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Abstract

:

Turfgrass landscapes have expanded rapidly in recent decades and are a major vegetation type in urbanizing ecosystems. While turfgrass areas provide numerous ecosystem services in urban environments, ecological side effects from intensive management are raising concerns regarding their sustainability. One potentially promising approach to ameliorate the ecological impact and decrease the use of agricultural chemicals is to take advantage of naturally evolved turfgrass-associated microbes by harnessing beneficial services provided by microbiomes. Unfortunately, especially compared to agricultural crops, the microbiomes of turfgrasses are not well understood. Here, we analyzed microbial communities inhabiting the leaf and root endospheres as well as soil in two bermudagrass cultivars, ‘Latitude 36’ and ‘TifTuf’, which exhibit distinct tolerance to nematode damage, with the goal of identifying potential differences in the microbiomes that might explain their distinct phenotype. We used 16S rRNA gene V4 and ITS2 amplicon sequencing to characterize the microbiomes in combination with microbial cultivation efforts to identify potentially beneficial endophytic fungi and bacteria. Our results show that Latitude 36 and TifTuf showed markedly different fungal microbiomes, each harboring unique taxa from Ascomycota and Glomeromycota, respectively. In contrast, less difference was observed from bacterial and archaeal microbiomes, which were dominated by Bacteroidetes and Thaumarchaeota, respectively. The TifTuf microbiomes exhibited lower microbial diversity compared to Latitude 36. Many sequences could not be classified to a higher taxonomic resolution, indicating a relatively high abundance of hitherto undescribed microorganisms. Our results provide new insights into the structure and composition of turfgrass microbiomes but also raise important questions regarding the functional attributes of key taxa.
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1. Introduction


Urban ecosystems are expanding globally at a rate that is unprecedented in human history and are increasingly important in terms of climate change and ecosystem functionality worldwide [1,2]. Turfgrass areas have become an integral component of modern urban and suburban landscapes with expanding urbanization [3]. Next to their unique roles in providing recreational, aesthetic, and health benefits to humans, turfgrasses provide multiple ecosystem services, including controlling soil erosion, water runoff, and improving soil quality [4]. Turf also helps in sequestering carbon and ameliorating urban heating, noise, glare, and visual pollution [5]. Turfgrass ecosystems are strongly influenced by intense management practices, including frequent mowing, fertilization, and irrigation, and are rich in organic matter due to extensive root growth and the continuous addition of clippings following mowing [6]. Thus, turf ecosystems represent one of the large terrestrial carbon pools in urban ecosystems. Despite having high potential for increased microbial activity [7], little is known about the microbial communities inhabiting turfgrasses, especially when compared to those in economically important crops [8]. Given the importance of plant-associated microbes and microbiomes in ecosystem services [9,10,11], understanding the resident microbes in turfgrasses is an essential first step towards promoting healthy and sustainable turf ecosystems.



Turfgrasses are prone to damage by diverse pathogens and diseases. One of the most prevalent and serious causes of damage in turfgrasses is plant-parasitic nematodes (PPN). In turfgrasses in the US, sting nematodes (Belonolaimus spp.), spiral nematodes (Helicotylenchus spp.), stubby-root nematodes (Paratrichodorus spp.), stunt nematodes (Tylenchorhynchus spp.), lance nematodes (Hoplolaimus spp.), and root-knot nematodes (Meloidogyne spp.) are among the most commonly encountered PPN [12]. The damage caused by PPN can vary among nematode species and is dependent on their population density [13]. In general, PPN impair normal root growth and cause symptoms, including root necrosis and galling, which restricts water and nutrient uptake, resulting in leaf chlorosis and patchy turf growth [14]. Root damage caused by PPN can serve as entry points for fungal and bacterial pathogens as well, thus exacerbating the initial symptoms in turfgrasses [13]. A wide range of nematode susceptibility was observed from different turfgrass cultivars [15], partly driven by inherent, different degrees of tolerance to stress and pathogens.



Moreover, fungal and bacterial members of turfgrass microbiomes have been shown to possess activities that can contribute to distinct tolerance towards PPN. For example, the infection of grasses with the endophytic fungus Epichloë coenophiala (previously described as Acremonium coenophialum or Neotyphodium coenophialum) [16] can reduce PPN populations in soils [17,18]. In addition, nematophagous fungi or nematode-trapping fungi within the family Orbiliaceae can prey on PPN [19]. Among bacteria, several strains of plant growth-promoting rhizobacteria (PGPR), such as Bacillus and Pseudomonas species, have been identified to suppress PPN [20,21,22], and nematophagous bacteria, such as Pasteurella punctata, B. thuringiensis, and B. nematocida, can infect and kill nematodes using insecticidal toxins or unique mechanisms, such as ‘Trojan-horse’-like interactions [23]. However, many questions remain regarding potentially beneficial microorganisms and their mode of action in turfgrass microbiomes. Successfully addressing fundamental questions on the structure of turfgrass microbiomes is important for understanding the link between microbial diversity and ecosystem functioning and may help to harness and exploit microbes for sustainable turfgrass management.



In this study, we analyze microbiomes from two bermudagrass cultivars that show distinct tolerance towards nematode damage and identify differences in the composition of their microbiomes that might explain the observed phenotypes.




2. Materials and Methods


2.1. Bermudagrass and Soil Sampling


Plant and soil samples were collected on 10 June 2021 at the UF/IFAS Fort Lauderdale Research and Education Center, Gainesville, FL, USA. Two mature hybrid bermudagrass (Cynodon dactylon (L.) Pers. × C. transvaalensis Burtt-Davy) cultivars exhibiting distinct nematode susceptibility, ‘Latitude 36 (low tolerance, T−)’ and ‘TifTuf (high tolerance, T+)’ (Table 1 and Supplementary Figure S1) [24], were chosen and the intact bermudagrass and soil cores were collected from multiple locations. Turfgrass was established in 2017 on a Hallandale fine sand (siliceous, hyperthermic Lithic Psammaquent) and maintained at fairway height (1.3 cm), mowed three times with a triplex reel mower (Toro3100D Reelmaster, Toro Co., Bloomington, MN, USA), fertilized monthly with 5 g N m−2 with ammonium sulphate (21-0-0), and maintained free of weeds using indaziflam (Specticle FLO, Bayer Environmental Science, Cary, NC, USA) applied quarterly at 4 g a.i. ha−1. For each bermudagrass cultivar, four intact cores (2.5 cm diameter × 10 cm height), representing two biological replicates from two different locations, were sampled and a total of 12 bermudagrass and soil samples were obtained, representing four samples from the leaves, roots, and soil, respectively. All samples were stored in Ziploc bags and transported to the laboratory and processed immediately (within 1 h).




