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Changes in Bacterial Community Structure and Enriched Functional Bacteria Associated With Turfgrass Monoculture
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There is increasing attention being paid to utilizing microbial communities to improve plant health while reducing management inputs. Thus, the objectives of this research were to assess changes in the rhizosphere bacterial community structure associated with long-term turfgrass monoculture and to demonstrate the feasibility of using functional bacteria as beneficial biocontrol agents. Large patch disease, caused by the fungal pathogen Rhizoctonia solani AG2-2, is a significant threat to turfgrass cultivation. Rhizosphere samples were collected from 2-, 13- and 25-year turfgrass (Zoysia japonica) monocultures. The 13-year monoculture field had a higher pathogen population density than both the 2- and 25-year monoculture fields. Analyses of the rhizosphere bacterial communities revealed that Streptomyces was dominant in the 2-year field and Burkholderia was enriched in the 25-year field. Based on the culturable rhizosphere bacteria, Streptomyces neyagawaensis J6 and Burkholderia vietnamiensis J10 were obtained from the 2- and 25-year fields, respectively. Application of S. neyagawaensis J6 and B. vietnamiensis J10 led to excellent inhibition of large patch disease as well as enhanced tolerance against drought and temperature stresses. The results showed that the selected bacteria could be developed as biocontrol and abiotic stress tolerance agents for turfgrass cultivation.
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INTRODUCTION

Turfgrass is considered as one of the most important irrigated plants worldwide. It is significantly involved in the regulation of carbon sequestration, soil erosion control, and cooling, while also supporting nutrient cycles and leading with recreational value for human activities (Beard, 1972; Simmons et al., 2011). Soil-borne fungal pathogens are the primary cause of the wide range of diseases observed in turfgrass (Asano et al., 2010; Obasa et al., 2012). Among the pathogens, Rhizoctonia solani AG2-2, which causes large patch disease, is the most problematic due to its ability to infect the leaf blades, sheath, and crown of turfgrass. Infected turfgrass exhibits yellow discoloration, which is an early symptom of an outbreak of large patch disease (Couch et al., 1990). This disease is the greatest threat to turfgrass plantings throughout the world and can cause disease repeatedly every year in the same location (Smiley et al., 2005). The onset of infection occurs during autumn before turfgrass enters winter dormancy. The most effective preventative measure involves regular application of fungicides (such as azoxystrobin, flutolanil, or tebuconazole) with a typical split application process in autumn and the following spring (Vincelli and Munshaw, 2014). This repeated use of fungicides not only entails significant expense (van Bruggen and Arneson, 1984) but also raises concerns about environmental pollution and the emergence of fungicide-resistant pathogens. Therefore, the use of beneficial microorganisms to counter the effects of the disease is considered a potentially eco-friendly and cost-effective option (Zhang et al., 2019).

Plants' ability to absorb nutrients can be improved through symbiosis with rhizosphere microorganisms (Raghothama and Karthikeyan, 2005). Root exudates, which can contain >20% of the carbon assimilated by photosynthesis and other small metabolites, are secreted through the plant root system into the rhizosphere (Jones et al., 2009). Therefore, the rhizosphere is a nutrient-rich zone for soil microorganisms. Among the various components of root exudates, aromatic organic acids are consumed by certain rhizobacteria (Zhalnina et al., 2018). This is also reflected at the genome level, with rhizosphere-associated bacterial genomes being enriched for carbohydrate metabolism genes (Levy et al., 2018). Upon surviving and sucessfully colonizing the rhizosphere, certain microbes offer protection (against both biotic and abiotic stresses) for the plants on which they thrive as well as enhancing the absorption of nutrients such as nitrogen and phosphorus (Richardson, 2001; Tang et al., 2019). Additionally, plant genotypes, developmental stage, and soil types can all exert an influence on the diversity and composition of the rhizosphere microbial community (Marasco et al., 2018; Poudel et al., 2019). In monoculture system, wheat take-all disease (TAD) is a well-known disease model in addition to its biocontrol agent Pseudomonas spp., which was isolated from the wheat rhizosphere (Raaijmakers and Weller, 1998). Similarly, Cha et al. (2016) reported that Streptomyces sp. S4-7 prevented Fusarium wilt disease during strawberry cultivation; this strain was isolated from the rhizosphere of strawberries based on the results of massive pyrosequencing and microbial community analyses. Streptomyces sp. S8 (Jeon et al., 2019) has been reported to significantly reduce the occurrence of turfgrass soil-borne disease. A common feature of the above mentioned beneficial strains is that they were isolated from the rhizosphere of their relevant host plants. This indicates that the soil, especially the rhizosphere, is the home of numerous microbes and that certain beneficial microbes have strong positive interactions with plants. However, information on the effects of long-term monoculture on the structure of the microbial communities is still insufficient. Thus, the purpose of this study was to assess changes in the microbial community structure associated with turfgrass monoculture of various durations and to demonstrate the feasibility of using selected bacteria as biocontrol agents.



