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Flooding Causes Dramatic Compositional Shifts and Depletion of Putative Beneficial Bacteria on the Spring Wheat Microbiota
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Flooding affects both above- and below-ground ecosystem processes, and it represents a substantial threat for crop and cereal productivity under climate change. Plant-associated microbiota play a crucial role in plant growth and fitness, but we still have a limited understanding of the response of the crop-microbiota complex under extreme weather events, such as flooding. Soil microbes are highly sensitive to abiotic disturbance, and shifts in microbial community composition, structure and functions are expected when soil conditions are altered due to flooding events (e.g., anoxia, pH alteration, changes in nutrient concentration). Here, we established a pot experiment to determine the effects of flooding stress on the spring wheat-microbiota complex. Since plant phenology could be an important factor in the response to hydrological stress, flooding was induced only once and at different plant growth stages (PGSs), such as tillering, booting and flowering. After each flooding event, we measured in the control and flooded pots several edaphic and plant properties and characterized the bacterial community associated to the rhizosphere and roots of wheat plant using a metabarcoding approach. In our study, flooding caused a significant reduction in plant development and we observed dramatic shifts in bacterial community composition at each PGS in which the hydrological stress was induced. However, a more pronounced disruption in community assembly was always shown in younger plants. Generally, flooding caused a (i) significant increase of bacterial taxa with anaerobic respiratory capabilities, such as members of Firmicutes and Desulfobacterota, (ii) a significant reduction in Actinobacteria and Proteobacteria, (iii) depletion of several putative plant-beneficial taxa, and (iv) increases of the abundance of potential detrimental bacteria. These significant differences in community composition between flooded and control samples were correlated with changes in soil conditions and plant properties caused by the hydrological stress, with pH and total N as the soil, and S, Na, Mn, and Ca concentrations as the root properties most influencing microbial assemblage in the wheat mircobiota under flooding stress. Collectively, our findings demonstrated the role of flooding on restructuring the spring wheat microbiota, and highlighted the detrimental effect of this hydrological stress on plant fitness and performance.
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INTRODUCTION

Climate change has increased the frequency and magnitude of extreme weather events such as drought, floods, heat waves and wildfires (Cox et al., 2002; Cook et al., 2018; Di Virgilio et al., 2019). These extreme weather events significantly impact on plants and soil biota and, in turn, they affect global biogeochemical cycling and ecosystem services, such as crop plant productivity in farming systems (Schröter et al., 2005; Vanbergen, 2013). It has been predicted that an increased number of incidences of extreme precipitation events will be a result of global warming, which will lead to an increased flooding frequency (Bevacqua et al., 2019; Konapala et al., 2020). Crop fitness and productivity are negatively impacted by water inundation (Bailey-Serres et al., 2012). Under flooding stress, crop yield can be highly reduced (Rhine et al., 2010; Morton et al., 2015; Ding et al., 2020) and even short-term events of few days can significantly affect wheat growth (Malik et al., 2002). Wheat yield losses due to flooding might range from 10 to over 50% (Jincai et al., 2001; Kaur et al., 2020; Tian et al., 2021), which however, depends on waterlogging duration, wheat genotype, growth stage, soil type and agricultural management.

Changes in belowground environments following flooding events are no less important than those that occur aboveground. Plant-associated microbiota plays a key role in fostering the host plant fitness (Turner et al., 2013; Compant et al., 2019), and it is well established that its composition is influenced by many host-associated and environmental factors (Francioli et al., 2016; Eisenhauer and Powell, 2017; Leff et al., 2018; Lewin et al., 2021). Recent research has demonstrated that alteration in soil moisture have significant effects on soil and root-associated microorganisms (Naylor and Coleman-Derr, 2018; Xu et al., 2018; Francioli et al., 2020). Many features of bacterial community, such as biomass, composition, structure and community assembly processes are sensitive to the hydrological regime in soil (Argiroff et al., 2017; Gschwend et al., 2020; Shen et al., 2021). Flooding results in changes of the osmotic activity and promotes oxygen depletion, fostering anoxia and anaerobes able to thrive under such conditions (Schimel et al., 2007). Microbial traits associated with resistance and resilience to hydrological stress may include endospore formation, production of osmoprotectants and specific cell wall structures, as well as different energy metabolisms (e.g., anaerobic and facultative respiration, fermenation, microaerophily; Unger et al., 2009; Bardgett and Caruso, 2020). Such physiological traits might be associated with specific taxa or bacterial clades such as the Gram-positive phylum Firmicutes and its endospore-forming members, e.g., Bacillus and Clostridium. These traits tend to be conserved at different phylogenetic levels (Martiny et al., 2015). Nonetheless, the response of the soil microbiota on flooding and waterlogging associated with typical crop plant hosts are largely unexplored.

Moreover, indirect effects of hydrological regimes on the plant-associated microbiota can be mediated through plant and soil physicochemical factors. Anoxia resulting from flooding can profoundly influence plant growth and, thus, indirectly altering soil bacterial microbiota through changes in the quality and quantity of rhizodeposits including exudates, competition for nutrients, or other mechanisms (Henry et al., 2007; Hartman and Tringe, 2019). In addition, soil undergoes many physiochemical changes in response to oversaturation by flooding. Several soil physicochemical variables, such as pH, nutrient concentrations, and redox status, are tightly linked to water availability, providing certain possible mechanisms for the association among water regime, edaphic properties and soil bacterial community compositions (Pett-Ridge and Firestone, 2005; Wilson et al., 2011; Moche et al., 2015).

Considering that the frequencies and intensity of extreme precipitation events are predicted to increase over the upcoming years, it is necessary to understand how these environmental changes will affect the composition and biodiversity of the microbiota associated with crop plants in agroecosystems. Thus, we setup a pot experiment to investigate the effect of flooding on the wheat plant-microbiota. Using a metabarcoding approach, we monitored responses of the bacterial community associated with different wheat compartments (rhizosphere and root) to flooding stress. Since plant phenology is an important driver in plant microbiota assembly (Donn et al., 2015; Francioli et al., 2018), and abiotic stress might affect differentially the plant-microbiota complex depending on the specific plant growth stage (PGS) in which it occur (Na et al., 2019; Breitkreuz et al., 2020), we imposed flooding stress only once, either at tillering, booting or flowering. Moreover, several soil and plant traits were measured through the whole experiment to correlate edaphic and physiological plant changes with shifts in bacterial community assemblage. We hypothesized that (1) soil physio-chemistry and plant traits will be strongly influenced by flooding, thus correlated indirectly with shifts in bacterial microbiota structure. (2) The bacterial microbiota will be differentially affected by the timing of flooding events, with early microbiota development being more susceptible to disruption. (3) The general response of the bacterial microbiota to flooding will show a plant phylogenetic signals together with shifts in abundance of important ecologically taxa.



MATERIALS AND METHODS


Experimental Setup

The response of the wheat microbiota complex to flooding stress was investigated in a pot experiment that was conducted from September to December 2019. The experiment was carried out in a greenhouse at the Leibniz Institute of Plant Genetics and Crop Plant Research IPK-Gatersleben, Germany. Seeds of Chinese spring wheat (Triticum aestivum L.) were germinated in sieved soil (2 mm), which was obtained from the experimental station in Dedelow (Germany). The soil was a loamy sandy/medium silty sandy soil (S3/Su3 according to the German texture classification; Ad-hoc-AG-Boden, 2005) and its physiochemical properties are reported in Supplementary Table 1.

Seeds were germinated under controlled conditions and optimal watering. After the third leaf had appeared, i.e., 3 weeks after sowing, seedlings were individually transferred to 10L-pots containing 5 kg of the same soil used for germination (one seedling per pot). Tillering stage was initiated under controlled conditions of day/night temperature, i.e., 18/16°C, air humidity 70%, light intensity 250–300 μmol/(m2⋅s) and photoperiod of 16 h light/8 h darkness. Pots were placed on tables in the greenhouse in a complete randomize design. Zadoks scale (Zadoks et al., 1974) was considered to monitor the developmental stage of the plants and the application of flooding. Flooding stress was induced only once and for a period of 12 day, at either tillering, booting or flowering and replicates were destructively sampled (Supplementary Figure 1). Previous studies on different soil types have reported that complete oxygen depletion in the top soil occurs within 2–8 days of flooding (Cannell et al., 1980; Meyer et al., 1985; Drew, 1992). Since the aim of the experiment was to investigate the response of the soil-wheat-microbe complex to a severe hydrological stress, we applied flooding for 12 days in order to be sure that oxygen was depleted in the flooded treatment. We established six replicates for each combination of PGS and water treatment, for a total of 36 pots. Control and flooding treatments were arranged in parallel considering the water holding capacity (WHC) of the soil used for the experiment. The WHC of the soil used was determined by a pre-experiment prior the set-up of the main experiment. Five individual pots containing the same amount of soil (5 kg) were weighed, over-watered and left draining overnight. The weight of the pots was registered next day and considered as WHC. Control plants were monitored at 50% WHC, which was in correspondence with the field capacity of the soil. Flooding was established by keeping water approximately 5 cm above the soil surface during the 12 days period.



