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Pearl Millet Genetic Traits Shape Rhizobacterial Diversity and Modulate Rhizosphere Aggregation
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Root exudation contributes to soil carbon allocation and also to microbial C and energy supply, which subsequently impacts soil aggregation around roots. Biologically-driven soil structural formation is an important driver of soil fertility. Plant genetic determinants of exudation and more generally of factors promoting rhizosphere soil aggregation are largely unknown. Here, we characterized rhizosphere aggregation in a panel of 86 pearl millet inbred lines using a ratio of root-adhering soil dry mass per root tissue dry mass (RAS/RT). This ratio showed significant variations between lines, with a roughly 2-fold amplitude between lowest and highest average values. For 9 lines with contrasting aggregation properties, we then compared the bacterial diversity and composition in root-adhering soil. Bacterial α-diversity metrics increased with the “RAS/RT ratio.” Regarding taxonomic composition, the Rhizobiales were stimulated in lines showing high aggregation level whereas Bacillales were more abundant in lines with low ratio. 184 strains of cultivable exopolysaccharides-producing bacteria have been isolated from the rhizosphere of some lines, including members from Rhizobiales and Bacillales. However, at this stage, we could not find a correlation between abundance of EPS-producing species in bacterial communities and the ratio RAS/RT. These results illustrated the impact of cereals genetic trait variation on soil physical properties and microbial diversity. This opens the possibility of considering plant breeding to help management of soil carbon content and physical characteristics through carbon rhizodeposition in soil.
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INTRODUCTION

The last decades in Sahelian regions led to shorter rainy seasons. As a response, farmers in Niger have selected for short-cycle millet [Pennisetum glaucum (L) R.Br] varieties (Vigouroux et al., 2011a). This adaptation has been based on the available genetic diversity of the species, including the genetic variability for the duration of its growth cycle (Vigouroux et al., 2011b). If above ground phenotypic diversity has been consequently largely documented, phenotypic diversity studies on belowground characters are scarce. However, roots and soils are key components for adaptation of crops since they impact the availability of water and minerals. The properties of structural units of soil (i.e., size and stability of soil aggregates) determine overall soil physical and mechanical properties such as retention and movement of water, aeration, and temperature that have direct impacts on plant growth (Dickson et al., 1991). This aggregation is strongly influenced by carbon content of soil (Haynes and Swift, 1990). Indeed, aggregate stability is a key factor for the soil physical fertility, it also affects soil organic matter dynamics (Six et al., 2000; Abiven et al., 2009). Improvement of such properties is commonly envisioned by the management of organic fertilization or tillage practices. In the Sahelian cropping systems where aerial plant residues are often exported for feeding livestock, root carbon deposition may serve as an important source of soil fresh organic matter. Root exudates may represent up to 17% of plant photo-assimilates (Nguyen, 2003). Carbon from root exudation is a preferred source of C and energy for soil microbiota, particularly for rhizobacteria. Some of these rhizobacteria synthesize biopolymers such as exopolysaccharides (EPS) that also contribute to the stabilization of soil aggregates in the rhizosphere by cementing particles together (Bezzate et al., 2000).

We know that EPS-producing bacteria inoculation can impact rhizosphere soil structure (Amellal et al., 1998; Alami et al., 2000; Berge et al., 2009). After inoculation of wheat with a EPS-producing Pantoea agglomerans strain, the root-adhering soil per unit of root mass increased by 50% (Amellal et al., 1998). In addition, the macro-porosity of root-adhering soil was improved (pores diameter between 10 and 30 μm). The inoculation of sunflower with a EPS-producing strain of Rhizobium alamii increased the root-adhering soil per root mass ratio (up to 100%), soil macropore volume (pores diameter between 10 and 60 μm), as well as root and shoot dry mass under normal and water stress condition (Alami et al., 2000; Berge et al., 2009). These bacterial strains essentially rely on plant-based carbon sources in soil. Therefore, it can be hypothesized that plant inter- and intra-specific diversity in rhizodeposition may also yield differential impacts on the diversity and activity of soil microbiota.

Several studies also found intra-specific plant genetic traits impact on diversity of rhizomicrobial community: in maize (Peiffer et al., 2013), in Arabidopsis thaliana (Micallef et al., 2009) and in Medicago truncatula (Zancarini et al., 2012). However, the consequences of such variety-dependent variations in bacterial community on soil properties is not well established. On an other hand, genetic variations have been found on the amount of soil closely adhering to root (also called rhizosheath) in some cereals (Delhaize et al., 2012; George et al., 2014). In wheat, intra-specific variation of these structures in acid soil was significantly correlated with length of root hairs and Al tolerance (Delhaize et al., 2012). In barley, rhizosheath formation was variable between 144 varieties in both greenhouse and field conditions and was associated with a genetic locus (QTL) on chromosome 2H (George et al., 2014). Moreover, this rhizosheath size variation had an impact on plant growth under water and phosphate deficiency stress (George et al., 2014).

Therefore, if plant intra-specific diversity exists, cereal varieties promoting soil aggregation via an optimized root carbon exudation could be selected. Indeed, these traits are expected to contribute to maintaining soil structure/fertility and to sequestering carbon in soil. Such selection targets could therefore be considered toward global concerns such as agriculture sustainability or mitigation of atmospheric CO2 increase. Note however that it is still unclear how much of exudate carbon remains in soil after growing season and would therefore significantly contribute to C sequestration. It might be an interesting challenge to check how EPS-organic matter production and protection from microbial degradation in aggregate structures could contribute to progressively and slightly increase soil carbon content.

Our study aims to determine whether there is an intra-specific variability of millet rhizodeposition, and more generally of phenomena leading to root-driven soil aggregation and microbiological diversity. Direct assessment of root exudation in natura is not an easy task and can hardly be envisioned for high throughput phenotyping. Based on the links between soil adherence to roots, aggregation, microbial activities and root exudation as detailed above, we decided to assess the diversity of the ratio between mass of root-adhering soil and mass of root tissue (Amellal et al., 1998) as a phenotyping proxy for these phenomena. We further assessed how this ratio is associated with the diversity of bacterial community in the rhizosphere.

MATERIALS AND METHODS

We performed a wide screening of 86 pearl millet inbreed lines previously described (Saïdou et al., 2009). Our phenotyping is based on the ratio between dry mass of root-adhering soil and dry mass of root tissue (RAS/RT) (Amellal et al., 1998; Alami et al., 2000; Bezzate et al., 2000). After this screening, we subsequently validated the phenotype variation of the most extreme lines in two additional experiments with 16 and 9 of the most contrasted pearl millet inbred lines. For the last experiment with 9 different lines, we then carried out an analysis of the diversity of rhizosphere microbiota, including a focus on EPS-producing bacterial populations.

Soil

The sandy soil we used in this experiment was sampled in surface horizon (0–20 cm) at ISRA CNRA station of Bambey (14°42′38.7″N and 16°28′47.2″W), sieved at 4 mm and homogenized. This sampling site is located in the groundnut basin of Senegal where pearl millet is the first cultivated cereal. The soil type, common in the area, is arenosol according to the world reference base for soil resources (FAO, 2006). The soil texture characteristics were 94.5% sand, 3% silt, and 2.7% clay and pH was 7.7 (measured at 1:1 soil water ratio). Total carbon and nitrogen concentrations were 0.69 and 0.04% respectively.

Inbred Lines

We tested 86 pearl millet [P. glaucum (L) R.Br.] inbred lines originating from Niger, Togo, Senegal, Zimbabwe, and Cameroon which were used in a previous genetic association study (Saïdou et al., 2009). These lines were obtained from the International Crop Research Institute for Semi-Arid Tropics (ICRISAT), the Centre de Coopération Internationale en Recherche Agronomique pour le Développement (CIRAD) and the University of Orsay (Paris XI). The greenhouse phenotyping experiment was carried out in 7 successive blocks of 12 to 14 lines each, with five repeats per line. We indicated the block in which each line was phenotyped in supplementary data (Table S1). To detect variability among phenotyping series, two pearl millet lines (L82 and L114) were repeatedly phenotyped in three different blocks as controls.

