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Abstract

:

The rhizomicrobial community is influenced by plant genotype. However, the potential differences in the co-assembly of bacterial and fungal communities between parental lines and different generations of rice progenies have not been examined. Here we compared the bacterial and fungal communities in the rhizomicrobiomes of female parent Oryza rufipogon wild rice; male parent Oryza sativa cultivated rice; their F1 progeny; and the F2, F3 and F4 self-crossing generations. Our results showed that the bacterial and fungal α-diversities of the hybrid F1 and self-crossing generations (F2, F3, F4) were closer to one of the two parental lines, which may indicate a role of the parental line in the diversity of the rhizosphere microbial community assembly. Self-crossing from F1 to F4 led to weak co-variation of the bacterial and fungal communities and distinct rhizosphere microbiomes. In the parental and self-crossing progenies, the reduction of community dissimilarity was higher for the fungal community than for the bacterial community.
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1. Introduction


Rice is the main source of food for half the world’s population and remains a very important economic crop [1]. The area of rice cultivation has been decreasing due to the scarcity of available arable land and the competition for other land uses. The area of rice cultivation in the world in 2019 was 162,055,938 hectares according to the Food and Agriculture Organization of the United Nations database, which was reduced by 3,466,546 hectares compared to that in 2018 [2]. The reduction of rice area cultivation combined with the population growth has resulted in the development of rice varieties with high yields and strong stress resistance to enhance rice productivity. The development of cultivated rice from wild rice via breeding programs has significantly altered the genetic repertoire of the rice genome to increase germination rates, yield and nutrition levels [3], but wild rice genes associated with survival, such as those related to disease resistance and lodging resistance, have been lost [4,5]. In addition to the genetic features underlying the tolerance of rice to biotic and abiotic stresses, the microbial community inhabiting the rhizosphere may contribute to plant health and growth by providing key functions in protection against pathogen infection, nutrient acquisition and abiotic tolerance [6,7,8,9]. In rice, nitrogen-use efficiency has been linked to the recruitment of distinct root microbiota, and the nitrogen-use efficiency of the “indica” variety is superior to that of the “japonica” variety [10].



The rhizosphere is a complex micro-ecosystem formed by plant growth and the molecules absorbed and secreted by plants and differs from that of bulk soil [11,12]. In the rhizosphere, soil, plants and microorganisms interact with each other [13]. Rhizosphere microbes affect crop productivity through interactions with crop signal transduction pathways [14,15,16,17,18]. Tian et al. [19] identified differences in the community structure of root-associated bacteria between wild rice and cultivated rice using a denaturing gradient gel electrophoresis (DGGE)-based technique, and Shenton et al. [20] reported that the diversity of bacterial communities associated with different Oryza wild and cultivated rice generations was only weakly correlated with phylogenetic distance. Wild rice, a perennial, was reported to have longer root length, higher plant height and better resistance to numerous biotic and abiotic stresses than cultivated rice, such as lodging and drought tolerance [21,22,23]. In comparison, cultivated rice, an annual, was shown to have high root biomass, more lateral roots and higher yield than wild rice [24,25]. Additionally, both wild rice (Oryza ruffipogen) and cultivated rice (Oryza sativa) are diploid species with 24 chromosomes with AA genome lineage, easily hybridized, exhibit normal meiotic chromosome pairing and can generate viable fertile hybrids [26]. Recent evidence demonstrates that the structures of bacterial communities in the rhizospheres of wild and cultivated rice are significantly different [27]. However, little attention has been given to the structure of microbial communities in different generations of rice progenies rhizosphere. In addition to plant-bacteria interactions, bacterial–fungal interactions in the rhizosphere are part of the communication network that maintains microhabitat balance. Consequently, assessments of the dynamics of the co-assembly of bacterial and fungal communities are of great relevance [28]. However, such studies are scarce, and no study has examined the co-assembly of bacterial and fungal communities in different generations of rice progenies. Thus, the main objective of this study was to explore the composition, structure, co-assembly and co-occurrence of the bacterial and fungal communities in two rice parental lines; their F1 progeny; and the F2, F3 and F4 self-crossing generations. We hypothesized that the bacterial and fungal communities in the rhizosphere co-vary and that their homogeneity increases with successive rice self-crossing. To test this hypothesis, we used Oryza rufipogon wild rice as the female parent and a local breed of Oryza sativa cultivated rice as the male parent to obtain the hybrid F1 generation and subsequent F2, F3 and F4 generations by self-crossing. The rhizosphere bacterial and fungal communities of the parental lines and their progeny were analyzed by amplicon sequencing of the partial 16S rRNA gene and the internal transcribed spacer (ITS), respectively.




2. Materials and Methods


2.1. Plant Material and Rhizosphere Samples


Dongxiang wild rice (Chinese common wild rice, Oryza rufipogon) is the most precious wild rice germplasm resource in northern China. Its drought, cold and pest resistance make it superior to any other wild rice line in China [29]. We used Oryza rufipogon wild rice as the female parent and a local breed of Oryza sativa cultivated rice as the male parent to obtain the hybrid F1. Then, the F1 individuals were self-crossed to obtain F2, which was self-crossed to obtain F3. Finally, F3 was self-crossed to obtain F4. The parental lines were provided by the Jiangxi Academy of Agricultural Sciences. Experimental plots for the rice F1, F2, F3 and F4 generations were set up in an open greenhouse of the Jiangxi Academy of Agricultural Sciences (28°56′N, 115°95’E) in Nanchang, Jiangxi Province, China. The open greenhouse protected the plots from unfavorable weather conditions, such as large temperature differences between morning and evening and heavy rainfall. All the seeds of each species include parental lines and generations (F1, F2, F3 and F4) were well-mixed and 120 seeds were randomly selected. The hulls were removed from the seeds, and 120 seeds of each species were disinfected by immersion in 2% sodium hypochlorite solution for 10 min. The seeds were then washed three times for 1 min each in sterile water. The disinfected seeds were placed on filter paper (90 cm diameter) in plate dishes and incubated for 48 h at 25 °C. The seedlings were transplanted to the plots in the open greenhouse, each plot was 9 (3 × 3) square meters. Different parental lines and generations seedlings were transfer to different plot according to the line spacing of 20–30 cm, 3–5 seedlings per hill. Three to five seedlings which may include different genotypes were randomly transferred to one hill. Nitrogen (70 kg P ha−1 as urea), phosphorus (50 kg P ha−1 as single superphosphate), potassium (50 kg K ha−1 as muriate of potash) and zinc (5 kg Zn ha−1 as zinc sulfate heptahydrate) were applied and incorporated in all plots 1 day before transplanting. The field was flooded 2 days after transplanting, and a floodwater depth of 3–5 cm was maintained until 10 days before full heading developmental stage, when the field was drained. In order to let the rice grow naturally, no insecticides or herbicides were used. In August 2017, when the plants were 90 days old (full heading developmental stage), the rice plants and soil were collected: five replicates of rice rhizosphere soil were collected per plot of the parental lines and hybrids, and three replicates of bulk soil were collected. In each replicate, five plants were selected and mixed together as one replicate. Rhizosphere soil was collected by removing the soil closely adhered to the roots using a sterilized fine brush and stored at −80 °C [30].




2.2. Measurements of Soil Physical and Chemical Properties


Soil pH and electrical conductivity (EC) were measured in a 1:2.5 mixture of soil:water as described by Luo et al. [31]. The soil organic carbon (SOC) content was determined by the potassium dichromate volumetric method [32] and then converted to soil organic matter (SOM) using a factor of 1.724 following the methods proposed by Pribyl et al. [33]. Soil total nitrogen (TN) was measured by the Kjeldahl method, and total phosphorus (TP) was measured according to a soil analysis manual [34]. Available phosphorus (AP) and available potassium (AK) were determined via the NaHCO3 extraction method and ammonium acetate extraction method, respectively [35]. The soil pH, EC, SOM, TN, TP, AP and AK were 5.85, 96.53 μS cm−1, 38.99 g kg−1, 0.83 g kg−1, 378.09 mg kg−1, 17.62 mg kg−1 and 26.41 mg kg−1, respectively.