Plant and Soil Sampling

After 12 days under flooding, plants of the control and flooding treatments were harvested, and tillers and spikes number documented. The material of interest (soil rhizosphere and plant tissues) used for further analysis was harvested from the same plants using the following procedure. Shoots and roots were separated, and their fresh weight was immediately measured. Rhizosphere soil, defined as soil which remained attached to the roots after the plant had been uprooted and shaken (Katznelson et al., 1948) was collected in sterile zipbags. Afterward, roots were carefully washed with tap water removing as much as possible of the remaining soil particles. Soil and root samples for molecular analysis were immediately frozen and stored at −80°C. Several macro and micronutrients concentrations in the roots were measured. Nitrogen (N) and carbon (C) concentration were analyzed in 1.5 mg ground powder by a EuroEA3000 (EuroVector SpA, Redavalle, Italy) using software version Callidus 5.1 (Muñoz-Huerta et al., 2013). For calibration the standard 2,5-Bis(5-tert-butyl-benzoxazol-2-yl) thiophene with 72.52% carbon and 6.51% nitrogen from HEKAtech GmbH (Wegberg, Germany) were used. A sector field high-resolution mass spectrometer (HR)-ICP-MS (Element 2, Thermo Fisher Scientific, Germany) was employed to measure P, Mg, S, K Ca, Mn, Zn, and Na concentrations in the root. The following edaphic properties were measured from the soil samples. Total organic carbon (TOC) and total nitrogen (TN) contents were determined in triplicate by dry combustion using a Vario EL III C/H/N analyzer (Elementar, Hanau, Germany). Since the carbonate concentration of the soils was negligible (<2%), the total C concentration measured was considered to represent TOC. Plant available P was extracted from fresh soil with double lactate (1:50 w/v, pH 3.6, 1.5 h; Riehm, 1943). After filtration of the suspension (Whatman Schleicher and Schuell 595 1/5 Ø 270 mm), the extracted P was quantified colorimetrically using the molybdenum blue method (Murphy and Riley, 1962). Mn, Ca, Na, K, Mg, concentration in soil were measured using an inductively coupled plasma-optical emission spectrometry-ICP-OES (ICP-iCAP 6300 DUO, Thermo Fisher Scientific, Germany).



DNA Extraction, Amplicon Library Preparation, and Sequencing

DNA was extracted from the soil and root samples collected using the DNeasy PowerLyzer PowerSoil Kit (Qiagen). Bacterial DNA amplification was performed using the primers 799f (Chelius and Triplett, 2001) and 1193r (Bodenhausen et al., 2013) following the PCR protocol described previously (Francioli et al., 2021a). The amplicons were sequenced on an Illumina MiSeq instrument with 2 × 300 base pair kits by LGC genomics GmbH, Berlin, Germany. Demultiplexing was performed with Illumina bcl2fastq 2.17.1.14 software following clipping of barcode and sequencing adapters. Primer were removed using Cutadapt v3.0 (Martin, 2011) following sequence processing using QIIME 2 v2020. Amplicon sequence variants (ASV; also known as zero-radius operational taxonomic units; Callahan et al., 2017) were determined from raw sequence data using the DADA2 pipeline (Callahan et al., 2016). Only ASVs that were detected in more than two samples were included in the data analyses. Alpha diversity metrics were calculated from the normalized sequence library, which was rarefied to 20,000 reads per sample. For taxonomic assignment of the ASVs, the representative sequences were classified using the naïve Bayesian classifier for Silva 138. Non-bacterial ASVs were discarded. All sequences have been submitted to the European Nucleotide Archive (study accession number PRJEB47399).



Statistical Analyses

Univariate Analysis of Variance (ANOVA) followed by Tukey’s honestly significant difference (HSD) post hoc test was used to test for differences in soil and plant properties, among the treatments and PGS. All the variables were tested for normality using Shapiro-Wilk and Jarque-Bera tests and the equality of group variances was examined using Levene’s test. A log10 transformation was applied to all variables that did not meet the parametric assumptions. Correlation among the soil and plant traits were determined using Spearman’s rank correlation. Environmental variables with a Spearman rank correlation coefficient p > 0.8 were removed and excluded from further analysis. Effects of soil-plant compartment, PGS and watering treatment on the bacterial richness were tested by univariate PERMANOVA models (Anderson, 2017). Pairwise differences in bacterial ASV richness between water treatment at the same PGS and compartment were estimated using ANOVA followed by a Tukey’s HSD post hoc test. All the phylogenetic analyses were performed using the package “picante” (Kembel et al., 2010). First, a phylogenetic distance matrix based on a maximum-likelihood 16S rRNA tree was generated in QIIME2 with FastTree2 (Price et al., 2010). The phylogenetic distance matrix was used to calculated (i) standardized effect size of phylogenetic diversity (ses.PD), (ii) the net relatedness index (NRI), and (iii) the nearest taxa index (NTI). ses.PD was calculated by comparing the observed phylogenetic diversity (PD) value from the mean of the null distribution (999 null iterations) based on random shuffling of ASV labels across the phylogenetic tips. Negative ses.PD values and low quantiles (p < 0.05) indicated that co-occurring species are more closely related than expected by chance (clustering), whereas positive values and high quantiles (p > 0.05) indicate that the co-occurring species are less closely related than expected by chance (overdispersion) (Webb et al., 2002). NRI was calculated using the “standardized effect size of pairwise distances in communities” function (ses.mpd) and the nearest taxa index (NTI) using the “standardized effect size of mean nearest taxon distances” function (ses.mntd). NRI is a measure of the mean relatedness between members of microbial communities, and the NTI is a measure of the smallest mean phylogenetic distance between all pairs of n taxa in a community sample. For both NRI and NTI analyses, the null model was randomized 999 times and set to “phylogeny.pool,” which randomly draws species from the phylogeny for its null distribution. NRI and NTI were calculated for bacterial microbiota from each soil-plant compartment, PGS and watering treatment. Positive NRI/NTI values indicate a microbiota of which taxa are on average more closely related to one another than they are to members of the randomized (null model) microbial species pool. To statistically compare ses.PD, NRI and NTI values for each type of sample (compartment, PGS, watering treatment), we used one-way ANOVA followed by a Tukey’s HSD post hoc test. Differences in the bacterial microbiota structure across plant-soil compartment, PGS and flooding treatment, we first calculated Bray-Curtis dissimilarities using square-root transformed relative abundances (Hellinger transformation; Legendre and Gallagher, 2001). Permutational multivariate analysis of variances (PERMANOVA) based on the Bray-Curtis dissimilarity index was performed to analyze the effect of the above mentioned experimental factors on the bacterial community structure, using 999 permutations for each test. Similarities in the bacterial community structure among the control and flooded treatments at each PGS were investigated using Analysis of Similarity (ANOSIM) algorithm. Furthermore, we performed variance partitioning based on redundancy analysis (RDA) to quantify the contribution of soil and root properties, PGS and water treatment to the structure of the bacterial community in each compartment. Following Blanchet et al. (2008) we first tested the significance of the global model using all predictors. Variable selection was then performed using forward selection implemented with function forward.sel in the R package “packfor” (Dray et al., 2011). Variance partitioning was conducted using the varpart function in the “vegan” R package (Oksanen et al., 2018). Then a model of multivariate analysis of variance was constructed using distance-based redundancy analysis (db-RDA) based on the Bray-Curtis distance to determine the environmental variables that were most influential on the bacterial community structure within each compartment. Ternary plots were performed using the package “microbiomeutilities.” Linear discriminant analysis effect size (LEfSe) (Segata et al., 2011) was applied to identify biomarker taxa explaining differences between the bacterial microbiota across PGS in the control treatment, and also between flooded and control samples at each PGS in both plant-soil compartments. All the data were analyzed with R version 3.6 (R Core Team, 2014).



RESULTS

We conducted a pot experiment with the model crop plant spring wheat Triticum aestivum cv. Chinese Spring to assess the impact of flooding stress on the structure of the bacterial microbiota associated to the rhizo- and endosphere. As plant phenology has been implicated in shaping the plant microbiota and abiotic stress might have a differential impact on the crop microbiota complex depending on the specific PGS, wheat plants were subjected to a period of 12 days of flooding either at tillering, booting and flowering. After such a period, stressed plants were harvested and removed from the experiment. A variety of soil, plant and microbiota related traits were measured to reveal the response of the wheat microbiota complex (Supplementary Figure 1).


Plant Performance and Soil-Plant Properties in the Different Watering Treatments and Across Plant Growth Stages

Flooding had a significant effect on plant growth, as well as on soil and plant properties. At tillering, we observed a significant reduction (p < 0.05) only in root biomass (55%), but flooding at booting caused shoot and root dry biomass decreases by 25 and 70%, respectively, compared to control plants (Supplementary Figure 2). No change in above- and belowground biomass was observed when the flooding stress occurred at flowering. Wheat plants exposed to flooding stress developed 29% less tillers and a showed a decrease of 18% in the spike to tiller ratio (Supplementary Figure 2).

Flooding had a strong influence on edaphic parameters. In general, a significant increase (p < 0.05) in soil moisture, pH, Zn, and available P was observed in flooded soil at all developmental stages (Supplementary Figure 3). Furthermore, significant increases (p < 0.05) of total soil C and S occurred at tillering, whereas a significant increase (p < 0.05) of the total N content occurred at flowering in the flooding treatments. At root level, flooding caused a significant decrease (p < 0.05) of the concentration of Mg, S, and Ca during tillering (Supplementary Figure 4) and booting. We also found a significant increase (p < 0.05) of the Mn content under flooding, which was two times higher compared to the control (Supplementary Figure 4). In the control plants, we observed shifts in soil and root nutrient concentrations across the different PGS. For example, a significant increase (p < 0.05) of soil total C, total S and root S and Na was observed at flowering, while the concentration of soil total N and root P was significantly higher (p < 0.05) at tillering and booting.



Bacterial Richness and Biodiversity

A total of 5,318,073 bacterial 16S rRNA gene high quality reads were recovered from all the samples, which clustered in 6241 bacterial ASVs. Overall, bacterial sequences were affiliated to 31 phyla, 89 classes, 194 orders, 325 families, and 630 genera. Proteobacteria was the most abundant phylum, comprising approximately 41% of the reads across all samples (1661 ASVs), followed by Actinobacteriota (30.5% of reads; 1444 ASVs) and Firmicutes (10% of reads; 636 ASVs). A small proportion of members of the Bacteroidota (6.5%, of reads; 496 ASVs), Chloroflexi (2.3% of reads; 425 ASVs), and Myxococcota (2.1% of reads; 315 ASVs) was also detected.

