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Abstract

:

Invading pathogens interact with plant-associated microbial communities, which can be altered under the pressure of pathogen infection. Limited information exists on plant–microbe interactions occurring during natural outbreaks in agricultural fields. Taproot decline (TRD) of soybean is an emerging disease caused by Xylaria necrophora. TRD disease occurrence and yield loss associated with TRD are outstanding issues in soybean production. We applied nuclear ribosomal DNA Internal Transcribed Spacers and 16S rRNA gene taxonomic marker sequencing to define the composition of the fungal and bacterial communities associated with healthy and diseased soybean roots collected from the Mississippi Delta. The plant compartment was a significant factor regulating taxonomic diversity, followed by the disease status of the plant. TRD impacted the root endophytes, causing imbalances; at the intermediate and advanced stages of TRD, X. necrophora decreased mycobiome diversity, whereas it increased microbiome richness. Networks of significant co-occurrence and co-exclusion relationships revealed direct and indirect associations among taxa and identified hubs with potential roles in assembling healthy and TRD-affected soybean biomes. These studies advance the understanding of host–microbe interactions in TRD and the part of biomes in plant health and disease.
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1. Introduction


Taproot decline (TRD) of soybean is an emerging disease of soybean that has warranted much attention within the past five years. As the name indicates, the taproot is attacked by the pathogen Xylaria necrophora [1]. The lower soybean stem and taproot appear black, dry, and brittle. The inner pith is colonized with robust, white mycelium. Diseased plants snap at the soil line, providing a key diagnostic feature in the field. Another diagnostic feature of TRD is the presence of stromata (deadman’s fingers) colonizing soybean or other crop debris remaining from the previous growing season [2]. The foliar symptoms of TRD are similar to those of other root diseases of soybean and include interveinal chlorosis and necrosis. Plant death may occur in the early vegetative stages of soybean development but is not widespread in affected fields. Field symptoms are often localized; symptomatic plants are clustered, one to two meters within a row or adjacent rows. The disease pattern is consistent with a soilborne pathogen, as conidia or ascospore production has not been observed in situ [1]. Since initial observations of TRD, disease occurrence has increased within the United States and is now widespread in soybean production throughout the southern United States [2,3]. Significant yield loss associated with TRD has been reported in Arkansas, Louisiana, and Tennessee [1,4,5]. Early results indicate that host tolerance is the best management approach. To identify management practices that minimize plant destruction and increase yield, we must first understand the pathogen. X. necrophora is a novel species, one of only a few Xylaria spp. parasitic to plants. The vast majority of Xylaria spp. are known as wood decomposers existing as efficient saprobes. Some species survive as nonparasitic endophytes on their hosts, while other Xylaria spp. become parasitic on the hosts they colonize. Interestingly, X. necrophora is the only species to date that attacks an annual plant such as soybean. Other parasitic Xylaria species attack the roots and seeds of perennial plants [6,7]. These parasitic Xylaria spp. are considered facultative saprophytes. Biocontrol strategies for fungal diseases emerge as alternative control methodologies [8,9]. However, insufficient knowledge exists on soybean root microbial communities and their inherent potential to suppress TRD [10,11].



Plant roots harbor a diverse microbial community mainly composed of bacteria and fungi. The interactions between the plant host and its microbial communities influence microbiomes’ diversity and taxonomic structure and facilitate essential processes in the host plant, such as nutrient acquisition and resistance to changes in the biotic and abiotic environment [12,13]. The plant microbiota harbors beneficial and pathogenic microorganisms. Microbes colonize the rhizosphere surrounding the plant’s roots and the endosphere, comprising the superficial tissue layers of the root. Studies in experimental model plants and crops have defined microbiomes of various root compartments and soil types [14,15]. Microbiota isolated from the different root compartments shows distinct taxonomic structures and functional composition [16,17], underlining the importance of the complex relationships established among diverse bacterial and fungal communities and their role in shaping the microbiome [18,19,20]. An essential property of microbiomes of many plant species is facilitating plant defense against pathogens and the environmental stress response through mechanisms such as the induction of plant hormones and mobilization and transport of essential nutrients from the soil to the plant. Thus, the microbiota is an expression of the underlying functional relationships of its components with the host plant. Although considered to have a significant impact in determining the outcome of plant–pathogen interactions, the interactions between microbiota and host plants are poorly understood. Knowledge gaps in understanding microorganism–microorganism and host–microorganism interactions are fundamental limitations [21,22].



Recent research has shed light on the dynamics and complex interactions linked to the formation of microbial communities. A need for experimental platforms addressing questions related to understanding the highly dynamic temporal and spatial parameter patterns in the rhizosphere has been recently noted [23,24]. Interestingly, clear spatial and temporal patterns were defined during the assembly of the soybean root microbiome [25]. Indeed, current microbiome niche assembly models postulate the interplay between plant compartments and developmental stages to modulate microbiome community assembly in soybean and grape [26,27]. In humans, research data confirm that the taxonomic composition of disease-associated microbiomes is often distinct from that of healthy individuals [28]. Knowledge of the human microbiome and the factors that influence its composition has been used to understand a particular disease and alter the microbiome deliberately for preventive or therapeutic purposes [29]. Plant pathogens can modify the outcomes of plant–microbiota interactions by promoting enhanced enzyme activity, changing nutrient cycling, regulating the order of microbial succession, inhibiting pathogen growth, and inducing host defense priming [21]. Nevertheless, characterization of the spatial and temporal dynamics of healthy and disease-associated microbiota of plants is still lacking [30,31].



We hypothesized that TRD impacts the compositional range of soybean biomes. Here, roots from healthy and TRD-affected soybean plants at distinct stages of disease (early, moderate, and advanced) were characterized using nuclear ribosomal DNA Internal Transcribed Spacers (ITS) and 16S rRNA taxonomic marker sequencing. We defined the fungal (mycobiome) and bacterial taxa (microbiome) associated with the rhizosphere, endosphere, and agricultural soil collected from the Mississippi Delta. Finally, we inferred microbial co-occurrence networks to gain insights into patterns of association and exclusion among taxa.




2. Materials and Methods


Sample collection. Silty loam soil and soybean plants variety AG4632 were collected in July 2019 from a field in the Mississippi Delta, United States (33.430170; −90.868759), at the reproductive (R8) stage of soybean. Soil was collected from two field locations (samples S-A and S-B) and designated as natural soil samples. Four soybean plants were collected, including one healthy plant and three plants showing TRD-specific symptoms; plants were selected randomly, removed from the soil for transport to the lab. TRD symptoms in soybean include chlorotic leaves with mild interveinal chlorosis within the mid-to lower canopy progressing to severe symptoms of foliar chlorosis to necrosis on leaves and stems or total plant blight [32]. Infected soybean plants’ taproot and lateral roots are black, dry, and brittle. Plants were shaken gently to remove loosely adhering particles before being transfered into paper bags. Bulk soil was collected from a depth of 20 cm from the same site. After field collection, all samples were transported to the laboratory and stored at 4 °C before processing. The sampled field was subjected to continuous soybean cultivation under the no-till system and managed according to the Mississippi State Cooperative Extension Service guidelines.



Sample Preparation. Methods for processing soil and soybean roots were carried out as described [20]. Briefly, soybean shoots were separated from the roots and washed using a phosphate-buffered saline solution supplemented with 200 µL of Silwet (pH 7.0). Soil collected from the outer surface of roots was decanted and transferred to a 50 mL tube. The soil slurry was centrifuged at 3200× g for 15 min to precipitate soil particles. The supernatant was removed, and the pellets were resuspended, transferred to 1.5 mL microfuge tubes, and centrifuged at 10,000× g for 5 min, after which the supernatant was removed entirely. The resulting pellet was defined as the rhizosphere compartment. Rhizosphere pellets, averaging 250 mg per sample, were flash-frozen in liquid nitrogen and stored at −80 °C until DNA extraction. The bulk soil was processed using the same procedures as the rhizosphere soil. Endophyte samples were obtained from soybean taproots that were cleaned of remaining debris with sterile tweezers and transferred to sterile 50 mL tubes containing sterile phosphate buffer. The roots were sonicated at low frequency for five minutes (five 30 s bursts followed by five 30 s rests), snap-frozen, and stored at −80 °C. Frozen roots were lyophilized in liquid nitrogen before DNA extraction. In total, ten samples including two soil and four root samples were processed to obtain the mycobiome and microbiome datasets for the rhizosphere (R-H, R-S1, R-S2, and R-S3) and endosphere (E-H, E-S1, E-S2, and E-S3).