2.2. Sample Preparation


Endophytic microbial assemblages from bermudagrass leaves and roots were collected using a combination of bleach and wash methods [26,27] to efficiently remove epiphytic communities from the leaves and roots while minimizing potential risks of damaging leaf and root tissues. In brief, leaves were harvested with sterilized forceps and surface sterilized by consecutive immersion for 30 s in sterile water, 1 min in 75% ethanol, 1 min in 50% bleach, 30 s in 75% ethanol, and 30 s in sterilized water. Sterilization was completed with three sequential 1 min rinses in sterile water to facilitate removal of solvent residuals. The leaves were blotted dry with a sterile paper towel and pooled into 50 mL conical Falcon tubes. Roots were carefully separated from shoots and placed into 50 mL conical Falcon tubes and vortexed for 1 min for three times to separate the excess soil adhering to the roots. Roots were subsequently surface sterilized through the same repeated procedure performed for leaves, and the soil was mixed with the remaining bulk soil and used as soil samples. The prepared samples from the bermudagrass leaves, roots, and soil were then processed immediately for DNA extraction. Additional samples from the roots were prepared for the isolation of endophytic microorganisms. Soil samples were stored at 4 °C and shipped to the UF/IFAS Analytical Services Laboratories (ANSERV Labs, Gainesville, FL, USA) for the analysis of soil physicochemical properties (Table 2) and subsequently analyzed based on the standard procedures [28] to determine the soil nutrients, pH levels, and organic matter content of the soils. Additional soil samples were taken for the identification and enumeration of nematode population (Table 1). In brief, soil samples were taken from multiple cores and shipped to the UF/IFAS Nematode Assay Lab (NAL, Gainesville, FL, USA) for nematode community analysis and subsequently analyzed based on their standard operating procedures [24,29].




2.3. DNA Extraction, 16S rRNA Gene V4 and ITS2 Amplicon PCR and Sequencing


DNA was extracted from leaves, roots, and soil using the DNeasy PowerSoil Kit (Qiagen, Valencia, CA, USA) with a slight modification of the manufacturer’s protocol: the bead beating step after the addition of a buffer C1 was done with a FastPrep-24 bead beater (MP Biomedicals LLC., Solon, OH, USA) at a speed of 6 m/s for 1 min. DNA extracts were quantified with a NanoDrop ND-1000 Spectrophotometer (Thermos Fisher Scientific, Waltham, MA, USA) and diluted to 20 ng μL−1 with TE (pH 8.0) and used as template for PCR. The V4 hypervariable region of 16S rRNA gene and the fungal internal transcribed spacer 2 (ITS2) region were amplified with universal primers 515F (5′-GTGCCAGCMGCCGCGGTAA-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′), and ITS3F (5′-GCATCGATGAAGAACGCAGC-3′) and ITS4R (5′-TCCTCCGCTTATTGATATGC-3′), respectively, at Novogene (Novogene Co. Ltd., Beijing, China). Paired-end (PE) library sequencing (PE 2 × 250 bp) was performed using an Illumina MiSeq platform (MiSeq Reagent Kit v3, Illumina, Inc., San Diego, CA, USA).



Sequences were demultiplexed and assigned to corresponding samples using CASAVA (Illumina, Inc., San Diego, CA, USA) and primer and adaptor sequences were trimmed using cutadapt v.3.4 [30]. Quality of reads was assessed using FastQC v.0.11.9 [31] and low-quality sequence ends were trimmed at a Phred quality (Q) threshold of 25 using a 10 bp sliding window in Sickle 1.33 [32]. Paired-end reads were then processed by the R v.4.1.0 package DADA2 v.1.20.0 [33] and filtered with default settings of maxEE set to 2. For 16S rRNA gene V4 amplicon dataset, error rates learned from 220,947,705 total bases in 1,105,184 reads from 12 samples were used for sample inference with the dada2 algorithm, and 207,225,773 total bases in 925,062 reads from 18 samples were used for ITS2 amplicon dataset. After removal of chimeric sequences, there were 14,389 V4 and 1681 ITS2 amplicon sequence variants (ASVs) from 24 samples. Taxonomy for bacteria and archaea was assigned against the SILVA 16S rRNA gene database release 132 [34] using training dataset formatted for DADA2 pipeline, and fungal taxonomy was assigned based on the UNITE ITS database [35] using the general FASTA release v.8.3. For 16S rRNA gene V4 amplicon sequences, between 52,310 and 117,203 (91,525 ± 19,173) reads were recovered per sample, resulting in between 41,450 and 92,640 (72,584 ± 14,545) reads per sample after QC. For ITS2 amplicon sequences, between 38,467 and 99,035 (65,509 ± 16,978) reads were recovered per sample, resulting in between 25,080 and 84,740 (54,097 ± 14,213) reads per sample after QC.




2.4. Isolation and Identification of Endophytic Fungi


The outermost cortical layer from the surface sterilized root samples was removed and cut into 1 cm fragments. The fragments of internal tissues were aseptically collected and placed onto 1.5% potato-dextrose agar (PDA, Difco, Detroit, MI, USA). Ten fragments, each from Latitude 36 (T−) and TifTuf (T+), were incubated on PDA plates at room temperature (RT) under dark conditions for 3–6 days. Hyphal tips of the developing fungal colonies were transferred onto new PDA plates and a total of 11 pure fungal isolates were established. In addition, two bacterial cultures were recovered as well using the same methods. A small portion of each fungal culture was separated using an inoculating punch and preserved in sterile water as stock cultures [36]. For the identification of recovered endophytic fungal and bacterial species, DNA was extracted from each culture using the DNeasy PowerSoil Kit (Qiagen, Valencia, CA, USA), quantified with a NanoDrop DN-1000 Spectrophotometer (Thermos Fisher Scientific, Waltham, MA, USA), diluted to 20 ng μL−1 with TE (pH 8.0), and used as template for PCR. The entire ITS region was amplified with universal ITS primers ITS5 (5′-GGAAGTAAAAGTCGTAACAAGG-3′) [37] and LR3 (5′-CCGTGTTTCAAGACGGG-3′) [38]. A total of 13 PCR products were obtained and Sanger-sequenced using the same primer set at Eurofins Genomics (Eurofins Genomics LLC, Louisville, KY, USA).