We calculated bacterial richness and several phylogenetic metrics to assess how bacterial alpha-diversity was influenced by soil-plant compartment, PGS and watering treatment. Analysis of variance revealed that the soil-plant compartment had the greatest effect on bacterial richness that significantly (p < 0.05) decreased from rhizosphere to the root (Supplementary Table 2 and Figure 1A). Watering treatment had a marginal but significant effect (p < 0.05) on bacterial richness, while PGS did not. A significant interaction (p < 0.05) between PGS and watering treatment was detected. This latter result was evident when looking at each combination of plant-soil compartment and PGS, since most of the differences in alpha diversity were found at tillering, with significant lower values in the flooded than in the control samples, irrespective of compartment (Figure 1A).
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FIGURE 1. Box plots of the observed richness (A) and standardize effect size of phylogenetic diversity (ses.PD) (B) of the bacterial communities in the samples studied. Different letters indicate significant differences between water treatments within the same PGS based on Tukey’s HSD test p < 0.05.


Phylogenetic relatedness among the bacterial communities within our samples was evaluated based on the standardized effect size of phylogenetic diversity (ses.PD). Overall, the bacterial communities were relatively phylogenetic clustered, but significantly lower (p < 0.05) values in phylogenetic similarity were always found at tillering compared to later PGS (Figure 1B). Remarkably, the bacterial communities associated with flooded samples were characterized at tillering by the lowest effect size of phylogenetic diversity. On the contrary, at booting and flowering we observed no significant differences in phylogenetic diversity regardless of watering treatments and PGS. We also calculated NRI and NTI parameters, which measure both alternative aspects of community phylogenetic clustering vs. overdispersion. These results confirmed the findings obtained by the ses.PD analysis (Supplementary Figure 5).



Effect of Compartment, Flooding, and PGS on Bacterial β-Diversity

Factors that were responsible in shaping the microbiota structure between samples were firstly explored by beta-diversity employing a principal coordinate analysis with Bray-Curtis dissimilarities (Figure 2). Altogether, the two axes accounted for 55.4% of the variance, with the first coordinate (47.1%) primarily discriminating the samples by compartments, while along the second coordinate (9.8%) a separation by PGS, which was more pronounced in the root samples, was observed. Principal coordinate analysis based on weighted UniFrac distance, which accounts for phylogenetic relationships among microbial taxa, confirmed the discrimination between compartments along the first coordinate, but it also displayed along the second axis a clear separation between the bacterial communities of the flooded and control samples (Supplementary Figure 6). This latter result suggested that flooding stress induced a phylogenetic compositional response in the bacterial assemblage dynamics at each PGS it was induced. PERMANOVA analysis on the full bacterial ASV dataset confirmed that rhizosphere and roots were characterized by distinct bacterial microbiota (Table 1). The large differences in community structure between the two soil-plant compartments were primarily due to the different composition of their specific microbiota, as more than half of the ASVs that were solely found in the rhizosphere, whereas most of the root-associated bacterial ASVs were also detected in the rhizosphere (Supplementary Figure 7). The root microbiota was dominated by Proteobacteria, Patescibacteria, Myxococcota, and Bacteroidota, while the rhizosphere was significantly enriched (p < 0.05) in Actinobacteria, Chloroflexi, Desulfobacteriota, Acidobacteria, and Verrucomicrobiota (Figure 2B and Supplementary Figure 7). Interestingly, bacterial members of the latter two phyla were completely depleted in root samples, further indicating a strong niche compartmentalization effect promoted by the plant host (Figure 2B and Supplementary Figure 7).
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FIGURE 2. Principal coordinates analysis (PCoA) Bray-Curtis dissimilarity metrics (A) and mean relative abundance of the main phyla (B) of the bacterial communities detected in this study.



TABLE 1. The relative importance of soil-plant compartment, plant growth stage (PGS) and watering treatment (WT) for the total bacterial community structure associated to the samples investigated in this study as revealed by PERMANOVA.
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Within each compartment, substantial and significant effects of flooding and plant phenology on the bacterial microbiota structure were found. In the rhizosphere, PERMANOVA analysis revealed that flooding explained 11.4% of variance, PGS 20.5% and the interaction of these two terms accounted for an additional 9.8% of variation (Table 2). However, a higher influence of the experimental treatments on the bacterial microbiota was found in the root compartment, as flooding explained 16.8% of variance, PGS 30% and the interactions of these two factors captured a further 14.5%, for a total of 61% of variation (Table 2). Principal coordinates analysis on the bacterial microbiota of the rhizosphere and roots confirmed these results, distinguishing the samples associated with a particular PGS along the first axis, while the flooded samples where clearly separated from the control by the second axis (Figures 3A,B). ANOSIM provided further evidence that the bacterial microbiota of the flooded wheat plants were significantly different (p < 0.05) compared to the control at each PGS (Supplementary Tables 3, 4).


TABLE 2. The relative importance of plant growth stage (PGS) and watering treatment (WT) for the total bacterial community structure associated to rhizosphere and root compartments in the samples investigated in this study as revealed by PERMANOVA.
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FIGURE 3. Principal coordinates analysis (PCoA) of the bacterial communities detected in the rhizosphere (A) and in the root (B) compartment. Variation partitioning analysis, illustrating the effects soil parameters, root traits, watering treatment and plant growth stage (PGS) in the community for the rhizosphere (C) and root (D) compartment. Each ellipse represents the portion of variation accounted by each factor. Shared variance is represented by the intersecting portions of the ellipses. Values < 0 are not shown. Unexplained variation (residuals) is reported in the plot.


Variance partitioning was conducted to quantify the contribution of edaphic and root properties, and their interactions with watering treatment and PGS on the structure of the bacterial microbiota. In both compartments, these four experimental factors captured together a large proportion of the variance, accounting for 35 and 54%, in the rhizosphere and root, respectively (Figures 3C,D). In general, the pure effect of these variables on the bacterial community structure was marginal, since most of the variance explained by them was shared, indicating an interactive effect of PGS and watering treatment on the root and soil properties, which in turn significantly affected the bacterial microbiota assemblage. A significant effect (p < 0.05) of various soil and root properties on the microbiota was further revealed by partial db-RDA. Soil pH and total N, together with root S content were significant factors affecting the bacterial microbiota structures in both compartments (Supplementary Table 5). In addition, the root microbiota was also significantly correlated with root K, Na, Mn, and Ca concentrations (Supplementary Table 5).

We compared structural dissimilarities of the bacterial microbiota between flooding and control treatments at each PGS to resolve at which PGS the application of flooding had the largest effect. In the rhizosphere, the largest impact of flooding stress on the bacterial microbiota structure was observed in the earliest (tillering) and latest stage (flowering) of the plant growth. While in the roots, the greatest impact of flooding was found at tillering, followed by booting and flowering (Figure 4). It is noteworthy to mention, that dissimilarities between flooding and control samples were always lower in the soil than in the root. This observation confirms that the influence of flooding was more pronounced on the root-associated bacterial microbiota.
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FIGURE 4. Heatmap representing the Bray-Curtis dissimilarity in bacterial community structure between watering treatment and plant growth stages in the rhizosphere (A) and root (B). Box plots of Bray-Curtis dissimilarity index between watering treatment and plant growth stages in the rhizosphere (C) and root (D). The different letters indicate significant differences among plant growth stages (Tukey’s HSD test p < 0.05.).




Dynamics of the Bacterial Microbiota Over Plant Growth Stages

To better understand the effect of watering treatment in the rhizosphere and root microbiota, we sought to explore the temporal dynamics of the bacterial communities under control condition. β-diversity changes in response to PGS were revealed in both compartments, with the bacterial communities at booting and flowering stages always being more similar among each other than with the one at tillering (Figures 4, 5 and Supplementary Figure 8). However, higher microbiota dissimilarities between early (tillering) and late PGS (booting, flowering) were found in the root compartment than in the rhizosphere (Figures 4, 5 and Supplementary Tables 3, 4). This indicated a stronger plant phenological effect on the endospheric and rhizoplan bacteria. This result was also reflected by variance partitioning analysis, that revealed that the pure and interactive effects captured by PGS and root traits were relatively higher in roots than in the rhizosphere (Supplementary Figure 9), suggesting that changes of root traits over time were highly determinant for the root microbiota assembly.


[image: image]

FIGURE 5. Ternary plot of the ASVs distribution across plant growth stages in the rhizosphere (A) and in the roots (B) of the control plants.


We found that the observed differences in bacterial microbiota over PGS were primarily due to shifts in the abundance of taxa shared across all three PGS. Indeed, PGS-exclusive ASVs accounted for a marginal proportion of sequences (ranging from 1.2 to 5.7%), while more than half of the ASVs detected were found in all PGS and accounted for more than three quarters of the total sequences detected in the control treatment (Supplementary Figure 10). Many shared ASVs were affiliated with several representative genera (>1% abundance), most of which showed abundance shifts across PGS (Supplementary Figure 10).

Dominant bacterial phylotypes as indicative biomarkers at each PGS were identified by linear discriminant analysis (LDA) effect size (LEfSe) (Supplementary Figure 11). In the rhizosphere, members affiliated with the phyla Chloroflexi, Acidobacteria, Gemmatimonadota, and Myxococcota were significant more abundant (p < 0.05) at tillering than in other PGS. On the other hand, bacterial taxa within phyla Proteobacteria, Actinobacteria, and Patescibacteria were found significantly more abundant (p < 0.05) at flowering, while booting stage showed a significant higher proportion (p < 0.05) of Firmicutes. LEfSe analysis identified Gaiella, Streptomycetes, Mycobacterium, MB-A2_108 at tillering, Bacillus and Penibacillus (both belonging to the class Bacilli) and Nitrospira at booting, and Sphingomonas, Massilia, Mesorhizobium, and Arthrobacter at flowering as biomarker genera. In the roots, contrarily to the rhizosphere, Actinobacteria, Firmicutes, Fibrobacterota, and Myxococcota phyla were found as biomarker at tillering stage, Proteobacteria at booting, while Bacteroidota and Patescibacteria were enriched at flowering (Supplementary Figure 10). Indeed, the roots of young plants were mainly enriched in several genera affiliated with Actinobacteriota, i.e., Streptomyces, Kribbella and Lechevalieria. The most discriminant biomarker taxa at booting were the Proteobacteria families Devosiaceae, Rhizobiaceae, Pseudomonadaceae, and Caulobacteraceae, whereas at flowering they were represented by species of the genus Flavobacterium (Bacteroidota phylum) and the family Saccharimonadaceae (phylum Patescibacteria).