2.3. DNA Extraction and Amplicon Sequencing


A 0.5 g sample of rhizosphere soil was ground into powder in liquid nitrogen, and DNA was extracted from the sample according to the instructions of the Fast DNA SPIN Kit (MP Biomedicals, Eschwege, Germany). DNA concentrations were measured using a NanoDrop 2000 spectrophotometer (NanoDrop Technologies, Inc.; Wilmington, DE, USA). The extracted DNA was used as the template for PCR. We amplified the V3-V4 hypervariable region of bacterial rRNA 16S gene by using the primers 338F (ACTCCTACGGGAGGCAGCA) and 806R (GGACTACHVGGGTWTCTAAT) and amplified fungal ITS1 by using the primers ITF5F (GGAAGTAAAAGTCGTAACAAGG) and ITS1R (GCTGCGTTCTTCATCGATGC). Sample-specific 7-bp barcodes were incorporated into the primers for multiplex sequencing. Each PCR contained 5 μL of Q5 reaction buffer (5×), 5 μL of Q5 High-Fidelity GC buffer (5×), 0.25 μL of Q5 High-Fidelity DNA Polymerase (5U μL−1), 2 μL (2.5 mM) of dNTPs, 1 μL (10 µM) each of forward and reverse primer, 2 μL of DNA template and 8.75 μL of ddH2O. Thermal cycling consisted of initial denaturation at 98 °C for 2 min, followed by 25 cycles of denaturation at 98 °C for 15 s, annealing at 55 °C for 30 s and extension at 72 °C for 30 s. A final extension was performed for 5 min at 72 °C. The PCR amplicons were purified with Agencourt AMPure Beads (Beckman Coulter, Indianapolis, IN, USA) and quantified using the PicoGreen dsDNA Assay Kit (Invitrogen, Carlsbad, CA, USA). After the individual quantification step, the amplicons were pooled in equal amounts, and paired-end 2 × 300 bp sequencing was performed using the Illumina MiSeq platform with the MiSeq Reagent Kit v3 at Shanghai Personal Biotechnology Co.; Ltd. (Shanghai, China).




2.4. Bioinformatics and Statistical Analysis


Amplicon sequences with a length of less than 150 bp, ambiguous bases or mononucleotide repeats of >8 bp were discarded by using USEARCH 6.1 in QIIME (Quantitative Insights Into Microbial Ecology, v1.8.0, http://qiime.org/) [36]. Paired-end reads were assembled using FLASH [37]. After chimera detection, the remaining high-quality sequences were clustered into operational taxonomic units (OTUs) at 97% sequence identity by UCLUST [38]. A representative sequence was selected from each OTU using default parameters. OTU taxonomic classification was conducted by BLAST searching the representative sequence set against the SILVA database (version 132, https://www.arb-silva.de/aligner/) and UNITE database (version 5.0, https://unite.ut.ee/analysis.php/) [39,40]. In order to ensure the reliability and accuracy of the analysis results, OTUs representing less than 0.001% of total sequences across all samples were discarded. To minimize the differences in sequencing depth across samples, an averaged, rounded rarefied OTU table was generated by averaging 100 evenly resampled OTU subsets under a minimum sequencing depth of 90% for further analysis [41]. The bacterial and fungal Illumina raw sequence data have been deposited in the National Center for Biotechnology Information Sequence Read Archive (NCBI SRA) database (http://www.ncbi.nlm.nih.gov/sra) under accession numbers SRP168367 and SRP168829.



The MicrobiomeAnalyst Platform (https://www.microbiomeanalyst.ca) was used to calculate the α-diversity and perform linear discriminant effect size (LEfSe) analysis [42]. Alpha diversity is a comprehensive indicator reflecting richness and evenness and was calculated using OTUs. The Chao1 and Shannon indices were used to reflect richness and diversity, respectively [43]. In order to ensure the reliability and accuracy of the analysis results, we removed OTUs with abundance values of less than 0.001% of the total sequenced samples [41].



One-way ANOVA with linear discriminant analysis (LDA) was performed in SPSS 17.0 to test whether there were significant differences in the microbial communities among Oryza rufipogon wild rice (female parent), Oryza sativa cultivated rice (male parent), and the hybrid F1 and self-crossing F2, F3 and F4 generations (p < 0.01) [44]. LEfSe analysis is an LDA-based method in which the LDA score is used to identify the main key communities that differ significantly among different groups at the family taxonomic level [45]. It emphasizes both statistical significance and biological relevance, allowing identifying differentially abundant features that are also consistent with biologically meaningful categories. Specifically, the non-parametric factorial Kruskal–Wallis sum-rank test was used to detect features with significant differential abundance; biological significance is subsequently investigated using a set of pairwise tests among subclasses using the Wilcoxon rank-sum (unpaired) test. As a last step, LEfSe uses linear discriminant Analysis to estimate the effect size (LDA score) of each differentially abundant feature. Then we obtained the key bacterial and fungal family of each samples and statistic the proportion of the phylum which the main bacterial and fungal family subordinated.



Between-class analysis (BCA) and co-inertia analysis were applied to explore the effects of the parental rice lines and rice generations on the microbial community (bacterial and fungal communities) variability and covariance using the package ade4 R v3.1.1. BCA evaluates the percentage of variability in the microbiome that is explained by the different generations. Co-inertia analysis provides the percentage of covariance between the bacterial and fungal communities and thus evaluates how the changes in one community interfere with the other. Prior to the analysis, the microbiome data were transformed using Hellinger transformation [46]. To search for significant effects, both BCA and co-inertia analysis were performed using Monte Carlo permutation tests. In the Monte Caro permutation test, all values are shuffled to produce random arrangements. The software then compares how far the observations are from random, which is analogous to a p-value test against the null hypothesis that the rice generation has no effect on the variability of the microbiome. We used 999 random permutations [47]. The results of co-inertia analysis are presented as plots with arrows, in which the length of the arrow indicates the extent of covariance between the bacteria and fungi in each treatment: the longer the arrow, the lower the covariance between these two microbial groups. In addition, arrows projected in the same direction indicate a strong association between treatments with respect to microbial composition [48]. The bacterial and fungal community structure covariance scores are given by the co-inertia coefficient.



To determine the co-occurrence between the bacteria and fungi, we calculated SparCC’s rank correlation coefficients (Python 2.6.1) of taxonomic families. This method randomly creates 100 simulation datasets from the original data and calculates the Pseudo-p value by determining how many of the 100 datasets produce the same order of magnitude correlation with the real data [49]. For each rice generation, 5 replicates were used to calculate the correlation coefficients. The network was visualized by Gephi 8.0 [Spearman’s r (absolute value) > 0.8, p < 0.01], while the psych and igraph R packages were used to calculate the network topology characteristics.



To explore the effects of self-crossing in the microbial community, we evaluated how the community dissimilarity changed along generations via generalized dissimilarity modeling (GDM). GDM is a statistical approach for analyzing community composition turnover. The community composition is given by a dissimilarity index, in our case the Bray–Curtis dissimilarity. The GDM method has an advantage that can account for the mean-variance relationship in the dissimilarity metric and avoid the bias imposed by the Bray–Curtis dissimilarity [50]. GDM was originally designed to model spatial variation in biodiversity between pairs of geographical locations but can also accommodate special types of biological variation, such as relationships between generations. First, we assumed that after four generations of self-crossing, the genetic variability was reduced from F1 to F4. Based on that assumption, we established levels of genetic variability ranging from lowest in F4 (0) to highest in F1 (3). These levels were used in GDM to evaluate whether the differences between generations can explain the dissimilarity in the microbiome. Community turnover is measured by the partial ecological distance, which corresponds to the increase in the dissimilarity index following an increase in levels of genetic variability (from generation F4 to F1). GDM uses l-splines to more accurately estimate the increase in the partial ecological distance and evaluate the increase in community dissimilarity. We opted not to include the parental lines (Oryza rufipogon and Oryza sativa) in the analysis of self-crossing, given that their genetic variability is not the same. We performed GDM analysis for the total microbial community (bacteria and fungi) and separately for the bacterial and fungal communities using the package “gdm” [51].