RESULTS


Physicochemical Properties of the Soils

The three investigated Z. japonica monoculture fields were located in the same area in Jangseong-gun, Republic of Korea (GPS locations, 2-year field: N35°11, E126°40; 13-year field: N35°11, E126° 40; 25-year field: N35°11, E126 o40). Among the analyzed chemical and physical properties of the soils, bulk density and water content were higher in the 25-year field than the 2- and 13-year fields. In contrast, the 25-year field had the lowest soil porosity and soil pH. There were no significant differences in electrical conductivity, total nitrogen, organic matter, available P2O5, or ion levels among the 2-, 13-, and 25-year soils (Supplementary Tables 1, 2).



Rhizosphere Microbial Communities and Density of Large Patch Disease Causing Pathogen

Rhizosphere soil samples (n = 3 per field) were collected per fields that had been continuously cultivated for 2, 13, and 25 years. Bacterial DNA sequences (Supplementary Table 3) were analyzed to identify the number of operational taxonomic units (OTUs), which was found to be 5,939 (Supplementary Table 4). At the phylum level, Proteobacteria was the most dominant phylum across all three soils (2-, 13-, and 25-year soils); additionally, the 2-year soil had a high level of Actinobacteria (17.7%), whereas the 13- and 25-year soils had lower levels (8.2 and 12.8%, respectively) (Figure 1A). At the class level, Betaproteobacteria was the most dominant class in the 2- and 25-year soils, whereas the 13-year soil was dominated by Alphaproteobacteria. Actinobacteria accounted for the highest proportion in the 2-year soil (Figure 1B). After conducting heatmap analyses and hierarchical cluster analyses using Euclidean distance at the family level, a clear distinction was identified between the 2- and 13-year soils and the 25-year soil. The family Streptomycetaceae was the most dominant bacteria in the 2-year soil, while Burkholderiaceae was the most dominant in the 25-year soil. However, regarding the 13-year soil, no dominant bacteria (accounting for >7%) was detected (Figure 1C). Regarding the population density of the large patch disease pathogen, R. solani AG2-2, in the soil DNA samples, the copy number was 106 per 100 ng of soil DNA in the 13-year soil, whereas it was 104 and 103 in the 2- and 25-year soils, respectively (Figure 1D). The Venn diagram (Figure 1E) shows the unique bacteria associated with the 2- and 25-year soils, which are labeled groups A and C, respectively; Streptomyces (OTU16) accounted for the highest relative abundance (21.2%) in group A and Burkholderia (OTU866) accounted for the highest relative abundance (35.6%) in group C. Thus, it was speculated that Streptomyces and Burkholderia served as key microbes in the turfgrass soils that had undergone 2 and 25 years of monoculture, respectively.
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FIGURE 1. Microbial diversity in rhizosphere of 2-, 13-, and 25-year turfgrass monoculture fields (n = 3). Taxonomic assignment was conducted using the Silva database (http://www.arb-silva.de/) and a cutoff of 97% similarity. (A) Phylum level (B) Class level. (C) Heatmap showing hierarchical clustering of bacterial communities based on 16S rRNA. Bluish-violet to yellow indicates low to high OTU abundance at the family level. (D) Population density of the large patch pathogen R. solani in the soil of different turfgrass fields, (E) Venn diagram of numbers of unique and shared OTUs in the rhizosphere samples. Dominant microbes in the 2- and 25-year rhizospheres are identified as groups A and C, respectively.




Antifungal Activity of the Selected Strains and Inhibition of Large Patch Disease

Using a culture-dependent approach, 892 bacterial strains were isolated from the 2-, 13-, and 25-year monoculture fields (i.e., 298, 296, and 298 bacterial strains, respectively). The isolated bacteria were screened for antifungal activity against the large patch pathogen, R. solani. Ultimately, two strains of antifungal bacteria (i.e., J6 and J10) were obtained. These strains were not only effective against R. solani but also against other turfgrass pathogens that cause summer patch, dollar spot, and spring dead spot diseases (Figure 2A, Supplementary Table 6). The J6 and J10 strains were identified using their 16S rRNA sequences. The J6 strain was identified as Streptomyces sp. and the J10 strain was identified as Burkholderia vietnamiensis, with 99% similarity (Figure 2B). Interestingly, the Streptomyces sp. J6 strain was isolated from a rhizosphere of the 2-year monoculture field and the B. vietnamiensis J10 strain was obtained from a rhizosphere of the 25-year field. The 16S rRNA sequences of J10 (MT573529.1) and J6 (FJ999671.1) were matched with 100% identity of OTU866 and OTU16, respectively. This finding supports the pyrosequencing results showing that Streptomyces and Burkholderia represented unique and dominant OTUs in the 2- and 25-year fields, respectively. Subsequently, the two strains' abilities to inhibit large patch disease and colonize the rhizosphere were investigated using pot assays (Z. japonica). Both strains significantly reduced the damage inflicted by R. solani (Figures 2C,D). The population densities of both strains in the Z. japonica rhizosphere was >106 cfu/g of soil (Figure 2E).
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FIGURE 2. Effectiveness of inhibition of large patch pathogen R. solani by Streptomyces sp. J6 and Burkholderia vietnamiensis J10 in Z. japonica. (A) Inhibition tests of Streptomyces sp. J6 and B. vietnamiensis J10 against large patch, summer patch, dollar spot, and spring dead spot on potato dextrose peptone (PDK) agar. (B) Phylogenetic tree of J6 and J10 based on 16S rRNA. Sequences were compared by multiple alignment analysis using the maximum likelihood method in MEGA 7. (C) Pot assays of inhibition of large patch disease by J6 and J10 (104 cfu/g in 5 g plastic pots) observed after 4 weeks. (D) Large patch disease severity (n = 10). Disease index values of 0 to 4 represent 0–20%, 21–40%, 41–60%, 61–80%, and 81–100%, respectively. (E) Population density of J6 and J10 in the turfgrass rhizospheres. The bacterial densities were calculated by the dilution plate method on selective PDK medium (hygromycin 80 μg/mL or rifampicin 100 μg/mL; n = 10). Different letters indicate a significant difference based on Duncan's multiple range test at P ≤ 0.05.