Compositional Phylogenetic Shifts Characterized the Response of the Bacterial Communities to Flooding Stress

We next investigated the composition and changes in relative abundance patterns of bacterial groups in response to this hydrological stress. The evident differences observed in bacterial beta-diversity between the flooded and control treatments were mainly reflected by substantial shifts in composition of the bacterial microbiota. For example, almost the half of the sequences that were detected in the flooded roots at tillering were not detected in the control treatment. These ASVs were mainly affiliated with the anaerobic or facultative anaerobic bacteria of the genera Dechloromonas, Enterobacter, Geobacter (Supplementary Figures 12, 13). Large proportions of unique ASVs were also only detected in flooding treatments in the roots at booting (38%) and flowering (20%) stages, which belonged mainly to the families Clostridia, Oxalobacteraceae, and Lachnospiraceae. These findings clearly demonstrated that flooding stress caused a greater disruption to early (tillering) compared to late (booting, flowering) bacterial microbiota, with a significant enrichment (p < 0.05) in facultative and strict anaerobes primarily of the class Clostridia (Firmicutes), and the phyla Desulfobacterota and Proteobacteria. LEfSe analysis further corroborated these observations, identifying in the root compartment almost twice of bacterial biomarker taxa at tillering than in the other PGS (Figure 6). More importantly, biomarker analysis evidenced that these compositional shifts of the bacterial microbiota due to flooding stress were highly phylogenetically clustered. Indeed, an enrichment of Firmicutes and Desulfobacterota together with a parallel depletion of Actinobacteriota and Proteobacteria, were observed in all the flooded samples. At the genus level, a significant increase (p < 0.05) in Geobacter and Clostridium abundances, with a parallel decrease of Streptomyces and Sphinghomonas were found.


[image: image]

FIGURE 6. LEfSe analysis at multiple taxonomic levels comparing root bacterial community structure in both control and flooding treatment at tillering (A), booting (B) and flowering (C). Cladogram illustrating the taxonomic groups explaining the most variation among root communities. Each ring represents a taxonomic level, with phylum (p_), class (c_), order (o_) and family (f_) emanating from the center to the periphery. Each circle is a taxonomic unit found in the dataset, with circles or nodes shown in colors (other than yellow) indicating where a taxon was significantly more abundant.


Compartment-wise depletion and enrichment patterns at particular PGS were also recorded as a response to flooding. For instance, a significant decrease (p < 0.05) in the bacterial phyla Myxococcota at tillering, Bacteroidota at booting, Deinococcota at flowering, and Patescibacteria (especially the genus Saccharimonadia) in both late PGS was found in the flooded roots (Figure 6). On the contrary, a significant increase (p < 0.05) of Gammaproteobacteria occurred in all these samples. In particular, ASVs affiliated to Burkholderiales, such as (i) the endophytic non-nodulating diazotroph Azoarcus, and (ii) taxa with denitrifying and phosphorous accumulation capabilities of the genera Dechloromonas and Candidatus Accumulibacter decreased at tillering stage under flooding. In the rhizosphere, a general depletion of Rhizobiales, i.e., Rhizobiaceae and Xanthobacteracee, occurred due to flooding (Supplementary Figure 14). In addition, members of Cloroflexi, Verrucomicrobiota and Acidobacteriota where significantly depleted (p < 0.05) at tillering and booting, while an enrichment of Bacteroidota ASVs was detected in both tillering and flowering under flooding.



DISCUSSION

The plant microbiota is one of the key determinant for plant health and productivity (Turner et al., 2013; Finkel et al., 2017; Compant et al., 2019). Therefore, it is pivotal to unravel the factors influencing its composition and functionality in response to climate change-associated extreme weather events that likely will occur more frequently in the near future (Castro et al., 2010; De Vries and Shade, 2013). Herein, we provide an in-depth characterization of the effects flooding stress on the spring wheat microbiota complex.


Flooding Causes a Joint and Substantial Change in Plant Phenotype and Root Microbiota

In our study, flooding reduced spring wheat performance as revealed by above- and belowground biomass changes, and significantly decreased the number of tillers and spike to tiller ratio, which can negatively affect the final plant productivity (Malik et al., 2002). Our findings are in accordance with previous studies since flooding have been reported to affect negatively plant performance, reducing root and shoot growth (Ghobadi et al., 2017), number of tillers and leaves (Arduini et al., 2016), photosynthesis (Jincai et al., 2001; Wu et al., 2015), kernel weight (Wu et al., 2015), and wheat yield (Pampana et al., 2016; Ding et al., 2020).

The wheat-microbiota was also strongly affected by hydrological stress, since the flooded and control bacterial communities where mainly composed by distinct taxa. These significant differences in community composition were correlated with changes in soil conditions and plant properties caused by flooding. Specifically, we identified pH and total N as the soil, and, S, Na, Mn, and Ca concentrations as the root properties most influencing microbial assemblage in the wheat microbiota under flooding stress (Supplementary Table 5). Beside O2 depletion, flooding strongly altered the soil physicochemical boundary conditions. It increased soil pH, C, and N, and influenced the concentration of several root macro- and micro-nutrients. Changes in soil pH is often reported as a consequence of waterlogging (Sun et al., 2007; Hemati Matin and Jalali, 2017) and it has been recognized as a main factor influencing the structure of bacterial microbiota across a wide range of soils and ecosystems (Fierer and Jackson, 2006; Lauber et al., 2009; Bardelli et al., 2017). Plant traits, such as root architecture and nutrient concentration are also commonly described as important drivers in structuring the root microbiota (Fitzpatrick et al., 2018; Schöps et al., 2018; Francioli et al., 2020), and their alterations might have important consequences in microbiota assembly (Leff et al., 2018; Pervaiz et al., 2020). Overall, these findings validated our first hypothesis, highlighting the fundamental influence of flooding on plant and soil properties, which in turn are firmly correlated with bacterial community assembly.

Our study further revealed that the changing root properties over the various PGS were important determinants for the assembly root-associated bacterial microbiota in both flooded and non-flooded wheat plants confirming previous observations that plant host phenological state plays a pivotal role in microbiota composition and structure (Bulgarelli et al., 2013; Wang et al., 2016; Francioli et al., 2018). In addition, a more severe impact of flooding on the bacterial microbiota occurred in the roots than in the rhizosphere suggesting that the root-associated community is under at a larger degree under host control. We found that the root microbiota showed a higher phylogenetically relatedness than the rhizospheric one, further highlighting the selective pressure exerted by plant host. It is noteworthy to mention that the two soil-plant compartments were characterized by distinct bacterial microbiota, with the root microbiota being a subset of the rhizospheric one. Collectively, these results proved that (i) niche compartmentalization plays a pivotal role in shaping microbiota in the soil-wheat system (Cordero et al., 2020; Tkacz et al., 2020; Kawasaki et al., 2021), and (ii) the root microbiota is highly controlled by host-factors that change over plant development (Lakshmanan, 2015; Lareen et al., 2016; Francioli et al., 2021b).



The Wheat Microbiota Complex Is Less Resilient at Early Growth Stages to Flooding

Flooding stress caused dramatic shifts in microbiota composition and structure at each PGS in which it was induced, but it has the greatest impact on the bacterial community assembly at tillering stage. Phylogenetic analysis further showed that the bacterial microbiota in all the flooded samples associated with young plants were characterized by the lowest phylogenetic clustering similarities among the other bacterial community investigated in this study. These findings acknowledged our second hypothesis, as they proved that flooding caused a greater disruption to early compared with late PGS bacterial microbiota. Likewise, Xu et al. (2018) found that the juvenile sorghum root microbiota was more affected by drought stress compared to the one associated with late stages of plant development. In summary, all these observations suggest that the microbiota of early growth stages is still in a dynamic process of establishment, in which community assembly is less resilient to external physico-chemical stresses, while during the adult plant phase it is relatively more stable due to prior establishment of a more stable community likely with an higher and tighter degree of interactions (Angel et al., 2016; Edwards et al., 2018). The higher degree of compositional stability of bacterial communities in older wheat plants was also mirrored by the high phylogenetic community relatedness found in both flooding and control treatments at booting and flowering. Considering that flooding significantly affected the bacterial microbiota structure at all PGS, but no substantial differences were found in the phylogenetic alpha diversity metrics among flooded and control samples in older plants, we can deduce a general phylogenetic response of the bacterial microbiota to flooding stress in our wheat microbiota complex investigated, which was further confirmed by phylogenetic beta-diversity analysis using weighted UniFrac metric.