DNA extraction and metagenomic sequencing. Total DNA was extracted using the PowerSoil DNA Kit according to the manufacturer’s instructions (Qiagen, Hilden, Germany) from 250 mg of soil pellets or lyophilized roots. Library preparation followed the Illumina 16S rRNA metagenomic sequencing (https://support.illumina.com/content/dam/illumina-support/documents/documentation/chemistry_documentation/16s/16s-metagenomic-library-prep-guide-15044223-b.pdf, accessed on 17 April 2022) and the ITS Metagenomics Protocols (https://support.illumina.com/content/dam/illumina-support/documents/documentation/chemistry_documentation/metagenomic/fungal-metagenomic-demonstrated-protocol-1000000064940-01.pdf accessed on 17 April 2022) using Nextera XT Index Kit v2. Sequencing was performed at MR DNA (http:/www.mrdnalab.com accessed on 17 April 2022, Shallowater, TX, USA) on an Illumina MiSeq platform following the manufacturer’s guidelines. Briefly, the 16S rRNA gene (V4 variable region–PCR primers 515/806) and the ITS (1–4 regions) were amplified via PCR using the HotStarTaq Plus Master Mix Kit (Qiagen) under the following conditions: 94 °C for 3 min, followed by 28 cycles of 94 °C for 30 s, 53 °C for 40 s, and 72 °C for 1 min, with a final elongation step at 72 °C for 5 min. After amplification, PCR products were verified in 2% agarose gel to determine the success of amplification and their relative abundance.



Microbiome meta-analysis, bioinformatics, and statistics. Sequence data were processed using the Mr. DNA analysis pipeline (http:/www.mrdnalab.com accessed on 17 April 2022, Shallowater, TX, USA). In summary, sequences were joined and depleted of barcodes. Sequences presenting equal or smaller than 150 bp and ambiguous base calls were removed. Sequences were then denoised, and chimeras were removed. Operational taxonomic units (OTUs) were defined by clustering at 3% divergence (97% similarity). Final OTUs were taxonomically classified using BLASTn against a curated database derived from RDPII and NCBI (www.ncbi.nlm.nih.gov, http://rdp.cme.msu.edu, accessed on 17 April 2022). For the analysis of data outputs and statistical analysis, we used the web-based platform MicrobiomeAnalyst module Marker-gene Data Profiling (MDP) (https://www.microbiomeanalyst.ca/, accessed on 17 April 2022) [33]. The following tools in the workflow were used: data filtering and normalization, diversity, and community profiling to obtain alpha/beta diversity and heat trees, comparative, correlation, and enrichment analyses. For data filtering, a low count filter based on prevalence in samples was set at 20%; then, we applied a low variance filter based on the interquartile range (set at 10% limit for the % to remove). For alpha diversity profiling and significance testing, we applied Chao1 and Simpson diversity indices with t-test/ANOVA [34]. We used Principal Component Analysis (PCoA) [35], the Bray–Curtis distance metrics, and the PERMANOVA statistical method [36] for beta-diversity profiling. Correlation analyses networks were performed using the SparCC method [37] with the parameters set as follows: permutation at 100, the p-value threshold at 0.05, and the correlation threshold at 0.03. A nonparametric univariate statistical comparison using ANOVA/t-test with the adjusted p-value of 0.05 was used to determine enrichment for selected taxa. Metagenome data were visualized using TreeMap 2019.8.1 [38]. The networks were generated with Cytoscape 3.9.1 [39].




3. Results


Replicon sequencing to probe the soybean root microbial and fungal communities from healthy and taproot decline diseased plants



Healthy and TRD symptomatic soybean plants grown in a field with a high incidence of TRD and bulk soil from a depth of 20 cm from the same site were collected for microbiome and mycobiome analysis. The sampled field was subjected to continuous soybean cultivation under the no-till system and managed according to the Mississippi State Cooperative Extension Service guidelines. All plants collected were at the reproductive (R8) stage when TRD symptoms worsened [1]. The TRD symptomatic plants included samples at incipient (S1), moderate (S2), and advanced (S3) stages of infection with X. necrophora. TRD severity was assessed according to [2]. S1 samples displayed the characteristic mild leaf interveinal chlorosis within the lower canopy, whereas in S2 samples, the chlorosis advanced to mid- and upper canopy leaves and stems; S3 samples displayed total plant blight. An examination of the S1–S3 alongside healthy roots revealed characteristic TRD symptoms in S1, S2, and S3 samples with symptoms that increased in severity from S1 to S3 (i.e., shortening of the taproot, reduced number of lateral roots, root dryness and brittleness, and areas of a black appearance characteristic to abundant X. necrophora growth) (Figure 1A).



The taxonomic diversity of soybean roots and bulk soil fungal and microbial communities was investigated by sequencing (Illumina) amplicons derived from ITS and 16S ribosomal RNA (rRNA) amplification. For the analysis, two bulk soil samples were processed to obtain the soil communities; soybean roots were processed to separate four rhizosphere and four endosphere fractions from separate roots (Figure 1B). The ITS amplicon sequencing of the ten samples yielded 1,174,764 high-quality total reads, with a median of 104,845 sequences per sample (Supplementary Figure S1A and Supplementary Table S1). Overall, OTUs were categorized into four kingdoms: 53% Fungi, 45% Eukaryota, 1.34% Metazoa, and 0.29% Viridiplantae (Supplementary Figure S1B). The dataset was normalized to an even sequencing depth of approximately 44,000 sequences (Supplementary Figure S1C) prior to statistical and taxonomic analyses. The 16S rRNA sequencing produced, on average, 25,560 reads per sample (Supplementary Figure S1D and Supplementary Table S1), out of which a majority (93%) represented bacteria (Supplementary Figure S1E). We used the microbial meta-analysis pipeline [33] of the abundance (count) tables computed for fungi and bacteria kingdoms to analyze the soybean root mycobiome and microbiome in-depth.



The biological niche is a significant factor modulating the diversity of mycobiome and microbiome communities.



We first used unconstrained principal coordinate analysis (PCoA) to profile sample diversity and quantify the major components driving differences in the composition of the fungal and bacterial communities among samples (beta-diversity). PCoA resulted in three distinct clusters—bulk soil, rhizosphere, and endosphere—for the ITS (Fungi) and 16S (Bacteria) datasets. In the mycobiome PCoA, axis 1 (26% of the overall variation) also separated heavily symptomatic E-S2 and E-S3 from the rest of the samples, suggesting that TRD affects the endophyte fungal community composition mainly. Rhizosphere samples showed high similarity among themselves, irrespective of the TRD symptomatic status of the originating root sample, suggesting a lesser effect of TRD on the rhizosphere than on the endosphere (Figure 2A). PCoA axis 2 (24% of the overall variation) mostly separated the bulk soil from the endosphere and rhizosphere samples (Figure 2A). In the case of bacteria, and to a more considerable extent than for fungi, a well-defined separation of the soil, rhizosphere, and endosphere occurred on axis 1 (explaining 44% of the overall variation) (Figure 2B), suggesting that the biological niche is a stronger determinant of variation among bacterial communities than the TRD status of the sample. These observations were largely recapitulated by the hierarchical clustering of pairwise Bray–Curtis dissimilarities among all samples. In this analysis, the four rhizosphere samples clustered together and apart from the four endosphere samples for both the mycobiome and microbiome; in addition, the endosphere H and S1 stage samples clustered apart from the S2 and S3 samples for the mycobiome (Supplementary Figure S2A) and microbiome (Supplementary Figure S2B).



Analysis of two alpha diversity indices, CHAO1 and Simpson, revealed significant differences across samples from diverse niches, with the endosphere showing an overall lower fungal and bacterial OTU richness than the soil and rhizosphere; moreover, in the case of bacteria, both diversity indices showed an increasing diversity trend among endosphere samples that correlated with TRD status (Figure 2C,D).



TRD severity is reflected in the taxonomic composition of root endophytes.