3. Results


3.1. Structures of Bacterial and Fungal Communities in Different Generations of Rice Progenies Rhizosphere


To reflect the number of species in the microbial community, including their abundance and diversity, we calculated the α-diversity. The bacterial Chao1 indices of F1, F2 and F3 were closer to that of Oryza sativa than those of Oryza rufipogon (Figure 1a). The bacterial Shannon indices of the hybrid generations (F1, F2 and F4) were similar to that of Oryza sativa, and the Shannon index of F3 was similar to that of Oryza rufipogon (Figure 1b). With respect to fungal α-diversity, the Chao1 and Shannon indices of the hybrid generations (F1, F2, F3 and F4) were closer to those of Oryza sativa. Among the hybrid and self-crossing generations, F2 had the lowest fungal α-diversity (both the Chao1 and Shannon indices), and there was an upward trend from F3 to F4 (Figure 1c,d).



To explore the diversity of species composition in the microbial communities of the rice rhizosphere among different generations, we performed BCA analysis. The results indicate that the bacterial and fungal community structures in the rhizospheres were significantly different (p < 0.01) among the rice generations (including the parental lines and hybrid generations) (Figure 2). The bacterial communities of bulk soil, F1, F2, F3 and F4 grouped together, and those of the parental lines Oryza rufipogon and Oryza sativa each formed separate clusters (Figure 2a) (p < 0.01). The percentages of variation explained by axis1 and axis2 were 29.58% and 23.90%, respectively. The fungal communities of Oryza rufipogon, F2 and F3 formed one cluster; F1 and BS formed another cluster; and F4 and Oryza sativa clustered individually (Figure 2b). The results of BCA analysis also showed that the differences among generations explained a higher proportion of fungal variability (66%) than bacterial variability (62%).



We used LEfSe analysis to identify the microorganisms underlying these structural differences in bacterial and fungal communities among the parental lines and the hybrid and self-crossing rice generations. The results indicated that there were 70 bacterial families significant different in rhizosphere among the parental and rice generations based on the LDA score and corrected p-value (false discovery rate, FDR) [46] (Table S1). The cumulative proportion of bacteria in the total microbial population selected by LEfSe analysis decreased in the order Oryza rufipogon (62.95%) > Oryza sativa (60.47%) > F2 (59.41%) > F1 (52.45%) > F3 (52.11%) > F4 (51.40%). We found that the abundances of Nitrospiraceae, Hydrogenophilaceae and Xanthobacteraceae in the rhizospheres of the hybrid and self-crossing generations were closer to those in the rhizosphere of Oryza rufipogon than those in the rhizosphere of Oryza sativa (Figures S1–S4; Tables S1 and S2). Frankiaceae in the rhizospheres of the hybrid and self-crossing generations were closer to those in the rhizosphere of Oryza rufipogon, while there was no Frankiaceae in the rhizosphere of Oryza sativa. Anaerolineaceae, Archangiaceae, Nocardioidaceae and Mycobacteriaceae were less abundant in the rhizospheres of the hybrid and self-crossing generations, which were more similar to those of Oryza sativa. Most of the bacteria in the rhizospheres of parental lines and these generations belong to the phyla Proteobacteria and Actinobacteria (Figure S5a). For the rhizosphere fungi, 87 significant differences (at the family level) were observed among the rice generations. The cumulative proportion of fungi in the total microbial population selected by LEfSe analysis decreased in the order Oryza sativa (62.98%) > F1 (42.66%) > F4 (39.40%) > F3 (19.58%) > Oryza rufipogon (14.07%) > F2 (8.71%). The abundances of Lasiosphaeriaceae, Cucurbitariaceae, Didymosphaeriaceae and Diversisporaceae in the rhizospheres of the hybrid and self-crossing generations were closer to those in the rhizosphere of Oryza rufipogon, and the abundances of Mycosphaerellaceae, Ustilaginaceae and Hydnodontaceae in the rhizospheres of the hybrid and self-crossing generations were closer to those in the rhizosphere of Oryza sativa (Figures S3 and S4). Most of the fungi in the rhizospheres of parental lines and these generations belong to the phyla Ascomycota and Basidiomycota (Figure S5b). These results indicated that the phylum which the key bacterial and fungal family subordinated remains unchanged in parental lines and their generations.




3.2. Co-Assembly of Bacterial and Fungal Communities in Different Generations of Rice Progenies Rhizosphere


To determine the dissimilarities in bacterial and fungal community structures between the parental lines and rice generations, we performed co-inertia analysis. Co-inertia analysis showed that the covariance of the bacterial and fungal communities differed among Oryza rufipogon, Oryza sativa, F1 and F4; and F2 and F3 showed similar covariance of the bacterial and fungal communities (p > 0.01). The length of each arrow in Figure 3 represents the covariation of both communities within the treatments (the longer the arrow, the smaller the covariance between bacterial and fungal communities in each treatment). With self-crossing from F1 to F4, the arrow size increased (Figure 3), which indicates that the covariance between the bacterial and fungal communities decreased.



To determine the co-occurrence of families of bacteria and fungi in the rhizospheres of the hybrid (F1) and self-crossing (F2, F3, F4) generations, SparCC analysis (SparCC’s rho cut-off = 0.8, p < 0.01) was performed. The co-occurrences of bacteria and fungi were most complex in F2, F3 and F4 (Figure 4d). In the hybrid F1 and self-crossing generations F2, F3, and F4, the number of nodes (bacteria and fungi plus together) followed the order F4 > F3 > F1 > F2. There were more negative correlations than positive correlations in the rhizosphere of F1, which had the largest connectance values among the rice generations (F1, F2, F3 and F4) (Figure 4). The number of positive correlations decreased in the order F1 (443) > F4 (412) > F3 (389) > F2 (265); similarly, the number of negative correlations followed the order F1 (551) > F4 (542) > F3 (505) > F2 (488). The average degree of the network was highest in F1, followed by F3, F2 and F4. The pink nodes in Figure 4 represent bacteria in the network that had the largest connection degrees in F1. The blue nodes represent fungi in the network that had the largest connection degrees in F2, F3 and F4. The number of connections was largest for Montagnulaceae and Caulobacteraceae in F1, Nakamurellaceae in F2, Trichocomaceae and Ustilaginaceae in F3, Entolomataceae and Mortierellaceae in F4.



To explore the effects of self-crossing in the bacterial and fungal communities, we evaluated the changes in the dissimilarity of the communities (bacteria and fungi) along rice generations via GDM. The results revealed that rice self-crossing reduced the microbial community dissimilarity, but the magnitude of the decrease differed for bacteria and fungi. The fungal community dissimilarity showed a higher sensitivity to self-crossing than the bacterial community and total community (bacteria + fungi) (maximum partial ecological distances of 0.94, 0.44 and 0.84 for the fungal, bacterial and total communities, respectively; see Figure 5). In summary, the greater the number of self-crossings, the smaller the dissimilarity within the bacterial and fungal communities in the rice rhizosphere.





