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Editorial on the Research Topic
 Rhizosphere microbiology: Toward a clean and healthy soil environment




The significance of soil to humanity and the important role it plays in ecosystem health and agriculture are conclusive. Soil is a living system that needs to be enriched through sustainable practices so as to support various activities that human societies depend upon it for. However, the burgeoning global human population has led to increased demand on food production despite a decrease in acreages of global croplands, consequently posing a risk to food security. Soil is also a repository of pollutants. Contamination of agricultural lands exacerbates the pressure of meeting the global food demand without jeopardizing the planetary ecosystems. As a living entity, soil must be restored in a sustainable way to achieve this need and soil rhizosphere should be a focal point of the restoration efforts. In arable agriculture integrated nutrient management is currently being focused on and the role of rhizosphere microorganisms needs to be further emphasized. Rhizosphere microorganisms can have a huge impact on soil health and agriculture as they carry out dual functions of promoting plant growth and remediating soil contamination. Plants also produce and secrete root exudates that regulate the diversity and activity of microorganisms on/around plant roots.

Given the rapidly evolving research in this area, the journal of Frontiers in Microbiology published a Research Topic titled “Rhizosphere Microbiology: Toward a Clean and Healthy Soil Environment”. This Research Topic aims to report the novel omics and high-throughput molecular approaches that either characterize novel rhizosphere bioresources and biomolecules or discover mechanisms of their actions in processes such as colonization, biofilm formation, rhizodeposition, and biomolecule production. The innovative approaches in rhizosphere microbiology will produce fundamental knowledge in rhizosphere microbial ecology and help develop practices that can improve food security, food safety, and environmental sustainability in polluted agricultural soils.

Rhizosphere microbiome has been recognized to play a defensive role in plant-pathogen interactions (Li, Wang et al.) and promote plant health and growth. Microbial communities in the rhizospheres of various plants have been extensively studied using the advanced biotechniques including computational biology, sequencing technology, and bioinformatics. For example, the taxonomic composition of rhizosphere bacterial communities of Ku Shen (Sophora flavescens) grown in various regions in China were determined using Illumina 16S amplicon sequencing and showed difference across geographic location and plant ages (Chen et al.). Geographic factors such as location, climate, and soil properties (pH, available N, and available P) are key determinants of the rhizosphere bacterial community, which is shown to be associated with the accumulation of alkaloids in Ku Shen plants. Ahmed et al. studied the diversity and structure of microbial communities in hemp roots and rhizospheres using Illumina MiSeq amplicon sequencing of bacterial 16S rDNA and fungal ITS and reported the dominance of Planctobacteria and Ascomycota among hemp-associated microorganisms. The microbial communities in rhizosphere of Oil tea (Camellia spp.) and roselle were reported (Li, Zhang et al.; Wang et al.). The rhizosphere microbiome of disease-resistant Camellia yuhsienensis has higher richness and diversity, more symbiotic fungal communities, and fewer pathogens than that of high-yield, disease-susceptible Camellia oleifera (Li, Zhang et al.). The microbial compositions in the roselle rhizosphere was studied using fungal ITS and bacterial 16S rRNA amplicon sequencing (Wang et al.). Fusarium species were identified as the main pathogen targets to roselle and F. solani was found as the pathogen responsible for the roselle wilt disease (Wang et al.). Zhang J. et al. investigated the taxonomy and co-occurrence relationships of protists in the rhizosphere of soybean fields from six ecological regions of China and found more extensive and complex protist network in the bulk soil than in the rhizosphere, probably due to less overlaps and interactions of niches in the rhizosphere.