We analyzed the taxonomic profiles of the root samples. We found that measurable fungi OTUs were distributed across nine phyla (Figure 3A and Supplementary Table S2). Ascomycota was the most abundant phylum in the soil (70%), followed by Chytridiomycota (13%). Ascomycota was distributed among Sordariomycetes (i.e., Hypocreales 11%, Glomerellales 11%, and Xylariales 6%), Pezizomycetes (20%), and Dothideomycetes (11%) (Figure 3B). Fusarium sp. (Hypocreales), Gibellulopsis nigrescens (Glomerellales), Microdochium sp. (Xylariales), and Ascobolus crenulatus were among the soil dominant taxa (Supplemental Figure S3A). Almost equal distributions of Ascomycota and Basidiomycota were found in the rhizosphere (44 and 48%, respectively), which, similar to the bulk soil, showed remarkable similarities in their taxonomic profiles (Figure 3A). The Agaricomycetes (Cantharellales 31% and Agaricales 58%) were the most abundant Basidiomycetes; Sordariomycetes (i.e., Hypocreales 25% and Xylariales 13%) were the dominant Ascomycetes (Figure 3B). Ceratobasidium sp., Coprinopsis spilospora, and Mycena maurella dominated the Basidiomycota, whereas Fusarium sp. dominated the rhizosphere mycobiota (Supplementary Figure S3B).



An OTU enrichment analysis to identify core mycobiomes paralleled our taxonomic study and identified Ascomycota, Basidiomycota, and Chytrydiomycota as major core groups. We confirmed genera enrichment, including Ascobolus, Phoma, and Fusarium in bulk soil (Supplementary Figure S4A) and Ceratobasidium, Fusarium, and Mycena in the rhizosphere (Supplementary Figure S4B). A heat tree analysis captured differential abundance patterns between endosphere and rhizosphere mycobiomes; OTUs classified as Glomerellales, Chytridiomycota, Cladochytriales, and Saccharomycetales, among others, were enriched in the rhizosphere (Figure 3C). The endosphere samples showed higher variability than the rhizosphere, reinforcing our observation that TRD affects the endosphere mycobiome to the most considerable extent (Figure 4). Botryospheriales (Macrophomina phaseolina) dominated E-H and E-S1 (58% and 67%, respectively). Most E-S2 OTUs were classified as Basidiomycota (70%), among which Agaricomycetes such as Micena maurella predominated, followed by Ascomycota (30%), among which Xylariaceae represented 25% of the OTUs. E-S3 was composed almost exclusively (93%) of Sordariomycetes, with Xylariales dominating this class (91%). Xylariaceae had a minor representation in E-H and E-S1 (below 1%), although the Xylaria sp. abundance was slightly higher in E-S1 than in E-H (83% versus 69% of all Xylariaceae, respectively). When considering the Xylariaceae solely, E-S2 was dominated by Xylaria sp. (57%) and Harolosellinia sp. (43%), whereas Xyaria sp. was predominant (99.6%) in E-S3.



The taxonomic analysis of the 16S rRNA data reinforced the similarity of the bulk soil and rhizosphere on the one hand and the variability among endosphere samples on the other (Supplementary Table S2). Proteobacteria (represented by Alphaproteobacteria, Deltaproteobacteria, Gammaproteobacteria, and Actinobacteria) and Bacteroidetes (Cytophagia and Sphingobacteriia) dominated the bacterial communities of bulk soil and root rhizosphere (Figure 5A,B). Steroidobacter sp. (7% of Proteobacteria), Gemmatimonas sp. (4% of Gemmatimonadetes), and Acidobacterium sp. (4% of Acidobacteria) were the most abundant soil taxa (Supplementary Figure S3C). Acidobacterium sp. (4% of Acidobacteria), Pelobacter spp. (3% of Proteobacteria), and Chitinophaga sp. (3% of Bacterioidetes) were the most abundant rhizosphere taxa (Supplementary Figure S3D). These taxa were also identified as components of the core microbiomes of the soil and rhizosphere (Supplementary Figure S4), respectively. Differential abundance patterns between endosphere and rhizosphere microbiomes were detected and visualized using heat trees (Figure 5C). Bacterioidetes, Acidobacteria, Firmicutes, and Gematimonadales were among the taxa enriched in the rhizosphere relative to the endosphere. At moderate and advanced TRD, Gammaproteobacteria dominated the E-S2 endosphere (42%), with Entereobacteriales such as Trabulsiella and Enterobacter the most abundant genera; Alphaproteobacteria had the highest relative abundance in E-S3 (Figure 5C). On the other hand, the nitrogen-fixing symbiotic bacterium Bradyrhizobium had the highest abundance in the endosphere microbiome; Bradyrhizobium, the most abundant genus of Rhizobiales in E-H (90%) and E-S1 (77%), was followed by Cyanobacteria, with Halospirulina as the dominant taxon (>99% in both E-H and E-S1) (Figure 6 and Supplementary Figure S4). Notably, in E-S2 and E-S3, Bradyrhizobium decreased markedly in abundance (35% and 36% of Rhizobiales, respectively); Shinella spp. and Agrobacterium tumefaciens increased in the relative abundance in E-S2, whereas Rhodoplanes sp. and Rhizobium sp. were the abundant Rhizobiales in E-S3 (Supplementary Figure S4).



Describing taproot decline disease through imbalances in the fungal and microbial communities:



We observed imbalances in the diversity and taxa abundance of fungal and microbial communities, more apparent at advanced TRD stages. These observations prompted us to search for possible statistically significant changes in fungal and microbial communities between the ‘Healthy’ (E-H and R-H) and ‘TRD’ (E-S1 to S3 and R-S1 to S3) cohorts. We inferred a correlation network using SparCC (p-value threshold 0.05 and correlation threshold 0.3) to identify organisms that reached statistically significant associations with the disease phenotype in the soybean mycobiome and microbiome (Supplementary Figure S5A,B). Slightly more of the identified interactions supported significant co-exclusion between taxa (negative correlation, 392 interactions) than co-occurrence (positive correlation, 386 interactions) (Supplementary Table S2).



We selected taxa with the highest abundance and lowest p-values values to generate microbial interaction networks. In these networks, each node represents a fungal or bacterial clade (taxon or group of taxa) connected by edges that were weighted by the significance (p-values) of their association. Figure 7A (for fungi) and B (for bacteria) provide the final networks and the associated data. Xylariales, Sordariales, and Agaricales were among the most highly connected taxa co-occurring in the ‘TRD’ condition and showed a low abundance in the ‘Healthy’ cohort. Botryosphaeriales, Pleosporales, and Hypocreales, co-occurring in the ‘Healthy’ condition, became depleted in the ‘TRD’ cohort (Figure 7A and inset). These taxa showed positive or negative relationships with other highly connected taxa; both Xylariales and the ‘Healthy’-enriched Hypocreales were positively correlated with Glomerellales, whereas both Xylariales and the ‘Healthy’-enriched Pleosporales were negatively correlated with Mortierellales. The analysis retrieved positive and negative taxa correlations among bacterial taxa as well (Supplemental Figure S5B and Supplementary Table S2). Pseudomonadaceae and Rhizobiaceae increased significantly in ‘TRD’ compared to ‘Healthy,’ whereas Chitinophagaceae and Oscillatoriales were more abundant in ‘Healthy’ than in the ‘TRD’ cohort (Figure 7B and inset). Similar to our observations for the fungal communities, these nodes were connected by a few direct relationships.




4. Discussion


The plant roots constitute a complex habitat harboring fungal and microbial communities that co-exist in diverse niches and plant compartments. The stability of mixed communities is detemined by the antagonistic and mutualistic interspecies interactions occurring within individual biomes and over an evolutionary timescale [40]. However, perturbations such as pathogen invasion can disrupt the equilibrium of the system and favor species with pathogenic potential that drive the development of disease [41]. While the effect of pathogens in human- and animal-associated biomes has been extensively explored [42,43], we only have limited information on the processes underlying the transition from a healthy plant-associated biome to a pathobiome [41,44,45,46]. Moreover, only scarce information exists on the diverse types of plant–microbe interactions occurring during natural outbreaks of known pathogens in agricultural fields [47].



This study assessed the root mycobiome and microbiome of soybean plants grown in a farming field site in the Mississippi Delta. We aimed to evaluate the mycobiota and microbiota taxonomic structures and richness while testing the impact of X. necrophora infection on the temporal dynamics of the fungal and bacterial communities (Figure 1). Our results provide evidence that: (1) the topology of fungal and bacterial microbiota (rhizosphere and endosphere) is the primary determining factor in community assembly, (2) TRD has a strong effect on the taxa richness of the endosphere mycobiome and negligible effects on the rhizosphere, and (3) at advanced stages, TRD leads to a re-organization of the root mycobiome and microbiome that favors specific microbial associations.