4. Discussion


Dongxiang wild rice Oryza rufipogon, which was used in this study as the female parent line, has genetic features conferring resistance to drought, cold and pests that make it superior to any other wild rice line in China [30]. This species is also the ancestor of the local breed of cultivated rice Oryza sativa that we used as the male parent line. The bacterial richness indices (Chao1 index) of F1, F2 and F3 were closer to those of Oryza sativa, as were the fungal richness and diversity of the hybrid generations (F1, F2, F3 and F4). Our results showed that the diversities of bacteria and fungi were largely influenced by Oryza sativa parent cultivated rice.



The bacterial community structures of the bulk soil and rhizospheres of F1, F2, F3 and F4 grouped together, whereas those of Oryza rufipogon and Oryza sativa formed separate clusters. For the fungal communities, Oryza rufipogon, F2 and F3 formed a cluster, and F1 and bulk soil formed another cluster, whereas the rhizosphere fungal communities of F4 and Oryza sativa clustered individually. Plant genetic selectivity is one of the main factors for guiding the rhizosphere microbial communities, which drives changes in the communities and relative abundances of bacteria and fungi [52]. The rhizosphere microbial populations of the hybrid and self-crossing generations may be driven by either the female or male parent lines. We found that the bacterial families Nitrospiraceae and Hydrogenophilaceae were influenced by the parent Oryza rufipogon wild rice and were associated with the hybrid and self-crossing generations, which have been implicated in carbon-nitrogen–phosphorus cycling [53,54,55,56]. An interesting finding was that Frankiaceae in the rhizospheres of the hybrid and self-crossing generations were closer to those in the rhizosphere of Oryza rufipogon, while there was no Frankiaceae in the rhizosphere of Oryza sativa. The Frankiaceae represent a group of microbes with nitrogen-fixation potential [57]. On the other hand, the fungal families Lasiosphaeriaceae and Cucurbitariaceae were associated with the hybrid and self-crossing generations. Previous studies reported that microbes from these family groups are able degrade cellulose and promote root development [58,59,60]. Future studies may explore the growth promotion potential of these groups in rice plants.



We also found evidence that the bacterial and fungal groups that were more abundant in the rhizosphere of the Oryza rufipogon wild rice female parent, i.e., Nitrospiraceae and Hydrogenophilaceae, may have beneficial effects on rice growth, and some fungi (Mycosphaerellaceae and Ustilaginaceae) more abundant in the rhizosphere of the Oryza sativa cultivated rice male parent could be potential plant pathogens [61,62,63]. For the male cultivated parent Oryza sativa, most of the more abundant bacteria in the rhizosphere represented by Anaerolineaceae and Nocardioidaceae, have been described to degrade carbohydrates and insoluble compounds [56,64,65,66,67]. An interesting finding in our study was that Anaerolineaceae showed an upward trend among F1, F2, F3 and F4, which suggests that Anaerolineaceae increased with self-crossing and was more abundant in the rhizosphere of Oryza sativa cultivated rice, the male parent. Anaerolineaceae, a representative group of Chloroflexi, is an important microorganism involved in methane metabolism. Nonetheless, with successive self-crossing, the rice traits became more homogeneous, with lower genetic diversity and greater enrichment of specific target microorganisms such as Anaerolineaceae in the rhizosphere microbiome. Most of the key bacteria identified by LEfSe analysis in the current study belong to the phyla Proteobacteria and Actinobacteria, corroborating with previous studies that the rhizosphere microbiome is dominated by bacterial families or genera belonging to Proteobacteria and Actinobacteria in cultivated crop accessions, including in common bean [68,69,70], barley [5], lettuce [71] and sunflower [72]. The above findings suggested that domestication maintained key bacterial families belonging to Proteobacteria and Actinobacteria phyla.



As demonstrated by co-inertia analysis, with successive self-crossing from F1 to F4, the co-variation of the bacterial and fungal communities decreased (increase the size of the arrow in Figure 3). Shenton et al. [20] found that the phylogeny of root-associated microbiome weakly correlated with Oryza phylogeny; however, the authors used Bray–Curtis dissimilarity rhizosphere microbiome, a method that has bias towards abundance analysis [50]. Besides, the differences in plant age, soil nutrient status and primers could explain the incongruent results between Shenton et al. [20] and the current study. According to Edwards et al. [73], microbiome composition of rice varied with genotype and soil source under controlled conditions (greenhouse). Since soil source was controlled in the current study, we managed to identify differences between the plant genotypes and between parental lines and self-crossing. Cao et al. [74] found that the content of chlorophyll, the relative steady phase of chlorophyll, the net photosynthetic rate, the active photosynthetic duration and the leaf source capacity per leaf area in the cultivated rice were higher than those in wild rice, suggested that the grain yield of wild rice was lower than that of cultivated rice. Mohammadkhani et al. [75] investigated that the contents of soluble sugar and proline can significantly improve plants response to stress. The soluble sugar contents and the proline contents in wild rice were higher than those in cultivate rice, which suggested that the stress tolerance of wild rice was stronger than that of cultivated rice [19]. Studies have suggested that the F2 generations hold stronger cold tolerance than other generations, possibly due to the higher contents of soluble sugar and proline [76,77]. The recombination of rice genetic material by self-crossing may affect the levels of root-exuded metabolites [78], which ultimately affects the rhizomicrobiome composition. This hypothesis can be tested in future study.



We explored microbial interactions via two different approaches. First, we considered the co-occurrences of the whole microbiome in each rice generation (F1–F4) as a proxy of potential taxon-taxon interaction. We observed a decrease in the number of positive co-occurrences in generation F2 (Figure 4b), suggesting a loss of commensalism and mutualism [79,80]. We also observed a reduction of connectance along generations F1–F4 (Figure 4d), suggesting weak co-dependence between different microbes. Second, we performed co-inertia analysis to investigate the covariance between the bacterial and fungal communities. In contrast to the previous co-occurrence analysis, which focused on the overall interaction of the two communities, this analysis focused on their co-dependence. The co-inertia analysis confirmed that self-crossing reduced the covariance between the bacterial and fungal communities in the rice rhizosphere. Taken together, these results indicated a weakening of microbial community co-dependence with self-crossing, which was mainly attributable to a loss of interactions between bacteria and fungi.



Moreover, when we investigated the specific effects of self-crossing on microbial community dissimilarity, we observed that the reduction of community dissimilarity was higher for the fungal community than for the bacterial community. BCA analysis confirmed this result by revealing that a higher proportion of fungal community variability could be explained by the differences in the generations of self-crossing. The increasing dissimilarity along generations together with the reduced co-inertia and overall connectance suggest that self-crossing impacted rhizosphere microbial community selection and disrupted the co-dependence within the microbiome [47,81].



Self-crossing is a widely used technique to study changes in rice characteristics. However, studies on the impact of self-crossing in the rhizosphere microbiome remain scarce. Our study contributed to this topic by showing that self-crossing reduced the dissimilarity of both bacterial and fungal communities together with a weakened co-dependence between those two groups of microbes. Surprisingly, generation F2, expected to present the highest genetic variability, did not present a highly distinct rhizosphere microbiome [82,83]. A better understanding on the mechanisms behind this loss of dissimilarity will require a better understanding on the phylogenetic distance between the plant generations together with a description of the plant’s exudates. This is left as an avenue for future studies.



In agreement with our findings, Pérez-Jaramillo et al. [70] reported a reduction in the complexity of microbial co-occurrence when comparing domestic and wild beans. Our study extends this finding to rice by showing that generations of self-crossing selected a more distinct microbiome that was less co-dependent. Consequently, compared with the parent lines, generations of self-crossing led to a less complex and more independent microbial community in the rice rhizosphere. F2 is expected to be the most heterogenous and heterozygous and thus, more abundant and diverse rhizomicrobiome might be recruited. Surprisingly, we found that F2 genotype harbored the less complex connectance of rhizomicrobial community while is the most heterogenous and heterozygous compared to other generations. Further studies are necessary to examine the reason why F2 generation harbored the less complex connectance of rhizomicrobial community. Moreover, Schlemper et al. [12] found that different sorghum cultivars assembled significantly different bacterial community compositions. We extend their results by showing that the reduction in rice genetic diversity due to successive self-crossing increase microbial dissimilarity and weakened the co-dependence within the microbiome. Our study confirms the strong role of plant genetic variability in selecting a specific microbiome, as self-crossing led to the selection of a more fungal-specific than bacterial-specific rice rhizosphere.




