nutrient sources and optimal growth conditions to provide a theoretical basis for the usage of XS-2 as a biological control agent, and (4) to explore the antagonistic effect of XS-2 on FHB in wheat heads in vitro.




2. Materials and Methods


2.1. Plant Sample Collection and Endophyte Isolation


Wheat samples were collected from farmland near the west campus of Yangtze University in Jingzhou, Hubei province, China (N30°21′32.53″ E112°08′22.05″). Samples were collected in an aseptic bag and were taken back to the laboratory immediately. Wheat stems, leaves, roots, and spikelets were rinsed with clean water and cut into 5-cm segments. Segments were then soaked in 75% alcohol for 30 s, rinsed once in sterile water, soaked for 5 min in 1% mercury chloride, and rinsed three times with sterile water. Using a sterile mortar, the sample was grinded with 5-mL of sterile water, and 100 μL of the solution was added to Potato Dextrose Agar (PDA: 20 g of dried potato infusion, 20 g of glucose, 15 g of agar per L) and to Nutrient Agar (NA: 10 g of peptone, 3 g of beef extract, 2.5 g of glucose, 18 g of agar per L) media, respectively. Solutions were spread on plates uniformly with a spreader, before being incubated at 28 °C for 2 to 3 days. Emergent colonies were picked and transferred onto PDA or NA fresh media, respectively, to obtain pure culture isolations.




2.2. Dual Culture Assays for Antagonistic Tests


Dual culture assays were used to test the antagonistic effects of isolations on Fusarium graminearum [8]. For each repetition, a 5-mm mycelium pellet of F. graminearum was placed onto the center of an NA plate and the endophyte was placed between the F. graminearum pellet and the plate edge. The plates with F. graminearum growths alone were used as controls. Then, dual culture and control plates were incubated at 28 °C in the dark until the F. graminearum fully covered the control plate. The inhibition zone was measured and statistically analyzed. To measure the inhibition zone, lines were drawn from the plate center to the edge, and the longest line segment overlapping the endophyte growth area was measured and recorded as the dimeter of the inhibition zone. Each endophyte/pathogen combination was duplicated at least five times and two independent experimental repetitions were done for each strain.



The same method was used to detect the inhibitory effects of antagonistic endophyte on other common plant pathogens, including Fusarium moniliforme and Rhizoctonia solani (two cotton pathogens), Sclerotium rolfsii (a rice pathogen), Alternaria alternata (a pear fruit pathogen), Colletotrichum truncatum (a pitaya fruit pathogen), and Colletotrichum gloeosporioides (an apple fruit pathogen). Each treatment included three repetitions.




2.3. Classification of Endophyte Isolates


A modified version of the CTAB (cetyltriethylammnonium bromide) method was used to extract the DNA of the endophyte isolates [15]. Additionally, the extracted DNA was used as template for polymerase chain reaction (PCR) amplification. The 16S rDNA universal primers (27F: 5′-CAGAGTTTGATCCTGGCT-3′, 1492R: 5′-AGGAGGTGATCCAGCCGCA-3′) were used to amplify the target fragments. In addition, the amplified products were sequenced by Sangon Biotech (Shanghai, China). Obtained sequences were used to perform BLAST searching on the NCBI website (http://www.ncbi.nlm.nih.gov/) to determine the possible species of the isolates. BLAST results were downloaded and the sequences were used to construct the phylogenetic tree using MEGA7.0 [16].




2.4. Optimization of Fermentation Conditions


For growth curve determination, the endophyte isolate was cultured in NA liquid medium and incubated in the dark at 28 °C with shaking at 180 rpm (pH 7.0). The OD600 value was measured every 4 h until 36 h, and then measured every 12 h until 84 h. NA liquid medium alone was used as a control. At each time point, OD600 was measured by a spectrophotometer at an absorbance wavelength of 600 nm (DU 800, Beckman Coulter, Brea, CA, USA). For fermentation medium optimization, a liquid medium with glucose (2.5 g/L) and peptone (10 g/L) as carbon and nitrogen sources, respectively, was used as the basic medium. Then, the glucose carbon source was replaced by either sucrose, lactose, or mannitol, while the peptone nitrogen source was replaced by either beef extract or ammonium nitrate to explore the best carbon and nitrogen source combination for endophyte fermentation. The customization medium was used as a blank control and OD600 was measured after 24 h of incubation. For fermentation temperature and pH optimization, the endophyte isolate was cultured at different temperatures (4 °C, 10 °C, 16 °C, 22 °C, 28 °C, 34 °C, 40 °C, 46 °C, and 52 °C) and pH values (3.0, 5.0, 6.0, 7.0, 7.4, 8.0, 10.0, and 12.0) to determine the best growth temperature and pH. The OD600 was measured after 24 h incubation. The 0.2 M KOH and 0.2 M HCl were used to adjust the pH value of the medium. Each treatment included three replications and two independent experimental duplications.