Evidence of the crucial role of spatial information in microbial niche differentiation is ample [25,48,49]. Our results reinforce previous observations and bring new information on the impact of TRD on niche differentiation. We found that the plant compartment/niche is a potent discriminatory factor for the assembly of both fungal and bacterial microbiomes of soybean roots, irrespective of the healthy/diseased status of the plant (Figure 2A,B). This observation was supported by the diversity index analysis (Figure 2C,D), showing that endophyte communities’ richness is lower than that of the rhizosphere. The rhizosphere provides an abundance of plant-derived carbohydrates and exudates that stimulate microbial biomass growth [48,50]. Endophytes, recruited from the rhizosphere microbiome or accessing plant tissues via lesions, were previously shown to form a microbiota distinct from the rhizosphere and bulk soil with a comparatively lower level of taxa diversity [18,51]. We found that the rhizosphere mycobiota was enriched in Glomerellales (Sordariomycetes), Chytridiomycetes, and Saccharomycetales. Most of these taxa were identified in other rhizospheric microbiomes as well [52]. Bacterioidetes, Acidobacteria, Firmicutes, and Gematimonadales were among the bacterial taxa prevalent in the rhizosphere, supporting previous observations [53,54,55].



Interestingly, the fungal and microbial communities responded distinctly to severe TRD. The PCoA analysis separated heavily symptomatic (E-S2 and E-S3) from the mildly symptomatic and healthy samples, suggesting that a high pathogen load displaces the ‘healthy’ endosphere taxa (Figure 2A). In these samples, TRD dramatically decreased the richness of the fungal endophyte community. Agaricomycetes (70%) and Sordariomycetes (29%, out of which 49% was Xylaria sp.) comprised the bulk of fungi in E-S2; at 91% of all Sordariomycetes, Xylaria sp. almost exclusively represented the E-S3 endophytes (Figure 4). On the contrary, we observed an increase in the diversity of bacterial endophytes that correlated with the increasing TRD severity; TRD increased the number of detected bacteria classes from 11 (in healthy samples) to 20, 18, and 26 in E-S1, E-S2, and E-S3, respectively (Figure 6). The observed increase in microbial diversity under the severe TRD condition could be driven by the biotic stress pressure on microbial community assemblage as a way to increase plant fitness [56] or, more likely, by dysbiosis, defined as an imbalance of the microbiome causing an abnormal increase in selected minor taxa and decrease in the dominant core species [57]. Indeed, we observed adverse effects of TRD on the high abundance core genus Bradyrhizobium (Figure 6). Of note, taxonomic differences between E-S2 and E-S3 suggest the displacement of the abundant fungal and bacterial taxa by the pathogen and the establishment of opportunistic taxa. A similar situation was observed in soils infested with the pathogenic soybean cyst nematode; the parasitic nematodes increased the diversity of the endophytic fungal communities in soybean roots [58]. Moreover, diversity shifts driven by infection with the bacterial pathogen Xylella fastidiosa were also observed in bacterial and fungal communities associated with the grapevine xylem. Higher microbial diversity was documented in vines with moderate disease symptoms compared to the severely symptomatic vines [59].



Aside from Xylaria, several other fungal genera responded positively to advanced TRD stages. From the Basidiomycota, the Agaricales Mycena maurella and Hymenopellis dominated E-S2 [60] (48% and 15%, respectively). M. maurella belongs to the widespread saprotrophic genus Mycena; although not expected to be found as a root endophyte, Mycena associates with multiple plant hosts and was suggested to be an opportunistic root pathogen [61]. Interestingly, Hymenopellis, growing mainly on dead or buried hardwoods, was found to be a rich resource of bioactive compounds with antimicrobial, antioxidative, anti-inflammatory activities [62]. Among the Sordariomycetes (Ascomycota), the understudied endophyte Halorosellinia classified in Xylariaceae was second in abundance after Xylaria sp. Another endophyte, Chetomium erectum, represented 6% of the Ascomycota in E–S3. Species of Chaetomium are widely distributed in nature and generally characterized as high producers of enzymes that catalyze the degradation of cellulose, lignin, and other plant-derived organic compounds [63]. The substrate and host affinity of these high-abundance taxa identified in advanced TRD samples are diverse; however, they suggest enrichment in fungal species able to act as aggressive, opportunistic invaders.



Soybean develops symbiotic associations with diverse nitrogen-fixing rhizobia, including Bradyrhizobium and Rhizobium species [64]. Rhizobiales, although present in both the rhizosphere and endosphere, were also significantly enriched in the soybean endosphere microbiome (Figure 5C), paralleling previous observations [60]. The positive effect on bacterial communities’ richness in intermediate and advanced TRD correlated with a significant decrease in the abundance of the dominant core taxa Bradyrhizobium spp. (Alphaproteobacteria) in E-H and E-S1 (42 and 30% reduction, respectively); on the other hand, advanced TRD correlated with an increased abundance of Rhodoplanes and Steroidobacter (Figure 6). Rhodoplanes sp., classified as a possible N-fixing bacteria, is a top colonizer of the rhizosphere soil associated with oilseed rape [65,66]. Steroidobacter sp. are characterized as bacteria with a high capacity to degrade organic compounds and nitrification/denitrification properties [67,68]. Both genera were previously found associated with microbiomes [65,69].



Fungal and bacterial association networks were inferred from the observational data (Figure 7). We characterized microbial co-occurrence and co-exclusion patterns throughout the healthy and diseased soybean roots. The analysis of these microbial networks provides initial observations into community organization and putative functional interactions among taxa. Several hub taxa were identified, characterized by a large number of connections and dominance within the ‘healthy’ or ‘diseased’ states. Notably, some of the hubs acted as connectors between multiple healthy- and TRD-associated microbes. For example, no direct connections were observed between the diseased and healthy sub-networks for the fungal and bacterial taxa. However, the order Glomerellales served as the main ‘connector’ of fungal taxa (Figure 7A), whereas multiple taxa mediated bacterial associations (Figure 7B). We hypothesize that hub microbes may act as critical determinants in the transition from healthy to diseased root communities.



Positive correlation relationships may describe mutualistic, synergistic associations, among other types, including nutritional strategies (e.g., saprophyte or parasite) and dependencies among taxa (e.g., cross-feeding). Negative correlations, likewise, may signal competitive relationships due to the production of toxins or predator–prey relationships. In the fungal association network, the top-scoring orders included Xylariales, Sordariales, and Agaricales; these fungi were most abundant in communities associated with the TRD-infected soybean roots. On the other hand, Botryospheriales, Hypocreales, and Pleosporales were found to be associated with healthy roots. Glomerellales showed positive correlations with all the above groups, whereas Mortierellales were negatively correlated with Xylariales and Pleosporales. Although the current study is associative and does not describe the type of interaction for these microbial associations, several of the observed associations are indirectly supported by published research. For instance, Xylariales, Pleosporales, Hypocreales, and Glomererellales—taxa with positive correlation in the network—were found most abundant and diverse in a large set of fungal isolates [70], indicating an ability to co-exist in mixed cultures. Pleosporales were isolated from various habitats, growing as saprophytes, endophytes, or parasites on fungi or insects [71]. Most species of Glomerella are necrotrophic, feeding on dead plant tissue [70]; similarly, Sordariales dominate in fungal communities associated with residue decomposition in arable soils [72]. Mortierellales showed negative correlation values with both Pleosporales and Xylariales; although Mortierelalles includes saprophytic fungi, some species produce antifungal and antibacterial secondary metabolites [73] that may exert antagonistic effects on competitors. Xylariales and Agaricales showed a positive correlation with pest suppressiveness in studies of nematode pests [74,75], suggesting causative associations between these fungal orders. Chitinophagaceae and Oscillatoriales appeared as top-scoring taxa in diseased roots in the bacterial association networks showing a strong positive correlation. Chitinophagaceae are known to provide a rich carbon and nitrogen source for soil microorganisms [76]. Interestingly, metagenomics followed by network inference found that Chitinophagaceae were enriched in the beetroot endosphere post-infection and in a synthetic microbial community that suppressed root disease [77], attesting to their capacity to survive changes in the structure of root biota. Likewise, in healthy roots, Rhizobiaceae and Pseudomonadaceae showed a strong positive correlation, suggesting a capacity for co-existence in the soybean rhizobiome.