5. Conclusions


We found that the α-diversity of the rhizospheres of the hybrid and self-crossing generations was shifted compared with the parental lines. In addition, the community structure of the bacteria and fungi in the rhizosphere differed significantly among the rice generations, and these differences were mainly related to the bacterial families Anaerolineaceae and Nitrospiraceae, and the fungal families Lasiosphaeriaceae, Mycosphaerellaceae and Ustilaginaceae. The rhizosphere bacterial groups affected by the wild rice parent might be involved in carbon and nitrogen metabolism, and the fungal groups affected by the wild rice parent might contribute to rice growth. The bacterial groups affected by the cultivated rice parent are mainly involved in methane metabolism (Anaerolineaceae), but some fungal groups (Mycosphaerellaceae, Ustilaginaceae, Kickxellaceae and Helotiaceae) could cause disease. Co-inertia analysis, BCA and GDM demonstrated that the strength of this covariance is dependent on rice generation, with stronger covariance between the bacterial and fungal communities in the hybrid F1. Self-crossing from F1 to F4 decreased the co-assembly of bacterial and fungal communities and the co-occurrence of microbes in the rice rhizosphere.








Supplementary Materials


The following are available online at https://www.mdpi.com/2076-2607/9/1/175/s1. Figure S1: Rhizosphere bacterial communities (family level) affected by wild rice Oryza rufipogon (Or) female parent. Rhizosphere of parental wild rice Oryza rufipogon (Or), parental cultivated rice Oryza sativa (Os) and different hybrid generations of rice progenies (F1) obtained by self-crossing (F2, F3, F4), Figure S2: Rhizosphere bacterial communities (family level) affected by cultivated rice Orysa sativa (Os) male parent. Rhizosphere of parental wild rice Oryza rufipogon (Or), parental cultivated rice Oryza sativa (Os) and different hybrid generations of rice progenies (F1) obtained by self-crossing (F2, F3, F4). Figure S3: Rhizosphere fungal communities (family level) affected by parental wild rice Oryza rufipogon (Or). Rhizosphere of parental wild rice Oryza rufipogon (Or), parental cultivated rice Oryza sativa (Os) and different hybrid generations of rice progenies (F1) obtained by self-crossing (F2, F3, F4). Figure S4: Rhizosphere fungal communities (family level) affected by parental cultivated rice Oryza sativa (Os). Rhizosphere of parental wild rice Oryza rufipogon (Or), parental cultivated rice Oryza sativa (Os) and different hybrid generations of rice progenies (F1) obtained by self-crossing (F2, F3, F4). Figure S5: The proportion of the key bacteria family (a) and fungi family (b) affiliated to phylum. Rhizosphere of parental wild rice Oryza rufipogon (Or), parental cultivated rice Oryza sativa (Os) and different hybrid generations of rice progenies (F1) obtained by self-crossing (F2, F3, F4). Table S1: The key bacterial families with significant differences among different rice generations identified by LEfSe analysis, Table S2: The key fungal families with significant differences among different rice generations identified by LEfSe analysis.





Author Contributions


Conceptualization, J.C., C.T. and E.E.K.; investigation, S.S., L.T., L.M., L.J. and C.C.; formal analysis, J.C. and M.F.A.L.; writing—original draft preparation, J.C. and M.F.A.L.; writing—review and editing, C.T. and E.E.K. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the National Natural Science Foundation of China, grant number 41920104008; the National Key Research and Development Program of China, grant number 2016YFC0501202; the Science Foundation of Chinese Academy of Sciences, grant number XDA23070501; the Cooperative Project between CAS and Jilin Province of China, grant number 2019SYHZ0039; and the Science and Technology Development Project of Jilin Province of China, grant number 20190303070SF.




Informed Consent Statement


Not applicable.




Data Availability Statement


The raw sequence datasets have been deposited in the NCBI SRA database (https://www.ncbi.nlm.nih.gov/) under accession numbers SRP168367 and SRP168829 for bacteria and fungi, respectively.




Acknowledgments


The authors thank Dazhou Chen in Jiangxi Academy of Agricultural Sciences for providing the wild rice and cultivated rice seeds and Johannes A. van Veen (Department of Microbial Ecology, Netherlands Institute of Ecology NIOO-KNAW) for the critical comments on the initial draft of this manuscript. Publication number 7134 of the Netherlands Institute of Ecology (NIOO-KNAW).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Elert, E. Rice by the numbers: A good grain. Nature 2014, 514, 50–51. [Google Scholar] [CrossRef] [PubMed]

	



FAO. FAOSTAT: Food and Agriculture Data. 2020. Available online: http://www.fao.org/faostat/en/#data/QC (accessed on 20 September 2020).

	



Grant, V.; Oka, H.I. Origin of cultivated rice. Taxon 1988, 37, 935. [Google Scholar] [CrossRef]

	



Bin Rahman, A.N.M.; Zhang, J. Flood and drought tolerance in rice: Opposite but may coexist. Food Energy Secur. 2016, 5, 76–88. [Google Scholar] [CrossRef]

	



Ji, H.; Kim, S.R.; Kim, Y.H.; Sun, J.P.; Park, H.M.; Sreenivasulu, N.; Misra, G.; Kim, S.M.; Hechanova, S.L.; Kim, H.; et al. Map-based cloning and characterization of the BPH18 gene from wild rice conferring resistance to brown planthopper (BPH) insect pest. Sci. Rep.-UK 2016, 6, 34376. [Google Scholar] [CrossRef] [PubMed]

	



Bulgarelli, D.; Schlaeppi, K.; Spaepen, S.; Themaat, E.V.L.V.; Schulze-Lefert, P. Structure and functions of the bacterial microbiota of plants. Annu. Rev. Plant. Biol. 2013, 64, 807–838. [Google Scholar] [CrossRef] [PubMed]

	



Lareen, A.; Burton, F.; Schäfer, P. Plant root-microbe communication in shaping root microbiomes. Plant Mol. Biol. 2016, 90, 575–587. [Google Scholar] [CrossRef]

	



Stringlis, I.A.; Yu, K.; Feussner, K.; de Jonge, R.; Van Bentum, S.; Van Verk, M.C.; Berendsen, R.L.; Bakker, P.; Feussner, I.; Pieterse, C.M.J. MYB72-dependent coumarin exudation shapes root microbiome assembly to promote plant health. Proc. Natl. Acad. Sci. USA 2018, 115, 5213–5222. [Google Scholar] [CrossRef]

	



Tyc, O.; Song, C.; Dickschat, J.S.; Vos, M.; Garbeva, P. The ecological role of volatile and soluble secondary metabolites produced by soil bacteria. Trends Microbiol. 2017, 25, 280–292. [Google Scholar] [CrossRef]

	



Zhang, J.; Liu, Y.X.; Zhang, N.; Hu, B.; Jin, T.; Xu, H.X.; Qin, Y.; Yan, P.X.; Zhang, X.N.; Guo, X.X.; et al. NRT1. 1B is associated with root microbiota composition and nitrogen use in field-grown rice. Nat. Biotechnol. 2019, 37, 676–684. [Google Scholar] [CrossRef]

	



Li, X.G.; Jousset, A.; De-Boer, W.; Carrion, V.; Zhang, T.L.; Wang, X.X.; Kuramae, E.E. Legacy of land use history determines reprogramming of plant physiology by soil microbiome. ISME J. 2019, 13, 738–751. [Google Scholar] [CrossRef]