Rhizosphere microbial communities are significantly affected by the cropping management. Gu et al. found that intermittent deep tillage altered rhizosphere bacterial communities and their function profiles, and enhanced plant physiology and disease resistance, resulting in increased crop yield. In a study on a traditional intercropping system of maize and common bean (milpa) in Mesoamerica, Aguirre-Noyola et al. elucidated the transcriptomic responses of Rhizobium phaseoli Ch24-10 to the root exudates of maize and bean grown in either monoculture or the milpa system, which demonstrated the ability of rhizobium phaseoli to colonize maize and common bean in the intercropping system. Continuous cropping can negatively influence soil quality and thus the yield and quality of crops. The evolutionary trend of soil microbiomes as driven by continuous cropping was reviewed by Chen et al. The accumulation of autotoxic substances such as phenolic acids from the continuous cropping could degrade soil quality, and phenolic acids were found toxic to Panax notoginseng by promoting the growth of bacterial pathogens and disturbing rhizosphere microbiome (Bao et al.). Compost application could provide plants with microbial inoculants and Wang N. et al. found that the rhizosphere microbiomes of tomato, pepper, or maize receiving compost application were collectively determined by compost type and plant species. Deng et al. found that the rhizosphere microbiome responds differently to the different level of P addition. Similarly, Zhang S. et al. reported that long-term fertilization increased the spore density of arbuscular mycorrhizal fungi (AMF) but decreased the AMF diversity. Glomus was identified as the dominant genus in the soil and root samples.

Novel bioresources such as beneficial microorganisms and biomolecules could be useful to safeguard the soil environment. Field experiments revealed that Aspergillus and Bacillus inoculation could increase cotton yield at even lower inoculant concentrations (Escobar Diaz et al.). Phosphate-solubilizing bacteria (PSB) is important to P cycling and increase P availability in P-deficient soils. He and Wan reported that the soybean growth was significantly increased by the inoculation of PSB Acinetobacter pittii gp-1, likely due to enhanced P availability, because P-cycling-related gene abundance (i.e., phoD, bpp, gcd, and pstS) and enzyme activities (e.g., phosphotransferase) in the rhizosphere were increased. Yahya et al. isolated seven PSBs, which had efficient in vitro P-solubilizing activity. The PSBs can increase P content in wheat by modulating morphophysiology and exudation of roots and reduce oxidative stress at P-deficit conditions. Liu et al. isolated Serratia marcescens strain JW-CZ2 from the rhizosphere soils of tea plants. This strain has a high 1-aminocyclopropane-1-carboxylic acid (ACC) deaminase activity and could solubilize inorganic phosphate, suppress the growth of fungal pathogens, and generate indole acetic acid and siderophore, which leads to enhanced tea plant growth. When a plant growth-promoting bacterium Bacillus velezensis JC-K3 was inoculated into the rhizosphere of wheat plants, wheat growth was enhanced and the microbial abundance and diversity within wheat plants and in the rhizosphere were significantly changed so as to reduce plant damage to salt stress (Ji et al.). Abdelrahman et al. evaluated the potential of Actionmycetes for biological control to protect plants against Phytophthora infestans and found promising results based on 175 Actinomycete isolates from the Sudan's soils. Chemotaxis is important to bacteria adaptation and survival in soil environment and Liu et al. reported that hypoxia condition and cellular energy-status affect the localization of protein CheZ that regulates the chemotaxis of Azorhizobium caulinodans ORS571.

The interaction of pollutants with microorganisms in the rhizosphere were also addressed. Heavy metals, organic chemical pollutants, and antibiotic resistance genes (ARGs) are of great concerns. González et al. studied the rhizosphere microbial communities in the Hg-contaminated soils and found that plant roots select the rhizosphere microbial community with Proteobacteria as the most abundant phylum. Zhao et al. isolated a phenanthrene-degrading bacterium Diaphoro bacter sp. Phe15 from root surfaces in fields contaminated with polycyclic aromatic hydrocarbons (PAHs) and further demonstrated that the inoculation of Phe15 via roots or seeds dramatically decreased the phenanthrene concentrations in white clover (Trifolium repens L.). Additionally, Zhou et al. characterized the different molecular size fractions of glomalin-related soil proteins (GRSP) and revealed the interaction of various GRSP with PAHs. The phenolic group of GRSP is positively correlated with the binding of GRSP with phenanthrene. Finally, Wang T. et al. found that nitrogen application influenced the abundance of ARGs but not their distribution in leaves or roots for a soil–Chinese cabbage system.