5. Conclusions


This study investigated the composition of mycobiota and microbiota in soybean roots from plants at the reproductive stage grown in the Mississippi Delta. Soybean plants, healthy or showing TRD symptoms from infection with X. necrophora, were selected for comparative analysis. The analysis revealed that, surprisingly, rather than the disease status, the natural niche was the main factor driving differences in the diversity of the fungal and bacterial communities among samples, indicating remarkable stability of natural communities under pathogen pressure. However, the endosphere’s fungal and bacterial communities differed in their composition in samples with high X. necrophora load. Advanced disease correlated with increased abundance and diversity of bacteria, whereas it had the opposite effect on fungal diversity, suggestive of X. necrophora-induced changes in the microbiota dynamics. Core genera in the rhizosphere mycobiome included Ceratobasidium, Fusarium, Coprinopsis, and Mycena. Xylaria sp. dominated in the endosphere of heavily symptomatic plants. Likewise, Chitinophaga, Pelobacter, Acidobacterium, and Pseudomonas were representative genera of the rhizosphere microbiome. In the endosphere, Bradyrhyzobium sp. was the most abundant genus in healthy and diseased roots, albeit its relative abundance steeply decreased in advanced TRD.



We generated a catalog of co-occurrences and co-exclusions for the mycobiome and microbiome of the soybean roots, represented as networks with positive and negative correlations among taxa. These networks provide initial information on the taxonomic structure of biomes under the pathogen pressure and identify fungal and bacterial taxa with high potential in determining the stability of communities. We hypothesize that the soybean root’s shift from healthy to diseased states is accompanied by complex interactions among diverse fungal and bacterial taxa, whereby species with pathogenic potential overgrow. Nevertheless, the predictions advanced by our work require future testing in natural and synthetic biomes. Understanding the principles underlying complex multi-species assemblages and the factors determining their stability and dynamics lays the foundation of sustainable agriculture [78,79].








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/microorganisms10050856/s1, Figure S1: (A) Library size overview for the ITS (A) and 16S rRNA (D) sequencing. For data filtering, features with low counts and prevalence in samples (<10%) were removed. (B) Pie charts showing percentages of kingdoms identified by ITS (B) and 16S rRNA (E) sequencing. (C) Rarefaction curves (minimum library size, total sum normalization). The relationship between the number of OTUs observed and the sequencing depth is shown for all samples; Figure S2: Dendrogram analysis of biome data for mycobiome (A) and microbiome (B) using Bray-Curtis Index as a distance measure and Ward clustering algorithm.; Figure S3: (A–D) Circular maps reporting taxonomic classification of fungal and bacterial taxa in bulk soil (A,C) and rhizosphere (C,D). Taxonomic differences are based on ITS and rRNA sequencing and OTUs with the highest abundance (n > 0.2 %) for fungal taxa (A,B) and bacterial taxa (C,D). The taxa are grouped by phylum; the labels show class, order, and species. The size of the map circle is proportional to the reads number; Figure S4: Core biomes. Taxa detected containing classes with the highest prevalence (>20%); count data were transformed to relative abundance for the analysis of the core mycobiome (A) in bulk soil, rhizosphere, and endosphere and the respective core bacterial microbiomes (B); Figure S5: Average reads numbers are based on 16S rRNA sequencing for the E-H (healthy) and TRD-symptomatic samples (E-S1, E-S2, and E-S3). Labels show family and species. Numbers depict percentages of selected taxonomical categories. The size of the map circle is proportional to the reads number; Figure S6: A correlation network was generated using the SparCC algorithm, with nodes representing taxa at the genus level and edges representing correlations between taxa pairs. Co-occurrence networks are based on the Pearson correlation of ITS (A) and 16S (B) rRNA reads extracted from metagenomes of healthy (purple) and TRD symptomatic (orange) plants and soil (green). A connection between nodes stands for a statistically significant (p < 0.05) correlation with magnitude (correlation threshold) r > 0.5. Network parameters: p-value threshold 0.05, correlation threshold 0.3; Table S1: ITS counts cumulative data and 16S rRNA counts cumulative data; Table S2: Mycobiome taxonomy analysis and Microbiome taxonomy analysis; Table S3: Fungal correlation network data and Bacterial correlation network data.





Author Contributions


Conceptualization, M.T.-P. and S.C.P.; Resources, T.W.; Methodology, A.B.-B. and U.W.; Formal Analysis, G.V.P. and S.C.P.; Supervision, S.C.P., M.T.-P. and G.V.P.; Data Curation, G.V.P. and S.C.P. Writing—Original Draft Preparation, S.C.P. and M.T.-P.; Writing—Review and Editing: G.V.P. and U.W.; Funding Acquisition, S.C.P. and M.T.-P. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by a 2019 Mississippi Soybean Promotion Board grant (No. 78-2019) awarded to M.T.-P., S.C.P. and T.W.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The datasets generated during the study are publicly archived. The Illumina MiSeq sequence raw reads are available in the NCBI Sequence Read Archive (SRA) under BioProject PRJNA821528.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Garcia-Aroca, T.; Price, P.P.; Tomaso-Peterson, M.; Allen, T.W.; Wilkerson, T.H.; Spurlock, T.N.; Faske, T.R.; Bluhm, B.; Conner, K.; Sikora, E. Xylaria necrophora, sp. nov., is an emerging root-associated pathogen responsible for taproot decline of soybean in the southern United States. Mycologia 2021, 113, 326–347. [Google Scholar] [CrossRef] [PubMed]

	



Allen, T.; Bluhm, B.; Conner, K.; Doyle, V.; Price, T.; Sikora, E.; Singh, R.; Spurlock, T.; Tomaso-Peterson, M.; Wilkerson, T. First description of the causal agent of taproot decline of soybean, an emerging disease in the southern United States. Plant Health Prog. 2017, 18, 35–40. [Google Scholar] [CrossRef]

	



Guyer, R.; Pate, S.; Garcia-Aroca, T.; Doyle, V.P.; Price, T.; Kelly, H. First Report of Taproot Decline Caused by Xylaria sp. on Soybean in Tennessee. Plant Dis. 2020, 104, 3267. [Google Scholar] [CrossRef]

	



Aroca, T.G.; Doyle, V.; Price, P.P., III. Louisiana Plant Pathology Disease Identification and Management Series: Taproot Decline of Soybean (Xylaria necrophora). Available online: https://www.lsuagcenter.com/profiles/aiverson/articles/page1627567471819 (accessed on 17 April 2022).

	



Tolbert, A.C.; Spurlock, T.N.; Hoyle, R. Understanding taproot decline: A potentially yield limiting soybean disease in Arkansas. Res. Ser. Agric. Exp. Stn. 2019, 44–48. [Google Scholar]

	



Husbands, D.R.; Urbina, H.; Lewis, S.M.; Aime, M.C. Xylaria karyophthora: A new seed-inhabiting fungus of Greenheart from Guyana. Mycologia 2018, 110, 434–447. [Google Scholar] [CrossRef]

	



Smith, D.A. Fungicidal control and related studies on black root rot of apple (Malus pumila Mill.) caused by Xylaria mali Fromme. Master’s Thesis, Virginia Polytechnic Institute and State University, Blacksburg, VA, USA, 1973. [Google Scholar]

	



Ab Rahman, S.F.S.; Singh, E.; Pieterse, C.M.J.; Schenk, P.M. Emerging microbial biocontrol strategies for plant pathogens. Plant Sci. 2018, 267, 102–111. [Google Scholar] [CrossRef]

	



Stenberg, J.A.; Heil, M.; Åhman, I.; Björkman, C. Optimizing crops for biocontrol of pests and disease. Trends Plant Sci. 2015, 20, 698–712. [Google Scholar] [CrossRef]

	



Badial, A.; Nejat, N.S.; Tomaso-Peterson, M.; Popescu, S. Advances in biological control of Xylaria sp., the causal agent of taproot decline of soybean. Plant Health 2020 Online 2020. Available online: https://apsnet.confex.com/apsnet/2020/meetingapp.cgi/Paper/16390 (accessed on 17 April 2022).