Seeding and Plant Growth

Soil was filled in bottomless “WM” shaped pots that were installed in plastic crates at the bottom of which we spread an anti-mosquito canvas to prevent soil loss. These pots are constituted by two easily detachable nested parts, and are particularly convenient for root phenotyping purposes. Moreover, their angular shape prevents root spiraling. Each pot contained 1.5 kg of soil and five replicates were sown for each line with four seeds per pot. Experiments were conducted under natural light in a greenhouse. After 1 week of growth, thinning was performed to have one plant per pot. The soil moisture was daily adjusted at water-holding capacity (WHC) by watering each pot with 15–20 mL. Plant watering was stopped 24 h before harvesting to facilitate the separation of root-adhering soil (RAS) from bulk soil.

Harvest and Phenotype Comparison

After 28 days of growth, plants were harvested at laboratory and treated as follows: first we gently removed the two parts of the pot to better keep the roots with their adhering soil. Then, plants were fixed (at the crown level) on an electric agitator (S50, CAT, Staufen, Germany) and shaken with a constant speed of 1,100 rpm during 1 min to separate the roots from non-adhering soil in a repeatable way (Figure S1). The root-adhering soil was recovered by washing the roots in sterile distilled water using aluminum weighing dishes. Roots and shoots were collected and incubated at 65°C for 3 days to measure their dry masses (root dry mass is also abbreviated as RT for “root tissue”). A sample of bulk soil was also systematically taken to measure soil moisture at harvest. The RAS was dried at 105°C for 3 days and weighted allowing the calculation of RAS/RT ratio.

Comparison of Contrasted Inbred Lines

After the screening of the 86 pearl millet inbred lines, 16 lines with high or low RAS/RT ratio values were selected. For lines selection we also took into account plant development, germplasm availability, and phenotype homogeneity. They were sown in the same conditions as for the screening experiment in order to confirm their contrasted phenotype within a single cultivation batch. The growth and harvest protocol was the same as that described previously. For analyses of bacterial community, we further selected 9 lines among the 16 as statistically separated: 3 lines with low RAS/RT ratio (<15 g/g) and 6 lines with high RAS/RT ratio (>20 g/g). These 9 lines were phenotyped in another batch with 10 replicates per line.

Rhizosphere Bacterial Community Analysis

The 9 selected millet lines were sown in another experiment in the same soil and always the same cultivation protocol. We included in this experiment four pots without plant that were considered as a control. For each line, four plants were sown and after 28 days of growth, we performed the harvest. For each plant we sampled and homogenized separately the totality of root-adhering soil and the bulk soil in the pot (soil not adhering to roots). We also took four independent control soil samples, one from each of the unplanted pots kept in the same conditions as cultivated ones. The total DNA was extracted from 0.25 g of root-adhering soil and control soil samples using FastDNA spin Kit for soil (Q-Biogene, Illkirch, France), according to the supplier's instructions. DNA amounts in extracts were quantified by UV absorbance using a Nanodrop 2000 spectrophotometer (Thermo Fischer Scientific, Waltham, Massachusetts, USA).

Bacterial Density Analysis

Bacterial density was estimated by real-time quantitative polymerase chain reaction (q-PCR) of ribosomal DNA. This approach is now considered as a valuable, accurate and culture-independent method (Smith and Osborn, 2009). Amplification was carried out with a CFX96 Touch™ Real-Time PCR Detection System (Biorad, Hercules, CA, USA) using SYBR Green as detection system. For amplification, we performed PCR in 10 μL of reaction mixture composed by 0.5 μM for each of the primers 341 F (5′ CCT ACG GGA GGC AGC AG 3′) and 515R (5′ ATT ACC GCG GCT GCT GGC A 3′), 5 μL of SsoAdvanced SYBR Green mix (Biorad, USA), 2.5 ng of template DNA and DNAse-RNAse free water. The cycling program included: 10 min of incubation at 98°C, followed by 39 cycles of 98°C for 5 s and 60°C for 30 s. Amplification specificity was studied using melting curve analysis of the PCR products performed by ramping the temperature from 55 to 95°C (+0.5°C every 5 s). Standard tubes containing DNA copies numbers ranging from 103 to 108 were used for calibration.

Bacterial Diversity Analysis

Sequencing of gene encoding 16S rRNA from DNA extracts was performed at MR DNA (Shallowater, TX, USA) with an Ion Torrent PGM system for sequencing (Life Technologies Corp., Thermo Fischer Scientific, Massachusetts, USA). Samples were barcoded and the V4 variable region of 16S rRNA gene was targeted with 515F/806R primers set (GTGCCAGCMGCCGCGGTAA–GGACTACHVGGGTWTCTAAT) (Caporaso et al., 2011). PCR amplification was carried out using the HotStar Taq plus Master Mix Kit (Qiagen, Germantown, MD, USA). The conditions were as follows: 94°C for 3 min, 28 cycles of 94°C for 30 s, 53°C for 40 s, and 72°C for 1 min. After this, a final elongation step of 72°C for 5 min was performed. Sequences data analyses were conducted using QIIME software version 1.8 with standard parameters (Caporaso et al., 2010b). Overall sequences with quality score average <25, short sequences (<200 bp) and sequences containing mismatches as well as homopolymers were removed from the analysis. We conducted a denoising of sequences and a chimera check and filtered mitochondria and chloroplasts sequences using an in-house PHP script (from CEA Cadarache, France). Thus, the multiplex reads were assigned to corresponding sample according to their barcode, and using the Usearch scripts we carried out Operational Taxonomic Unit (OTU) picking by de novo checking method (Edgar, 2010). Representative sequences of the OTUs were aligned using the PyNAST algorithm with a minimum percent of 80% (Caporaso et al., 2010a). These OTUs were taxonomically classified using RDP method and Greengenes database (DeSantis et al., 2006). The phylogenetic position of bacteria in the different rhizosphere lines was characterized using taxa summary QIIME script until genus level (L6). To compare bacterial OTU richness and diversity index in the rhizosphere between inbred lines with these different numbers of sequences, we performed a rarefaction analysis i.e., a random picking of an equal sequence number in each sample (40,870 reads per sample) by using the open-source bioinformatics pipeline QIIME (Caporaso et al., 2010b). α-diversity parameters [number of observed OTUs, qualitative Chao1 index, Faith's Phylogenetic Diversity (PD_whole), and Shannon index] were then calculated on 40,870 randomly picked sequences for each sample. Sequence data are available in NCBI SRA bank under accession number SRR5482172, experiment SRX2708874.

Cultivable Bacterial Analysis

Experimentally the root-adhering soil per root mass ratio was reported to be increased after EPS-producing rhizobacterial inoculation (Kaci et al., 2005). Therefore, we aimed to cultivate and characterize EPS-producing rhizobacterial populations from the selected “contrasted” millet lines. Putative EPS-producing strains can be identified using the mucoid phenotype of the colonies on C-enriched solid medium (Hebbar et al., 1992). Doing so, we estimated as well the abundance of cultivable bacteria in rhizosphere soil. For each line, we sampled four root-adhering soil fractions and four bulk soil samples. For each sample we dispersed 1 g of RAS or bulk soil in 3 mL of sterile distilled water and performed serial dilutions until 10−4 with KCl solution at 0.85%. Plating on Petri dishes was performed with 10 μL of the two highest dilutions for each sample (10−3 and 10−4) on three different media: Tryptic Soy Broth medium 10-fold diluted + agar 15 g.L−1 (TSA/10), TSA/10 + glucose (20 g.L−1) and TSA/10 + sucrose (20 g.L−1). Supplementation of TSA/10 with high concentration of glucose or sucrose was chosen for the selection of EPS-producing bacterial strains (Hebbar et al., 1992). All these media contained cycloheximide (70 mg.L−1) serving as antifungal agent. We finally counted the number of cultivable bacteria (CFU, Colony-Forming Units) in Petri dishes spread with the 10−4 soil dilution after 48 h of growth. On the same plates we selected putative EPS-producing bacterial strains based on the morphological aspect of the colonies: mucoid spreading or thick capsular formation on C-enriched medium. We pricked out and purified these EPS-producing strains on TSA/10 and then subcultured them in diluted Tryptic Soy Broth medium (TSB/10) during 24–48 h before storage in glycerol at −80°C. For identification of bacterial strains, we carried out PCR directly on colonies to amplify the gene encoding 16S rRNA using Fd1/Rd1 primers (Weisburg et al., 1991), and sequenced the amplicons at Cogenics, Inc. (Morrisville NC, USA). Then sequences were aligned and 48 consensus sequences were defined and used for an NCBI blast in RDP II database to perform taxonomic assignment.