Abiotic Stress Alleviation by the J6 and J10 Strains

For cool-season turfgrass cultivars, heat and drought are the most destructive abiotic stresses, especially during summer. To evaluate the alleviation of the effects of abiotic stresses by the J6 and J10 strains, a cool-season turfgrass cultivar (Agrostis stolonifera) was exposed to heat stress and drought stress separately. Heat stress for 10 days caused more damage in the control turfgrass compared to the J6- and J10-treated turfgrasses (whose growth and development remained largely unaffected by the heat stress). Subsequently, in spite of a recovery period of 12 days, the control A. stolonifera withered, but the J6- and J10-treated A. stolonifera recovered (Figure 3A). After both the heat stress period and the recovery period, both the J6 and J10 strains colonized at high population densities of up to 106 cfu/g of soil (Figure 3B). This result indicates that both strains stably colonized the rhizospheres even under severe abiotic stress. Total chlorophyll, malondialdehyde (MDA, the breakdown product of unsaturated fatty acids), and proline concentrations in the A. stolonifera were measured after both the heat stress and recovery periods. Both of MDA and proline can accumulate in grass leaves under stress. Under heat stress, the total chlorophyll concentration was 13, 18, and 19 μg/g of fresh weight (g−1 FW) for untreated, J6-treated, and J10-treated turfgrasses, respectively. After 12 days of recovery, the chlorophyll concentration was 19.5 and 19 μg g−1 FW in the J6- and J10-treated A. stolonifera, but no chlorophyll was detected in the untreated A. stolonifera (Figure 3C). The MDA concentration was significantly lower in the J6- and J10-treated A. stolonifera compared to the untreated control A. stolonifera both under heat stress and after the recovery period (Figure 3D). Regarding the proline concentration, the J6- and J10-treated A. stolonifera had significantly higher levels than the untreated control A. stolonifera (Figure 3E).
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FIGURE 3. Alleviation of heat and drought stress effects by Streptomyces sp. J6 and Burkholderia vietnamiensis J10 strains in A. stolonifera. (A) Application of heat stress and on completion recovery response. (B) Population density of J6 and J10 in turfgrass rhizospheres. (C) Total chlorophyll concentration. (D) Malondialdehyde (MDA) concentration. (E) Proline concentration. (F) drought stress application and recovery response in A. stolonifera. (G) Population density of J6 and J10 in the rhizospheres. (H) Total chlorophyll concentration in A. stolonifera. (I) Malondialdehyde (MDA) concentration and (J) proline concentration. Different letters indicate a significant difference based on Duncan's multiple range test at P ≤ 0.05.


All drought stress results resembled the heat stress results. After inducing drought stress for 10 days, recovery was allowed for 12 days, which ultimately caused complete withering of the untreated control A. stolonifera, whereas the J6- and J10-treated A. stolonifera showed recovery of growth and development (Figure 3F). The bacterial density results for the drought stress experiment resembled the heat stress results (Figure 3G). After the recovery period, the total chlorophyll concentrations were 20 μg g−1 FW for both the J6- and J10-treated A. stolonifera, but no chlorophyll was detected in the control A. stolonifera (Figure 3H). The highest MDA concentration was found in the control A. stolonifera after both the drought stress period and the 12-day recovery period (Figure 3I). After the recovery period, the J6- and J10-treated A. stolonifera had significantly higher proline levels (16 mg g−1 FW) than the untreated control A. stolonifera (Figure 3J).

For warm-season turfgrass species, cold temperature is the most unfavorable abiotic stress. To evaluate whether the J6 and J10 strains can alleviate the effects of cold stress, a warm-season turfgrass cultivar (Z. japonica) was exposed to cold stress. The untreated control Z. japonica was found to have sustained more damage due to the cold stress than the J6- and J10-treated Z. japonica, which were relatively intact with regards to growth and development (Figure 4A). The trends regarding the population density of the J6 and J10 strains in the rhizosphere were identical to those indicated by the heat/drought stress results (Figure 4B). The total chlorophyll concentration in the J6- and J10-treated Z. japonica increased by 20.2 and 22.2%, respectively, compared to that in the control Z. japonica; after recovery, the total chlorophyll concentration was non-detectable, 11 and 12 μg g−1 FW in the untreated control, J6- and J10-treated Z. japonica, respectively (Figure 4C). The total chlorophyll, proline, and MDA concentrations exhibited similar outcomes in the cold-stress experiments (Figures 4C–E) to those in the heat/drought stress experiments. Thus, the total chlorophyll and proline concentrations were significantly increased in the J6- and J10-treated Z. japonica compared to the control Z. japonica, whereas the MDA concentration significantly decreased. The results of this study provide concrete evidence that the J6 and J10 strains have the potential to prevent large patch disease as well as the potential to reduce various abiotic stresses in turfgrass.
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FIGURE 4. Alleviation of cold stress effects by Streptomyces sp. J6 and Burkholderia vietnamiensis J10 in A. stolonifera. (A) Turfgrass in various experimental treatment groups on completion of the 10-day application of cold stress and on completion of the 12-day recovery period. (B) Population density of J6 and J10 in turfgrass rhizospheres. (C) Total chlorophyll concentration. (D) Malondialdehyde (MDA) concentration. (E) Proline concentration. Different letters indicate a significant difference based on Duncan's multiple range test at P ≤ 0.05.