2.5. Hierarchical Clustering


Hierarchical cluster analyses were carried out with log-transform normalized relative abundance of amplicons. The approximately unbiased p-values (%) as well as bootstrap probabilities were computed via multiscale bootstrap resampling with 10,000 replications with the R package Pvclust v.2.2-0 [39], modified to allow using Bray–Curtis dissimilarity for distance calculations.




2.6. Microbial Diversity and Indicator Species Analyses


Non-parametric species richness estimator Chao1 and Shannon diversity index (H′) were calculated for the bacterial, archaeal, and fungal communities using the R package phyloseq v.1.36.0 [40]. Non-metric multidimensional scaling analysis (NMDS) based on Bray–Curtis dissimilarity was generated using relative abundance of ASV. Principal component analyses (PCAs) of physicochemical properties of soil samples were conducted using the R package vegan v.2.5-7 [41]. The most significantly distinctive microbial taxa for the host plant (Latitude 36 (T−) or TifTuf (T+)) or a given microhabitat (leaves, roots, or soil) were identified through indicator values, as implemented in the ‘indval’ function in labdsv package v.2.0-1 in R [42].




2.7. Data Availability and Deposition


Microbiome sequence data are deposited in the Sequence Read Archive (SRA) under SRR16988176-SRR16988223 (BioProject PRJNA781972).





3. Results and Discussion


3.1. A Unique System for the Study of Turfgrass Microbiomes and Host Functions


The structure and function of the microbial communities associated with turfgrasses are mostly unknown [43]. Recent studies analyzing the microbial communities from the root endosphere and rhizosphere demonstrated distinct community composition across different turfgrass species and across different regions, suggesting a broad host range for specific microbial taxa [44,45], and indicated their potential benefits for turfgrasses to cope with environmental stressors [46]. Genetically similar bermudagrass cultivars that exhibit distinct phenotypes are an ideal system to test the potential impact of beneficial microbes. Below, we analyze and discuss the fungal, bacterial, and archaeal microbiomes, with a focus on potentially beneficial microorganisms that might explain the observed increased tolerance of TifTuf (T+) to damage by PPN.




3.2. General Patterns in Microbiome Structure between Cultivars and Microhabitats


The taxonomic characterization of bacterial and archaeal communities was performed by 16S rRNA gene V4 amplicon sequencing and fungal communities by ITS2 amplicon sequencing, with a particular emphasis on identifying distinctive differences in the microbiomes of the two cultivars that might explain the observed different tolerance to nematode infection. A total of 11,703 bacterial, 249 archaeal, and 1043 fungal ASVs were identified from four replicate samples of leaves, roots, and soil, recovered from Latitude 36 (T−) and TifTuf (T+). We first performed hierarchical clustering on the ASV frequencies to characterize the overall patterns in the microbial community structure (Figure 1), and further compared the community structure to associated environmental parameters (Table 2). This resulted in distinctly different groupings of fungal (Figure 1a), bacterial (Figure 1b), and archaeal (Figure 1c) microbiomes. Latitude 36 (T−) and TifTuf (T+) showed markedly different fungal microbiomes, while no similar distinct difference was observed from the bacterial and archaeal microbiomes between these cultivars. Instead, two statistically supported groupings were revealed from the bacterial communities based on their microhabitat, each represented by the community from leaves and the rest. No apparent clustering was found from the archaeal microbiomes, but the archaeal community from the TifTuf (T+) leaves was divergent and separated from all the other archaeal communities.



To further investigate the patterns observed from the fungal, bacterial, and archaeal communities, we analyzed the α and β diversity of the microbiomes. Non-metric multidimensional scaling analysis (NMDS) and the Shannon diversity index (H′) combined with multivariate analysis of variance revealed differences between Latitude 36 (T−) and TifTuf (T+), and among the microhabitat on microbial composition (Figure 2 and Figure 3). Overall, the fungal microbiomes from Latitude 36 (T−) and TifTuf (T+) were distinctly different, and a clear separation between communities from the leaves, roots, and soil was observed (Figure 2a). In contrast, the differences in the bacterial communities were based on the microhabitat, i.e., the leaves and the rest, roots, and soil of the two cultivars clustered (Figure 2b), whereas the archaeal communities from these cultivars did not exhibit distinct differences (Figure 2c).



The fungal microbiomes from Latitude 36 (T−) exhibited generally higher α-diversity than the ones from TifTuf (T+) (Figure 3a, p < 0.01, two-tailed Mann–Whitney U test), and the soil showed the highest fungal diversity, followed by the roots and leaves (p < 0.001, Kruskal–Wallis with Dunn’s post-hoc test). Similar to the fungal communities, the bacterial and archaeal diversity were also higher in Latitude 36 (T−) compared to TifTuf (T+) (Figure 3b,c, p < 0.0001, two-tailed Mann–Whitney U tests). The soil bacterial communities exhibited the highest diversity, followed by the ones from roots and leaves (Figure 3b, p < 0.0001, Kruskal–Wallis with Dunn’s post-hoc test). For the archaeal communities, both the soil and root communities showed higher diversity than the leaf communities (Figure 3c, p < 0.005, Kruskal–Wallis with Dunn’s post-hoc test), but no statistical difference was observed between the soil and root archaeal communities.