	



de Almeida Lopes, K.B.; Carpentieri-Pipolo, V.; Fira, D.; Balatti, P.A.; López, S.M.Y.; Oro, T.H.; Stefani Pagliosa, E.; Degrassi, G. Screening of bacterial endophytes as potential biocontrol agents against soybean diseases. J. Appl. Microbiol. 2018, 125, 1466–1481. [Google Scholar] [CrossRef]

	



Pollak, S.; Cordero, O.X. Rhizobiome shields plants from infection. Nat. Microbiol. 2020, 5, 978–979. [Google Scholar] [CrossRef]

	



Compant, S.; Samad, A.; Faist, H.; Sessitsch, A. A review on the plant microbiome: Ecology, functions, and emerging trends in microbial application. J. Adv. Res. 2019, 19, 29–37. [Google Scholar] [CrossRef]

	



Yeoh, Y.K.; Dennis, P.G.; Paungfoo-Lonhienne, C.; Weber, L.; Brackin, R.; Ragan, M.A.; Schmidt, S.; Hugenholtz, P. Evolutionary conservation of a core root microbiome across plant phyla along a tropical soil chronosequence. Nat. Commun. 2017, 8, 215. [Google Scholar] [CrossRef] [PubMed]

	



Wang, B.; Sugiyama, S. Phylogenetic signal of host plants in the bacterial and fungal root microbiomes of cultivated angiosperms. Plant J. 2020, 104, 522–531. [Google Scholar] [CrossRef] [PubMed]

	



Hirsch, P.R.; Mauchline, T.H. Who’s who in the plant root microbiome? Nat. Biotechnol. 2012, 30, 961–962. [Google Scholar] [CrossRef] [PubMed]

	



Berg, G.; Grube, M.; Schloter, M.; Smalla, K. The plant microbiome and its importance for plant and human health. Front. Microbiol. 2014, 5, 491. [Google Scholar] [CrossRef] [PubMed]

	



Gottel, N.R.; Castro, H.F.; Kerley, M.; Yang, Z.; Pelletier, D.A.; Podar, M.; Karpinets, T.; Uberbacher, E.D.; Tuskan, G.A.; Vilgalys, R. Distinct microbial communities within the endosphere and rhizosphere of Populus deltoides roots across contrasting soil types. Appl. Environ. Microbiol. 2011, 77, 5934–5944. [Google Scholar] [CrossRef]

	



Urbina, H.; Breed, M.F.; Zhao, W.; Gurrala, K.L.; Andersson, S.G.E.; Ågren, J.; Baldauf, S.; Rosling, A. Specificity in Arabidopsis thaliana recruitment of root fungal communities from soil and rhizosphere. Fungal Biol. 2018, 122, 231–240. [Google Scholar] [CrossRef]

	



Lundberg, D.S.; Lebeis, S.L.; Paredes, S.H.; Yourstone, S.; Gehring, J.; Malfatti, S.; Tremblay, J.; Engelbrektson, A.; Kunin, V.; Del Rio, T.G. Defining the core Arabidopsis thaliana root microbiome. Nature 2012, 488, 86–90. [Google Scholar] [CrossRef]

	



Trivedi, P.; Leach, J.E.; Tringe, S.G.; Sa, T.; Singh, B.K. Plant–microbiome interactions: From community assembly to plant health. Nat. Rev. Microbiol. 2020, 18, 607–621. [Google Scholar] [CrossRef]

	



Berg, G.; Köberl, M.; Rybakova, D.; Müller, H.; Grosch, R.; Smalla, K. Plant microbial diversity is suggested as the key to future biocontrol and health trends. FEMS Microbiol. Ecol. 2017, 93. [Google Scholar] [CrossRef]

	



Munoz-Ucros, J.; Zwetsloot, M.J.; Cuellar-Gempeler, C.; Bauerle, T.L. Spatiotemporal patterns of rhizosphere microbiome assembly: From ecological theory to agricultural application. J. Appl. Ecol. 2021, 58, 894–904. [Google Scholar] [CrossRef]

	



Vetterlein, D.; Lippold, E.; Schreiter, S.; Phalempin, M.; Fahrenkampf, T.; Hochholdinger, F.; Marcon, C.; Tarkka, M.; Oburger, E.; Ahmed, M. Experimental platforms for the investigation of spatiotemporal patterns in the rhizosphere—laboratory and field scale. J. Plant Nutr. Soil Sci. 2021, 184, 35–50. [Google Scholar] [CrossRef]

	



Moroenyane, I.; Tremblay, J.; Yergeau, É. Temporal and spatial interactions modulate the soybean microbiome. FEMS Microbiol. Ecol. 2021, 97, fiaa2062. [Google Scholar] [CrossRef] [PubMed]

	



Bulgarelli, D.; Rott, M.; Schlaeppi, K.; van Themaat, E.V.L.; Ahmadinejad, N.; Assenza, F.; Rauf, P.; Huettel, B.; Reinhardt, R.; Schmelzer, E. Revealing structure and assembly cues for Arabidopsis root-inhabiting bacterial microbiota. Nature 2012, 488, 91–95. [Google Scholar] [CrossRef] [PubMed]

	



Liu, D.; Howell, K. Community succession of the grapevine fungal microbiome in the annual growth cycle. Environ. Microbiol. 2021, 23, 1842–1857. [Google Scholar] [CrossRef]

	



Ma, Z.S.; Li, L.; Gotelli, N.J. Diversity-disease relationships and shared species analyses for human microbiome-associated diseases. ISME J. 2019, 13, 1911–1919. [Google Scholar] [CrossRef]

	



Gilbert, J.A.; Blaser, M.J.; Caporaso, J.G.; Jansson, J.K.; Lynch, S.V.; Knight, R. Current understanding of the human microbiome. Nat. Med. 2018, 24, 392–400. [Google Scholar] [CrossRef]

	



Anal, A.K.D.; Rai, S.; Singh, M.; Solanki, M.K. Plant Mycobiome: Current Research and Applications. In Phytobiomes: Current Insights and Future Vistas; Springer: Singapore, 2020; pp. 81–104. [Google Scholar]

	



Cui, L.; Morris, A.; Ghedin, E. The human mycobiome in health and disease. Genome Med. 2013, 5, 63. [Google Scholar] [CrossRef]

	



Allen, T.W.; Bradley, C.A.; Sisson, A.J.; Byamukama, E.; Chilvers, M.I.; Coker, C.M.; Collins, A.A.; Damicone, J.P.; Dorrance, A.E.; Dufault, N.S. Soybean yield loss estimates due to diseases in the United States and Ontario, Canada, from 2010 to 2014. Plant Health Prog. 2017, 18, 19–27. [Google Scholar] [CrossRef]

	



Chong, J.; Liu, P.; Zhou, G.; Xia, J. Using MicrobiomeAnalyst for comprehensive statistical, functional, and meta-analysis of microbiome data. Nat. Protoc. 2020, 15, 799–821. [Google Scholar] [CrossRef]

	



Kim, B.-R.; Shin, J.; Guevarra, R.B.; Lee, J.H.; Kim, D.W.; Seol, K.-H.; Lee, J.-H.; Kim, H.B.; Isaacson, R.E. Deciphering diversity indices for a better understanding of microbial communities. J. Microbiol. Biotechnol. 2017, 27, 2089–2093. [Google Scholar] [CrossRef]

	



Peres-Neto, P.R.; Jackson, D.A.; Somers, K.M. How many principal components? Stopping rules for determining the number of non-trivial axes revisited. Comput. Stat. Data Anal. 2005, 49, 974–997. [Google Scholar] [CrossRef]

	



Anderson, M.J. Permutational Multivariate Analysis of Variance (PERMANOVA); Balakrishnan, N., Colton, T., Everitt, B., Piegorsch, W., Ruggeri, F., Teugels, J.L., Eds.; John Wiley & Sons, Ltd.: Hoboken, NJ, USA, 2017; pp. 1–15. [Google Scholar]

	



Friedman, J.; Alm, E.J. Inferring correlation networks from genomic survey data. PLoS Comput. Biol. 2012, 8, e1002687. [Google Scholar] [CrossRef] [PubMed]

	



Tu, Y.; Shen, H.-W. Visualizing changes of hierarchical data using treemaps. IEEE Trans. Vis. Comput. Graph. 2007, 13, 1286–1293. [Google Scholar] [CrossRef] [PubMed]

	



Shannon, P.; Markiel, A.; Ozier, O.; Baliga, N.S.; Wang, J.T.; Ramage, D.; Amin, N.; Schwikowski, B.; Ideker, T. Cytoscape: A software environment for integrated models of biomolecular interaction networks. Genome Res. 2003, 13, 2498–2504. [Google Scholar] [CrossRef]

	



Little, A.E.F.; Robinson, C.J.; Peterson, S.B.; Raffa, K.F.; Handelsman, J. Rules of engagement: Interspecies interactions that regulate microbial communities. Annu. Rev. Microbiol. 2008, 62, 375–401. [Google Scholar] [CrossRef]

	



Mannaa, M.; Seo, Y.-S. Plants under the attack of allies: Moving towards the plant pathobiome paradigm. Plants 2021, 10, 125. [Google Scholar] [CrossRef]

	



Willis, J.R.; Gabaldón, T. The human oral microbiome in health and disease: From sequences to ecosystems. Microorganisms 2020, 8, 308. [Google Scholar] [CrossRef]

	



Armour, C.R.; Nayfach, S.; Pollard, K.S.; Sharpton, T.J. A metagenomic meta-analysis reveals functional signatures of health and disease in the human gut microbiome. mSystems 2019, 4, e00332-18. [Google Scholar] [CrossRef]