Flooding Caused Shifts in the Phylogenetic Composition of the Bacterial Microbiota

The pattern of compositional shifts that flooding stirs a strong phylogenetic signal, with entire phyla responding roughly in unison, confirmed our third hypothesis. The main features of this pattern were (i) a significant increase of bacterial taxa with anaerobic respiratory capabilities, i.e., within phyla Firmicutes and Desulfobacterota, (ii) a significant reduction in Actinobacteria and the Proteobacteria, (iii) depletion of several putative plant-beneficial bacterial taxa by flooding stress, and (iv) increases of the abundance of potential detrimental taxa. Flooding promoted an enrichment of the genera Geobacter and Clostridium, that represent strictly anaerobic bacteria that are frequently isolated in waterlogged soils (Gschwend et al., 2020). Recent research showed that several Clostridium species might cause soft rot disease in several vegetable crops and their abundance significantly increased with heavy rainfall and flooding (da Silva et al., 2019). On the other hand, a dramatic reduction of the abundance of Streptomyces and Spinghomonas occurred in all flooding samples, which have been described as beneficial for wheat growth. Members of these two genera, are able to solubilize inorganic phosphorus, to form siderophores and affect phytohormones production and might be involved in biocontrol activity (Correa-Galeote et al., 2018; Kavamura et al., 2021). Specific compartment-wise patterns in enrichment or depletion of plant-health relevant bacteria in response to flooding were also detected. Bacteria affiliated to the genus Saccharimonadia, that recently was reported with putative beneficial features such as improving nitrogen uptake efficiency and promoting nutrient conversion, were mainly depleted in flooded roots (Herrmann et al., 2019; Dong et al., 2021). A similar trend was observed in the rhizosphere for families Rhizobiaceae and Xanthobacteraceae comprising multiple subgroups that might enhance and hinder plant development (Sadowsky and Graham, 1998; Oren, 2014). We also found that plant phenology was a significant and relevant factor shaping the bacterial community structure and differential responses to flooding were observed when such stress was induced at different PGS. Members of different Massilia species are considered as putatively plant-beneficial and frequently associated with wheat (Chimwamurombe et al., 2016). They produce proteases, sidephores and the auxin indole-3-acetic acid. Massilia ASVs were significantly more abundant in the control roots of young plants, but they were not detected in those of the flooded ones. Likewise, the flooded wheat roots at booting stage revealed a significant reduction of Flavobacterium ASVs, which are known for plant growth promoting traits. Bacteria of this genus have the capabilities to solubilize phosphate, use of 1-amino cyclopropan-1-carboxylate as sole nitrogen source and production of auxin, siderophores, salicylic acid, antifungal chitinases and hydrogen cyanide (Soltani et al., 2010; Verma et al., 2015; Gontia-Mishra et al., 2017). In summary, these findings demonstrated that flooding significantly altered negatively the assemblage dynamics of the root microbiota, with a significant depletion of putatively beneficial bacterial taxa associated with the root and rhizosphere of spring wheat plant.

It is important to note that the work undertaken here was limited to one soil type studied under very controlled greenhouse conditions. Further work should therefore investigate a greater range of soil types and flood scenarios, especially under realistic field conditions. Moreover, additional work is needed to fill the knowledge gaps in (i) how root exudation changes when crop species are faced with flooded growth conditions, (ii) how these exudates shape microbial community diversity and composition belowground, and (iii) the consequences for plant growth and functioning.



CONCLUSION

This study illustrated the detrimental effect of flooding stress on the spring wheat-microbiota complex. Our findings demonstrated that such hydrological stress significantly reduced plant growth and fitness, together with dramatic changes in bacterial community assembly. Indeed, flooding significantly restructured spring wheat-microbiota composition and functionality, especially, in early plant development. In particular, flooding promoted an increase in the abundance of potential detrimental taxa, with a parallel reduction of putative plant-beneficial bacterial groups. These compositional shifts were primarily associated with profound alterations of edaphic and root properties, such as oxygen depletion, soil pH variation and changes in the concentration of several macro- and micro-nutrients in the rhizosphere and root compartment. Furthermore, our results revealed the pivotal role of plant phenology on the assemblage dynamics of the wheat root microbiota, since a differential response to flooding was also observed across the three PGSs. This emphasized the importance of temporal sampling when studying plant-associated microbiota, as they provide a more complete and robust picture of community response to environmental threats compared to the investigation of single time points. It is also noteworthy to mention that our study was only a beginning to explore the effect of flooding on wheat-microbiota complex, providing the baseline for future field experiment. Experiments under controlled laboratory conditions represent an essential starting point, but there is an urgent need to confirm insights from controlled study under realistic field conditions.



DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found below: European Nucleotide Archive (ENA) under accession PRJEB47399 (ERP131670) https://www.ebi.ac.uk/ena/browser/view/PRJEB47399.



AUTHOR CONTRIBUTIONS

SKo, M-RH, and SKa planned the study. GC collected the samples. DF and GC performed the lab work, analyzed the data, and provided general guidance. DF wrote the manuscript. SKo, AU, M-RH, and GC contributed to reviewing the manuscript. All authors contributed to the article and approved the submitted version.



FUNDING

This study was funded by the Leibniz Competition Program project “Volcorn-Volatilome of a Cereal Crop Microbiota Complex under Drought and Flooding” (K102/2018) (Leibniz Association).



ACKNOWLEDGMENTS

We wish to thank Paul Reim and the workers of the IPK institute for their support during sampling, and Kristina Holz for kindly providing the soil parameters. We thank Prof. Dr. Andreas Börner for providing the seeds of the spring wheat cultivar used in this study.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2021.773116/full#supplementary-material



REFERENCES

Ad-hoc-AG-Boden (2005). Bodenkundliche Kartieranleitung. Hannover: Schweizerbart, 438.

Anderson, M. J. (2017). “Permutational multivariate analysis of variance (PERMANOVA),” in Wiley StatsRef: Statistics Reference Online, eds N. Balakrishnan, T. Colton, B. Everitt, W. Piegorsch, F. Ruggeri, and J. L. Teugels (Hoboken, NJ: John Wiley & Sons), 1–15. doi: 10.1002/9781118445112.stat07841

Angel, R., Conrad, R., Dvorsky, M., Kopecky, M., Kotilínek, M., Hiiesalu, I., et al. (2016). The root-associated microbial community of the world’s highest growing vascular plants. Microb. Ecol. 72, 394–406. doi: 10.1007/s00248-016-0779-8

Arduini, I., Orlandi, C., Pampana, S., and Masoni, A. (2016). Waterlogging at tillering affects spike and spikelet formation in wheat. Crop Pasture Sci. 67, 703–711. doi: 10.1071/CP15417

Argiroff, W. A., Zak, D. R., Lanser, C. M., and Wiley, M. J. (2017). Microbial community functional potential and composition are shaped by hydrologic connectivity in riverine floodplain soils. Microb. Ecol. 73, 630–644. doi: 10.1007/s00248-016-0883-9

Bailey-Serres, J., Lee, S. C., and Brinton, E. (2012). Waterproofing crops: effective flooding survival strategies. Plant Physiol. 160, 1698–1709. doi: 10.1104/pp.112.208173

Bardelli, T., Gómez-Brandón, M., Ascher-Jenull, J., Fornasier, F., Arfaioli, P., Francioli, D., et al. (2017). Effects of slope exposure on soil physico-chemical and microbiological properties along an altitudinal climosequence in the Italian Alps. Sci. Total Environ. 575, 1041–1055. doi: 10.1016/j.scitotenv.2016.09.176

Bardgett, R. D., and Caruso, T. (2020). Soil microbial community responses to climate extremes: resistance, resilience and transitions to alternative states. Philos. Trans. R. Soc. Lond. B Biol. Sci. 375:20190112. doi: 10.1098/rstb.2019.0112

Bevacqua, E., Maraun, D., Vousdoukas, M. I., Voukouvalas, E., Vrac, M., Mentaschi, L., et al. (2019). Higher probability of compound flooding from precipitation and storm surge in Europe under anthropogenic climate change. Sci. Adv. 5:eaaw5531. doi: 10.1126/sciadv.aaw5531

Blanchet, F. G., Legendre, P., and Borcard, D. (2008). Forward selection of explanatory variables. Ecology 89, 2623–2632. doi: 10.1890/07-0986.1

Bodenhausen, N., Horton, M. W., and Bergelson, J. (2013). Bacterial communities associated with the leaves and the roots of Arabidopsis thaliana. PLoS One 8:e56329. doi: 10.1371/journal.pone.0056329

Breitkreuz, C., Buscot, F., Tarkka, M., and Reitz, T. (2020). Shifts between and among populations of wheat rhizosphere Pseudomonas, Streptomyces and Phyllobacterium suggest consistent phosphate mobilization at different wheat growth stages under abiotic stress. Front. Microbiol. 10:3109. doi: 10.3389/fmicb.2019.03109

Bulgarelli, D., Schlaeppi, K., Spaepen, S., van Themaat, E. V. L., and Schulze-Lefert, P. (2013). Structure and functions of the bacterial microbiota of plants. Annu. Rev. Plant Biol. 64, 807–838. doi: 10.1146/annurev-arplant-050312-120106

Callahan, B. J., McMurdie, P. J., and Holmes, S. P. (2017). Exact sequence variants should replace operational taxonomic units in marker-gene data analysis. ISME J. 11, 2639–2643. doi: 10.1038/ismej.2017.119

Callahan, B. J., McMurdie, P. J., Rosen, M. J., Han, A. W., Johnson, A. J. A., and Holmes, S. P. (2016). DADA2: high-resolution sample inference from Illumina amplicon data. Nat. Methods 13, 581–583. doi: 10.1038/Nmeth.3869

Cannell, R. Q., Belford, R. K., Gales, K., Dennis, C. W., and Prew, R. D. (1980). Effects of waterlogging at different stages of development on the growth and yield of winter wheat. J. Sci. Food Agric. 31, 117–132. doi: 10.1002/jsfa.2740310203

Castro, H. F., Classen, A. T., Austin, E. E., Norby, R. J., and Schadt, C. W. (2010). Soil microbial community responses to multiple experimental climate change drivers. Appl. Environ. Microbiol. 76, 999–1007. doi: 10.1128/AEM.02874-09

Chelius, M. K., and Triplett, E. W. (2001). The diversity of archaea and bacteria in association with the roots of Zea mays L. Microb. Ecol. 41, 252–263. doi: 10.1007/s002480000087

Chimwamurombe, P. M., Grönemeyer, J. L., and Reinhold-Hurek, B. (2016). Isolation and characterization of culturable seed-associated bacterial endophytes from gnotobiotically grown marama bean seedlings. FEMS Microbiol. Ecol. 92:fiw083. doi: 10.1093/femsec/fiw083

Compant, S., Samad, A., Faist, H., and Sessitsch, A. (2019). A review on the plant microbiome: ecology, functions, and emerging trends in microbial application. J. Adv. Res. 19, 29–37. doi: 10.1016/j.jare.2019.03.004