To determine the abundance of these EPS-producing bacterial species (or closely related species) in the rhizosphere of the 9 pearl millet inbred lines, we used the BLAST software (version 2.3.0+) from NCBI and we performed a blast data search with the OTU sequences derived from PGM sequencing. Cultivable bacterial species identified with the sequence of the gene encoding 16S rRNA (sequence length ranging from 707 to 1,423 bp) were targeted in this blast. An identity percentage of 97% at least was fixed to validate match between a cultivable bacterial species sequence and an OTU sequence. Sequences of strains are available on NCBI SRA under accession numbers KY880842 to KY880971.

Statistical Analyses

We used XLSTAT (Addinsoft SARL, Paris, France) for statistical analysis. The normality of different variables was tested using Shapiro-Wilk test and the homoscedasticity by Levene test. For RAS/RT ratio the data were square root transformed to improve normality before ANOVA modeling. Analysis of Variance (ANOVA) and Tukey pairwise comparison test (95%) were performed for RAS/RT ratios of pearl millet lines. Pearson correlation test (95%) was used to assess the relations between RAS/RT ratios, root mass, shoot mass and soil moisture at harvest. For the 9 selected lines, we compared the number of 16S rDNA copies per gram of dried soil using ANOVA and a Fisher pairwise test (95%; n = 4). Kruskal-Wallis tests were performed to compare rhizosphere α-diversity metrics to those of the control soil and to compare phylum and order relative abundances between different treatments. Weighted and Unweighted UniFrac distance matrixes were calculated from the OTU table and used to perform Principal Coordinate Analysis (PCoA) and to compare β-diversity of the different treatments. The significance of different clusters separation in the PCoA was tested using PERMANOVA (999 permutations) of weighted and unweighted UniFrac distance matrixes. We carried out Principal Component Analysis (PCA) to study the relation between soil aggregation (RAS/RT), shoot mass, root mass and the presence of the bacterial orders we found in the RAS by the 16S PGM sequencing. To do this we used for each plant line the mean frequencies of the 26 most abundant bacterial orders in rhizosphere and averages of plant parameters (RAS/RT ratio, shoot, and root dry mass) from the third phenotyping experiment.

RESULTS

Significant Changes between Pearl Millet Inbred Lines for Rhizosphere Soil Aggregation (RAS/RT Ratio)

The screening experiment showed significant effect of millet line (p < 0.05, tested by ANOVA in each block, Table S1) on recorded RAS/RT in most of the culture blocks (Figures 1A–G), except for block 2 (Figure 1B). Average value per line ranged from 6.9 g/g (L8) to 35.6 g/g (L118), with therefore a 5-fold factor between extreme values (Figure 1). As soil moisture is known to potentially affect soil aggregation and adherence properties, we also checked correlation between RAS/RT ratio and soil moisture at harvest. No significant correlation was found (R = 0.041 p > 0.3), indicating that our control of soil moisture was sufficient to prevent this parameter for having a major influence on aggregation phenotyping.
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FIGURE 1. Screening of root-adhering soil (g dm) per root tissue mass (g dm) (RAS/RT ratio) of 86 pearl millet inbred lines (A–G): In each graph we arranged lines' (RAS/RT) phenotype in order from the smallest to the largest values recorded in a given block. *(B) the p-value of the ANOVA testing for the millet line effect was non-significant for this block. The white histograms indicate the 16 selected lines phenotyped in the second experiment. The black histograms indicate the 2 lines used as control for inter-block variation check. Graph (H) represents phenotype verification's results for 16 selected lines from the screening experiment. The bar plots represent means of five repeats and error bars represent standard deviations, letters represent Fisher LSD groups.



Since the screening was performed in different blocks, two pearl millet lines (L82 and L114) that were present in block 2 were repeatedly introduced in blocks 5 and 6 to evaluate the inter-block variability. This assay pointed out a ca. 2-fold variability of average RAS/RT ratio among these blocks, from 15 to 23 g/g (L114) and from 8 to 13 g/g (L82), but the ranking was conserved between the two lines. We consequently undertook two new experiments to confirm the phenotypes of contrasted lines and retain 9 of them for microbial analysis.

Confirmation of Variation in RAS/RT Ratio

To continue our study with a smaller number of pearl millet lines, we selected firstly 16 contrasted lines among the 86 lines screened in the previous experiment. These lines were selected from the blocks where statistically significant effects were found, and chosen as exhibiting average RAS/RT values close to the lowest or highest value observed within the block. Other parameters of choice were: availability of germplasm, phenological homogeneity, germination success. We conducted a second phenotyping experiment on these 16 lines in a single batch. We observed significant difference of the ratio RAS/RT between lines and a global coherence in phenotype between this batch and previous experiment. For instance, L8, L82, and L44 which were selected from the lines expressing relatively low RAS/RT ratios in blocks during the whole set phenotyping, also had lower RAS/RT ratio compared to the others lines in this batch (Figure 1H). For the third experiment (same conditions than during screening, but now 10 repeats per line in order to enhance strength of the ANOVA analysis) we selected 9 lines from the 16, taking two groups which appeared statistically separated in the 16-lines experiments, i.e., L8, L44, and L82 with low RAS/RT values, vs. L12, L14, L39, L57, L92, and L118 with high RAS/RT values. The separation between these groups appeared consistent in this third experiment (Figure 2). Again the ratio RAS/RT was not correlated with soil moisture (Table 1). The RAS was positively correlated with root and shoot biomass: plants with larger root development mechanically carry more root-adhering soil. On the other hand, RAS/RT ratio was negatively correlated with shoot biomass, which might be in line with an increased C sink in root exudation. When pooled together, the two groups of lines “low RAS/RT ratio” (L8, L82, and L44) and “high RAS/RT ratio” (L92, L12, L118, L14, L57, and L39) were clearly separated in terms of average RAS/RT ratio, the difference being highly significant (respectively 9.15 < 19.35 g/g; Student t-test p < 0.0001).
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FIGURE 2. Comparison of root-adhering soil (g dm) per root tissue mass (g dm) (RAS/RT ratio) of the 9 pearl millet inbred lines (n = 10 per line) which were selected from the 16 lines for their low (gray) vs. high (black) ratio. The bars on the histogram represent the standard deviations. Different letters indicate significant differences with Tukey's Honest Significant Difference test (p < 0.05).




Table 1. Correlation matrix between parameters recorded during phenotyping of 9 pearl millet inbred lines (3rd experiment).
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Pearl Millet Lines Differentially Impact Diversity of Bacterial Communities in Their Rhizosphere

First, to quantify the bacterial communities in the root-adhering soil fraction (i.e., rhizosphere) of the 9 inbred lines, we measured the number of 16S rRNA gene copies per gram of soil using qPCR. There was no significant difference in bacterial abundance between pearl millet lines (p > 0.5) (Figure 3). There was a significant difference (p < 0.05) between bacterial abundance in the control unplanted soil (<0.6 109 16S rRNA gene copies/g soil) and bacterial abundance in root-adhering soil of some millet lines (L44 and L118; respectively 1.04 × 109 and 1.1 × 109 16S rRNA gene copies/g soil). Furthermore, mean bacterial abundance in rhizosphere soils was significantly increased compared to that of the control unplanted soils (0.8 × 109 > 0.6 × 109 copies/g soil).
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FIGURE 3. Quantification of rhizobacterial communities based on the number of 16S rRNA copies/g of rhizosphere soil of the 9 selected pearl millet lines and control soil (T) by q-PCR. Each bar plot represents mean of four replicates. The bars on the histogram represent the standard deviations Different letters indicate significant differences between millet lines according to Fischer LSD test (p < 0.05).