Altogether this Research Topic published 24 papers contributed by authors from around the globe. Their high-quality contribution is greatly appreciated. We like to thank the outstanding work of all the referees. Finally, we thank the Editor-in-Chiefs, Research Topics Editors, and the Journal Managers for encouragement and support throughout the entire editing and publishing process of this Research Topic.
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Soil rhizosphere microorganisms play crucial roles in promoting plant nutrient absorption and maintaining soil health. However, the effects of different phosphorus (P) managements on soil microbial communities in a slope farming system are poorly understood. Here, rhizosphere microbial communities under two P fertilization levels—conventional (125 kg P2O5 ha–1, P125) and optimal (90 kg P2O5 ha–1, P90)—were compared at four growth stages of maize in a typical sloped farming system. The richness and diversity of rhizosphere bacterial communities showed significant dynamic changes throughout the growth period of maize, while different results were observed in fungal communities. However, both the P fertilization levels and the growth stages influenced the structure and composition of the maize rhizosphere microbiota. Notably, compared to P125, Pseudomonas, Conexibacter, Mycobacterium, Acidothermus, Glomeromycota, and Talaromyces were significantly enriched in the different growth stages of maize under P90, while the relative abundance of Fusarium was significantly decreased during maize harvest. Soil total nitrogen (TN) and pH are the first environmental drivers of change in bacterial and fungal community structures, respectively. The abundance of Gemmatimonadota, Proteobacteria, and Cyanobacteria showed significant correlations with soil TN, while that of Basidiomycota and Mortierellomycota was significantly related to pH. Additionally, P90 strengthened the connection between bacteria, but reduced the links between fungi at the genus level. Our work helps in understanding the role of P fertilization levels in shaping the rhizosphere microbiota and may manipulate beneficial microorganisms for better P use efficiency.

Keywords: phosphorus, rhizosphere microbiota, diversity, community composition, environmental drivers, sloping farmland


INTRODUCTION

Phosphorus (P) is an essential mineral nutrient for plant growth and development (Wang et al., 2017). Although there generally is P in the soil (Holtan et al., 1988), the available P is usually insufficient for crop production (Luo et al., 2019). The lack of soil P is a main factor limiting crop yield and quality (Heuer et al., 2017) and may even affect global food security (Cordell and White, 2015). Therefore, phosphate fertilizers must be applied to ensure the yield of crops in many crop systems (Salyagiotti et al., 2013; Kaur and Reddy, 2015; Ditta et al., 2018). Many previous studies have shown that plants are not efficient in using phosphate fertilizers (Johri et al., 2015; Batool and Iqbal, 2019), which is due to soil characteristics causing the applied phosphate fertilizer to be transformed into increasingly less soluble forms through various reactions (e.g., precipitation and adsorption) (Withers et al., 2001; Roberts and Johnston, 2015). This may lead to more phosphate fertilizer applications participating in the compounding process in the soil (Neal et al., 2021). Unused phosphate fertilizer by crops is fixed in the soil (Roberts and Johnston, 2015; Luo et al., 2019) or lost from farmland to rivers and lakes through soil erosion, resulting in severe agricultural non-point source pollution (NPSP) (Daverede et al., 2003; Liu et al., 2020). Furthermore, P is a limited and non-renewable resource (Dawson and Hilton, 2011): the raw materials of phosphate fertilizers (rock phosphate) are becoming depleted due to high demands, leading to increases in global fertilizer prices (Lopez-Arredondo et al., 2014; Neal et al., 2021). Integrated P management practices to increase P use efficiency and to reduce environmental pollution are therefore imperative (Roberts and Johnston, 2015).

Most of the P (95–99%) in the soil are phosphate-insoluble compounds and cannot be directly absorbed by plants (Pande et al., 2017). However, many studies have shown that soil microorganisms are indispensable in the soil P cycle and therefore play pivotal roles in improving the absorption of P by plants (Richardson, 2001; Rashid et al., 2016; Anzuay et al., 2017; Ceci et al., 2018). Soil microorganisms (bacteria and fungi) can convert insoluble forms of P into an accessible form that can be absorbed by plants (Paul et al., 2018). These kinds of microorganisms are called phosphate-solubilizing microorganisms (PSMs), which include phosphate-solubilizing bacteria (PSB) and phosphate-solubilizing fungi (PSF) (Qian et al., 2019). The PSB involved in the phosphorus conversion process are Pseudomonas, Mycobacterium, Bacillus subtilis, Rhizobium, Azotobacter, and Agrobacterium (Babalola and Glick, 2012; Sharma et al., 2013; Qian et al., 2019). Some studies have shown that PSB may decrease the pH of the soil through many processes in order to promote the solubilization of soil P (Adnan et al., 2017), such as releasing organic acids and hydrogen ions (Xiao et al., 2017) and producing siderophores and phosphatases (Rodriguez and Fraga, 1999). The most common PSF are Aspergillus and Penicillium (Seshadri et al., 2004; Rashid et al., 2016). Other species such as Talaromyces and Eupenicillium also play important roles in the P cycle (Della Monica et al., 2014).