Cook, B. I., Mankin, J. S., and Anchukaitis, K. J. (2018). Climate change and drought: from past to future. Curr. Clim. Change Rep. 4, 164–179. doi: 10.1007/s40641-018-0093-2

Cordero, J., de Freitas, J. R., and Germida, J. J. (2020). Bacterial microbiome associated with the rhizosphere and root interior of crops in Saskatchewan, Canada. Can. J. Microbiol. 66, 71–85. doi: 10.1139/cjm-2019-0330

Correa-Galeote, D., Bedmar, E. J., and Arone, G. J. (2018). Maize endophytic bacterial diversity as affected by soil cultivation history. Front. Microbiol. 9:484. doi: 10.3389/fmicb.2018.00484

Cox, D., Hunt, J., Mason, P., Wheater, H., Wolf, P., and Poff, N. L. (2002). Ecological response to and management of increased flooding caused by climate change. Philos. Trans. A Math. Phys. Eng. Sci. 360, 1497–1510. doi: 10.1098/rsta.2002.1012

da Silva, W. L., Yang, K.-T., Pettis, G. S., Soares, N. R., Giorno, R., and Clark, C. A. (2019). Flooding-associated soft rot of sweetpotato storage roots caused by distinct Clostridium isolates. Plant Dis. 103, 3050–3056. doi: 10.1094/pdis-03-19-0548-re

De Vries, F., and Shade, A. (2013). Controls on soil microbial community stability under climate change. Front. Microbiol. 4:265. doi: 10.3389/fmicb.2013.00265

Di Virgilio, G., Evans, J. P., Blake, S. A. P., Armstrong, M., Dowdy, A. J., Sharples, J., et al. (2019). Climate change increases the potential for extreme wildfires. Geophys. Res. Lett. 46, 8517–8526. doi: 10.1029/2019GL083699

Ding, J., Liang, P., Wu, P., Zhu, M., Li, C., Zhu, X., et al. (2020). Effects of waterlogging on grain yield and associated traits of historic wheat cultivars in the middle and lower reaches of the Yangtze River, China. Field Crops Res. 246:107695. doi: 10.1016/j.fcr.2019.107695

Dong, H., Sun, H., Fan, S., Jiang, L., and Ma, D. (2021). Rhizobacterial communities, enzyme activity, and soil properties affect rice seedling’s nitrogen use. Agron. J. 113, 633–644. doi: 10.1002/agj2.20538

Donn, S., Kirkegaard, J. A., Perera, G., Richardson, A. E., and Watt, M. (2015). Evolution of bacterial communities in the wheat crop rhizosphere. Environ. Microbiol. 17, 610–621. doi: 10.1111/1462-2920.12452

Dray, S., Legendre, P., and Blanchet, G. (2011). packfor: Forward Selection with Permutation. R Package Version 0.0-8/r100.

Drew, M. C. (1992). Soil aeration and plant root metabolism. Soil Sci. 154, 259–268. doi: 10.1097/00010694-199210000-00002

Edwards, J. A., Santos-Medellín, C. M., Liechty, Z. S., Nguyen, B., Lurie, E., Eason, S., et al. (2018). Compositional shifts in root-associated bacterial and archaeal microbiota track the plant life cycle in field-grown rice. PLoS Biol. 16:e2003862. doi: 10.1371/journal.pbio.2003862

Eisenhauer, N., and Powell, J. R. (2017). Plant trait effects on soil organisms and functions. Pedobiologia 65, 1–4. doi: 10.1016/j.pedobi.2017.11.001

Fierer, N., and Jackson, R. B. (2006). The diversity and biogeography of soil bacterial communities. Proc. Natl. Acad. Sci. U.S.A.103, 626–631. doi: 10.1073/pnas.0507535103

Finkel, O. M., Castrillo, G., Herrera Paredes, S., Salas González, I., and Dangl, J. L. (2017). Understanding and exploiting plant beneficial microbes. Curr. Opin. Plant Biol. 38, 155–163. doi: 10.1016/j.pbi.2017.04.018

Fitzpatrick, C. R., Copeland, J., Wang, P. W., Guttman, D. S., Kotanen, P. M., and Johnson, M. T. J. (2018). Assembly and ecological function of the root microbiome across angiosperm plant species. Proc. Natl. Acad. Sci. U.S.A. 115, E1157–E1165. doi: 10.1073/pnas.1717617115

Francioli, D., Lentendu, G., Lewin, S., and Kolb, S. (2021a). DNA metabarcoding for the characterization of terrestrial microbiota—pitfalls and solutions. Microorganisms 9:361. doi: 10.3390/microorganisms9020361

Francioli, D., van Rijssel, S. Q., van Ruijven, J., Termorshuizen, A. J., Cotton, T. E. A., Dumbrell, A. J., et al. (2021b). Plant functional group drives the community structure of saprophytic fungi in a grassland biodiversity experiment. Plant Soil 461, 91–105. doi: 10.1007/s11104-020-04454-y

Francioli, D., Schulz, E., Buscot, F., and Reitz, T. (2018). Dynamics of soil bacterial communities over a vegetation season relate to both soil nutrient status and plant growth phenology. Microb. Ecol. 75, 216–227. doi: 10.1007/s00248-017-1012-0

Francioli, D., Schulz, E., Lentendu, G., Wubet, T., Buscot, F., and Reitz, T. (2016). Mineral vs. Organic amendments: microbial community structure, activity and abundance of agriculturally relevant microbes are driven by long-term fertilization strategies. Front. Microbiol. 7:1446. doi: 10.3389/fmicb.2016.01446

Francioli, D., van Ruijven, J., Bakker, L., and Mommer, L. (2020). Drivers of total and pathogenic soil-borne fungal communities in grassland plant species. Fungal Ecol. 48:100987. doi: 10.1016/j.funeco.2020.100987

Ghobadi, M. E., Ghobadi, M., and Zebarjadi, A. (2017). Effect of waterlogging at different growth stages on some morphological traits of wheat varieties. Int. J. Biometeorol. 61, 635–645. doi: 10.1007/s00484-016-1240-x

Gontia-Mishra, I., Sapre, S., Kachare, S., and Tiwari, S. (2017). Molecular diversity of 1-aminocyclopropane-1-carboxylate (ACC) deaminase producing PGPR from wheat (Triticum aestivum L.) rhizosphere. Plant Soil 414, 213–227. doi: 10.1007/s11104-016-3119-3

Gschwend, F., Aregger, K., Gramlich, A., Walter, T., and Widmer, F. (2020). Periodic waterlogging consistently shapes agricultural soil microbiomes by promoting specific taxa. Appl. Soil Ecol. 155:103623. doi: 10.1016/j.apsoil.2020.103623

Hartman, K., and Tringe, S. G. (2019). Interactions between plants and soil shaping the root microbiome under abiotic stress. Biochem. J. 476, 2705–2724. doi: 10.1042/BCJ20180615

Hemati Matin, N., and Jalali, M. (2017). The effect of waterlogging on electrochemical properties and soluble nutrients in paddy soils. Paddy Water Environ. 15, 443–455. doi: 10.1007/s10333-016-0562-y

Henry, A., Doucette, W., Norton, J., and Bugbee, B. (2007). Changes in crested wheatgrass root exudation caused by flood drought, and nutrient stress. J. Environ. Qual. 36, 904–912. doi: 10.2134/jeq2006.0425sc

Herrmann, M., Wegner, C.-E., Taubert, M., Geesink, P., Lehmann, K., Yan, L., et al. (2019). Predominance of Cand. Patescibacteria in groundwater is caused by their preferential mobilization from soils and flourishing under oligotrophic conditions. Front. Microbiol. 10:1407. doi: 10.3389/fmicb.2019.01407

Jincai, L., Qi, D., and Songlie, Y. (2001). Effect of waterlogging at different growth stages on photosynthesis and yield of different wheat cultivars. Acta Agron. Sin. 27, 434–441.

Katznelson, H., Lochhead, A. G., and Timonin, M. I. (1948). Soil microorganisms and the rhizosphere. Bot. Rev. 14, 543–587.

Kaur, G., Singh, G., Motavalli, P. P., Nelson, K. A., Orlowski, J. M., and Golden, B. R. (2020). Impacts and management strategies for crop production in waterlogged or flooded soils: a review. Agron. J. 112, 1475–1501. doi: 10.1002/agj2.20093

Kavamura, V. N., Mendes, R., Bargaz, A., and Mauchline, T. H. (2021). Defining the wheat microbiome: towards microbiome-facilitated crop production. Comput. Struct. Biotechnol. J. 19, 1200–1213. doi: 10.1016/j.csbj.2021.01.045

Kawasaki, A., Dennis, P. G., Forstner, C., Raghavendra, A. K. H., Richardson, A. E., Watt, M., et al. (2021). The microbiomes on the roots of wheat Triticum aestivum L.) and rice (Oryza sativa L.) exhibit significant differences in structure between root types and along root axes. J. Funct. Plant Biol. 48, 871–888. doi: 10.1071/FP20351

Kembel, S. W., Cowan, P. D., Helmus, M. R., Cornwell, W. K., Morlon, H., Ackerly, D. D., et al. (2010). Picante: R tools for integrating phylogenies and ecology. Bioinformatics 26, 1463–1464. doi: 10.1093/bioinformatics/btq166

Konapala, G., Mishra, A. K., Wada, Y., and Mann, M. E. (2020). Climate change will affect global water availability through compounding changes in seasonal precipitation and evaporation. Nat. Commun. 11:3044. doi: 10.1038/s41467-020-16757-w

Lakshmanan, V. (2015). “Chapter three – Root microbiome assemblage is modulated by plant host factors,” in Advances in Botanical Research, eds H. Bais and J. Sherrier (Cambridge, MA: Academic Press), 57–79.