2.5. In Vitro Antagonistic Test of Endophyte against F. graminearum


Testing for the antagonistic effects of endophyte against F. graminearum was performed on detached spikelets from the “Zhengmai 9023” cultivar. Detached spikelets were soaked in a suspension of endophyte or control water for 2 min, before being placed on plates filled with water agar medium (3 g/L). Four days later, a conidia suspension of F. graminearum (105 conidia/mL) was sprayed onto spikelets. Then, spikelets were incubated at 20/15 °C day/night temperature with a 16/8 h light/dark photoperiod, and 65% relative humidity. Two weeks later, the disease severity was assessed and scaled to four levels, and level values were used to calculate severity index and protection rate according to methods developed by Comby et al. [8]. Each treatment included at least 15 spikelet replications and two independent experimental duplications.




2.6. Statistical Analysis


Data were subjected to analysis of variance using SPSS 19.0, where F tests were significant at p < 0.05, and the means were separated by Duncan’s Multiple Range test at p < 0.05.





3. Results


3.1. Identification of Endophytic Bacteria Strain XS-2


In total, 113 strains of endophytic bacteria were isolated from the roots, stems, leaves, and spikelets tissues of wheat. After testing by dual culture assays, six out of 113 strains showed antagonistic effects on Fusarium graminearum. Among them, XS-2, which is a strain isolated from spikelets, exhibited the best antagonistic effect with a clear inhibition zone being observed between bacterial colonies and fungal mycelium. As shown in Figure 1, the average diameter of the inhibition zone was 29.58 mm, which was significantly larger than the other five strains.



To further classify this endophyte to a species level, sequence analysis of the 16S rRNA gene was performed. A 1500 bp fragment amplified by universal 16S rDNA primers was sequenced. The obtained sequence was aligned with BLAST (Basic Local Alignment Search Tool) on the NCBI (National Center for Biotechnology Information) website (http://www.ncbi.nlm.nih.gov/) to determine the species of strain XS-2. The BLAST result revealed that 16S rDNA sequence of XS-2 was highly homologous to sequences belonging to Bacillus species. Then, the 16S rDNA sequence of XS-2 and its homologous sequences were collected and used to construct a phylogenetic tree according to the genetic distance. The phylogenetic analysis showed that XS-2 was classified as Bacillus amyloliquefaciens (Figure 2).




3.2. Determination of Antimicrobial Spectrum


In order to test the antimicrobial ability of XS-2, its antagonistic effects against several common crop and fruit tree pathogens, including Fusarium moniliforme and Rhizoctonia solani, Alternaria alternata, Colletotrichum gloeosporioides, Sclerotium rolfsii, and Colletotrichum truncatum, were determined by using dual culturing assays. As shown in Table 1, XS-2 significantly inhibited the growth of all six tested pathogens and the inhibition zones ranged from 18.9 to 33 mm, which implies a broad antimicrobial spectrum of XS-2. In addition, XS-2 showed the greatest inhibitory effect on Alternaria alternata (the pathogen of pear black spot), with the inhibition zone reaching 33 mm.




3.3. Determination of the Optimal Fermentation Conditions


The growth curve of XS-2 was determined by a time series measuring OD600 values. As shown in Figure 3A, the XS-2 strain entered the exponential growth phase for 24 h after inoculation to NA liquid medium. It was then under the plateau phase for 24–60 h, and entered the decline phase after 60 h (Figure 3A).



To optimize the fermentation conditions, the influences of different nutrient sources (carbon and nitrogen sources) and growth conditions (pH and temperature) on XS-2 were studied. Results showed that all of the carbon and nitrogen sources tested in this study could be utilized by XS-2, with glucose and peptone being the most optimum carbon and nitrogen sources, respectively, since their OD600 values were the highest among all of the growth media (Figure 3B). Considering the fact that glucose and peptone are the two main components of the NA medium, we then directedly tested the fermentation effect of NA medium. As can be seen in Figure 3B, the OD600 value reached 1.97 after 24 h of incubation, which was higher than any other customized nutrient source combinations. This suggests that NA medium is highly suitable for culturing XS-2.