Several reports have shown that changes in soil rhizosphere microbial communities are largely affected by agricultural management practices (Hartmann et al., 2015; Li et al., 2015a; Tian et al., 2015), and the response of microbial communities to phosphate fertilizer input varies significantly in different regions and ecosystems (Huang et al., 2016; Long et al., 2018; Wang et al., 2018). For example, the P input rates (0–32 g P2O5 m–2 year–1) were negatively correlated to the richness of soil bacterial communities in a semi-arid steppe (Ling et al., 2017), while a high P input (30 g P2O5 m–2 year–1) in forest soil increased the abundance of soil microbial communities (Huang et al., 2016). Moreover, a low P input (50 mg P2O5 kg–1) increased the diversity of endophytic bacteria and a high P input (200 mg P2O5 kg–1) increased the diversity of fungi in P-deficient paddy soils (Long and Yao, 2020). In contrast, excessive P input (131 kg P ha–1) reduced the diversity of maize arbuscular mycorrhiza (AM) in the North China Plain (Lang et al., 2018). However, these studies were carried out at a single time point. Few studies have been carried out on maize sloping farming systems where P is easily lost due to water erosion (surface runoff) (Strehmel et al., 2016; Zhang et al., 2017).

Our previous results showed that optimized P management had a positive effect on maize yield (Zhang Y. et al., 2019), while the interaction mechanism between phosphate fertilizer–soil rhizosphere microorganisms–plants is unknown. Thus, we performed a study with temporal resolution to quantitatively understand how the maize soil rhizosphere microorganisms of sloping farmlands are affected by phosphate fertilization (P125 and P90). We hypothesized that P90 would lead to a significant enrichment of some microorganisms involved in the P cycle that can contribute to P availability in sloping farmlands. For this purpose, we collected soil samples in four growth stages of maize and investigated the responses of rhizosphere bacteria and fungi to different P supply levels using high-throughput sequencing. Our work helps in understanding the changing process of the rhizosphere microbiota during the entire growth cycle of maize under different P levels and provides theoretical support for the efficient use of P in the rhizosphere.



MATERIALS AND METHODS


Study Area and Experimental Design

Our study area is located in the hinterland of the Three Gorges Reservoir Area (TGRA) in China (29°30′ N, 107°18′ E), where more than 60% of the lands are sloped and over 70% of the soil has suffered from serious soil erosion (Zhang T. et al., 2019). The typical tillage practice is a maize–mustard rotation in the sloping farmland of the TGRA (Zhang Y. et al., 2019). The annual average temperature of the study area is 22.1°C, the monthly average maximum temperature is 30°C, the monthly average minimum temperature is 8°C, and the average annual rainfall is 1,130 mm (Zhang et al., 2020). At the beginning of the experiment, the soil had a pH of 5.34, total nitrogen (N) of 0.77 g kg–1, available P of 24.2 mg kg–1, nitrate N (NO3–N) of 35.8 mg kg–1, and ammonium N (NH4–N) of 31.6 mg kg–1 (Zhang Y. et al., 2019).