3.3. Detailed Microbial Community Structure in Bermudagrasses Exhibiting Different Susceptibility to Nematode Infection: Fungal Microbiomes


The fungal microbiomes were mostly represented by three phyla. Ascomycota was the dominant fungal phylum across all the samples by representing 68.5 ± 11.5% to 90.7 ± 11.2% of the total fungal amplicons, followed by Basidiomycota (2.8 ± 2.1% to 31.3 ± 11.5%) and Glomeromycota (0.03 ± 0.04% to 14.5 ± 12.6%) (Figure 4a). Within Ascomycota, two classes, Dothideomycetes and Sordariomycetes, represented the majority of the sequences. A higher contribution from Dothideomycetes was observed in the leaves (leaves; 70.4 ± 19.6%, roots and soil; 30.5 ± 19.7%, p < 0.001, two-tailed Mann–Whitney U test), while Sordariomycetes dominated the roots and soil (leaves; 19.0 ± 10.9%, roots and soil; 60.6 ± 21.4%, p < 0.0001, two-tailed Mann–Whitney U test) (Figure 4b). Within Dothideomycetes, the order Pleosporales represented most of the sequences (95.6 ± 4.5% of the total Dothideomycetes amplicons, Figure 4c), while Sordariomycetes were represented by several orders (Figure 4d). Within Basidiomycota, the class Agaricomycetes dominated across all the samples by representing 96.6 ± 5.0% of the total Basidiomycota amplicons. Among Agaricomycetes, the order Russulales was highly abundant in the leaves (leaves; 61.4 ± 29.1%, roots and soil; 16.6 ± 23.6%, p < 0.01, two-tailed Mann–Whitney U test), and the order Agaricales was highly abundant in the roots and soil (leaves; 5.2 ± 8.5%, roots and soil; 47.4 ± 27.4%, p < 0.001, two-tailed Mann–Whitney U test) (Figure 4e). Glomeromycota were barely found in the leaves (<0.1%) and were mostly observed from the soil. They were represented by two classes, Glomeromycetes and Paraglomeromycetes.



Patterns in relative amplicon abundance are strongly influenced by the reciprocal interplay between a taxon’s own abundance and the changing abundances of other taxa. To further characterize the differences in fungal communities that might link to the different tolerance to nematode infection, indicator species analysis was performed to determine the distinct taxa from each cultivar. A total of 57 and 31 unique ASVs were revealed from Latitude 36 (T−) and TifTuf (T+), respectively (Supplementary Table S1). From the taxa showing higher indicator values, Latitude 36 (T−) contained more indicator species from Ascomycota, mostly from the leaves and soil rather than the roots, while TifTuf (T+) had more indicator species from Glomeromycota, which were mostly retrieved from the roots and soil (Table 3). Under higher taxonomic resolution, more pronounced differences between the cultivars were observed, such as Fusarium spp. and Mariannaea sp. were found from TifTuf (T+), while Myrothecium sp. and other taxa were found from Latitude 36 (T−) within the same taxonomic hierarchy of the order (Hypocreales; Sordariomycetes; Ascomycota). In contrast, the indicator taxa from Glomeromycota were mostly unknown at higher taxonomic resolution, in particular from TifTuf (T+), preventing us from comparing the unique taxa for each cultivar. Consistent with the results from the diversity analysis showing reduced microbiome diversity from TifTuf (T+) compared to Latitude 36 (T−), fewer taxa unique to TifTuf (T+) were recovered. However, our results also revealed that many of them were unknown at the genus level.



Specific fungal groups within the dominant phylum, Ascomycota, which are known to suppress the populations of plant-parasitic nematodes and can be coupled to the observed differences in nematode susceptibility, were further examined. The systemic clavicipitaceous fungal endophytes, such as Epichloë, which are commonly found in cool-season grasses (Clavicipitaceae; Hypocreales; Ascomycota), were recovered from our samples as well. Although they were not highly represented, we found more from the root endosphere in TifTuf (T+) compared to Latitude 36 (T−) (Latitude 36; 2.1%, TifTuf; 4.3% of the total Ascomycota amplicons). Therefore, possibly, these fungal endophytes could confer enhanced tolerance against nematode infection. Another group of microorganisms that could be responsible for distinct phenotypes related to nematode damage is nematophagous fungi or nematode-trapping fungi belonging to the family Orbiliaceae (Orbiliales; Orbiliomycetes; Ascomycota) [19]. While present in our datasets, Orbiliales made up less than 1% of the amplicons within Ascomycota and showed no significant difference between Latitude 36 (T−) and TifTuf (T+).



Unexpected results from our studies include the higher representation of the order Russulales in the leaves compared to the roots and soil since Russulales are known as ectomycorrhizal fungi [47]. All of the Russulales amplicons in our dataset were unknown, even at the family level, suggesting they might represent new taxa within this order. The top BLAST hits indicate that these sequences might be related to Peniophora, a genus that was recently described from the leaves of wild grass [48]; therefore, the ASVs retrieved here might represent unknown Peniophora species. However, our results indicate that endophytic fungi were mostly represented by Ascomycota, in line with previous studies on fungal endophytes in grasses [44,49,50,51]. A similar composition between Latitude 36 (T−) and TifTuf (T+), and across leaf and root endospheres and soil, was observed under lower taxonomic resolution, with leaf communities dominated by Dothideomycetes and root and soil communities by Sordariomycetes. However, under higher taxonomic resolution, distinct differences in taxonomic composition and distribution based on their microhabitat could be revealed. For example, ASVs of the order Hypocreales in TifTuf (T+) were mostly represented by Fusarium spp. And recovered from the roots and soil, while different taxa from Hypocreales, especially Myrothecium sp., was found in Latitude 36 (T−) and recovered from the leaves and soil.




3.4. Similar Bacterial Microbiomes in Latitude 36 and TifTuf


The bacterial communities from the leaves, roots, and soil in Latitude 36 (T−) and TifTuf (T+) were dominated by Bacteroidetes by representing 31.6 ± 11.0% and 52.7 ± 22.7% of the total 16S rRNA gene sequences, respectively. The Bacteroidetes sequences were comprised mostly of four classes (Chitinophagales, Cytophagales, Flavobacteriales, and Sphingobacteriales) (Figure 5). Different contributions based on their specific microhabitat were observed, for example, for Cytophagales, which were represented more in roots and soil compared to leaves (leaves; 3.5 ± 1.5%, roots and soil; 9.6 ± 3.1%, p < 0.0001, two-tailed Mann–Whitney U test), as indicated from the NMDS plot (Figure 2b). However, in general, similar distributions from these four Bacteroidetes classes were observed between Latitude 36 (T−) and TifTuf (T+). To capture the potential differences in bacterial communities between these cultivars, indicator species analysis was performed and a total of 333 unique ASVs were found from Latitude 36 (T−), while only 16 unique ASVs were identified from TifTuf (T+) (Supplementary Table S2). From the taxa showing higher indicator values, Latitude 36 (T−) contained more indicator species, representing diverse taxa from Bacteroidetes and Proteobacteria, and most of them were found across leaves, roots, and soil. In contrast, the unique taxa from TifTuf (T+) were mostly observed from the roots and soil, and many of them were unknown taxa that could not even be assigned at the phylum level (Table 4). Similar to the findings from the fungal microbiomes, additional differences in microbial composition were apparent under higher taxonomic resolution. For example, each cultivar contained different genera within the same family (Chitinophagaceae; Chitinophagales; Bacteroidia; Bacteroidetes).