DNA extracts from the root-adhering soil fraction of the 9 pearl millet inbred lines (four plants per line) were analyzed by PGM-based 16S rRNA gene diversity sequencing. We obtained 2.56 × 106 sequences corresponding to 22,780 distinct OTUs, with an average of 64,072 sequences per sample. We used alpha diversity indexes to compare the total diversity of OTUs of the root-adhering soil fraction of the different pearl millet lines with the control unplanted soil. The number of analyzed sequences was 58,314 for control soil and ranged from 58,427 for root-adhering soil of line L92 to 72,849 for line L82. Alpha diversity metrics are summarized in Table 2 and comprise measures of richness based on qualitative (Chao1), OTUs count and quantitative (Shannon) estimators, as well as phylogeny-based measures such as phylogenetic diversity (PD_whole). The quantitative Shannon index indicates that α-diversity of the bacterial communities in the root-adhering soil fraction of the three pearl millet lines with low RAS/RT ratio (L8, L82, and L44) is significantly lower compared to the control unplanted soil (respectively p = 0.04, p = 0.02, and p = 0.02 with Kruskal-Wallis test). This is not the case for the six inbred lines with high RAS/RT ratio. For the three others calculated α–diversity indexes (PD_whole, Chao1, and OTUs count), we didn't find any significant difference between the different treatments and the control soil while they showed the same tendencies as that of the Shannon index (Table 2). The rarefaction curves for OTUs confirms that the number of OTUs estimated in the root-adhering soil fraction of the three pearl millet lines with low RAS/RT ratio is lower than the one of the six inbred lines with high RAS/RT ratio (Figure S2A). Globally, the number of estimated OTUs at 40,870 sequences depth in the root-adhering soil fraction of pearl millet lines (11,190 in average) is significantly lower (p = 0.03) than the one of the control unplanted soil (12,266 in average, Figure S2B).


Table 2. Bacterial Alpha diversity metrics calculated after data rarefaction analysis based on 40,870 sequences from each sample (9 pearl millet lines and the T control).
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In this work, we considered β-diversity to evaluate the differences in rhizosphere bacterial diversity between the 9 pearl millet lines. For that, we used weighted UniFrac distance metrics and a Principal Coordinate Analysis (PCoA) was performed to evaluate how the genetic traits of pearl millet lines could affect the structure of rhizobacterial communities and their relation with aggregation intensity estimated by the RAS/RT ratio (Figure 4A). There appeared to be a quite consistent clustering for the samples of each line. Most lines are close to each other in this projection, with the exception of 3 lines (L82, L44, and L118) clustering separately from the six other lines (p = 0.001; t = 7.16 using PERMANOVA, 999 permutations). But this separation is not obviously linked to the root-adhering soil phenotype (RAS/RT ratio), as the three inbred lines comprise two “low RAS/RT ratio” lines (L44 and L82) and 1 “high RAS/RT ratio” line (L118) (Figure 4A). Nevertheless, the PCoA and PERMANOVA performed on the unweighted UniFrac distance matrix that is sensitive to rare species (Lozupone and Knight, 2005) showed significant separation between rhizosphere soils and control soils (p = 0.001, t = 1.16 using PERMANOVA, 999 permutations) (Figure 4B).
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FIGURE 4. Principal Coordinate Analysis (PCoA) of weighted UniFrac (A) and Unweighted UniFrac (B) dispersion bacterial diversity of the 9 pearl millet inbred lines performed with 16S rRNA pyrosequencing. Low RAS/RT ratio lines are represented with square, high RAS/RT ratio lines are represented with circle.



Pearl Millet Inbred Lines Significantly Modulate the Relative Abundance of Bacterial Taxa (Phyla and Orders) in Their Rhizosphere

The bacterial composition of root-adhering soil fraction from the 9 contrasted pearl millet lines was examined at different taxonomic levels. At the phylum level, the bacterial microbiota composition in the root-adhering soil fraction of the 9 pearl millet lines was compared to that in the control unplanted soil (Figure 5). Among the 15 phyla detected in all fractions, the dominant ones (abundance > 20%) belonged to the Proteobacteria, Firmicutes, and Actinobacteria, and to a lesser extent to Bacteroidetes, Acidobacteria, Chloroflexi, Planctomycetes, and Gemmatimonadetes (1% < abundance < 20%) (Table S2). This molecular approach of the bacterial diversity revealed also three phyla found in all fractions but belonging to the “rare microbiosphere” (abundance < 0.1%): Parcubacteria (previously named OD1), Chlamydiae, and Elusimicrobia (Table S2). As a major overall tendency in observed bacterial communities at the phylum level, the three pearl millet lines with low RAS/RT ratio (L8, L82, and L44) taken together exhibited a lower abundance of Proteobacteria (33.9 vs. 38.4%, p < 0.02) and a higher abundance of Firmicutes (27.5 vs. 18.1%, p < 0.002) when compared (using Kruskal-Wallis test) to the lines with high RAS/RT ratio. However, within the two groups there was some heterogeneity in distribution, so that taken individually, not every line in the low RAS/RT group was different from every line in the high RAS/RT group. For instance, in L8 rhizosphere, the relative abundances of Proteobacteria (38.4%) and Firmicutes (21.1%) were not significantly different from those of the high ratio lines (p > 0.05; Kruskal-Wallis test). Moreover, three lines among the six with high RAS/RT ratio (L92, L12, and L57) did not show significant difference for Proteobacteria compared to the low ratio lines. A statistical analysis (Kruskal-Wallis) was applied to compare phylum proportions between each line and the control unplanted soil (Table S2).
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FIGURE 5. Distribution of 15 major bacterial phyla in the rhizosphere (root-adhering soil fraction) of the 9 pearl millet inbred lines and the control unplanted soil (T).



At the order level, the most abundant ones are Bacillales (Firmicutes), Rhizobiales (Proteobacteria), and Actinomycetales (Actinobacteria), these three orders representing 60–70% of bacterial diversity, in agreement with data observed at the phylum level (Table S3). When compared to lines with low RAS/RT ratio, the mean percentage of Bacillales in rhizospheric soil of lines with high RAS/RT ratio was significantly lower (27.6 vs. 39.8%, t-test p < 0.05) and the mean percentage of Rhizobiales significantly higher (22.2 vs. 17.4%, t-test p < 0.02) (Table S3). Like what was observed at phylum level, these overall tendencies could change if we compare individually different lines to each other using Kruskal-wallis and Dunn pairwise comparison tests. Indeed, only L82 line showed significant difference on Bacillales relative abundance compared to L118 and L92 millet lines. For Rhizobiales, significant differences were found between Low RAS/RT lines L82 and L44 and the high RAS/RT lines L39 and L14 (Table S3). Concerning Bacillales, these contrasts on relative abundance also translate into significant differences in numbers of sequences between root-adhering soil fractions from L82 and that from the control soil as illustrated in Figure 6. For Rhizobiales, no significant difference was found in sequences count between treatments.
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FIGURE 6. Difference in mean abundance of Bacillales (ns = number of sequences) between rhizosphere soil of each pearl millet inbred lines and the control unplanted soil (T). *Indicates significant difference in sequences counts using Kruskal-Wallis test (P < 0.05).



A Principal Component Analysis was performed to analyse the relations between the frequency of the 26 most abundant bacterial orders and plant parameters (RAS/RT ratio, shoot, and root dry mass). The variance explained by the two principal components PC1 and PC2 is 50.3% (Figure 7A). The PC2 explaining 20.4% of the variance had a positive contribution of parameter RAS/RT (12.6%), Caulobacterales frequency (11.7%), and Solirubrobacterales frequency (10.2%) of and a negative contribution of Bacillales (−7.1%) and Rubrobacterales (−10.0%) frequencies. This data analysis confirmed the negative correlation between abindance of one of the dominant bacterial orders (Bacillales) and RAS/RT ratio (Figure 6). The three other orders showing positive (Caulobacterales, Solirubrobacterales) or negative (Rubrobacterales) correlation with RAS/RT ratio, are not abundant in our samples (3–4, 1–3%, <1% of sequences, respectively). The negative correlation previously described between RAS/RT and shoot dry mass also appears in the PCA plot. When we further plot the observations on this PCA coordinates space, there is a separation along the second axis between the 3 lines with low RAS/RT ratio (L8, L82, L44) and lines with high RAS/RT ratio (L92, L12, L14, L57, L39) (Figure 7B). Along this PC2 axis, the L118 line (high RAS/RT ratio) appears again to be in an intermediate position (Figure 7B).
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FIGURE 7. Principal component analysis of RAS/RT, shoot dm, root dm, and abundances of the 26 main bacterial orders found in the rhizosphere of 9 pearl millet inbred lines. (A) Plot of the loadings of the variables with principal components F1 and F2. (B) Projection in F1*F2 plan of rhizosphere soil samples from the different millet lines.