Based on a previous report by our group, reducing the amount of conventional fertilization by one-quarter to one-half could not affect crop nutrient absorption and also reduced soil nutrient loss (Zhang Y. et al., 2019). We initiated the field experiment on March 5, 2019, and included the following two phosphate fertilizer (as superphosphate) treatments with three replicated plots (100 m2 per plot): (1) conventional fertilization (125 kg P2O5 ha–1, P125) and (2) optimal fertilization (90 kg P2O5 ha–1, P90). The application rates of N fertilizer (as urea) and potash (K) fertilizer were the same as those of the traditional local application rates: 343 kg N ha–1 and 210 kg KCl ha–1, respectively. Two-thirds of the N and K fertilizers and four-fifths of P were supplied as basal fertilizers on March 25, 2019. The others were applied for top dressing on May 4, 2019. The slopes of plots were measured for an average of 12°. An impermeable high-density waterproof polyethylene board was embedded into the soil between each studied plot. It was used to avoid the mutual influence among treatments by preventing lateral and transverse migrations of nutrients and water between plots.



Soil Sampling and Biogeochemical Analysis

At the maize seedling stage [emergence to the second leaf stage (S), April 17, 2019], ear stage [second leaf to tassel (E), May 26, 2019], flowering stage [silking to milk stage (F), July 2, 2019], and harvest stage [milk to maturity (H), August 5, 2019], a total of 24 rhizosphere soil samples were collected at depths of 10–30 cm. In each repeated plot, five complete maize roots were dug out according to the five-point sampling method; the large blocks around the roots were shaken off. Then, the soil on the surface of the root system was gently brushed down and the rhizosphere soil was obtained. After three repetitions for each treatment, the collected samples were immediately transported on ice to the laboratory. Part of the air-dried soil samples was used for analysis of soil physical–chemical properties, while the other samples were used to extract total soil DNA. During the H stage, we further calculated the weight of the maize grain and straw for subsequent yield analysis.

Soil physiochemical analysis methods were used according to a previous study (Ali et al., 2019). The soil pH was measured in water (1:2.5 soil/water) with a glass electrode. Total N (TN) was determined using the Kjeldahl method. Available N (AN) was measured with the alkaline solution diffusion method. Available P (AP) was extracted with NaHCO3 and determined using the ammonium molybdate–antimony potassium tartrate-ascorbic acid method. Soil NO3–N and NH4–N were extracted with 0.01 mol L–1 calcium chloride and determined with a continuous flow analyzer (AA3, SEAL Company, Norderstedt, Germany).



DNA Extraction, PCR Amplification, and Metagenomic Sequencing

For each sample, soil microbial DNA (24 in total) was extracted from approximately 0.5 g of frozen soil using a MoBio PowerSoil DNA Isolation Kit (MoBio Laboratories, Carlsbad, CA, United States) according to the manufacturer’s protocols. The final DNA concentration and purification were determined by NanoDrop 2000 UV–Vis spectrophotometer (Thermo Scientific, Wilmington, DE, United States), and the DNA quality was checked with 1% agarose gel electrophoresis. Distinct regions of bacterial 16S ribosomal RNA (rRNA) and fungal internal transcribed spacer (ITS) genes were amplified using specific primers (Supplementary Table 1) via a thermocycler PCR system (GeneAmp 9700, Applied Biosystems, Frederick, MD, United States). The PCR amplification processes of the 16S rRNA gene and the ITS gene are shown in Supplementary Table 2. Amplicons were extracted from 2% agarose gels and further purified using the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, United States), then quantified using QuantiFluorTM-ST (Promega, Madison, WI, United States) according to the manufacturer’s protocol. The purified amplicons were pooled in equimolar and paired-end sequenced on an Illumina MiSeq PE300 platform (Illumina, San Diego, CA, United States) according to the standard protocols by Majorbio Bio-Pharm Technology Co. Ltd. (Shanghai, China).



Data Analysis

Raw fastq files were demultiplexed, quality-filtered by fastp version 0.20.0 (Chen et al., 2018), and merged by FLASH version 1.2.11 (Magoc and Salzberg, 2011) with the following criteria: (i) reads were truncated at any site receiving an average quality score <20 over a 50-bp sliding window; (ii) primers were exactly matched allowing two nucleotides mismatching and reads containing ambiguous bases were removed; and (iii) sequences whose overlap was longer than 10 bp were merged according to their overlap sequence. Operational taxonomic units (OTUs) were clustered with a 97% similarity cutoff using UPARSE 7.11 (Edgar, 2013), and chimeric sequences were identified and removed using UCHIME. The taxonomy of each 16S rRNA and ITS gene sequence was analyzed using the RDP Classifier algorithm2 (Wang et al., 2007) against the 16S rRNA database (Silva v.132) and the ITS database (UNITE v.8.0) using a confidence threshold of 70%. This study uses the current taxonomy terminology (e.g., Actinobacteria now “Actinobacteriota,” Acidobacteria now “Acidobacteriota,” Bacteroidetes now “Bacteroidota,” etc.) (Parks et al., 2018).