Similar to other turfgrass microbiome studies showing Proteobacteria as the dominant bacterial phylum [44,45], Proteobacteria were highly represented in our samples as well (Latitude 36; 18 ± 9%, TifTuf; 14 ± 11% of the total 16S rRNA gene sequences). Contrasting results compared to previous studies were that Bacteroidetes dominated across all the samples, although a recent study also showed the dominance of Bacteroidetes from the grass soil community [52]. The observed differences between those studies could be caused by other physicochemical factors, such as soil nutrients and pH, temperature, water content, or by primer bias towards certain taxonomic groups derived from different primer sets [53]. Additionally, there are several biotic and abiotic factors in nature that might have key impacts on microbiome composition and dynamics, such as morphological differences from Latitude 36 (T−) and TifTuf (T+) (Supplementary Figure S1), different density in plant-parasitic nematodes (Table 1), and soil nutrients (Table 2). Our results indicate more sampling efforts are required towards establishing microbial baselines in turfgrass microbiomes to accurately characterize and assess microbial community changes.




3.5. Archaeal Microbiomes in Bermudagrasses: Potential Link to Nitrification


The archaeal communities were mostly represented by two phyla, Nanoarchaeota and Thaumarchaeota (Figure 6a), comprising the class Woesearchaeia within Nanoarchaeota (95.8 ± 15.9% of the total Nanoarchaeota) and two families, Nitrosopumilaceae and Nitrososphaeraceae, within the class Nitrososphaeria in the phylum Thaumarchaeota (Figure 6b). Compared to their bacterial counterpart, archaeal communities were far less abundant, mostly representing less than 1% of the total 16S rRNA gene amplicons. However, increased archaeal presence was observed in the soil by representing 4.2 ± 3.8% and 4.7 ± 3.1% of the total 16S rRNA gene sequences from Latitude 36 (T−) and TifTuf (T+), respectively (Figure 5a). Although not highly abundant, distinctly different archaeal community composition was observed between Latitude 36 (T−) and TifTuf (T+): Woesearchaeia within Nanoarchaeota were more abundant in TifTuf (T+), while ASVs relating to Nitrosophaeraceae within Thaumarcheaota were present in higher numbers in Latitude 36 (T−). For the soil communities, where the most archaeal 16S rRNA gene sequences were recovered, a similar contribution from Nanoarchaeota was observed from Latitude 36 (T−) and TifTuf (T+), each representing 8.9 ± 12.3% and 7.3 ± 4.9% of the total archaeal sequences, respectively. Nitrosopumilaeceae represented the most archael ASVs from TifTuf (T+) (75.5 ± 14.1%), while a similar contribution from Nitrosopumilaceae (47.8 ± 12.4%) and Nitrosophaeraceae (39.7 ± 22.3%) was observed from Latitude 36 (T−). The family Nitrosopumilaceae was mostly represented by Candidatus Nitrosotenuis sp., while the Nitrososphaeraceae family was more represented by an unknown genus, followed by Candidatus Nitrosocosmicus sp. (Figure 6b).



Both Nitrosopumilaceae and Nitrosophaeraceae are families within the class Nitrososphaeria, which is a taxonomic group that is considered to have a dominant role in the oxidation [54,55]. Ammonia-oxidizing archaea (AOA) are ubiquitously detected in natural environments, including soils, where they have an active role in the nitrogen cycle [56]; thus, it is not surprising to recover AOA from the soil samples. No archaeal indicator species unique to each cultivar was found, suggesting that most archaeal members were observed from both cultivars. A few ASVs specific to soil were observed, possibly because more archaeal sequences were recovered in the soil compared to the leaves and roots (Supplementary Table S3). However, our results clearly showed distinct AOA community composition between Latitude 36 (T−) and TifTuf (T+) and across leaves, roots, and soil as well. Many of them were unknown taxa and their potential role in nitrification is uncertain. Interestingly enough, Latitude 36 (T−) was shown to outperform TifTuf (T+) under reduced water and N inputs [57], which could be driven by distinct AOA members. Although it might not directly explain the observed differences towards nematode damage, our limited results suggest that other benefits from microbiomes can influence host physiology, health, function, and eventually link to nematode susceptibility.




3.6. Culturable Endophytic Microbes Isolated from the Bermudagrass Cultivars


Microbiomes can provide benefits other than tolerance to nematode infection for grasses as well. For example, Epichloë and other clavicipitaceous fungal endophytes have been shown to contribute to enhanced nutrient uptake, drought tolerance, disease resistance, and deterrence of insect herbivores [58]. Similarly, bacterial endophytic communities associated with grass roots could also promote host fitness and improved tolerance towards different abiotic stresses [59]. Despite these known potentially beneficial functional traits of microbiomes, surprisingly little is known about turfgrass endophytes, in particular in warm-season grasses.



As an exploratory effort to test cultivation efficiency, fungal endophytes from root tissues were isolated. A total of 13 pure cultures comprising ten different taxa were isolated. Seven strains were closely related to known taxa Fusarium concolor, F. fujikuroi, F. proliferatum, Cochliobolus lunatus, Aspergillus niger, Nigrospora sphaerica, and one bacterial species, Bacillus velezensis. The other three cultures represented uncultured Pleosporales species (Table 5). To identify whether these cultured taxa were highly represented in the amplicon dataset, the ITS2 sequences from the cultured fungal taxa were compared to the fungal ITS2 amplicon dataset, and seven matching 100% ASVs were identified (Table 5). One amplicon sequence matching 100% to B. velezensis was also found from the 16S rRNA gene amplicon dataset. Although these matching ASVs were not abundant across our samples, two taxa, F. concolor and unknown Pleosporales sp., were significantly more observed from TifTuf (T+) than Latitude 36 (T−) (p < 0.001, two-tailed Mann–Whitney U test, Figure 7 and Table 5).