	



Gao, M.; Xiong, C.; Gao, C.; Tsui, C.K.M.; Wang, M.-M.; Zhou, X.; Zhang, A.-M.; Cai, L. Disease-induced changes in plant microbiome assembly and functional adaptation. Microbiome 2021, 9, 187. [Google Scholar] [CrossRef]

	



Cui, Z.; Huntley, R.B.; Zeng, Q.; Steven, B. Temporal and spatial dynamics in the apple flower microbiome in the presence of the phytopathogen Erwinia amylovora. ISME J. 2021, 15, 318–329. [Google Scholar] [CrossRef]

	



Masenya, K.; Thompson, G.D.; Tekere, M.; Makhalanyane, T.P.; Pierneef, R.E.; Rees, D.J.G. Pathogen infection influences a distinct microbial community composition in sorghum RILs. Plant Soil 2021, 463, 555–572. [Google Scholar] [CrossRef]

	



Noman, M.; Ahmed, T.; Ijaz, U.; Shahid, M.; Li, D.; Manzoor, I.; Song, F. Plant–Microbiome crosstalk: Dawning from composition and assembly of microbial community to improvement of disease resilience in plants. Int. J. Mol. Sci. 2021, 22, 6852. [Google Scholar] [CrossRef] [PubMed]

	



Nuccio, E.E.; Starr, E.; Karaoz, U.; Brodie, E.L.; Zhou, J.; Tringe, S.G.; Malmstrom, R.R.; Woyke, T.; Banfield, J.F.; Firestone, M.K. Niche differentiation is spatially and temporally regulated in the rhizosphere. ISME J. 2020, 14, 999–1014. [Google Scholar] [CrossRef] [PubMed]

	



Trivedi, C.; Reich, P.B.; Maestre, F.T.; Hu, H.-W.; Singh, B.K.; Delgado-Baquerizo, M. Plant-driven niche differentiation of ammonia-oxidizing bacteria and archaea in global drylands. ISME J. 2019, 13, 2727–2736. [Google Scholar] [CrossRef]

	



Huo, C.; Luo, Y.; Cheng, W. Rhizosphere priming effect: A meta-analysis. Soil Biol. Biochem. 2017, 111, 78–84. [Google Scholar] [CrossRef]

	



Xu, Y.; Ge, Y.; Song, J.; Rensing, C. Assembly of root-associated microbial community of typical rice cultivars in different soil types. Biol. Fertil. Soils 2020, 56, 249–260. [Google Scholar] [CrossRef]

	



Asaff-Torres, A.; Armendáriz-Ruiz, M.; Kirchmayr, M.; Rodríguez-Heredia, R.; Orozco, M.; Mateos-Díaz, J.C.; Figueroa-Yáñez, L.; Baqueiro-Peña, I.; Verdín, J. Rhizospheric microbiome profiling of Capsicum annuum L. cultivated in amended soils by 16S and internal transcribed spacer 2 rRNA amplicon metagenome sequencing. Genome Announc. 2017, 5, e00626-17. [Google Scholar] [CrossRef]

	



Cordero, J.; de Freitas, J.R.; Germida, J.J. Bacterial microbiome associated with the rhizosphere and root interior of crops in Saskatchewan, Canada. Can. J. Microbiol. 2020, 66, 71–85. [Google Scholar] [CrossRef]

	



Qi, X.; Wang, E.; Xing, M.; Zhao, W.; Chen, X. Rhizosphere and non-rhizosphere bacterial community composition of the wild medicinal plant Rumex patientia. World J. Microbiol. Biotechnol. 2012, 28, 2257–2265. [Google Scholar] [CrossRef]

	



Wen, X.; Dubinsky, E.; Yao, W.U.; Rong, Y.; Fu, C. Wheat, maize and sunflower cropping systems selectively influence bacteria community structure and diversity in their and succeeding crop’s rhizosphere. J. Integr. Agric. 2016, 15, 1892–1902. [Google Scholar] [CrossRef]

	



Hodge, A.; Fitter, A.H. Microbial mediation of plant competition and community structure. Funct. Ecol. 2013, 27, 865–875. [Google Scholar] [CrossRef]

	



Vergine, M.; Meyer, J.B.; Cardinale, M.; Sabella, E.; Hartmann, M.; Cherubini, P.; De Bellis, L.; Luvisi, A. The Xylella fastidiosa-Resistant Olive Cultivar “Leccino” Has Stable Endophytic Microbiota during the Olive Quick Decline Syndrome (OQDS). Pathogens 2020, 9, 35. [Google Scholar] [CrossRef] [PubMed]

	



Strom, N.; Hu, W.; Chen, S.; Bushley, K. Continuous Monoculture Shapes Root and Rhizosphere Fungal Communities of Corn and Soybean in Soybean Cyst Nematode-Infested Soil. Phytobiomes J. 2019, 3, 300–314. [Google Scholar] [CrossRef]

	



Deyett, E.; Roper, M.C.; Ruegger, P.; Yang, J.-I.; Borneman, J.; Rolshausen, P.E. Microbial landscape of the grapevine endosphere in the context of Pierce’s disease. Phytobiomes 2017, 1, 138–149. [Google Scholar] [CrossRef]

	



Sun, X.; Song, B.; Xu, R.; Zhang, M.; Gao, P.; Lin, H.; Sun, W. Root-associated (rhizosphere and endosphere) microbiomes of the Miscanthus sinensis and their response to the heavy metal contamination. J. Environ. Sci. 2021, 104, 387–398. [Google Scholar] [CrossRef]

	



Harder, C.B.; Hesling, E.; Botnen, S.S.; Dima, B.; von Bonsdorff-Salminen, T.; Niskanen, T.; Jarvis, S.G.; Lorberau, K.E.; Ouimette, A.; Hester, A.; et al. Mycena species can be opportunist-generalist plant root invaders. bioRxiv 2021. [Google Scholar] [CrossRef]

	



Niego, A.G.; Raspé, O.; Thongklang, N.; Charoensup, R.; Lumyong, S.; Stadler, M.; Hyde, K.D. Taxonomy, Diversity and Cultivation of the Oudemansielloid/Xeruloid Taxa Hymenopellis, Mucidula, Oudemansiella, and Xerula with Respect to Their Bioactivities: A Review. J. Fungi 2021, 7, 51. [Google Scholar] [CrossRef]

	



Jen, W.-C.; Jones, G.A. Effects of chetomin on growth and acidic fermentation products of rumen bacteria. Can. J. Microbiol. 1983, 29, 1399–1404. [Google Scholar] [CrossRef]

	



Mayhood, P.; Mirza, B.S. Soybean Root Nodule and Rhizosphere Microbiome: Distribution of Rhizobial and Nonrhizobial Endophytes. Appl. Environ. Microbiol. 2021, 87, e02884-20. [Google Scholar] [CrossRef]

	



Gkarmiri, K.; Mahmood, S.; Ekblad, A.; Alström, S.; Högberg, N.; Finlay, R. Identifying the Active Microbiome Associated with Roots and Rhizosphere Soil of Oilseed Rape. Appl. Environ. Microbiol. 2022, 83, e01938-17. [Google Scholar] [CrossRef]

	



Buckley, D.H.; Huangyutitham, V.; Hsu, S.-F.; Nelson, T.A. Stable isotope probing with 15N2 reveals novel noncultivated diazotrophs in soil. Appl. Environ. Microbiol. 2007, 73, 3196–3204. [Google Scholar] [CrossRef]

	



Wang, P.-H.; Leu, Y.-L.; Ismail, W.; Tang, S.-L.; Tsai, C.-Y.; Chen, H.-J.; Kao, A.-T.; Chiang, Y.-R. Anaerobic and aerobic cleavage of the steroid core ring structure by Steroidobacter denitrificans [S]. J. Lipid Res. 2013, 54, 1493–1504. [Google Scholar] [CrossRef] [PubMed]

	



Sakai, M.; Hosoda, A.; Ogura, K.; Ikenaga, M. The growth of Steroidobacter agariperforans sp. nov., a novel agar-degrading bacterium isolated from soil, is enhanced by the diffusible metabolites produced by bacteria belonging to Rhizobiales. Microbes Environ. 2014, 29, ME13169. [Google Scholar] [CrossRef] [PubMed]

	



Alcaraz, L.D.; Peimbert, M.; Barajas, H.R.; Dorantes-Acosta, A.E.; Bowman, J.L.; Arteaga-Vázquez, M.A. Marchantia liverworts as a proxy to plants’ basal microbiomes. Sci. Rep. 2018, 8, 12712. [Google Scholar] [CrossRef] [PubMed]