Pearl Millet Inbred Lines Significantly Modulate the Relative Abundance of Cultivable Bacterial Species in Their Rhizosphere, Including EPS-Producing Species

Whatever the medium used for cultivable bacteria numeration, the average count in the soil not adhering to the roots was about 1 × 107 CFU per gram (Figure 8). In the root-adhering soil fraction, a 10-fold average increase of cultivable bacteria abundance was observed in 8 out the 9 inbred lines (mean value 1.2 × 108, p < 0.001). The only exception was line L12 for which the counting in bulk soil is not significantly different from counting in root-adhering soil (Figure 8). The two counts were higher than those recorded for bulk soil in the other inbred lines, suggesting a rhizosphere effect extending beyond the root-adhering zone in L12 (Figure 8). No significant difference was detected between abundances of cultivable bacteria in the rhizosphere of these 9 pearl millet lines. Neither did addition of glucose or sucrose significantly influence numeration results.
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FIGURE 8. Enumeration of bacterial microbiota on TSA/10 (in white). TSA/10 + glucose (in gray) and TSA/10 + sucrose (in black) expressed in colony-forming units (CFU) per gram of bulk soil (-BS) or root-adhering soil (-RAS). Missing data for the treatment L82.



Based on their mucoid phenotype, we isolated 184 EPS-producing bacterial strains from TSA/10 medium supplemented with glucose or sucrose. These strains were identified at the species level using PCR-sequencing of 16S rRNA gene (Table S4). Among the 48 identified species (Table 3), the most frequent ones belonged to Actinobacteria (Arthrobacter pascens: 28 strains, Arthrobacter globiformis: 13 strains, Microbacterium barkeri: 30 strains), Firmicutes (Bacillus aryabhattai: 22 strains, Paenibacillus polymyxa: 16 strains), and Proteobacteria (Pseudomonas plecoglossicida: 13 strains). These data are in agreement with the data presented at the phylum and order levels. To evaluate the quantitative contribution of the most frequent EPS-producing species, we selected 18 species (Table 4), belonging to Actinobacteria, Firmicutes, and Proteobacteria, with 16S rRNA sequences > 700 bp to optimize the taxonomic assignment and we performed Blast analysis against our OTU database (Table 4). We didn't observe striking differences between the two groups of pearl millet lines (low and high RAS/RT ratio). The low RAS/RT ratio L44 line is characterized by a high increase of bacterial sequences corresponding to Actinobacteria (three species of Arthrobacter and one of Microbacterium) and Proteobacteria (Ochrobactrum pseudogrignonense, Rhizobium pusense, and Variovorax paradoxus) compared to control unplanted soil. We also found for low RAS/RT ratio L82 line an increase for two species of Bacillus (Firmicutes), and in low RAS/RT ratio L8 line an increase for two species of Proteobacteria (R. pusense and V. paradoxus) (Table 4). For high RAS/RT ratio lines, three Arthrobacter species were significantly increased in two out of the 6 lines (L92, L118), and none species belonging to Firmicutes. Significant increase of sequences fitting with the one of R. pusense was detected in the rhizosphere of high RAS/RT ratio L118 and L14 lines. Line 118 greatly differed from the other lines with high RAS/RT as it exhibited significant increase in number of sequences of Arthrobacter (three species), Pseudomonas (two species), and R. pusense (Table 4). Sequences of V. paradoxus (Table 4) were indifferently detected in the rhizosphere of lines with low- (L8, L44) and high RAS/RT ratio (L14, L39, L57).


Table 3. Distribution of dominant bacterial EPS-producing species isolated on C-enriched TSA/10 media from the rhizosphere (root-adhering soil fraction) of 9 pearl millet inbred lines.
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Table 4. Blast of isolates sequences on PGM sequencing OTU table database.
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DISCUSSION

We have shown that RAS/RT ratio in pearl millet is strongly dependent on plant line and therefore under genetic control. But besides plant species (de León-González et al., 2006) and intraspecific variability (our study), the RAS/RT ratio depends on several other factors such as harvesting conditions, plant development stage, and soil moisture (Alami et al., 2000). We designed plant growth conditions to minimize variations in soil moisture. Accordingly, no significant correlation was found in this study between RAS/RT ratio and soil moisture, so that this parameter did not constitute a major factor of variation in our case. The separation between root-adhering soil and bulk soil was carried out as uniformly as possible using mechanical shaking. In these conditions, the genetic traits of plant were the main putative factor that could explain the differences recorded on this parameter between lines. Therefore, this result confirms recent results in literature that reported a genotypic variation in the size of rhizosheath in wheat (Delhaize et al., 2012) and barley (George et al., 2014). The first objective of our study was reached with the ranking of pearl millet lines based on the RAS/RT ratio, and two groups were constituted in a final subset of 9 selected lines: a group with low RAS/RT ratio (L8, L82, and L44) and a group with high RAS/RT ratio (L92, L12, L118, L14, L57, and L39) (Figures 1, 2). The separation between inbred lines of the main groups (high and low ratios) was always conserved. However, average values of the RAS/RT ratio, amplitudes in differences and the ranking between lines within groups could vary depending of the phenotyping experiments. We hypothesized two sources of variability: plant growth conditions and the methodology used for collecting the root-adhering soil fraction. The latter method was previously used for various soils, cambric arenosol (Gouzou et al., 1993), eutric cambisol (Bezzate et al., 2000), dystric cambisol (Alami et al., 2000), clay-silty soil (Kaci et al., 2005), and vertisol (Amellal et al., 1998). These soils contained from 12 to 55% clay. In our case, soils containing less than 3% clay, root-adhering soil amounts after shaking are limited, hence it possibly induced higher relative variance for this measurement. Concerning plant growth conditions, we have seen that substantial differences could occur between blocks in the screening experiment. As these blocks were conducted sequentially, variations in environmental conditions like light and temperature might explain a large fraction of the observed variability. The ranking obtained in the 3rd experiment, where the 9 lines were sown together in a single block and with a larger number of repeats, is certainly the most robust. But again, the separation between the most contrasted phenotypes was always found whatever the experimental conditions. Concerning the phenotypic variation range, RAS/RT ratio varied between 6 and 35 (g/g) in our study whereas in barley phenotyping, George et al. (2014) found higher values, with variation ranging from 20 up to 200 (g/g). This could be explained by several sources of variation, relying on experimental protocol (differences in clay content between soils, phenological stage at harvest, etc.) and also on differences in root structures (root hair length for instance) and physiology between the two cereals (Brown et al., 2012).

Several biological determinants of soil aggregation can be envisioned such as root hair characteristics (Moreno-Espíndola et al., 2007; Brown et al., 2012), mycorrhizae (Wu et al., 2014, 2015; Rillig et al., 2015), and rhizodeposition-mediated interaction with EPS-producing soil bacteria. In our study we focused on root influence on bacterial communities. As an assay of bacterial abundance, the number of 16S rRNA gene copies per gram of soil was significantly higher in the rhizosphere (root-adhering soil fraction) of pearl millet lines compared to control unplanted soil, as found in previous studies (Kielak et al., 2008) (Figure 3). However, there was no variation between lines of this number of 16S rRNA gene copies/g of rhizospheric soil, there again in agreement with previous data (Aira et al., 2010) on maize. In line with these observations, the abundance of cultivable bacteria was 10 times higher in root-adhering soil fractions compared to control unplanted soil, and quite similar between lines. Accordingly, it was observed that different maize accessions did not exhibit significant differences in numbers of CFU counts in their rhizosphere soil (Chiarini et al., 1998).