Fusarium are cosmopolitan phytopathogenic fungi known to produce diverse toxic secondary metabolites (mycotoxins) [60]. In contrast to other Fusarium species, F. concolor does not have biosynthetic gene clusters for fumonisins [61] and was found to be nonpathogenic to a susceptible spring wheat cultivar, but it was able to produce other mycotoxins, moniliformin and enniatin B toxins, in vitro [62]. Surprisingly enough, mycotoxins enniatin B and moniliformin showed significant nematicidal activities against root-knot nematode Meloidogyne javanica [63], possibly explaining the lower number of root-knot nematodes from TifTuf (T+) (Table 1), where more F. concolor sequences were recovered compared to Latitude 36 (T−) (Figure 7). Unexpectedly, a bacterial isolate representing Bacillus velezensis was also recovered using media designed to isolate endophytic fungi (Table 5). Bacillus species are known as plant growth-promoting rhizobacteria (PGPR) since they stimulate plant growth through the synthesis of plant growth hormones and suppress plant pathogens through secondary metabolites [64]. Although not highly represented in our amplicon dataset, B. velezensis was shown to have strong nematicidal effects on egg hatching and the second-stage juvenile (J2) survival of root-knot nematode M. incognita [65], which might explain the observed different nematode density between Latitude 36 (T−) and TifTuf (T+) (Table 1). While bioassays under various conditions are needed to test the potential nematidical effects from these cultured fungal and bacterial endophytes, and the need exists to optimize the sampling scheme and culture media to recover more beneficial microorganisms, our microbial cultivation efforts to harness beneficial endophytic microbes indicate the potential to develop microbial biocontrol agents to suppress and treat nematode infection in turfgrasses.





4. Conclusions


In this study, we showed that two bermudagrass cultivars that have varying levels of tolerance towards PPN do have significantly different fungal microbiomes but relatively similar bacterial and archaeal communities. Many of them belong to unknown taxa, suggesting there is still a lack of information about the microbial communities associated with turfgrasses. While fungal and bacterial species with previously reported nematicidal activity were either absent or not detected in high numbers in our datasets, we were able to identify organisms that were much more abundant in the more tolerant than in the less tolerant cultivar, albeit with identical turfgrass management practices. Functional bioassays that screen for the nematicidal activities of novel isolates are necessary to test the hypothesis on whether they could be responsible for the observed phenotype and might detect a multitude of novel strains with nematicidal activities. Many factors other than microbiomes can potentially affect the host tolerance towards nematode damage, such as differences in root morphology, host innate immune system, and host stress responses. A challenge for assessing the role of other biotic and abiotic factors is the lack of robust baseline information on the diversity of microbiomes that might influence host physiology and metabolic functions. The datasets produced in this study will help to address this issue and can guide more targeted studies on the structure and function of microbiomes in turfgrasses.
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Figure 1. Overall patterns of the microbiome composition observed from leaf and root endospheres and soil in the bermudagrass cultivar, Latitude 36 (T−) and TifTuf (T+). Hierarchical clustering analysis with Bray–Curtis dissimilarity was performed based on the relative abundance of associated fungal (a), bacterial (b), and archaeal (c) microbial communities. Approximately unbiased (AU) probability values based on the multiscale bootstrap resampling (10,000 replications) were calculated and expressed as p-values (%). 






Figure 1. Overall patterns of the microbiome composition observed from leaf and root endospheres and soil in the bermudagrass cultivar, Latitude 36 (T−) and TifTuf (T+). Hierarchical clustering analysis with Bray–Curtis dissimilarity was performed based on the relative abundance of associated fungal (a), bacterial (b), and archaeal (c) microbial communities. Approximately unbiased (AU) probability values based on the multiscale bootstrap resampling (10,000 replications) were calculated and expressed as p-values (%).



[image: Microorganisms 10 00457 g001]







[image: Microorganisms 10 00457 g002 550] 





Figure 2. Non-metric multidimensional scaling (NMDS) plot of fungal (a), bacterial (b), and archaeal (c) communities from the bermudagrass cultivar, Latitude 36 (T−) and TifTuf (T+), colored by their microhabitat (green; leaves, orange; roots, and red; soil). 
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Figure 3. Shannon diversity index (H′) combined with multivariate analysis of variance in fungal (a), bacterial (b), and archaeal (c) communities from Latitude 36 (T−) and TifTuf (T+), including their microhabitat (leaves, roots, and soil) effects on microbial diversity. 
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Figure 4. Detailed description of fungal composition in Latitude 36 (T−) (L) and TifTuf (T+) (T) at the taxonomic hierarchy of the phylum (a) based on the relative abundance of ITS2 amplicon sequences to the total fungal sequences. The most abundant phylum, Ascomycota (b), was shown based on the relative abundance of ITS2 sequences to the total Ascomycota sequences. Two most-represented classes within Ascomycota, Dothideomycetes (c) and Sordariomycetes (d), were shown based on the relative abundance of ITS2 sequences to the total Dothideomycetes and Sordariomycetes sequences, respectively. The phylum Basidiomycota (e) was shown based on the relative abundance of ITS2 sequences to the total Basidiomycota sequences. 
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Figure 5. Detailed description of bacterial composition in Latitude 36 (T−) (L) and TifTuf (T+) (T) at the taxonomic hierarchy of the phylum (a) based on the relative abundance of amplicon sequences to the total 16S rRNA gene sequences. The most represented phylum, Bacteroidetes (b), was shown based on the relative abundance of amplicon sequences to the total Bacteroidetes sequences. 
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Figure 6. Detailed description of archaeal composition in Latitude 36 (T−) (L) and TifTuf (T+) (T) at the taxonomic hierarchy of the phylum (a) based on the relative abundance of amplicon sequences to the total archaeal sequences. The most represented phylum, Thaumarchaeota (b), was shown based on the relative abundance of amplicon sequences to the total Thaumarchaeota sequences. 
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Figure 7. Distribution of isolated endophytic fungal species Fusarium concolor across leaf, root, and soil samples from Latitude 36 (T−) (L) and TifTuf (T+) (T). The values were calculated based on the percentage amplicons relative to overall fungal ITS2 sequences. Asterisks indicate a statistical difference (p < 0.001, two-tailed Mann-Whitney U test) between Latitude 36 (T-)(L) and TifTuf (T+)(T). 
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Table 1. Average number of plant-parasitic nematodes recovered from the study sites. Each Latitude 36 (T−) and TifTuf (T+) bermudagrass was classified as having no risk, low risk, moderate risk, or high risk of damage from nematodes based on the risk thresholds established by the UF Nematode Assay Lab (NAL) [25] (●●● high risk, ●● moderate risk).
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	Plant—Parasitic Nematodes.
	Latitude 36
	TifTuf