DISCUSSION

Turfgrasses can be grouped into cool-season (C3) and warm-season (C4) grasses, with C4 being more efficient at photosynthesis at high temperature and more tolerant to drought, and thus being preferred in warm and arid regions. Owing to these properties, warm-season turfgrasses (Z. japonica) are currently cultivated on a large scale worldwide, including South Korea. Various soil-borne fungal pathogens cause problematic diseases in turfgrass production. Among them large patch disease, caused by R. solani AG2-2, is the most devastating disease. Density of the large patch pathogen was detected as the highest in 13-year field, but in 2- and 25-years soils, the pathogen density was significantly lower than the 13-year soil. Interestingly, 2- and 25-years soil had similar microbial community structures compared to the 13-year soil. This finding suggests that soil microbiota in different turfgrass monoculture duration may influence pathogen density. Additionally, the most dominant bacteria were Streptomycetaceae and Burkhoderiaceae in 2- and 25-year soil, respectively. Obtained using a culture-dependent approach, selected antifungal bacteria Streptomyces sp. J6 and B. vietnamiensis J10 strain showed 100% identity of the most abundant Streptomycetaceae OTU16 and Burkhoderiaceae OTU866. Taken together, these results enabled the choice of Streptomyces sp. J6 and B. vietnamiensis J10 as functionally active bacteria for large patch disease suppression.

Much focus is being placed on plant-associated microbiomes due to the ability of microbes to improve crop productivity while also ameliorating external stresses (Mayak et al., 2004; Glick et al., 2007; Marulanda et al., 2009; Yang et al., 2009). Plant-microbe interactions related to disease have been frequently investigated, it is now becoming evident that the outcome of these interactions often involve plant-associated symbionts, which can disease suppressive effects (Mitter et al., 2016; Pieterse et al., 2016; Sánchez-Cañizares et al., 2017). However, the identification of functional microbes in the microbiome community of a plant with a history of long-term monoculture is rare. Wheat with take-all decline (TAD) is considered the best model for researching microbiomes associated with long-term monoculture (Weller, 2007). To biologically control TAD the control organism needs to be present in a minimal density (105 cfu/g of soil) on the rhizosphere (Raaijmakers and Weller, 1998). Both Streptomyces sp. J6 and B. vietnamiensis J10 strains exhibited colonization ability on turfgrass rhizosphere up to 106 cfu/g of soil. As results, the strains exhibited effective suppression of the large patch disease. This finding suggests that to identify effective microbes, analyses of microbiome communities and screening for functional microbes should be performed in agricultural fields with the specific plant species of interest.

Rhizoctonia solani produces disease symptoms by invading the laminae and ocreae of warm-season turfgrass (Z. japonica) and cold-season turfgrass (A. stolonifera) (Couch et al., 1990). This invasion of the turfgrass and the subsequent disease symptoms cause oxidative stress, which is then believed to increase the MDA concentration by causing lipid peroxidation initiated by peroxidation produced by intracellular structures due to cell membrane damage. Turfgrass are not only threatened by diseases but also various abiotic stresses. Upon exposure to stress, plants sustain oxidative damage such as lipid peroxidation caused by reactive oxygen species (Scandalios, 1993). Plants are especially vulnerable to damage caused by singlet oxygen and hydroxyl radicals, which are the byproducts of the oxidation of unsaturated fatty acids that comprise the cell wall. Ultimately, cells produce lipid hydroperoxides, which in turn detrimentally affect the dynamics of the cell membrane, causing secondary damage to cell wall proteins by facilitating the leakage of electrolytes from the inside (Moller et al., 2007). One of the most vital osmolytes is proline, whose concentration increases in plants undergoing abiotic stress (Farooq et al., 2009; Huang et al., 2014). In addition to making contributions to osmotic regulation, proline offers stability to sub-cellular structures such as proteins and membranes, neutralizes free radicals, and acts as a buffer to generate cellular redox potential (Ashraf and Foolad, 2007; Hayat et al., 2012). When plants are combatting abiotic stress, proline content is increased (Zarattini and Forlani, 2017). Inoculation with the J6 and J10 strains gave rise to an elevation in proline concentrations in turfgrass, which concurs with findings in maize (Naseem and Bano, 2014), sorghum (Grover et al., 2014), potato plants (Gururani et al., 2013), mung bean (Sarma and Saikia, 2014), and Arabidopsis (Cohen et al., 2015). The J6- and J10-treated A. stolonifera and Z. japonica increased tolerance against heat, drought, and cold stresses when compared to the un-inoculated control. Even though the biotic and abiotic stress mitigation properties of these strains is clear, the ability of strains J6 and J10 and co-inoculation on plant growth promotion still needs to be investigated to further expand the applicability of these bacteria in plant cultivation. Identifying more functional microbial strains with the potential to reduce both biotic and abiotic stresses in plants would serve as a sustainable tool for crop protection and management.