Alpha diversities are impacted by plant root vicinity, being lower in rhizospheric soil than in bulk soil. Further, α-diversity around roots decreased in millet lines with low RAS/RT ratio. This result supports the effect of plant root exudation on the rhizobacterial community selection (Paterson et al., 2007; Peiffer et al., 2013; Mendes et al., 2014). The fact that this reduction of bacterial alpha diversity in the rhizospheres differed between lines may be linked to differences in their root exudation patterns (Czarnota et al., 2003; Micallef et al., 2009).

Bacterial β-diversity is also affected by the presence of plant roots (Lundberg et al., 2012; Peiffer et al., 2013; Panke-Buisse et al., 2015). However, in our study, using weighted UniFrac metrics based on the entire OTUs record, rhizospheric soil samples from the majority of our lines (6 out of 9) were not separated from control soil samples. This is due to the fact that the diversity of the most abundant species is not strongly affected by millet root variability in our conditions. Further, for the three lines which seemed to cluster at some distance from control soil in this analysis, there was no correlation with the soil aggregation patterns. Conversely, we observed clear separations between control soils and rhizospheric soils using unweighted UniFrac distance analysis, suggesting differences in diversity of rare species as previously reported in Lozupone and Knight (2005). But there again, clustering was not obviously linked with soil aggregation patterns, although some grouping between samples from lines with low RAS/RT could be visualized (Figure 4B).

Metabarcoding allowed demonstration of an increase in Firmicutes (Bacillales) and a decrease in Proteobacteria (Rhizobiales) frequencies with 2 among the 3 lower RAS/RT ratio lines. On the other hand, the most frequent and dominant EPS-producing cultivable bacterial species we have isolated belonged to Arthrobacter and Microbacterium genera (Actinobacteria), Bacillus and Paenibacillus genera (Firmicutes) and Pseudomonas, Ochrobactrum, and Rhizobium genera (Proteobacteria). Paenibacillus polymyxa strains (Gouzou et al., 1993; Bezzate et al., 2000; Guemouri-Athmani et al., 2000) or EPS-producing Rhizobium species (Alami et al., 2000; Kaci et al., 2005) have been shown to be associated with root soil aggregation in previous studies. Interestingly in our study, we have identified two strains belonging to Proteobacteria phylum that were exclusively isolated from rhizosphere of high aggregation lines: O. pseudogrignonense in L39 rhizosphere soil and R. pusense in L14, L57, and L39 rhizosphere soils.

However, these tendencies were not recovered by the coupling of culture dependent and independent method. Indeed, if we simply look for abundance in NGS records of OTUs showing homology with 16S sequence of isolated EPS-producing strains, we did not identify species which, putatively, could be specifically linked with high RAS/RT ratio or low RAS/RT ratio. We found significant enrichment in OTUs homologs of 12 (out of 18) EPS-producing strains in rhizospheric vs. control soil samples for several pearl millet lines (Table 4), but this enrichment was not obviously linked with variations in RAS/RT ratio. Of course we could not rule out that some other (non-isolated) species might contribute to soil aggregation diversity. Moreover, one cannot exclude that the mechanisms concurring to soil aggregation in a given line are not exactly the same in another line. This may include factors linked to other biological factors than bacterial activities. A great space is still open for further studies to decipher the precise underlying mechanisms.

CONCLUSION

We found a significant variability in rhizospheric soil aggregation associated with plant genetic diversity. The diversity between inbred lines is also associated with variations in bacterial community composition. It would now be worth assessing how variable the selected millet lines may be in terms of root exudates amount and composition, and particularly to check whether phenotypic variations are correlated to production of specific substrates. The occurrence of such plant genetic variability offers opportunity to assess if it might be an interesting target for crop selection. In a context of agroecological cropping systems, harnessing positive interactions between plants and soil communities might be interesting to sustain production in a challenging environment.

AUTHOR CONTRIBUTIONS

PN, NK, YV, KA, IN, TH, and LC designed the study. PN, MG, AP, DD, and MBH performed the experiments. PN, PO, and MB performed bioinformatics analysis. PN, YV, LCL, WA, TH, and LC wrote the paper.

ACKNOWLEDGMENTS

This work was funded by IRD and Cooperation and Cultural Action Service of French Embassy in Senegal for the PhD Fellowship of PN, by the GAREM grant funded by Agropolis Fondation (project N° 1202-050, as part of the “Investissement d'avenir” ANR-l0-LABX-0001-0l) and by the NewPearl grant funded in the frame of the CERES initiative by Agropolis Fondation (project N° AF 1301-015, as part of the “Programme Investissement d'Avenir” ANR-l0-LABX-0001-0l) and by Fondazione Cariplo (N° FC 2013-0891).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: http://journal.frontiersin.org/article/10.3389/fpls.2017.01288/full#supplementary-material

REFERENCES

 Abiven, S., Menasseri, S., and Chenu, C. (2009). The effects of organic inputs over time on soil aggregate stability – a literature analysis. Soil Biol. Biochem. 41, 1–12. doi: 10.1016/j.soilbio.2008.09.015

 Aira, M., Gómez-Brandón, M., Lazcano, C., Bååth, E., and Domínguez, J. (2010). Plant genotype strongly modifies the structure and growth of maize rhizosphere microbial communities. Soil Biol. Biochem. 42, 2276–2281. doi: 10.1016/j.soilbio.2010.08.029

 Alami, Y., Achouak, W., Marol, C., and Heulin, T. (2000). Rhizosphere soil aggregation and plant growth promotion of sunflowers by an exopolysaccharide-producing Rhizobium sp. strain isolated from sunflower roots Appl. Environ. Microbiol. 66, 3393–3398. doi: 10.1128/AEM.66.8.3393-3398.2000

 Amellal, N., Burtin, G., Bartoli, F., and Heulin, T. (1998). Colonization of wheat roots by an exopolysaccharide-producing Pantoea agglomerans strain and its effect on Rhizosphere soil aggregation. Appl. Environ. Microbiol. 64, 3740–3747.

 Berge, O., Lodhi, A., Brandelet, G., Santaella, C., Roncato, M.-A., Christen, R., et al. (2009). Rhizobium alamii sp. nov., an exopolysaccharide-producing species isolated from legume and non-legume rhizospheres. Int. J. Syst. Evol. Microbiol. 59, 367–372. doi: 10.1099/ijs.0.000521-0

 Bezzate, S., Aymerich, S., Chambert, R., Czarnes, S., Berge, O., and Heulin, T. (2000). Disruption of the Paenibacillus polymyxa levansucrase gene impairs its ability to aggregate soil in the wheat rhizosphere. Environ. Microbiol. 2, 333–342. doi: 10.1046/j.1462-2920.2000.00114.x

 Brown, L. K., George, T. S., Thompson, J. A., Wright, G., Lyon, J., Dupuy, L., et al. (2012). What are the implications of variation in root hair length on tolerance to phosphorus deficiency in combination with water stress in barley (Hordeum vulgare) Ann. Bot. 110, 319–328. doi: 10.1093/aob/mcs085

 Caporaso, J. G., Bittinger, K., Bushman, F. D., DeSantis, T. Z., Andersen, G. L., and Knight, R. (2010a). PyNAST: a flexible tool for aligning sequences to a template alignment. Bioinformatics 26, 266–267. doi: 10.1093/bioinformatics/btp636

 Caporaso, J. G., Kuczynski, J., Stombaugh, J., Bittinger, K., Bushman, F. D., Costello, E. K., et al. (2010b). QIIME allows analysis of high-throughput community sequencing data. Nat. Methods 7, 335–336. doi: 10.1038/nmeth.f.303

 Caporaso, J. G., Lauber, C. L., Walters, W. A., and Donna, B. L. (2011). Global patterns of 16S rRNA diversity at a depth of millions of sequences per sample. Proc. Natl. Acad. Sci. U.S.A. 108, 4516–4522. doi: 10.1073/pnas.1000080107