	RKN (Meloidogyne spp.) J2
	204 ●●●
	20



	Sting (Belonolaimus spp.)
	47 ●●●
	14 ●●



	Lance (Hoplolaimus spp.)
	175 ●●
	95



	Stubby (Trichodorus spp.)
	19
	55 ●●



	Spiral (Helicotylenchus spp.)
	0
	12



	Lesion (Pratylenchus spp.)
	9
	0



	Ring (Criconemella spp.)
	1
	22



	Sheathoid (Hemicriconemoides spp.)
	2
	73



	Dagger (Xiphinema spp.)
	0
	11



	Pin (Paratylenchus spp.)
	986
	0
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Table 2. Average nutrient concentration (mg/kg) and pH in the soil from the study sites where Latitude 36 (T−) and TifTuf (T+) bermudagrasses were grown (* p < 0.05, two-tailed Mann–Whitney U test).
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	Latitude 36
	TifTuf





	Al
	179.86 ± 36.96
	124.28 ± 6.06 *



	B
	0.60 ± 0.39
	0.84 ± 0.28



	Mn
	42.99 ± 10.20
	40.44 ± 11.33



	Mo
	0.14 ± 0.02
	0.17 ± 0.02



	Ca
	868.92 ± 59.86
	964.01 ± 33.32



	Fe
	146.31 ± 38.09
	120.29 ± 24.34



	K
	11.45 ± 3.85
	14.16 ± 6.19



	Mg
	22.12 ± 1.98
	23.88 ± 3.26



	Na
	11.86 ± 0.97
	14.16 ± 3.04



	NH4+-N
	1.10 ± 0.27
	1.49 ± 0.94



	NO3−-N
	2.72 ± 1.35
	3.45 ± 1.43



	TKN
	666.26 ± 125.27
	788.12 ± 81.04



	P
	69.34 ± 21.21
	42.00 ± 9.04 *



	Si
	63.56 ± 1.27
	50.72 ± 4.72 *



	Cd
	1.05 ± 0.26
	0.84 ± 0.01



	Cu
	3.76 ± 1.65
	3.01 ± 0.96



	Ni
	1.20 ± 0.12
	1.01 ± 0.04



	Pb
	6.16 ± 2.19
	4.59 ± 0.51



	Zn
	9.18 ± 0.98
	8.93 ± 2.23



	pH
	7.91 ± 0.16
	7.72 ± 0.05 *










[image: Table] 





Table 3. Indicator species within fungal microbiomes from Latitude 36 (T−) and TifTuf (T+). Ten indicator species based on the highest indicator values (IndVal) were shown for each bermudagrass cultivar, including their specific microhabitat distribution (colored by green; leaves, orange; roots, and red; soil) from each taxa. Asterisks indicate the significance of IndVal values: * < 0.05, ** < 0.01, *** < 0.001.
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ASV

	
IndVal

	
p-Value

	
Significance

	
Habitat Specificity

	
Phylum

	
Class

	
Order

	
Family

	
Genus/Species






	
Latitude 36




	
ASV58

	
0.632

	
0.0001

	
***

	
[image: Microorganisms 10 00457 i001]

	
Ascomycota

	
Dothideomycetes

	
Pleosporales

	
Halotthiaceae

	
Sulcosporium sp.




	
ASV276

	
0.602

	
0.0049

	
**
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Glomeromycota

	
Glomeromycetes

	
Glomerales

	
Glomeraceae

	
NA




	
ASV11

	
0.592

	
0.0004

	
***

	

	
Ascomycota

	
Sordariomycetes

	
Sordariales

	
Lasiosphaeriaceae

	
NA




	
ASV27

	
0.580

	
0.0001

	
***
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Ascomycota

	
Dothideomycetes

	
Pleosporales

	
Halotthiaceae

	
Sulcosporium sp.




	
ASV19

	
0.538

	
0.0001

	
***
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Ascomycota

	
Dothideomycetes

	
Pleosporales

	
Pleosporaceae

	
NA




	
ASV95

	
0.525

	
0.0017

	
**
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Ascomycota

	
Sordariomycetes

	
Hypocreales

	
Stachybotryaceae

	
Myrothecium cinctum




	
ASV569

	
0.513

	
0.0133

	
*

	

	
Ascomycota

	
Dothideomycetes

	
Pleosporales

	
Pleosporaceae

	
Curvularia sorghina




	
ASV187

	
0.496

	
0.0135

	
*
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Glomeromycota

	
Glomeromycetes

	
Glomerales

	
Glomeraceae

	
Kamienskia perpusilla




	
ASV398

	
0.494

	
0.0381

	
*
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Glomeromycota

	
Glomeromycetes

	
Glomerales

	
Glomeraceae

	
Dominikia sp.




	
ASV42

	
0.492

	
0.0001

	
***
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Ascomycota

	
Sordariomycetes

	
Branch06

	
NA

	
NA




	
TifTuf




	
ASV258

	
0.609

	
0.0016

	
**
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Glomeromycota

	
Glomeromycetes

	
Glomerales

	
Glomeraceae

	
NA




	
ASV52

	
0.600

	
0.0016

	
**
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Ascomycota

	
Sordariomycetes

	
Hypocreales

	
Nectriaceae

	
Fusarium polyphialidicum




	
ASV434

	
0.585

	
0.0064

	
**
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Glomeromycota

	
Glomeromycetes

	
Glomerales

	
Glomeraceae

	
NA




	
ASV43

	
0.572

	
0.0018

	
**
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Glomeromycota

	
Glomeromycetes

	
Glomerales

	
Glomeraceae

	
NA




	
ASV67

	
0.542

	
0.0001

	
***
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Ascomycota

	
Sordariomycetes

	
Hypocreales

	
Nectriaceae

	
Mariannaea sp.