	



Pascale, A.; Proietti, S.; Pantelides, I.S.; Stringlis, I. Modulation of the root microbiome by plant molecules: The basis for targeted disease suppression and plant growth promotion. Front. Plant. Sci. 2020, 10, 1741. [Google Scholar] [CrossRef] [PubMed]

	



Schlemper, T.R.; Leite, M.F.A.; Lucheta, A.R.; Shimels, M.; Bouwmeester, H.J.; van Veen, J.A.; Kuramae, E.E. Rhizobacterial community structure differences among sorghum cultivars in different growth stages and soils. FEMS Microbiol. Ecol. 2017, 93, 1–11. [Google Scholar] [CrossRef] [PubMed]

	



Beckers, B.; De Beeck, M.O.; Weyens, N.; Van, A.R.; Van, M.M.; Boerjan, W.; Vangronsveld, J. Lignin engineering in field-grown poplar trees affects the endosphere bacterial microbiome. Proc. Natl. Acad. Sci. USA 2016, 113, 2312–2317. [Google Scholar] [CrossRef]

	



Hu, L.; Robert, C.A.M.; Cadot, S.; Zhang, X.; Ye, M.; Li, B.; Manzo, D.; Chervet, N.; Steinger, T.; van-der-Heijden, M.G.A.; et al. Root exudate metabolites drive plant-soil feedbacks on growth and defense by shaping the rhizosphere microbiota. Nat. Commun. 2018, 9, 2738. [Google Scholar] [CrossRef] [PubMed]

	



Mitter, B.; Brader, G.; Pfaffenbichler, N.; Sessitsch, A. Next generation microbiome applications for crop production-limitations and the need of knowledge-based solutions. Curr. Opin. Microbiol. 2019, 49, 59–65. [Google Scholar] [CrossRef]

	



Rolfe, S.A.; Griffiths, J.; Ton, J. Crying out for help with root exudates: Adaptive mechanisms by which stressed plants assemble health-promoting soil microbiomes. Curr. Opin. Microbiol. 2019, 49, 73–82. [Google Scholar] [CrossRef] [PubMed]

	



Mendes, L.W.; Kuramae, E.E.; Navarrete, A.A.; Veen, J.A.V.; Tsai, S.M. Taxonomical and functional microbial community selection in soybean rhizosphere. ISME J. 2014, 8, 1577–1587. [Google Scholar] [CrossRef]

	



Tian, L.; Zhou, X.; Ma, L.; Xu, S.Q.; Nasir, F.; Tian, C.J. Root-associated bacterial diversities of Oryza rufipogon and Oryza sativa and their influencing environmental factors. Arch. Microbiol. 2017, 199, 563–571. [Google Scholar] [CrossRef]

	



Shenton, M.; Iwamoto, C.; Kurata, N.; Ikeo, K. Effect of wild and cultivated rice genotypes on rhizosphere bacterial community composition. Rice 2016, 9, 42. [Google Scholar] [CrossRef]

	



Yu, Y.; Woo, M.O.; Rihua, P.; Koh, H.J. The drooping leaf (DR) gene encoding GDSL esterase is involved in silica deposition in rice (Oryza sativa L.). PLoS ONE 2020, 15, e0238887. [Google Scholar] [CrossRef]

	



Nasir, F.; Tian, L.; Shi, S.; Bahadur, A.; Batool, A.; Ma, L.N. Asian cultivated rice domestication suppresses the expression of abiotic stress- and reactive oxygen species scavening-related genes in roots. Pak. J. Bot. 2019, 51, 49–54. [Google Scholar] [CrossRef]

	



Tian, L.; Shi, S.; Ma, L.; Nasir, F.; Li, X.; Phan Tran, L.S. Co-evolutionary associations between root-associated microbiomes and root transcriptomes in wild and cultivated rice varieties. Plant Physiol. Biochem. 2018, 128, 134–141. [Google Scholar] [CrossRef]

	



Shi, S.; Chang, J.; Tian, L.; Nasir, F.; Ji, L.; Li, X.; Tian, C. Comparative analysis of the rhizomicrobiome of the wild versus cultivated crop: Insights from rice and soybean. Arch. Microbiol. 2019, 201, 879–888. [Google Scholar] [CrossRef] [PubMed]

	



Raju, B.R.; Narayanaswamy, B.R.; Mohankumar, M.V.; Sumanth, K.K.; Rajanna, M.P.; Mohanraju, B.; Udayakumar, M. Root traits and cellular level tolerance hold the key in maintaining higher spikelet fertility of rice under water limited conditions. Funct. Plant Biol. 2014, 41, 930–939. [Google Scholar] [CrossRef]

	



Miyamoto, K.; Fujita, M.; Shenton, M.R.; Akashi, S.; Sugawara, C.; Sakai, A.; Horie, K.; Hasegawa, M.; Kawaide, H.; Mitsuhashi, W.; et al. Evolutionary trajectory of phytoalexin biosynthetic gene clusters in rice. Plant J. 2016, 87, 293–304. [Google Scholar] [CrossRef] [PubMed]

	



Xu, S.; Tian, L.; Chang, C.; Li, X.J.; Tian, C.J. Cultivated rice rhizomicrobiome is more sensitive to environmental shifts than that of wild rice in natural environments. Appl. Soil Ecol. 2019, 140, 68–77. [Google Scholar] [CrossRef]

	



Effmert, U.; Kalderás, J.; Warnke, R.; Piechulla, B. Volatile mediated interactions between bacteria and fungi in the soil. J. Chem. Ecol. 2012, 38, 665–703. [Google Scholar] [CrossRef]

	



Zhang, S.X.; Huang, D.X.; Yi, X.Y.; Zhang, S.; Yao, R.; Li, C.G.; Liang, A.; Zhang, X.P. Rice yield corresponding to the seedling growth under supplemental green light in mixed light-emitting diodes. Plant Soil Environ. 2016, 62, 222–229. [Google Scholar] [CrossRef]

	



Chang, C.; Chen, W.; Luo, S.S.; Ma, L.N.; Li, X.J.; Tian, C.J. Rhizosphere microbiota assemblage associated with wild and cultivated soybeans grown in three types of soil suspensions. Arch. Agrono. Soil Sci. 2019, 65, 74–87. [Google Scholar] [CrossRef]

	



Luo, S.; Tian, L.; Chang, C.; Wang, S.; Zhang, J.; Zhou, X.; Li, X.; Tran, L.S.; Tian, C. Grass and maize vegetation systems restore saline-sodic soils in the Songnen Plain of Northeast China. Land Degrad. Dev. 2018, 29, 1107–1119. [Google Scholar] [CrossRef]

	



Van Bemmelen, J. Über die Bestimmung des Wassers, des Humus, des Schwefels, der in den colloïdalen Silikaten gebundenen Kieselsäure, des Mangans usw im Ackerboden. Landwirthschaftlichen Vers-Stn. 1890, 37, e290. [Google Scholar]

	



Pribyl, D.W. A critical review of the conventional SOC to SOM conversion factor. Geoderma 2010, 156, 75–83. [Google Scholar] [CrossRef]

	



Lao, J.C. Handbook of Soil Chemical Analysis; Agriculture Press: Beijing, China, 1988; pp. 120–124. [Google Scholar]

	



Yadav, R.L.; Dwivedi, B.S.; Prasad, K.; Tomar, O.K.; Shurpali, N.J.; Pandey, P.S. Yield trends, and changes in soil organic-C and available NPK in a long-term rice-wheat system under integrated use of manures and fertilisers. Field Crop Res. 2000, 68, 219–246. [Google Scholar] [CrossRef]

	