Lareen, A., Burton, F., and Schäfer, P. (2016). Plant root-microbe communication in shaping root microbiomes. Plant Mol. Biol. 90, 575–587. doi: 10.1007/s11103-015-0417-8

Lauber, C. L., Hamady, M., Knight, R., and Fierer, N. (2009). Pyrosequencing-based assessment of soil pH as a predictor of soil bacterial community structure at the continental scale. Appl. Environ. Microbiol. 75, 5111–5120. doi: 10.1128/AEM.00335-09

Leff, J. W., Bardgett, R. D., Wilkinson, A., Jackson, B. G., Pritchard, W. J., De Long, J. R., et al. (2018). Predicting the structure of soil communities from plant community taxonomy, phylogeny, and traits. ISME J. 12, 1794–1805. doi: 10.1038/s41396-018-0089-x

Legendre, P., and Gallagher, E. D. (2001). Ecologically meaningful transformations for ordination of species data. Oecologia 129, 271–280. doi: 10.1007/s004420100716

Lewin, S., Francioli, D., Ulrich, A., and Kolb, S. (2021). Crop host signatures reflected by co-association patterns of keystone bacteria in the rhizosphere microbiota. Environ. Microbiome 16:18. doi: 10.1186/s40793-021-00387-w

Malik, A. I., Colmer, T. D., Lambers, H., Setter, T. L., and Schortemeyer, M. (2002). Short-term waterlogging has long-term effects on the growth and physiology of wheat. New Phytol. 153, 225–236. doi: 10.1046/j.0028-646X.2001.00318.x

Martin, M. (2011). Cutadapt removes adapter sequences from high-throughput sequencing reads. EMBnet J. 17:3. doi: 10.14806/ej.17.1.200

Martiny, J. B. H., Jones, S. E., Lennon, J. T., and Martiny, A. C. (2015). Microbiomes in light of traits: a phylogenetic perspective. Science 350:aac9323. doi: 10.1126/science.aac9323

Meyer, W., Barrs, H. D., Smith, R. C. G., White, N. S., Heritage, A., and Short, D. L. (1985). Effect of irrigation on soil oxygen status and root and shoot growth of wheat in a clay soil. Aust. J. Agric. Res. 36, 171–185. doi: 10.1071/AR9850171

Moche, M., Gutknecht, J., Schulz, E., Langer, U., and Rinklebe, J. (2015). Monthly dynamics of microbial community structure and their controlling factors in three floodplain soils. Soil Biol. Biochem. 90, 169–178. doi: 10.1016/j.soilbio.2015.07.006

Morton, L. W., Hobbs, J., Arbuckle, J. G., and Loy, A. (2015). Upper midwest climate variations: farmer responses to excess water risks. J. Environ. Qual. 44, 810–822. doi: 10.2134/jeq2014.08.0352

Muñoz-Huerta, R. F., Guevara-Gonzalez, R. G., Contreras-Medina, L. M., Torres-Pacheco, I., Prado-Olivarez, J., and Ocampo-Velazquez, R. V. (2013). A review of methods for sensing the nitrogen status in plants: advantages, disadvantages and recent advances. Sensors 13, 10823–10843. doi: 10.3390/s130810823

Murphy, J., and Riley, J. P. (1962). A modified single solution method for the determination of phosphate in natural waters. Anal. Chim. Acta 27, 31–36. doi: 10.1016/S0003-2670(00)88444-5

Na, X., Cao, X., Ma, C., Ma, S., Xu, P., Liu, S., et al. (2019). Plant stage, not drought stress, determines the effect of cultivars on bacterial community diversity in the rhizosphere of broomcorn millet (Panicum miliaceum L.). Front. Microbiol. 10:828. doi: 10.3389/fmicb.2019.00828

Naylor, D., and Coleman-Derr, D. (2018). Drought stress and root-associated bacterial communities. Front. Plant Sci. 8:2223. doi: 10.3389/fpls.2017.02223

Oksanen, J., Blanchet, G., Friendly, M., Kindt, R., Legendre, P., McGlinn, D., et al. (2018). vegan: Community Ecology Package. R Package Version 2.5-2.

Oren, A. (2014). “The family Xanthobacteraceae,” in The Prokaryotes: Alphaproteobacteria and Betaproteobacteria, eds E. Rosenberg, E. F. DeLong, S. Lory, E. Stackebrandt, and F. Thompson (Berlin: Springer Berlin Heidelberg), 709–726. doi: 10.1007/978-3-642-30197-1_258

Pampana, S., Masoni, A., and Arduini, I. (2016). Grain yield of durum wheat as affected by waterlogging at tillering. Cereal Res. Commun. 44, 706–716. doi: 10.1556/0806.44.2016.026

Pervaiz, Z. H., Contreras, J., Hupp, B. M., Lindenberger, J. H., Chen, D., Zhang, Q., et al. (2020). Root microbiome changes with root branching order and root chemistry in peach rhizosphere soil. Rhizosphere 16:100249. doi: 10.1016/j.rhisph.2020.100249

Pett-Ridge, J., and Firestone, M. K. (2005). Redox fluctuation structures microbial communities in a wet tropical soil. Appl. Environ. Microbiol. 71, 6998–7007. doi: 10.1128/AEM.71.11.6998-7007.2005

Price, M. N., Dehal, P. S., and Arkin, A. P. (2010). FastTree 2 – approximately maximum-likelihood trees for large alignments. PLoS One 5:e9490. doi: 10.1371/journal.pone.0009490

R Core Team (2014). R: A Language and Environment for Statistical Computing. Vienna: R Foundation for Statistical Computing.

Rhine, M. D., Stevens, G., Shannon, G., Wrather, A., and Sleper, D. (2010). Yield and nutritional responses to waterlogging of soybean cultivars. Irrig. Sci. 28, 135–142. doi: 10.1007/s00271-009-0168-x

Riehm, H. (1943). Bestimmung der laktatlöslichen phosphorsäure in karbonathaltigen Böden. Phosphorsäure 1, 167–178. doi: 10.1002/jpln.19420260107

Sadowsky, M. J., and Graham, P. H. (1998). “Soil biology of the rhizobiaceae,” in The Rhizobiaceae: Molecular Biology of Model Plant-Associated Bacteria, eds H. P. Spaink, A. Kondorosi, and P. J. J. Hooykaas (Dordrecht: Springer Netherlands), 155–172. doi: 10.1007/978-94-011-5060-6_8

Schimel, J., Balser, T. C., and Wallenstein, M. (2007). Microbial stress-response physiology and its implications for ecosystem function. Ecology 88, 1386–1394. doi: 10.1890/06-0219

Schöps, R., Goldmann, K., Herz, K., Lentendu, G., Schöning, I., Bruelheide, H., et al. (2018). Land-use intensity rather than plant functional identity shapes bacterial and fungal rhizosphere communities. Front. Microbiol. 9:2711. doi: 10.3389/fmicb.2018.02711

Schröter, D., Cramer, W., Leemans, R., Prentice, I. C., Araújo, M. B., Arnell, N. W., et al. (2005). Ecosystem service supply and vulnerability to global change in Europe. Science 310, 1333–1337. doi: 10.1126/science.1115233

Segata, N., Izard, J., Waldron, L., Gevers, D., Miropolsky, L., Garrett, W. S., et al. (2011). Metagenomic biomarker discovery and explanation. Genome Biol. 12:R60. doi: 10.1186/gb-2011-12-6-r60

Shen, R., Lan, Z., Rinklebe, J., Nie, M., Hu, Q., Yan, Z., et al. (2021). Flooding variations affect soil bacterial communities at the spatial and inter-annual scales. Sci. Total Environ. 759, 143471. doi: 10.1016/j.scitotenv.2020.143471

Soltani, A., Khavaz, I. K., Asadi-Rahmani, H., Omidvari, M., Dahaji, P., and Mirhoseyni, H. (2010). Plant growth promoting characteristics in some Flavobacterium spp. isolated from soils of Iran. J. Agric. Sci. 2, 106–115. doi: 10.5539/jas.v2n4p106

Sun, L., Chen, S., Chao, L., and Sun, T. (2007). Effects of flooding on changes in Eh, pH and speciation of cadmium and lead in contaminated soil. Bull. Environ. Contam. Toxicol. 79, 514–518. doi: 10.1007/s00128-007-9274-8

Tian, L.-X., Zhang, Y.-C., Chen, P.-I., Zhang, F.-F., Li, J., Yan, F., et al. (2021). How does the waterlogging regime affect crop yield? A global meta-analysis. Front. Plant Sci. 12:634898. doi: 10.3389/fpls.2021.634898

Tkacz, A., Pini, F., Turner, T. R., Bestion, E., Simmonds, J., Howell, P., et al. (2020). Agricultural selection of wheat has been shaped by plant-microbe interactions. Front. Microbiol. 11:132. doi: 10.3389/fmicb.2020.00132

Turner, T. R., James, E. K., and Poole, P. S. (2013). The plant microbiome. Genome Biol. 14:209. doi: 10.1186/gb-2013-14-6-209

Unger, I. M., Kennedy, A. C., and Muzika, R.-M. (2009). Flooding effects on soil microbial communities. Appl. Soil Ecol. 42, 1–8. doi: 10.1016/j.apsoil.2009.01.007

Vanbergen, A. J. (2013). Threats to an ecosystem service: pressures on pollinators. Front. Ecol. Environ. 11, 251–259. doi: 10.1890/120126

Verma, P., Yadav, A. N., Khannam, K. S., Panjiar, N., Kumar, S., Saxena, A. K., et al. (2015). Assessment of genetic diversity and plant growth promoting attributes of psychrotolerant bacteria allied with wheat (Triticum aestivum) from the northern hills zone of India. Ann. Microbiol. 65, 1885–1899. doi: 10.1007/s13213-014-1027-4

Wang, J., Xue, C., Song, Y., Wang, L., Huang, Q., and Shen, Q. (2016). Wheat and rice growth stages and fertilization regimes alter soil bacterial community structure, but not diversity. Front. Microbiol. 7:1207. doi: 10.3389/fmicb.2016.01207