MATERIALS AND METHODS


Investigation Sampling Sites and Assessment of the Properties of the Soil and Plant Samples

The turfgrass investigation was performed in Jangseong-gun, Republic of Korea. Assessments were conducted on three occasions in May, July, and September of 2015 (2-year field: N35°11, E126°40; 13-year field: N35°11, E126° 40; 25-year field: N35°11, E126 o40). This sampling was carried out based on the times of the year in which large patch disease affects the warm-season turfgrass Zoysia japonica (zoysiagrass) in South Korea and when it is in remission (May: onset of disease; July: full-blown disease; September: remission). Samples collected from outside of the patches (depth between 5 and 25 cm from surface) in May, July, and September that had undergone 2, 13, and 25 years of monoculture were used for the study, with only samples collected in July being used to assess of the population density of the large patch pathogen, R. solani.

To assess the soil properties of the three fields in question, six locations per field were randomly selected and 3–5 cm of topsoil from the 10-cm surface layer (which is the maximum depth for planting turfgrass) was obtained per location for analysis of the soil texture and physicochemical properties (Supplementary Tables 1, 2). The soil texture was analyzed using the Beretta et al. (2014) method, and the physicochemical properties were analyzed using the soil analysis method of the National Institute of Agricultural Sciences of the Rural Development Administration. The soil's physical properties were assessed using a 100-mL-capacity core sampler. To prevent moisture loss from each sample of soil, it was sealed in a container before analysis of its density, porosity, moisture content using the soil gravimetric method (Fonteno, 1996).

To assess the growth and development of turfgrass, the warm-season turfgrass (Z. japonica) was investigated. Turf samples of 15 × 15 cm (n = 3) were obtained to assess the fresh and dry weight of the plant's total length, creeping stems, and aboveground and underground sections and to assess the aboveground population (which was measured by counting the number of stems within the 15 × 15 cm area) and overall length of the creeping stems. Before assessing the plant's dry weight, it was dried at 80°C for 72 h in a dryer (Model DS-80-5, Dasol Scientific Co., Ltd., Gyeonggido, Korea).



Pyrosequencing of Rhizosphere Samples

To obtain the rhizosphere soil, a cup hole cutter was used to vigorously shake off excess soil on the turfgrass and a brush was used to collect the soil left behind on the roots of the turfgrass. Rhizosphere samples were collected from three turfgrass fields in which Z. japonica had been continuously cultivated for 2, 13, and 25 years, respectively. Sample collection involved using a cup hole cutter with a cutting diameter of 107 mm and a depth of 127 mm, with three replications (in May, July, and September) for each field (n = 3 per field).

To analyze the microbial communities, DNA was extracted using a FastDNA® SPIN Kit (Bio 101, MP Biomedicals, Irvine, CA, USA). This DNA was then quantified using a Nanodrop 2000c spectrophotometer (Thermo Scientific, Waltham, MA, USA). The DNA concentration ranged from 160 to 180 ng/μL and the mean A260/A280 ratio ranged from 1.98 to 2.02. The soil DNA from the rhizospheres collected in May, July, and September from each field (n = 3 per field) was pooled together to perform pyrosequencing. The V1–V3 region in the total DNA (100 ng/μL) was amplified using 27 mF (5′-GAGTTTGATCMTGGCTCAG-3′) and 518R (5′-WTTACCGCGGCTGCTGG-3′) primer pairs. The resulting product was outsourced to Macrogen Inc. (Seoul, Republic of Korea) for pyrosequencing using a 454 GS-FLX Titanium System with Roche Genome Sequencer (GS) FLX software (version 3.0) (Supplementary Table 5). The raw sequencing reads (FASTQ format) of low quality (mean Phred quality score >20) were removed. Additionally, the barcode tags of the filtered files were removed for both the forward and reverse sequences and the forward and reverse read lengths were 300 and 280 bp, respectively. The two sequences were paired to give total lengths of 400–420 bp. The Silva database version 132 (Quast et al., 2012) was employed to assign taxonomic data to the bacterial OTUs obtained. The similarities regarding the 16S rRNA nucleotide sequences were determined based on a similarity threshold of >97% and a relative abundance cutoff of >0.2%. Pyrosequencing analyses were carried out using the R package phyloseq version 1.22.3 (McMurdie and Holmes, 2013) and DEseq2 version 1.22.2 (Love et al., 2014), and the resulting data were graphed using ggplot2 version 3.1.0 (Wickham, 2016). The similarities regarding the 16S rRNA nucleotide sequences were determined based on the following similarity levels in the context of taxonomy: phylum, >75%; class, >80%; order, >85%; family, >90%; genus, >94%, and species, >97%. Heatmaps displaying clustering was conducted with the R package (superheat, http://github.com/rlbarter/superheat).