The bacterial solution of XS-2 was inoculated in NA liquid medium at different pH levels (pH = 3.0, 5.0, 6.0, 7.0, 7.4, 8.0, 10.0, and 12.0), and the OD600 values were measured 24 h later. The results showed that the XS-2 strain can grow in pH levels ranging from 4.0 to 10.0, and that the most suitable pH values for growth ranged from 5.0 to 9.0, with the optimum pH value being 7.4 (Figure 3C). To determine the optimum temperature, the bacterial liquid of XS-2 was inoculated into NA culture solution (pH adjust to 7.4) and placed in an incubator at different temperatures (4 °C, 10 °C, 16 °C, 22 °C, 28 °C, 34 °C, 40 °C, 46 °C, and 52 °C). The results showed that the XS-2 strain could grow from 10 to 46 °C, and that the optimum temperature was 28 °C (Figure 3D).




3.4. Antagonistic in Vitro Test of XS-2 on F. graminearum in Detached Spikelets


The antagonistic effect of XS-2 against F. graminearum was further tested in detached wheat spikelets. As shown in Figure 4, F. graminearum produced typical head blight symptoms for two weeks after inoculation, while inoculation with XS-2 alone and distilled water did not induce any visible disease symptom (Figure 4). Additionally, XS-2 application largely reduced the disease severity of head blight (Figure 4A,B). The severity index was decreased from 2.37 to 0.94 (Figure 4C). Moreover, the protection rate of XS-2 (60.42%) was much better than the protection rate of XG-7 (15.72%) (Figure 4D), in which the antagonistic effect was second to XS-2 in dual culturing assays (Figure 1A).





4. Discussion


In recent years, the wheat Fusarium head blight (FHB) epidemic has become more serious. Due to the shortage of resistant varieties, the control of wheat scab is highly dependent on chemical pesticides. However, with their excessive usage, resistance of Fusarium graminearum to chemical pesticides is increasing, which results in many fungicides losing their efficacy [5,6]. Moreover, due to difficulty in accurately predicting the infection period of wheat spike, farmers often miss the optimal pesticide control period [17,18]. Therefore, the development of new strategies for wheat FHB control is urgently required.



In this study, we isolated one endophytic bacteria strain XS-2 from spikelets, which exhibited antagonistic effects on F. graminearum, as well as on crop and fruit tree pathogens including F. moniliforme and Rhizoctonia solani (two cotton pathogens), Sclerotium rolfsii (a rice pathogen), Alternaria alternata (a pear fruit pathogen), Colletotrichum truncatum (a pitaya fruit pathogen), and Colletotrichum gloeosporioides (an apple fruit pathogen) (Figure 4, Table 1). Specifically, XS-2 had the best inhibitory effect against A. alternata. Therefore, it seems that XS-2 exerted a wide antagonistic spectrum and that it could be developed as a potential biocontrol agent to control plant diseases, especially for F. moniliforme and A. alternata.



Through 16S rDNA sequence analysis, the antagonistic bacteria XS-2 isolated from wheat spikelets in this experiment was identified as Bacillus amyloliquefaciens. The B. amyloliquefaciens strains have been reported to possess good biocontrol effects against many plant pathogens. For example, the FZB42 strain has been reported to suppress disease and promote the growth of many plant species, including tomato, cucumber, cotton, tobacco, and lettuce [19]. Strain PPCB004 has been shown to have an antagonistic effect on Botrytis cinerea, Penicillium expansum, and Rhizopus stolonifer in peach fruits, and could be used as a potential biocontrol agent for fruit post-harvest disease management [20]. Similarly, the results of the present study also support that the B. amyloliquefaciens has an antagonistic effect against several crop and fruit tree diseases, which makes it a valuable resource for developing biocontrol agents.



Some studies have suggested that Bacillus species are root dwelling bacteria [19], but, in this study, the species was isolated from wheat spikelets and showed the ability to suppress the development of head blight in spikelets. Coincidentally, Yoshida et al. [21] isolated a B. amyloliquefaciens strain, RC-2, from mulberry leaves, which inhibited the growth of several phytopathogenic fungi and bacteria. These results confirm the fact that B. amyloliquefaciens strains existed in non-root tissues including leaves and spikelets. However, it is still unclear whether those B. amyloliquefaciens isolated from roots possess similar characteristics (e.g., antimicrobial spectrum) to those isolated from other tissues. Moreover, the subspecific taxonomic status of XS-2 is still unclear, which is necessary for comparisons with other strains [22]. Further work is needed to explore the subspecific taxonomic status of B. amyloliquefaciens strain XS-2 isolated in our study.