Webb, C. O., Ackerly, D. D., McPeek, M. A., and Donoghue, M. J. (2002). Phylogenies and community ecology. Annu. Rev. Ecol. Syst. 33, 475–505. doi: 10.1146/annurev.ecolsys.33.010802.150448

Wilson, J. S., Baldwin, D. S., Rees, G. N., and Wilson, B. P. (2011). The effects of short-term inundation on carbon dynamics, microbial community structure and microbial activity in floodplain soil. River Res. Appl. 27, 213–225. doi: 10.1002/rra.1352

Wu, X., Tang, Y., Li, C., Wu, C., and Huang, G. (2015). Chlorophyll fluorescence and yield responses of winter wheat to waterlogging at different growth stages. Plant Prod. Sci. 18, 284–294. doi: 10.1626/pps.18.284

Xu, L., Naylor, D., Dong, Z., Simmons, T., Pierroz, G., Hixson, K. K., et al. (2018). Drought delays development of the sorghum root microbiome and enriches for monoderm bacteria. Proc. Natl. Acad. Sci. U.S.A. 115, E4284–E4293. doi: 10.1073/pnas.1717308115

Zadoks, J. C., Chang, T. T., and Konzak, C. F. (1974). A decimal code for the growth stages of cereals. Weed Res. 14, 415–421. doi: 10.1111/j.1365-3180.1974.tb01084.x


Conflict of Interest: 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.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Francioli, Cid, Kanukollu, Ulrich, Hajirezaei and Kolb. 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) and the copyright owner(s) 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/fmicb-12-773116-t001.jpg
Parameter

Compartmen
PGS
WT
Compartmen
Compartmen
PGS *WT
Compartmen

* PGS

* PGS * WT

Pseudo-F

105.279
11.634
12.611
4.263
4.365
4.283
105.279

R2

0.4638
0.1016
0.0690
0.0375
0.0192
0.0377
0.4638

P—value

0.001
0.001
0.001
0.002
0.007
0.003
0.001





OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Flooding Causes Dramatic Compositional Shifts and Depletion of Putative Beneficial Bacteria on the Spring Wheat Microbiota



		INTRODUCTION



		MATERIALS AND METHODS



		Experimental Setup



		Plant and Soil Sampling



		DNA Extraction, Amplicon Library Preparation, and Sequencing



		Statistical Analyses







		RESULTS



		Plant Performance and Soil-Plant Properties in the Different Watering Treatments and Across Plant Growth Stages



		Bacterial Richness and Biodiversity



		Effect of Compartment, Flooding, and PGS on Bacterial β-Diversity



		Dynamics of the Bacterial Microbiota Over Plant Growth Stages



		Compositional Phylogenetic Shifts Characterized the Response of the Bacterial Communities to Flooding Stress







		DISCUSSION



		Flooding Causes a Joint and Substantial Change in Plant Phenotype and Root Microbiota



		The Wheat Microbiota Complex Is Less Resilient at Early Growth Stages to Flooding



		Flooding Caused Shifts in the Phylogenetic Composition of the Bacterial Microbiota







		CONCLUSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		REFERENCES

















OPS/images/fmicb-12-773116-t002.jpg
Rhizosphere

Root

Parameter df Pseudo-F R2 P—value df Pseudo-F R2 P—value
PGS 2 5.2378 0.2041 0.001 2 11.7182 0.3010 0.001
WT 1 5.8123 0.1132 0.001 1 13.1147 0.1684 0.001
PGS *WT 2 2.5079 0.0977 0.001 2 5.6546 0.1452 0.001





OPS/images/cover.jpg
, frontiers
in Microbiology

Flooding Causes Dramatic
Compositional Shifts
and Depletion of Putative
Beneficial Bacteria on the Spring
Wheat Microbiota







OPS/images/fmicb-12-773116-g002.jpg
A ® rhizosphere Control
® rhizosphere Flooding ¢ tillering
@® root Control A Dbooting
® root Flooding B flowering
1]
0.2
® =
A at
A 8 f.A
" A
- ]
= 0.0- AL A.‘A
o, 2 Y
N AA A}
o
< A
¢ o
-0.2- o ¢
@
oot
* .
-0.4 -0.2 ' 0.2 0.4

0.0
Axis.1 [47.1%]

Relative abundance (%)

N
(&)}
1

Phylum

! Others
. Nitrospirota

' Verrucomicrobiota
- Patescibacteria
. Desulfobacterota
. Acidobacteriota
. Gemmatimonadota

~
a
A

. Myxococcota
. Chloroflexi
. Bacteroidota

Firmicutes

. Actinobacteriota

Proteobacteria







OPS/images/fmicb-12-773116-g001.jpg
1500-

1000-

observed richness

1000-

500-

55
-5.0-
-7.51
-10.0-

ses.PD

-2.5-
-5.0-
-7.5-
-10.0-

500-

1500-

rhizosphere

tillering

o)

root

tillering

a

— ==

Cor'\trol

b

Flooding

rhizosphere

tillering

C—

root

tillering

a

5

Coﬁtrol

=

Flodding

rhizosphere
booting

= ==

root
booting

N —

Control Floo'ding

rhizosphere
booting

= =

root
booting

= =

Control Flodding

rhizosphere
flowering

=

E

root
flowering

= ==

Control Flodding

rhizosphere
flowering

—— —

root
flowering

= —

Control Flodding






OPS/images/fmicb-12-773116-g004.jpg
Dissimilarity
0.7
0.6 a
0.5 0.50-
0.4 5,
0.3 _§ 0.45- T b
£ .
0.2 ) i i
: 2 0.40- |
0 0.351 | I |
tille'ring bodting ﬂowéring
_ Control-tillering .Control-booting . Control-flowering
- Flooding-tillering . Flooding-booting . Flooding-flowering
B D
. ; a Dissimilarity
| "'l B
T - 0.7 a
e 0.6 0.60- | | | :
” | |
= " o >0.55- |
i lTl =1 s §
v '€ 0.50- c
e B 0.3 )
B = 0.45 |
0.2 S ,
I
I 0.1 0.40-
0 0.35-

tille'ring bodting ﬂowéring






OPS/images/fmicb-12-773116-g003.jpg
Axis.2 [13.8%]

0.1-

Soil properties

0.0 0.1
Axis.1 [17.2%]

Root properties

Water Treatment

0.2

Residuals = 0.645

Treatment

® Control
® Flooding

PGS

€ tillering

A booting

@ flowering

Axis.2 [16.7%]
o o
o | .

©
—

O
N

* 2

A
M
A ,
e}
A @
®e
&
A kel
A P
AA
by
o%
0.2 0.0 0.2

Axis.1 [25.9%)]

Root properties

Water Treatment

Residuals = 0.463





OPS/images/fmicb-12-773116-g006.jpg
Hll a: f__Mycobacteriaceae

Il Control [ '°\4 EEl b: o_ Corynebacteriales
I Flooding ‘ ‘ c%% B c:f_Glycomycetaceae
P "Cte” EEE d: o Glycomycetales
& Bl e: o Micrococcale

Il f:f_Micromonosporaceae
o__Micromonosporales
f__Nocardioidaceae
o__Propionibacteriales
f__Pseudonocardiaceae
o__Pseudonocardiales

J

f_Streptomycetaceae

m: o__Streptomycetales

y
: f__Streptosporangiaceae

’fobac.('9rota

f__Chitinophagaceae
o__Chitinophagales
f__Geobacteraceae
o__Geobacterales
Clostridiaceae

g
h
|
k
|
n
o
p:
q
r
s:f_
t: o__Clostridiales
u: f__Lachnospiraceae
Hl v: o__Lachnospirales
é Il w: f__Sporomusaceae

o{‘f Il x: o_ Veillonellales_Selenomonadales

§ ‘

Hl y:f_Blrii4l
Il z: o_ Polyangiales
Il 20: f_Sphingomonadaceae
Il al: o_ Sphingomonadales
EEl a2: f__Oxalobacteraceae
/ Il a3: f__Rhodocyclaceae
o Il a4: o_ Burkholderiales
EEl a5: f__Unknown_Family
Il 26: o Gammaproteobacteria_Incertae_Sedis
Il a7: o_ Xanthomonadales

-

I Control
I Flooding

f__Cellulomonadaceae
__Microbacteriaceae

- -
o
=
o
3
[a)
S

8 2
a3

o

S "3
°
o
=
o
[a)
]
]
®

- o
|
z
s =
[a s
S

al® L1
m v
o
o
=
S
3 = o
38233
mr\
g8
[}
a2
)
m
mll‘

W
[
28
oo
[}
o}
m
o

o_Ba
: f__Clostridiaceae
o__Clostridiales

f

o
v
n
a
=
@
=1
3
o
Q
o
o
w

o] a
: f_Sphingomonadaceae
: o__Sphingomonadales

TwaaweazTERTIIQRELOTR

o >
uaxaeqoa!mde“
PG

C

a: f_Intrasporangiaceae

b: f__Microbacteriaceae

c: 0__Micrococcales

d: f__Nocardioidaceae

e: o__Propionibacteriales
t.

I Control
Il Flooding

le
p: f_Sphingomonadaceae
: 0__Sphingomonadales

r: o__Burkholderiales

el
-
c
S
Q
o
ok
jud
2
o
w
3
3
2
o
a
o
o
o






OPS/images/fmicb-12-773116-g005.jpg
Flowering
{ 2%
/ o ._...:.‘ L J

Tillering

Phylum B

Acidobacteriota

Flowering

Actinobacteriota
Bacteroidota

Chloroflexi

Desulfobacterota

Firmicutes
@  Gemmatimonadota
 Myxococcota

® Nitrospirota
Others

@® Patescibacteria
® Proteobacteria
® Verrucomicrobiota

> b s
- < Wl s .
« A .
- ol . . .
" ..‘ 5 ,

Booting TiIIerinQ'

Booting





OPS/images/logo.jpg
, frontiers
in Microbiology