Assessment of the Population Density of the Large Patch Pathogen R. solani in Rhizosphere Soil Using Quantitative PCR (qPCR)

To determine the population density of R. solani, which is the main cause of damage sustained in turfgrass rhizospheres, a series of qPCR analyses were performed on the rhizosphere samples of Z. japonica from the 2-, 13-, and 25-year fields. For this experiment, all samples were collected in July as the proliferation of R. solani is highest in July. Soil was collected from each of the three fields on three occasions. The soil samples from each field were blended to yield 1 g of consistent soil per field (2, 13, and 25-year fields) to be used for DNA extraction using a FastDNA® SPIN Kit (MP Biomedicals) following the accompanying instructions. The DNA was then subjected to ethanol precipitation and then used in qPCR (CFX Connect System, Bio-Rad, Hercules, CA, USA). The qPCR was performed using a 50 μL solution containing SYBR Green 25 μL (QPK-201T, Toyobo, Osaka, Japan), soil DNA 5 μL (100 ng/μL), primers (AG 2-2_F,R) 2 μL, and ddH2O 16 μL. The primers were from an R. solani AG-2-2-specific primer set (Toda et al., 2004). The qPCR involved 40 cycles, each of which consisted of 5 min at 95°C, 15 s at 95°C, 1 min at 60°C, and a further 1 min at 72°C sequentially. Upon completion of the reaction, the population density of the fungal pathogen was assessed by comparing the cycle threshold (CT) values and a standard curve. To create the standard curve, fungal genomic DNA was extracted using the cetyl trimethylammonium bromide (CTAB) technique (Porebski et al., 1997); R. solani AG-2-2 (IV) (KACC no. 40132) was supplied by the National Agrobiodiversity Center of the Rural Development Administration of the Republic of Korea. The extracted DNA underwent serial 10-fold dilution from 500 to 0.005 ng/μL to generate the standard curve using a NanoDrop 2000c spectrophotometer.



Isolation and Antifungal Activity of Bacteria in the Rhizospheres

To isolate rhizosphere bacteria in order to select strains with antifungal activity, samples of turfgrass rhizosphere (n = 3 per field) were collected. These soil samples (1 g) were diluted to a dilution rate of 10−1–10−8 using distilled water and then smeared onto tryptic soy agar (TSA) medium [tryptic soy broth (TSB; BD, Franklin Lakes, NJ, USA) 30 g/L, agar 20 g/L] for culturing at 28°C. After 10 days, a single colony from each sample was inoculated in 100 μL of TSB in 96-well plates, which were shaken at 28°C for 2 days. Thereafter, 100 μL of 50% glycerol was added and then a Platemax® Pierceable Aluminum Heat Sealing Film (Axygen, Union City, CA, USA) was applied before storage at −80°C. To assess the antifungal activity of the bacteria, a three-step screening procedure was used. (1) The first step involved culturing the bacteria that had been prepared previously (and stored in 96-well plates at −80°C). This was done using OmniTrays (Sigma-Aldrich, St. Louis, MI, USA) containing PDK medium [potato dextrose (Difco) 10 g/L, peptone 10 g/L, agar 20 g/L] and culturing at 28°C for 3 days. Rhizoctonia solani mycelia (which had been obtained using a 0.5-mm cork borer and cultured on PDA medium) were placed between the bacterial colonies on the OmniTrays so that the antifungal activity of the bacteria could be assessed. (2) Next, 10 μL of the bacterial stains that had been shown to exhibit antifungal activity in the first step was suspended in sterile water (106 cfu/mL) and streaked in a 3-cm line on PDK medium. After 3 days, R. solani mycelia (obtained using the 0.5-mm cork borer) were positioned in the center of the PDK plates, 2 cm away from the 3-cm line of bacteria. (3) The final step first involved selecting the bacteria that had demonstrated antifungal activity in the second step. Next, these bacterial strains were cultured until they reached an absorbance (at a wavelength of 595 nm) of 1.2 (~109 cfu/mL upon measurement). Thereafter, 8-mm sterilized filter disks were placed on one side of the dish containing PDK medium on which 10 μL of the cultured bacteria was dropped for an additional 3 days of culturing. To explore the range of antifungal activity of the bacterial strains, R. solani mycelia or the major fungal pathogen responsible for summer patch, dollar spot, or spring dead spot pathogens (obtained using the 0.5-mm cork borer) were placed on the other side of the dish containing PDK medium and left for 3 days. The screening was repeated three times using the selected bacterial strains that exhibited antifungal activity (defined based on the distance between the bacteria and fungal pathogen after 3 days). The findings were classed as no inhibition; low inhibition, 0.1–0.5 cm; medium inhibition, 0.5–1 cm; strong inhibition, 1–1.5 cm; and the highest inhibition, >1.5 cm.

To establish the taxonomy of the two selected exceptional antifungal bacterial strains (Streptomyces sp. J6 and B. vietnamiensis J10), they were cultured on PDK medium at 30°C for 7 days and cells were then harvested into a 1.5-mL tube for DNA extraction using the CTAB method. The taxonomy was determined using 16S rRNA sequences, and 27F (5′-AGAGTTTGATCCTGGCTCAG-3′) and 1492R (5′-GGTTACCTTGTTACGACTT-3′) primers were employed to amplify the applicable domains while conforming to PCR guidelines. The amplified product was subjected to electrophoresis on 1% agarose gel to produce the necessary bands of DNA sequences. Sequencing was carried out by Macrogen Inc. The analytical data were then utilized to perform phylogenetic analyses using MEGA7 based on the National Center for Biotechnology Information (NCBI) GenBank BLAST algorithm and a maximum likelihood approach.