 Chiarini, L., Bevivino, A., Dalmastri, C., Nacamulli, C., and Tabacchioni, S. (1998). Influence of plant development, cultivar and soil type on microbial colonization of maize roots. Appl. Soil Ecol. 8, 11–18. doi: 10.1016/S0929-1393(97)00071-1

 Czarnota, M. A., Rimando, A. M., and Weston, L. A. (2003). Evaluation of root exudates of seven sorghum accessions. J. Chem. Ecol. 29, 2073–2083. doi: 10.1023/A:1025634402071

 de León-González, F., Celada-Tornel, E., Hidalgo-Moreno, C. I., Etchevers-Barra, J. D., Gutiérrez-Castorena, M. C., and Flores-Macías, A. (2006). Root–soil adhesion as affected by crop species in a volcanic sandy soil of Mexico. Soil Tillage Res. 90, 77–83. doi: 10.1016/j.still.2005.08.007

 Delhaize, E., James, R. A., and Ryan, P. R. (2012). Aluminium tolerance of root hairs underlies genotypic differences in rhizosheath size of wheat (Triticum aestivum) grown on acid soil. New Phytol. 195, 609–619. doi: 10.1111/j.1469-8137.2012.04183.x

 DeSantis, T. Z., Hugenholtz, P., Larsen, N., Rojas, M., Brodie, E. L., Keller, K., et al. (2006). Greengenes, a chimera-checked 16S rRNA gene database and workbench compatible with ARB. Appl. Environ. Microbiol. 72, 5069–5072. doi: 10.1128/AEM.03006-05

 Dickson, E. L., Rasiah, V., and Groenevelt, P. H. (1991). Comparison of four prewetting techniques in wet aggregate stability determination. Can. J. Soil Sci. 71, 67–72. doi: 10.4141/cjss91-006

 Edgar, R. C. (2010). Search and clustering orders of magnitude faster than BLAST. Bioinformatics 26, 2460–2461. doi: 10.1093/bioinformatics/btq461

 FAO (2006). World Reference Base for Soil Resources. A Framework for International classification, Correlation and Communication. Food and Agriculture Organization, Rome, 103 pages. Available online at: http://www.fao.org/3/a-a0510e.pdf (Accessed August 16, 2016).

 George, T. S., Brown, L. K., Ramsay, L., White, P. J., Newton, A. C., Bengough, A. G., et al. (2014). Understanding the genetic control and physiological traits associated with rhizosheath production by barley (Hordeum vulgare). New Phytol. 203, 195–205. doi: 10.1111/nph.12786

 Gouzou, L., Burtin, G., Philippy, R., Bartoli, F., and Heulin, T. (1993). Effect of inoculation with Bacillus polymyxa on soil aggregation in the wheat rhizosphere: preliminary examination. Geoderma 56, 479–491. doi: 10.1016/0016-7061(93)90128-8

 Guemouri-Athmani, S., Berge, O., Bourrain, M., Mavingui, P., Thiéry, J. M., Bhatnagar, T., et al. (2000). Diversity of Paenibacillus polymyxa populations in the rhizosphereof wheat (Triticum durum) in Algerian soils. Eur. J. Soil Biol. 36, 149–159. doi: 10.1016/S1164-5563(00)01056-6

 Haynes, R. J., and Swift, R. S. (1990). Stability of soil aggregates in relation to organic constituents and soil water content. J. Soil Sci. 41, 73–83. doi: 10.1111/j.1365-2389.1990.tb00046.x

 Hebbar, K. P., Gueniot, B., Heyraud, A., Colin-Morel, P., Heulin, T., Balandreau, J., et al. (1992). Characterization of exopolysaccharides produced by rhizobacteria. Appl. Microbiol. Biotechnol. 38, 248–253. doi: 10.1007/BF00174477

 Kaci, Y., Heyraud, A., Barakat, M., and Heulin, T. (2005). Isolation and identification of an EPS-producing Rhizobium strain from arid soil (Algeria): characterization of its EPS and the effect of inoculation on wheat rhizosphere soil structure. Res. Microbiol. 156, 522–531. doi: 10.1016/j.resmic.2005.01.012

 Kielak, A., Pijl, A. S., Veen, J. A. V., and Kowalchuk, G. A. (2008). Differences in vegetation composition and plant species identity lead to only minor changes in soil-borne microbial communities in a former arable field. FEMS Microbiol. Ecol. 63, 372–382. doi: 10.1111/j.1574-6941.2007.00428.x

 Lozupone, C., and Knight, R. (2005). UniFrac: a new phylogenetic method for comparing microbial Communities. Appl. Environ. Microbiol. 71, 8228–8235. doi: 10.1128/AEM.71.12.8228-8235.2005

 Lundberg, D. S., Lebeis, S. L., Paredes, S. H., Yourstone, S., Gehring, J., Malfatti, S., et al. (2012). Defining the core Arabidopsis thaliana root microbiome. Nature 488, 86–90. doi: 10.1038/nature11237

 Mendes, L. W., Kuramae, E. E., Navarrete, A. A., van Veen, J. A., and Tsai, S. M. (2014). Taxonomical and functional microbial community selection in soybean rhizosphere. ISME J. 8, 1577–1587. doi: 10.1038/ismej.2014.17

 Micallef, S. A., Shiaris, M. P., and Colón-Carmona, A. (2009). Influence of Arabidopsis thaliana accessions on rhizobacterial communities and natural variation in root exudates. J. Exp. Bot. 60, 1729–1742. doi: 10.1093/jxb/erp053

 Moreno-Espíndola, I. P., Rivera-Becerril, F., de Jesús Ferrara-Guerrero, M., and De León-González, F. (2007). Role of root-hairs and hyphae in adhesion of sand particles. Soil Biol. Biochem. 39, 2520–2526. doi: 10.1016/j.soilbio.2007.04.021

 Nguyen, C. (2003). Rhizodeposition of organic C by plants: mechanisms and controls. Agron. Sustain. Dev. 23, 375–396. doi: 10.1051/agro:2003011

 Panke-Buisse, K., Poole, A. C., Goodrich, J. K., Ley, R. E., and Kao-Kniffin, J. (2015). Selection on soil microbiomes reveals reproducible impacts on plant function. ISME J. 9, 980–989. doi: 10.1038/ismej.2014.196

 Paterson, E., Gebbing, T., Abel, C., Sim, A., and Telfer, G. (2007). Rhizodeposition shapes rhizosphere microbial community structure in organic soil. New Phytol. 173, 600–610. doi: 10.1111/j.1469-8137.2006.01931.x

 Peiffer, J. A., Spor, A., Koren, O., Jin, Z., Tringe, S. G., Dangl, J. L., et al. (2013). Diversity and heritability of the maize rhizosphere microbiome under field conditions. Proc. Natl. Acad. Sci.U.S.A. 110, 6548–6553. doi: 10.1073/pnas.1302837110

 Rillig, M. C., Aguilar-Trigueros, C. A., Bergmann, J., Verbruggen, E., Veresoglou, S. D., and Lehmann, A. (2015). Plant root and mycorrhizal fungal traits for understanding soil aggregation. New Phytol. 205, 1385–1388. doi: 10.1111/nph.13045

 Saïdou, A.-A., Mariac, C., Luong, V., Pham, J.-L., Bezançon, G., and Vigouroux, Y. (2009). Association studies identify natural variation at PHYC linked to flowering time and morphological variation in pearl millet. Genetics 182, 899–910. doi: 10.1534/genetics.109.102756

 Six, J., Elliott, E. T., and Paustian, K. (2000). Soil macroaggregate turnover and microaggregate formation: a mechanism for C sequestration under no-tillage agriculture. Soil Biol. Biochem. 32, 2099–2103. doi: 10.1016/S0038-0717(00)00179-6

 Smith, C. J., and Osborn, A. M. (2009). Advantages and limitations of quantitative PCR (Q-PCR)-based approaches in microbial ecology. FEMS Microbiol. Ecol. 67, 6–20. doi: 10.1111/j.1574-6941.2008.00629.x