To optimize the fermentation conditions of XS-2, different cultivation conditions, including nutrient sources, pH, and temperature, were analyzed. The results showed that canonical NA medium (10 g of peptone, 3 g of beef extract, and 2.5 g of glucose per L) is highly suitable for the cultivation of XS-2 (Figure 3B), and that the optimal pH and temperature were 7.4 and 28 °C, respectively (Figure 3C,D). A wide range of temperatures (4–52 °C) were used during the experiment. This is because wheat experiences a large range of temperatures during its growth period from a subzero temperature in the winter to occasionally more than 40 °C in the summer [23,24]. Additionally, testing a wide range of fermentation temperatures provides a theoretical basis for the application of XS-2 under different temperatures in the field.



To further confirm the antagonistic effects of XS-2 on wheat FHB disease, we then performed an in vitro test on wheat heads under laboratory conditions (Figure 4). The results showed that XS-2 application largely reduced the disease severity of FHB, since the disease severity index was decreased from 2.37 to 0.94. This is strong evidence of the biocontrol potential of XS-2 on FHB disease. In addition, we also compared the antagonistic effects of XS-2 to that of XG-7 (another endophytic bacterium isolated in this study, which exhibited an antagonistic effect second to XS-2 in dual culturing assays). The results suggested that XS-2 had a much greater antagonistic effect than XG-7, since the protection rate of XS-2 (60.42%) was four times greater than XG-7 (15.72%) (Figure 4D). However, we must emphasize that a short period of pathogen exposure to XS-2 in culture medium or in wheat head inoculated under laboratory conditions may not represent the actual scenario for plants that are subjected to long-term stress in field conditions. Therefore, more work is needed to test the antagonistic effects of XS-2 in the field and to optimize the field usage strategies including field application time, spray concentration, and a proper addition agent [25,26]. Nevertheless, our study provides theoretical support for the practical application of XS-2 as biocontrol bacteria in crop production, which is environmentally-friendly and pollution-free.
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Figure 1. Antagonistic effects of endophytic bacteria on Fusarium graminearum. (A) Inhibition effects of six endophyte isolates against F. graminearum. (B) The antagonistic effect of XS-2 against F. graminearum and (C) F. graminearum growth alone. Values are means ± SD (n = 10). Different letters above the bars indicate a significant difference at p < 0.05. 
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Figure 2. Phylogenetic tree based on the 16S rDNA sequence of strain XS-2 and homologous sequences collected from NCBI. The 16S rDNA sequence of XS-2 and homolog sequences from other species were aligned using ClustalW2. The phylogenetic tree was constructed using MEGA7.0 software with the maximum likelihood method (bootstrap values: 1000 replicates). Lactobacillus casei was used as the out-species. 
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Figure 3. Optimization of fermentation conditions. (A) Growth curve of XS-2 grown in NA medium at different time points (28 °C, 180 rpm in dark). (B) Growth of XS-2 in liquid medium with different combinations of carbon and nitrogen sources. (C) Growth of XS-2 in NA medium at different adjusted pH values. (D) Growth of XS-2 in in NA medium under different temperatures. Each set of conditions received three replications from two independent experimental duplications. Values are means ± SD (n = 6). Different letters above the bars indicate a significant difference at p < 0.05. 
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Figure 4. Antagonistic in vitro test of XS-2 against F. graminearum on wheat heads. (A) Symptoms of wheat heads inoculated with XS-2, FHB (Fusarium Head Blight, F. graminearum), and XS-2 plus FHB, distilled water was used as a control. (B) Number of spikelets showing different disease severity levels. (C) The severity index of wheat heads inoculated with XS-2 plus FHB and of wheat heads inoculated with FHB alone. (D) The protection rate of XS-2 compared to XG-7. XG-7 is another endophyte isolated in this study, including the antagonistic effect of which was second to XS-2 in dual culturing assays. At least 32 spikelets from two independent experiments were used. A severity index (SI) was calculated using the following formula: (n0 × 0 + n1 × 1 + n2 × 2 + n3 × 3)/N, where n0, n1, n2, and n3 represent the number of wheat heads exhibiting disease levels 0, 1, 2, and 3, respectively, and N represents the total number of wheat heads used. The protection rate was calculated by the following formula: (SIFHB − SI(XS-2 + FHB))/SIFHB × 100, where SI(XS-2 + FHB) and SIFHB represent the SI values of the XS-2 plus FHB treatment and the FHB treatment alone, respectively. This is similar to the protection rate of XG-7. 
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