Caporaso, J.G.; Lauber, C.L.; Walters, W.A.; BergLyons, D.; Huntley, J.; Fierer, N.; Owens, S.; Betley, J.; Fraser, L.; Bauer, M.; et al. Ultra-high-throughput microbial community analysis on the Illumina HiSeq and MiSeq platforms. ISME J. 2012, 6, 1621–1624. [Google Scholar] [CrossRef] [PubMed]

	



Magoč, T.; Salzberg, S.L. FLASH: Fast length adjustment of short reads to improve genome assemblies. Bioinformatics 2011, 27, 2957–2963. [Google Scholar] [CrossRef] [PubMed]

	



Edgar, R.C. Search and clustering orders of magnitude faster than BLAST. Bioinformatics 2010, 26, 2460–2461. [Google Scholar] [CrossRef] [PubMed]

	



Li, W.; Godzik, A. Cd-hit: A fast program for clustering and comparing large sets of protein or nucleotide sequences. Bioinformatics 2006, 22, 1658–1659. [Google Scholar] [CrossRef]

	



Kõljalg, U.; Nilsson, R.H.; Abarenkov, K. Towards a unified paradigm for sequence-based identification of fungi. Mol. Ecol. 2013, 22, 5271–5277. [Google Scholar] [CrossRef]

	



Bokulich, N.A.; Subramanian, S.; Faith, J.J.; Gevers, D.; Gordon, J.I.; Knight, R.; Mills, D.A.; Gregory Caporaso, J. Quality-filtering vastly improves diversity estimates from Illumina amplicon sequencing. Nat. Methods 2013, 10, 57–59. [Google Scholar] [CrossRef]

	



Dhariwal, A.; Chong, J.; Habib, S.; King, I.L.; Agellon, L.B.; Xia, J.G. MicrobiomeAnalyst: A web-based tool for comprehensive statistical, visual and meta-analysis of microbiome data. Nucleic Acids Res. 2017, 45, 180–188. [Google Scholar] [CrossRef]

	



Chao, A.; Shen, T.J. Nonparametric prediction in species sampling. J. Agric. Biol. Environ. Stat. 2004, 9, 253–269. [Google Scholar] [CrossRef]

	



Chang, J.J.; Zhu, J.X.; Xu, L.; Su, H.X.; Gao, Y.; Cai, X.L.; Peng, T.; Wen, X.F.; Zhang, J.J.; He, N.P. Rational land-use types in the karst regions of China: Insights from soil organic matter composition and stability. Catena 2018, 160, 345–353. [Google Scholar] [CrossRef]

	



Segata, N.; Izard, J.; Waldron, L.; Gevers, D.; Miropolsky, L.; Garrett, W.S.; Huttenhower, C. Metagenomic biomarker discovery and explanation. Genome Biol. 2011, 12, 60–78. [Google Scholar] [CrossRef] [PubMed]

	



Legendre, P.; Gallagher, E. Ecologically meaningful transformations for ordination of species data. Oecologia 2001, 129, 271–280. [Google Scholar] [CrossRef]

	



Schlemper, T.R.; van Veen, J.A.; Kuramae, E.E. Co-variation of bacterial and fungal communities in different sorghum cultivars and growth stages is soil dependent. Microb. Ecol. 2018, 76, 205–214. [Google Scholar] [CrossRef]

	



Culhane, A.C.; Perrière, G.; Higgins, D.G. Cross-platform comparison and visualisation of gene expression data using co-inertia analysis. BMC Bioinform. 2003, 4, 59–74. [Google Scholar] [CrossRef]

	



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

	



Warton, D.I.; Wright, S.T.; Wang, Y. Distance-based multivariate analyses confound location and dispersion effects. Methods Ecol. Evol. 2012, 3, 89–101. [Google Scholar] [CrossRef]

	



Ferrier, S.; Manion, G.; Elith, J.; Richardson, K. Using generalized dissimilarity modelling to analyse and predict patterns of beta diversity in regional biodiversity assessment. Divers. Distrib. 2007, 13, 252–264. [Google Scholar] [CrossRef]

	



Reiner, A.; Yekutieli, D.; Benjamini, Y. Identifying differentially expressed genes using false discovery rate controlling procedures. Bioinformatics 2003, 19, 368–375. [Google Scholar] [CrossRef]

	



Peiffer, J.A.; Spor, A.; Koren, O.; Zhao, J. Diversity and heritability of the maize rhizosphere microbiome under field conditions. Proc. Natl. Acad. Sci. USA 2013, 110, 6548–6553. [Google Scholar] [CrossRef] [PubMed]

	



Chen, J.; Liu, X.; Zheng, J.; Zhang, B.; Lu, H.F.; Chi, Z.Z.; Pan, G.X.; Li, L.Q.; Zheng, J.F.; Zhang, X.H.; et al. Biochar soil amendment increased bacterial but decreased fungal gene abundance with shifts in community structure in a slightly acid rice paddy from Southwest China. Appl. Soil Ecol. 2013, 71, 33–44. [Google Scholar] [CrossRef]

	



Guo, M.; Zhou, Q.; Zhou, Y.; Yang, L.; Liu, T.; Yang, J.; Chen, Y.; Su, L.; Xu, J.; Chen, J. Genomic evolution of 11 type strains within family Planctomycetaceae. PLoS ONE 2014, 9, e86752. [Google Scholar] [CrossRef]

	



Rheims, H.; Schumann, P.; Rohde, M.; Stackbrandt, E. Verrucosispora gifhornensis gen. nov., a new member of the actinobacterial family Micromonosporaceae. Int. J. Syst. Bacteriol. 1998, 48, 1119–1127. [Google Scholar] [CrossRef] [PubMed]

	



Wang, M.Y.; Zhang, W.X. Analysis of microbial community structure in pit mud from two Chinese Luzhou-flavor liquor producing areas. Microbiol. China 2014, 41, 1498–1506. [Google Scholar]

	



Normand, P.; Benson, D.R.; Berry, A.M.; Tisa, L.S. The family Frankiaceae. Prokaryotes 2014, 339–356. [Google Scholar] [CrossRef]

	



Huhndorf, S.M.; Miller, A.N.; Fernández, F.A. Molecular systematics of the Sordariales: The order and the family Lasiosphaeriaceae redefined. Mycologia 2004, 96, 368–387. [Google Scholar] [CrossRef] [PubMed]

	



Kruys, Å.; Huhndorf, S.M.; Miller, A.N. Coprophilous contributions to the phylogeny of Lasiosphaeriaceae and allied taxa within Sordariales (Ascomycota, Fungi). Fungal Divers. 2015, 70, 101–113. [Google Scholar] [CrossRef]

	



Valenzuela-Lopez, N.; Cano-Lira, J.F.; Guarro, J.; Sutton, D.A.; Wiederhold, N.; Crous, P.W.; Stchigel, A.M. Coelomycetous Dothideomycetes with emphasis on the families Cucurbitariaceae and Didymellaceae. Stud. Mycol. 2018, 90, 1–69. [Google Scholar] [CrossRef]

	



Kurihara, Y.; Degawa, Y. Pinnaticoemansia, a new genus of Kickxellales, with a revised key to the genera of Kickxellales. Mycoscience 2006, 47, 205–211. [Google Scholar] [CrossRef]

	



Shawkat Ali, J.D.L.; Linning, R.; Cervantes-Chávez, J.A.; Denis, G.; Guus, B. An immunity-triggering effector from the barley smut fungus Ustilago hordei resides in an Ustilaginaceae-specific cluster bearing signs of transposable element-assisted evolution. PLoS Pathog. 2014, 10, e1004223. [Google Scholar] [CrossRef]

	



Taylor, J.E.; Groenewald, J.Z.E.; Crous, P.W. A phylogenetic analysis of Mycosphaerellaceae leaf spot pathogens of Proteaceae. Mycol. Res. 2003, 107, 653–658. [Google Scholar] [CrossRef] [PubMed]