Insertion of a Hygromycin-Resistance Gene in the Streptomyces sp. J6 Strain

A hygromycin-resistance gene was inserted using the modified version of the method proposed by Kieser et al. (2000). The Streptomyces sp. J6 strain was cultured on MS medium (mannitol 20 g/L, soya 20 g/L, agar 20 g/L) at 27°C for 7 days to allow it to form spores. Glycerol (20%) was then used to collect the spores by creating a suspension and the spores were filtered using syringes to produce a J6 spore suspension, which was stored at −20°C before use. E. coli ET12567 (pUZ8002), into which the pIJ10257 vector (Novotna et al., 2012) was inserted, was cultured on Luria-Bertani (LB) medium (25 g, agar 20 g/L) containing hygromycin (80 μg/mL). A single E. coli ET12567 colony was selected and cultured in LB liquid medium at 37°C for 9 h. Next, the J6 spore suspension (300 μL) was mixed with 500 μL 2xYT medium (1.6% tryptone, 1% yeast extract, 0.5% NaCl, pH 7) at 50°C for 10 min. Thereafter, 250 μL of the E. coli ET12567 strain was added and the solution was mixed to facilitate conjugation over the next 30 min. Upon completion of the conjugation reaction, the J6 strain was smeared on to MS medium containing hygromycin (80 μg/mL) and then cultured at 27°C for 4 days to obtain a colony with the hygromycin-resistance gene. To confirm the insertion of the hygromycin-resistance gene, the DNA of the colony was extracted using the CTAB method and amplified using Hyg det3 (5′-TCCGCTGTGACACAAGAATC-3′) and Hyg det5 (5′-CGGCTCATCACCAGGT AGG-3′) primers. The PCR involved 30 cycles, in which each cycle consisted of inducing a thermal modification reaction at 98°C for 3 min, denaturation at 98°C for 30 s, annealing at 55°C for 45 s, and extension at 72°C for 1 min. The final stage involved another 10 min at 72°C. Upon completion of the PCR, the insertion of the hygromycin-resistance gene was confirmed by electrophoresis. The inhibition of large patch disease and rhizosphere colonization ability of this hygromycin-resistant Streptomyces sp. J6 strain was then assessed, as described in later sections.



Rifampicin-Resistant Burkholderia vietnamiensis J10 Strain

Isolation of spontaneous rifampicin-resistant (Rifr) mutants of the B. vietnamiensis J10 strain was carried out by transferring the colonies to LB medium containing rifampicin at a range of concentrations (50, 100, 150, and 200 μg/mL). The stability of rifampicin resistance was assessed by sub-culturing the Rifr mutants on LB medium at 27°C for 48 h for 15 rounds and, after each round, comparing the CFUs (after diluting the bacterial suspension) by plating the solution on LB medium with and without rifampicin (200 μg/mL). The Rifr mutant J10 strains were stored at −80°C before a selected strain was assessed for its inhibition of large patch disease and rhizosphere colonization ability using pot assays, exactly as the hygromycin-resistant J6 strain was assessed, as described below.



Strain Culture and Pathogen Inoculum Production

The selected hygromycin-resistant J6 strain and the selected rifampicin-resistant J10 strain were each streaked separately on PDK medium and cultured at 25°C for 5 days. For each strain, a single colony was then obtained, which was sub-cultured in 5 mL of PDK broth at 28°C and 120 rpm for 3 days. The sub-cultured stains were then used to inoculate 200 mL of PDK broth and cultured at 28°C and 120 rpm for 14 days. The cultured J6 and J10 strains were then diluted to 106 cfu/m with 1% methyl cellulose solution (final concentration of 0.1%). Thereafter, 100 mL of the solution (106 cfu/mL) was added to plastic pots (12 × 11.5 × 10 cm) containing turfgrass (Z. japonica) three times at an interval of 2 days. After 7 days, the pots were inoculated with the large patch disease pathogen, R. solani.

The production of the R. solani inoculum involved mixing 700 g of sand and 300 g of oatmeal in 150 mL of distilled water, which was then subjected to three rounds of sterilization. The resulting mixture was inoculated with R. solani (which had been cultured on PDA medium for 5 days) and cultured at 27°C for 3 weeks. Turfgrass plants in 5-g plastic pots that had been grown for 4 weeks since they were sown were inoculated with this inoculum (104 cfu/g of soil).



Rhizosphere Colonization Ability and Inhibition of Large Patch Disease

To assess the rhizosphere colonization ability of Streptomyces sp. J6 and B. vietnamiensis J10, the growth conditions of turfgrass (Z. japonica) were reproduced using 12-h light (32°C)/12-h dark (24°C) photoperiods with ~228 μmol m−2s−1 light intensity and 70–80% relative humidity (Jeon et al., 2019). A total of 100 g of bed soil was placed into a plastic pot in which ~30 seeds were sown to assess the turfgrass growth and development. Germination took place 10 days later and the turfgrass was allowed to grow for 6 weeks. A randomized complete block design was used, with 10 pots per treatment and four treatments. The treatments consisted of an untreated control, R. solani only, R. solani with J6, and R. solani with J10. To determine the rhizosphere colonization ability, the population density of the J6 and J10 strains in the turfgrass rhizospheres was assessed. The hygromycin-resistant J6 strain and the rifampicin-resistant J10 strain were used to treat the plants (n = 10 per treatment). After 4 weeks, 1 g of soil was collected from the rhizospheres and diluted to a dilution rate of 10−6 with 9 mL of sterile water. The population density was assessed based on the dilution plate method, which involved the use of selective PDK medium (with rifampicin 100 μg/mL or hygromycin 80 μg /mL). To assess the inhibition of large patch disease (n = 10 per treatment), disease severity was rated on a scale from 0 to 4; 0 represented 0–20%, 1 represented 21–40%, 2 represented 41–60%, 3 represented 61–80%, and 4 represented 81–100% (Jeon et al., 2019).