	
ASV145

	
0.541

	
0.0064

	
**
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Glomeromycota

	
Glomeromycetes

	
Glomerales

	
Glomeraceae

	
NA




	
ASV272

	
0.495

	
0.0124

	
*
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Glomeromycota

	
Glomeromycetes

	
Glomerales

	
Glomeraceae

	
NA




	
ASV161

	
0.495

	
0.0150

	
*
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Glomeromycota

	
Glomeromycetes

	
Glomerales

	
Glomeraceae

	
NA




	
ASV25

	
0.473

	
0.0010

	
***
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Ascomycota

	
Dothideomycetes

	
Pleosporales

	
Didymellaceae

	
NA




	
ASV49

	
0.426

	
0.0169

	
**
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Ascomycota

	
Sordariomycetes

	
Hypocreales

	
Nectriaceae

	
Fusarium solani
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Table 4. Indicator species within bacterial microbiomes from Latitude 36 (T−) and TifTuf (T+). Ten indicator species based on the highest indicator values (IndVal) were shown for each bermudagrass cultivar, including specific microhabitat distribution (colored by green; leaves, orange; roots, and red; soil) from each taxa. Asterisks indicate the significance of IndVal values: * < 0.05, ** < 0.01, *** < 0.001.
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ASV

	
IndVal

	
p-Value

	
Significance

	
Habitat Specificity

	
Phylum

	
Class

	
Order

	
Family

	
Genus/Species






	
Latitude 36




	
ASV915

	
0.805

	
0.0001

	
***
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Patescibacteria

	
Saccharimonadia

	
Saccharimonadales

	
NA

	
NA




	
ASV1125

	
0.741

	
0.0001

	
***
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Cyanobacteria

	
Sericytochromatia

	
NA

	
NA

	
NA




	
ASV1403

	
0.740

	
0.0001

	
***
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Proteobacteria

	
Gammaproteobacteria

	
Betaproteobacteriales

	
Burkholderiaceae

	
NA




	
ASV537

	
0.736

	
0.0001

	
***
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Bacteroidetes

	
Bacteroidia

	
Chitinophagales

	
Chitinophagaceae

	
NA




	
ASV1387

	
0.732

	
0.0001

	
***

	
 [image: Microorganisms 10 00457 i015]

	
Bacteroidetes

	
Bacteroidia

	
Chitinophagales

	
Chitinophagaceae

	
Taibaiella sp.




	
ASV857

	
0.722

	
0.0001

	
***
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Proteobacteria

	
Deltaproteobacteria

	
Bdellovibrionales

	
Bacteriovoracaceae

	
Chitinophaga sp.




	
ASV345

	
0.687

	
0.0006

	
***
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Proteobacteria

	
Alphaproteobacteria

	
Rhizobiales

	
Rhizobiaceae

	
Peredibacter sp.




	
ASV1802

	
0.680

	
0.0016

	
**
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Proteobacteria

	
Deltaproteobacteria

	
Bdellovibrionales

	
Bdellovibrionaceae

	
Rhizobium sp.




	
ASV70

	
0.664

	
0.0002

	
***
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Bacteroidetes

	
Bacteroidia

	
Chitinophagales

	
Chitinophagaceae

	
Niastella sp.




	
ASV552

	
0.663

	
0.0002

	
***
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Bacteroidetes

	
Bacteroidia

	
Chitinophagales

	
Chitinophagaceae

	
NA




	
TifTuf




	
ASV1059

	
0.557

	
0.0051

	
**
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NA

	
NA

	
NA

	
NA

	
NA




	
ASV520

	
0.494

	
0.0047

	
**
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NA

	
NA

	
NA

	
NA

	
NA




	
ASV4025

	
0.490

	
0.0040

	
*
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Dependentiae

	
Babeliae

	
Babeliales

	
Vemiphilaceae

	
NA




	
ASV796

	
0.475

	
0.0391

	
*
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Bacteroidetes

	
Bacteroidia

	
Chitinophagales

	
Chitinophagaceae

	
Dinghuibacter sp.




	
ASV3054

	
0.454

	
0.0377

	
*

	

	
Patescibacteria

	
Gracilibacteria

	
NA

	
NA

	
NA




	
ASV2390

	
0.450

	
0.0362

	
*
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Proteobacteria

	
Alphaproteobacteria

	
NA

	
NA

	
NA




	
ASV4

	
0.445

	
0.0091

	
**

	

	
NA

	
NA

	
NA

	
NA

	
NA




	
ASV1605

	
0.428

	
0.0305

	
*
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Patescibacteria

	
Gracilibacteria

	
Candidatus Perengrinibacteria

	
NA

	
NA




	
ASV174

	
0.426

	
0.0409

	
*

	
 [image: Microorganisms 10 00457 i020]

	
NA

	
NA

	
NA

	
NA

	
NA




	
ASV2537

	
0.419

	
0.0447

	
*

	

	
NA

	
NA

	
NA

	
NA

	
NA
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Table 5. List of recovered endophytic fungi and bacteria isolated from the bermudagrass cultivars. The closest BLAST hit from the described species was chosen, if possible, with % nt identity and the accession. Corresponding ASVs from the ITS2 amplicon dataset and their relative abundance in Latitude 36 (T−) and TifTuf (T+) based on the total fungal amplicons were shown. ASVs representing B. velezensis were recruited from the 16S rRNA gene V4 amplicon dataset.
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	Fungi
	% nt Identity
	Accession
	ASV
	% Match
	Latitude 36
	TifTuf





	Fusarium concolor
	99.91%
	GQ505763.1
	ASV52
	100%
	<0.1%
	1.10 ± 1.09%



	Fusarium fujikuroi
	99.19%
	CP023090.1
	ASV1344
	1 nt mismatch
	<0.1%
	< 0.1%



	Fusarium proliferatum
	99.10%
	LS422791.1
	ASV1344
	100%
	<0.1%
	< 0.1%



	Cochliobolus lunatus
	99.04%
	GQ221854.1
	ASV256
	100%
	<0.1%
	< 0.1%



	Aspergillus niger
	99.34%
	KJ365316.1
	-
	-
	-
	-



	Nigrospora sphaerica
	98.36%
	KT462720.1
	ASV1535
	100%
	<0.1%
	<0.1%



	uncultured Pelosporales
	96.43%
	HG995490.1
	ASV410
	100%
	<0.1%
	<0.1%



	unknown Pleosporales sp.
	99.32%
	JQ388930.1
	ASV92
	100%
	<0.1%
	0.25 ± 0.35%



	uncultured Pleosporales
	97.27%
	HG996374.1
	ASV36
	100%
	0.65 ± 1.73%
	0.41 ± 0.76%



	Bacteria
	
	
	
	
	
	



	Bacillus velezensis
	98.72%
	CP041361.1
	ASV2563
	100%
	<0.1%
	<0.1%
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