	



Harrell, E.A.; Miller, E.S. Genome sequence of Aeromicrobium erythreum NRRL B-3381, an erythromycin-producing bacterium of the Nocardioidaceae. Genome Announc. 2016, 4. [Google Scholar] [CrossRef] [PubMed]

	



Labeda, D.P.; Dunlap, C.A.; Rong, X.; Huang, Y.; Doroghazi, J.R.; Ju, K.S.; Metcalf, W.W. Phylogenetic relationships in the family Streptomycetaceae using multi-locus sequence analysis. Antonie Van Leeuwenhoek 2017, 110, 563–583. [Google Scholar] [CrossRef]

	



Wüst, P.K.; Horn, M.A.; Drake, H.L. Clostridiaceae and Enterobacteriaceae as active fermenters in earthworm gut content. ISME J. 2011, 5, 92. [Google Scholar]

	



Pérez-Jaramillo, J.E.; Carrión, V.J.; de-Hollander, M.; Raaijmakers, J.M. The wild side of plant microbiomes. Microbiome 2018, 6, 143–149. [Google Scholar] [CrossRef]

	



Pérez-Jaramillo, J.E.; Carrión, V.J.; Bosse, M.; Ferrao, L.F.V.; de-Hollander, M.; Garcia, A.A.F.; Ramirez, C.A.; Mendes, R.; Raaijmakers, J.M. Linking rhizosphere microbiome composition of wild and domesticated Phaseolus vulgaris to genotypic and root phenotypic traits. ISME J. 2017, 11, 2244–2257. [Google Scholar] [CrossRef]

	



Pérez-Jaramillo, J.E.; de-Hollander, M.; Ramirez, C.A.; Mendes, R.; Raaijmakers, J.M. Deciphering rhizosphere microbiome assembly of wild and modern common bean (Phaseolus vulgaris) in native and agricultural soils from Colombia. Microbiome 2019, 7, 114–130. [Google Scholar] [CrossRef]

	



Cardinale, M.; Grube, M.; Erlacher, A.; Quehenberger, J.; Berg, G. Bacterial networks and co-occurrence relationships in the lettuce root microbiota. Environ. Microbiol. 2015, 17, 239–252. [Google Scholar] [CrossRef]

	



Leff, J.W.; Lynch, R.C.; Kane, N.C.; Fierer, N. Plant domestication and the assembly of bacterial and fungal communities associated with strains of the common sunflower, Helianthus annuus. New Phytol. 2017, 214, 412–423. [Google Scholar] [CrossRef]

	



Edwards, J.; Johnson, C.; Santos-Medellín, C.; Lurie, E.; Podishetty, N.K.; Bhatnagar, S.; Eisen, J.A.; Sundaresan, V. Structure, variation, and assembly of the root-associated microbiomes of rice. Proc. Natl. Acad. Sci. USA 2015, 112, 911–920. [Google Scholar] [CrossRef] [PubMed]

	



Cao, S.Q.; Tang, Y.L.; Lu, W.; Zhang, R.X. Comparison on some aspects of photosynthetic declination of wild rice and cultivated rices. Acta Agron. Sin. 2001, 4, 453–459. [Google Scholar]

	



Mohammadkhani, N.; Heidari, R. Drought-induced accumulation of soluble sugars and proline in two maize varieties. World Appl. Sci. J. 2008, 3, 448–453. [Google Scholar]

	



Chen, D.Z.; Xiao, Y.Q.; Zhao, S.X.; Pi, Y.H.; Xiong, H.J.; Luo, L.J. Genetic study on the cold tolerance of Dongxiang wild rice at the seedling stage. Acta Agric. Jiangxi 1997, 19, 56–59. [Google Scholar]

	



Xiang, Y.; He, H.H.; Liu, Y.B.; Fu, J.R. Advances in research on cold tolerance in Dongxiang wild rice. Acta Agric. Univ. Jiangxiensis 2003, 4, 482–486. [Google Scholar]

	



Grigulis, K.; Clément, J.C. Relative contributions of plant traits and soil microbial properties to mountain grassland ecosystem services. J. Ecol. 2013, 101, 47–57. [Google Scholar] [CrossRef]

	



Faust, K.; Raes, J. Microbial interactions: From networks to models. Nat. Rev. Microbiol. 2012, 10, 538–550. [Google Scholar] [CrossRef]

	



Jiang, Y.J.; Li, S.Z.; Li, R.P.; Zhang, J.; Liu, Y.H.; Lv, L.F.; Zhu, H.; Wu, W.l.; Li, W.L. Plant cultivars imprint the rhizosphere bacterial community composition and association networks. Soil Biol. Biochem. 2017, 109, 145–155. [Google Scholar] [CrossRef]

	



Dray, S.; Thioulouse, C.J. Co-inertia analysis and the linking of ecological tables. Ecology 2003, 84, 3078–3089. [Google Scholar] [CrossRef]

	



Rahman, A.U.; Shah, S.M.A.; Rahman, H.U.; Khalil, I.H.; Ismaeel, M.; Raza, M.A.; Khan, I.A. Genetic variability for morphological parameters in F2 segregating populations of rice. Pak. J. Bot. 2015, 47, 1759–1764. [Google Scholar]

	



Khan, A.S.; Imran, M.; Ashfaq, M. Estimation of genetic variability and correlation for grain yield components in rice (Oryza sativa L.). Am.-Eurasian J. Agric. Environ. Sci. 2009, 6, 585–590. [Google Scholar]








[image: Microorganisms 09 00175 g001 550] 





Figure 1. The α-diversity of the (a,b) bacterial and (c,d) fungal communities in bulk soil (BS) and the rhizospheres of the female parent Oryza rufipogon (Or) wild rice; male parent Oryza sativa (Os) cultivated rice; hybrid generation (F1); and the generations (F2, F3 and F4) obtained by self-crossing. Data with the same letters within each column indicate no significant difference by one-way ANOVA with LSD tests at p < 0.05. 
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Figure 2. Between-class analysis (BCA) of (a) bacterial and (b) fungal communities in bulk soil (BS) and the rhizospheres of the female parent Oryza rufipogon (Or) wild rice; male parent Oryza sativa (Os) cultivated rice; hybrid generation (F1); and the generations F2, F3 and F4 obtained by self-crossing. Each rice generation is represented by a circle, the size of each circle represents the 95% confidence interval. 
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Figure 3. Co-inertia analysis of bacterial and fungal communities in bulk soil (BS) and the rhizospheres of the female parent Oryza rufipogon (Or) wild rice; male parent Oryza sativa (Os) cultivated rice; hybrid generation (F1); and the generations F2, F3 and F4 obtained by self-crossing. The arrows represent the co-variation of both communities within the generations (the shorter the arrow, the higher the covariance between bacterial and fungal community). The arrows origins represent the bacterial communities and the arrow heads represent the positions of the fungal communities in the co-inertia space. 
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Figure 4. Network based on SparCC correlation coefficients (SparCC’s rho cut-off = 0.8, p < 0.01) showing the co-occurrence patterns of parental-affected groups of bacteria and fungi in different rice generations. Red and blue lines represent significant positive and negative (p < 0.01) linear relationships, respectively. The rhizospheres of the hybrid generation (F1) and the progenies obtained by self-crossing (F2, F3, F4) were analyzed. Number of nodes (a), number of correlations (b), average degree (c) and connectance (d) of network for rhizosphere microbial communities for the rice progenies F1–F4. 
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Figure 5. Increasing community dissimilarity of the bacterial (red), fungal (green) and total (bacteria and fungi) (blue) communities according to the generations of rice self-crossing as given by the generalized dissimilarity model. The maximum height reached by each curve reveals the total amount of compositional turnover associated with the generations of self-crossing. The shape of each function indicates the rate of compositional turnover. 
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