 Vigouroux, Y., Barnaud, A., Scarcelli, N., and Thuillet, A.-C. (2011a). Biodiversity, evolution and adaptation of cultivated crops. C. R. Biol. 334, 450–457. doi: 10.1016/j.crvi.2011.03.003

 Vigouroux, Y., Mariac, C., De Mita, S., Pham, J.-L., Gérard, B., Kapran, I., et al. (2011b). Selection for earlier flowering crop associated with climatic variations in the sahel. PLoS ONE 6:e19563. doi: 10.1371/journal.pone.0019563

 Weisburg, W. G., Barns, S. M., Pelletier, D. A., and Lane, D. J. (1991). 16S ribosomal DNA amplification for phylogenetic study. J. Bacteriol. 173, 697–703. doi: 10.1128/jb.173.2.697-703.1991

 Wu, Q.-S., Cao, M.-Q., Zou, Y.-N., and He, X. (2014). Direct and indirect effects of glomalin, mycorrhizal hyphae, and roots on aggregate stability in rhizosphere of trifoliate orange. Sci. Rep. 4:5823. doi: 10.1038/srep05823

 Wu, Q.-S., Srivastava, A. K., Cao, M.-Q., and Wang, J. (2015). Mycorrhizal function on soil aggregate stability in root zone and root-free hyphae zone of trifoliate orange. Arch. Agron. Soil Sci. 61, 813–825. doi: 10.1080/03650340.2014.952226

 Zancarini, A., Mougel, C., Terrat, S., Salon, C., and Munier-Jolain, N. (2012). Combining ecophysiological and microbial ecological approaches to study the relationship between Medicago truncatula genotypes and their associated rhizosphere bacterial communities. Plant Soil 365, 183–199. doi: 10.1007/s11104-012-1364-7

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2017 Ndour, Gueye, Barakat, Ortet, Bertrand-Huleux, Pablo, Dezette, Chapuis-Lardy, Assigbetsé, Kane, Vigouroux, Achouak, Ndoye, Heulin and Cournac. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) or licensor are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fpls-08-01288-g005.gif
+ oo EEEEEE B
oo i






OPS/images/fpls-08-01288-g006.gif
ELEEELS





OPS/images/fpls-08-01288-g003.gif
(08 5003w 591 ,01)
S

3o

57

8 W ©2 U2 L8 U4

"





OPS/images/fpls-08-01288-g004.gif
Fasn





OPS/images/fpls-08-01288-t001.jpg
Shootdm Root (RT)dm RAS dm RAS/RT ratio Moisture

Shoot dm 1 0.655 0.229 -0380  -0.486
Root (RT) dm 1 0.704 -0.121 -0.416
RAS dm 1 0537 -0214
RAS/RT ratio 1 0.145
Moisture: 1

Pearson coeffcient's values in bold indicate significant correlation between parameters (o
<0.05).
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Strains

Avthrobacter pascens/globiformis
Arthrobacter crystallopoietes
Arthrobacter ureafaciens

Bacillus megaterium NBRC 15308
Bacilus megaterium/arabhattei
Bacillus tequilensis

Paenibacilus polymyxa SC2
Paenibacillus polymyxa E681

M. paraoxydans/barkeri
Exigobacterium indlcum
Enterobacter xiangfangensis
Pseudomonas montelli
Ochrobactrum pseudogrignonense
Stenotrophomonas pavanii
Pseudomonas plecoglossicida
Veriovorax paradoxus S110
Rhizobium pusense/A. fabrum
Corynebacterium icis

86
8
4
4
1
1
2
9
2
2

o

5
6
8

Bit score

(857;40]
(399:483)
[457:479)
[427;484]
[431;494]
[448;488]
[466;486)
(357:381]
407
460
(460;494)
[422,488)
(466:499)
[473:483)
[427;494]
(827;470)
[466:488)
366;40]

8

603.752
46025 ab
33ab
116852
1969.25a
42.25ab
49.25ab
a1ab
1ab
075a
7a
94ab
3a
525ab
104.75 2b
29¢cd
105.5bc
44.753b

L82

63252
601.25ab
77.5bc
2671752
4,6025b
91.25b
18.25ab
16.25ab
1252b
075a
36.25ab
34.75ab
oa
6520
35.5ab
9ab
81.5ab
102 b

La4

2,146.25b
1,2388.75¢
152de
1,295.25a
221652
52.75ab
55.25b
50.75b
25b
1a
1552
19ab
205b
14.25b
42.75ab
31d
163.25 cd
201.5 de

Lo2

1,604 b
930 be
110cd
562752
938a
68.5ab
5752
4752
125ab
05a
105.25b
54.25ab
0252
9ab
57.25ab
9.25ab
84.25ab
155.5¢d

L2

71152
6i4ab
39.5ab
737.25a
1240252
51580
17.252b
15.75ab
1.75ab
45a
8752
445ab
15a
9.5ab
48ab
9.75ab
98.25 abc
53.75ab

L118

1,836.5b
1345¢
2175¢
8255a
13212
785ab
162b
14ab
125ab
1a
2652
321.25b
1752
11.25ab
328.25b
16 abc
2205d
2965¢

L4

294a
311.75a
2952b
595.5a
1014.75a
61ab
1075 2b
95ab
2252b
oa
4252
7252
1752
oa
1452
19.25 bed
102be
39ab

57

37552
363.5ab
42.25 abe
698a
1170252
465ab
8752
652
1.5ab
oa
1752
aa
oa
2252
452
19.25 bed
64.25ab
s8ab

39

252752
256.75a
245ab
583.75a
991252
2825a
16.752b
15ab
0.75ab
0252
292
126ab
1252
52520
133.75 ab
235¢d
81580
32520

T

83752
1482
3252
431a
741252
38258
135ab
115ab
052
0252
35a
4a
0252
1a
452
4a
27.25a
3752

Reported numbers of OTUs are those that matched the isolates sequences at 97% threshold. Column 2 (“OTUs") indicates the count of matched OTUs in the database. Means of estimated abundance are recorded in column 4-13 for
thizosphere solls of pearl millt inbreed fines and the control soil (7). Diferent etters indicate significant diferences between samples in the same row (Fisher LSD test p < 0.05). The bold frames indcate the values significanty higher
than in contro! soil. M, Microbacterium; A, Agrobacterium.
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Strains L8 L82 L44 L92 L12 L118 L14 L7 L39 Total

A. chiorophenolicus 00002 0 00 1 3
Arthrobacter deflui 00006 0 01 0 7
Arthrobacter globiormis 0 12 1 0 1 4 1 8 13
Asthrobacter pascens 02 3 118 1 3 0 5 28
Microbacteium berkeri 2 0 9 1 3 4 8 2 6 80
Bacilus aryabhattai 038 1 2 9 0 2 3 2 2
Paenibaciluspoympa 1 0 2 4 1 0 6 2 0 16
Enterobacter xiangfangensis 0 1 0 0 0 o 2 0 0 3
0. pseudogrignonense 0 0 0 0 0 0 O O 5 5
Pseudomonasmonteii 1 0 0 1 0 0 0 O 1 3
P plecoglossicida 003 4 0 0 5 0 1 13
Rhizobium pusense 00000 0 1 1 1 3
Total 47 20 14 3 6 26 10 25 146

A, Arthrobacter; P, Pseudomonas; O, Ochrobacterium.
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Samples  PD_whole Chaot oty Shannon index

L8 623+ 14 320004 9673 103412385  *10.32 & 0.48
82 664423 34574 4 1464 10836 & 493 *09.89 & 0.42
La4 643+ 18 336764642 10548 & 318 *10.04 % 0.32
192 668+22 3393543047 11141 %339 1059 £ 0.08
Li2 73421 39013+ 2603 12183 368 1083 + 0.08
Li18 650+ 21 32865+ 1533 10730 & 404 1038 £ 0.17
L14 699+ 34 3670343983 11566 & 617 1071 £ 0.11
Ls7 686+ 31 3502843520 11399 & 565 1058 £ 0.17
139 72340 38834 £ 1205 11965+ 111 1071 £ 0.07
T 733439 38204 £ 4644 12266 + 630 1087 £0.16

“indicates values that are significantly different from the control treatment value using
Kruskal-Walls test (p < 0.05).
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