	



Rojas-Jimenez, K.; Hernandez, M.; Blanco, J.; Vargas, L.D.; Acosta-Vargas, L.G.; Tamayo, G. Richness of cultivable endophytic fungi along an altitudinal gradient in wet forests of Costa Rica. Fungal Ecol. 2016, 20, 124–131. [Google Scholar] [CrossRef]

	



Zhang, Y.; Crous, P.W.; Schoch, C.L.; Hyde, K.D. Pleosporales. Fungal Divers. 2012, 53, 1–221. [Google Scholar] [CrossRef]

	



Ma, A.; Zhuang, X.; Wu, J.; Cui, M.; Lv, D.; Liu, C.; Zhuang, G. Ascomycota members dominate fungal communities during straw residue decomposition in arable soil. PLoS ONE 2013, 8, e66146. [Google Scholar] [CrossRef]

	



Soman, A.G.; Gloer, J.B.; Wicklow, D.T. Antifungal and Antibacterial Metabolites from a Sclerotium-Colonizing Isolate of Mortierella vinacea. J. Nat. Prod. 1999, 62, 386–388. [Google Scholar] [CrossRef]

	



Watson, T.T.; Strauss, S.L.; Desaeger, J.A. Identification and characterization of Javanese root-knot nematode (Meloidogyne javanica) suppressive soils in Florida. Appl. Soil Ecol. 2020, 154, 103597. [Google Scholar] [CrossRef]

	



Palizi, P.; Goltapeh, E.M.; Pourjam, E.; Safaie, N. Potential of oyster mushrooms for the biocontrol of sugar beet nematode (Heterodera schachtii). J. Plant Prot. Res. 2009, 49, 27–33. [Google Scholar] [CrossRef]

	



Wieczorek, A.S.; Schmidt, O.; Chatzinotas, A.; von Bergen, M.; Gorissen, A.; Kolb, S. Ecological Functions of Agricultural Soil Bacteria and Microeukaryotes in Chitin Degradation: A Case Study. Front. Microbiol. 2019, 10, 1293. [Google Scholar] [CrossRef] [PubMed]

	



Carrión, V.J.; Perez-Jaramillo, J.; Cordovez, V.; Tracanna, V.; de Hollander, M.; Ruiz-Buck, D.; Mendes, L.W.; van Ijcken, W.F.J.; Gomez-Exposito, R.; Elsayed, S.S.; et al. Pathogen-induced activation of disease-suppressive functions in the endophytic root microbiome. Science 2019, 366, 606–612. [Google Scholar] [CrossRef] [PubMed]

	



Manriquez, B.; Muller, D.; Prigent-Combaret, C. Experimental evolution in plant-microbe systems: A tool for deciphering the functioning and evolution of plant-associated microbial communities. Front. Microbiol. 2021, 12, 896. [Google Scholar] [CrossRef] [PubMed]

	



Lyu, D.; Msimbira, L.A.; Nazari, M.; Antar, M.; Pagé, A.; Shah, A.; Monjezi, N.; Zajonc, J.; Tanney, C.A.S.; Backer, R. The coevolution of plants and microbes underpins sustainable agriculture. Microorganisms 2021, 9, 1036. [Google Scholar] [CrossRef]








[image: Microorganisms 10 00856 g001 550] 





Figure 1. Root material and analysis scheme to investigate the microbiome and mycobiome of healthy and diseased soybean roots. (A) Soybean roots were collected from healthy plants and plants showing symptoms of taproot decline (TRD) at incipient (S1), moderate (S2), and advanced (S3) stages of taproot decline disease. Representative images of the roots before processing are shown. (B) Root samples and bulk soil collected from the same field site were processed to obtain the microbial and fungal communities of the soil (S), root rhizosphere (R), and endosphere (E). The composition of all samples was investigated using amplicon metagenomics (16S rRNA sequencing and internal transcribed spacer (ITS) regions 1–4 sequencing). 
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Figure 2. Alpha and beta diversity of the mycobiome and microbiome of soybean roots. (A,B) Constrained Analysis of Principal Coordinates (PCoA) of ITS (A) and 16S (B) diversity in the soil (S-A and S-B), rhizosphere (R-H, R-S1 to R-S3), and endosphere (E-H, and E-S1 to E-S3) of plants healthy or at diverse stages of taproot decline disease. Insets show PCoA 3D plots. Cumulative-sum scaling transformed reads were used to calculate Bray–Curtis distances, and significance was assessed by PERMANOVA (p-value < 0.05). (C,D) Alpha diversity was calculated for 16S rRNA and ITS datasets using the Chao1 and Simpson diversity measures. Insets show cumulative values for soil, rhizosphere, and endosphere samples. The significance of the alpha diversity profiling was assessed through ANOVA (p-value < 0.05). Asterisks (*) show statistical significance. 
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Figure 3. The effect of taproot decline disease on the soybean root mycobiome. (A,B) The bar graphs report the relative abundance of fungal taxa at the phylum (A) and class level (B) in bulk soil (S-A and S-B), rhizosphere (R-H, R-S1 to R-S3), and endosphere (E-H and E-S1 to E-S3) mycobiomes of healthy and TRD-symptomatic soybean. Only taxa with the highest abundance are shown. (C) Heat tree visualization of taxonomic differences between rhizosphere and endosphere mycobiomes. Blue and red indicate that corresponding taxa are lower and higher in the rhizosphere compared with the endosphere. The color gradient and the size of the node, edge, and label are based on the log2 ratio of median abundance. 
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Figure 4. Taxonomic circular maps of soybean fungal root endophytes. Taxonomic analyses of the endophytes (E) in healthy (H) and TRD-affected roots (S1 to S3) are based on ITS rRNA sequencing and OTUs with the highest abundance (n > 0.2%). The taxa are grouped by class; the labels show the most abundant genera. The size of the map circles is proportional to the reads number. The arrows point to the position of Xylariaceae. Numbers depict percentages of selected taxonomical categories. 
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Figure 5. The effect of taproot decline disease on the soybean root microbiome. (A,B) The bar graphs report the relative abundance of bacterial taxa at the phylum (A) and class level (B) in bulk soil (S-A and S-B), rhizosphere (R-H, R-S1 to R-S3), and endosphere (E-H and E-S1 to E-S3) microbiomes of healthy and TRD-symptomatic soybean. Only taxa with the highest abundance are shown. (C) Heat tree visualization of taxonomic differences between rhizosphere and endosphere microbiomes. Blue and red indicate that corresponding taxa are lower and higher, respectively, in the rhizosphere as compared with the endosphere. The color gradient and the size of the node, edge, and label are based on the log2 ratio of median abundance. 






Figure 5. The effect of taproot decline disease on the soybean root microbiome. (A,B) The bar graphs report the relative abundance of bacterial taxa at the phylum (A) and class level (B) in bulk soil (S-A and S-B), rhizosphere (R-H, R-S1 to R-S3), and endosphere (E-H and E-S1 to E-S3) microbiomes of healthy and TRD-symptomatic soybean. Only taxa with the highest abundance are shown. (C) Heat tree visualization of taxonomic differences between rhizosphere and endosphere microbiomes. Blue and red indicate that corresponding taxa are lower and higher, respectively, in the rhizosphere as compared with the endosphere. The color gradient and the size of the node, edge, and label are based on the log2 ratio of median abundance.



[image: Microorganisms 10 00856 g005]







[image: Microorganisms 10 00856 g006 550] 





Figure 6. Taxonomic circular maps of soybean bacterial root endophytes. Taxonomic analyses of the endophytes (E) in healthy (H) and TRD-affected roots (S1 to S3) are based on 16S rRNA sequencing and OTUs with the highest abundance (n > 0.2%). The taxa are grouped by class; the labels show the most abundant genera. The size of the map circles is proportional to the reads number. Numbers depict percentages of selected taxonomical categories. 
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Figure 7. Inference of taxa associations in the healthy and TRD soybean root biomes. (A,B) Correlation networks based on Pearson correlation of ITS (A) and 16S (B) rRNA reads extracted from metagenomes of healthy and TRD symptomatic plants with nodes representing taxa and edges representing correlations between taxa pairs. A connection between nodes stands for a statistically significant (p < 0.05) correlation. Node size is proportional to reads abundance. Blue edges show a negative correlation, whereas red shows positive correlations. Box plots of taxa showing a differential abundance in TRD versus healthy controls to the right. 
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