Assessment of Alleviation of Abiotic Stresses

In the abiotic stress experiments, both Z. japonica and A. stolonifera were used; cold stress was applied to Z. japonica, while A. stolonifera was subjected to heat or drought stress. There were three treatment groups, consisting of an untreated control group and J6 and J10 treatment groups. First, the plants were inoculated with the applicable strains and were left to undergo 7 days of growth and development before the abiotic stresses were applied. The growth conditions of Z. japonica were reproduced using 12-h light (32°C)/12-h dark (24°C) photoperiods with a light intensity of ~228 μmol m−2s−1 and a relative humidity of 70–80% (Jeon et al., 2019), while the growth conditions of A. stolonifera were reproduced using 12-h light (20°C)/12-h dark (15°C) photoperiods (McCann and Huang, 2007) with a light intensity of ~450 μmolm−2s−1 and a relative humidity of 70–80%.

The heat stress conditions were reproduced using 12-h light (35°C)/12-h dark (25°C) photoperiods (Jiang and Huang, 2001; McCann and Huang, 2007) and 100 mL of water was supplied once every 2 days for 10 days. The drought stress conditions were reproduced using 12-h light (22°C)/12-h dark (13°C) photoperiods and no water was supplied for 10 days. The cold stress conditions were reproduced using 12-h light (10°C)/12-h dark (0°C) photoperiods and 100 mL of water was supplied once every 2 days for 10 days. The 10 days of abiotic stress were followed by recovery for 12 days. Samples were collected from all treatments upon completion of stress application and upon completion of the recovery period.



Chlorophyll Concentration

To ascertain the change in the chlorophyll concentration after the application of stresses, leaf samples were collected. The chlorophyll concentration was calculated as per the method described by Lichtenthaler (1987), which involved homogenizing 0.05 g of turfgrass leaf and 100% acetone. The resulting mixture was centrifuged at 2,800 × g (5810R, Eppendorf, Hamburg, Germany) at 4°C for 10 min. The absorbance values (at wavelengths of 661.6 and 644.8 nm) of the supernatant were then assessed using a spectrophotometer (UV-1800, Shimadzu, Kyoto, Japan). The absorbance values were substituted into the following formulae to calculate the chlorophyll concentration: Chl a = (11.24 × A661.6) − (2.04 × A644.8), Chl b = (20.13 × A644.8) − (4.19 × A661.6), Chl a+b = (7.05 × A661.6) + (18.09 × A644.8).



MDA and Proline Concentrations

The concentration of MDA indicates oxidations stress by causing lipid peroxidation. The MDA concentration was measured as per the method proposed by Heath and Packer (1968), which involves homogenizing 0.2 g of leaf and 5% trichloroacetic acid and centrifuging the mixture at 4°C for 20 min at 12,000 × g (5810R, Eppendorf). Thereafter, 0.6% thiobarbituric acid was added to 2 mL of the resulting supernatant and the mixture was boiled in a water bath of 80°C for 15 min. The extracted fluid was further centrifuged at 4°C for 10 min at 12,000 × g. A spectrophotometer (UV-1800, Shimadzu) was then used to assess the absorbance values of the supernatant at wavelengths of 450, 532, and 600 nm. These values were then substituted into the following formula to calculate the MDA concentration: MDA (nmol−1) = 6.45 × (A532–A600)−0.56 × A450.

The proline concentration was measured by fragmenting 0.2 g of leaf in 10 mL of 3% sulfosalicylic acid, which was centrifuged (12,000 × g, 4°C, 20 min). Thereafter, 2 mL of the supernatant, 2 mL of acid-ninhydrin (glacial acetic acid 30 mL, 6 M phosphoric acid 20 mL, 1.25 g ninhydrin), and 2 mL of acetic acid were reacted together at 100°C for 1 h. Upon completion of the reaction, the solution was transferred to a container of ice. Next, 4 mL of toluene was added, and the mixture was vortexed for 15–20 s. The chromophore obtained using the toluene was separated from the other layers. The absorbance value (at a wavelength of 520 nm) was assessed using a spectrophotometer, with toluene being used as the blank. Finally, a standard curve was created using L-proline and quantitative analyses were carried out.



Statistical Analysis

All data except for the sequence analysis data were analyzed using SigmaPlot version 11.0 (Systat Software Inc., Richmond, CA, USA). Statistical analyses of the mean values from each experiment were performed using ANOVA with Duncan's multiple range test. Statistical significance was defined as P ≤ 0.05. Graphs were plotted using ggplot2 version 3.1.0.
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