Statistical Analysis

Before the analysis, we rarefied all sequences based on the minimum sequence number (35,559 for bacterium and 34,497 for fungus) to correct for differences in sequencing depths. We have taken the rank of OTU as the abscissa and the number of sequences contained in each OTU as the ordinate to draw the graph using R language. The Chao and Shannon indexes were used to evaluate the alpha diversity of the microorganisms (Mothur 1.30.2). A principal coordinate analysis (PCoA) was constructed based on the Bray–Curtis dissimilarity matrix and weighted UniFrac matrix to visualize the differences in the microbial composition (ANOSIM in R language with 999 permutations) (Liu et al., 2020). The compositions of the microbial community under the two treatments were analyzed with R language. One-way ANOVA and Welch’s t-test were used to discover species with significant differences between groups (p < 0.05), and p-values were multiple corrected by false discovery rate (FDR). Redundancy analysis (RDA) was applied to reflect the relationship between the environmental factors and the rhizosphere microbial community composition (vegan package in R). Heatmaps based on Spearman’s coefficients were used to show specific microorganisms related to environmental factors. In addition, bacterial and fungi genera with average relative abundance in the top 100 of two treatments were selected for microbial interaction network analysis (using the networkx tool). Then, four microbial networks were built based on a strong correlation (Spearman’s correlation coefficient of >0.5) and significance (p < 0.05). The topological properties of these networks were estimated with the networkx tool.



RESULTS


Soil Biogeochemical Properties and Crop Yields

Different P fertilization treatments caused significant differences (p < 0.05) in rhizosphere soil pH, AN, AP, TN, NO3–N, and NH4–N at four growth periods of maize (Table 1). Compared with P125, P90 resulted in significant reductions in soil pH (entire growth period), TN (E and F), AN, and NH4–N (E, F, and H). AP and NO3–N had no obvious regularity in the different growth stages. In addition, two yield indicators (grain and straw) showed that P90 significantly increased maize yield (p < 0.05; Supplementary Figure 1).


TABLE 1. Soil biogeochemical properties in the four growth stages of maize—seedling stage (S), ear stage (E), flowering stage (F), and harvest stage (H)—under conventional treatment (P125, rate of 125 kg P2O5 ha–1) and optimal treatment (P90, rate of 90 kg P2O5 ha–1).

[image: Table 1]


Taxonomic Characteristics, Diversity, and Richness Index of Microbial Communities

For the entire sampling set, a total of 1,389,235 bacterial sequences and 1,514,552 fungal sequences were quality filtered, chimera checked, and obtained with average lengths of 255 and 244 bp. These classified sequences were further used to cluster the OTUs at a 3% dissimilarity level. A set of 4,631 bacterial OTUs and 1,585 fungal OTUs was obtained, and species taxonomic analysis was also computed. All the sampling efforts tended to reach the saturation plateau in the rarefaction analysis and were effective in covering the full extent of almost a majority of the bacterial and fungal diversity according to a 97% sequence similarity in the rank abundance curve approach (Supplementary Figure 2).

Maize has unique rhizosphere microbiota in different growth periods and P treatments. Under P125, the bacterial Shannon diversity index was significantly higher in the H stage compared with that in the F stage, and the Chao index was significantly lower in the F stage compared with that in the E and H stages (p < 0.05; Figures 1A,B). However, under P90, the Chao index was significantly higher in the F stage than that in the E and H stages (p < 0.05; Figure 1B). There was no significant difference in the Shannon index between the various growth stages of fungus, and P90 significantly decreased the richness of fungus at the S stage (Figures 2C,D). Meanwhile, P90 significantly decreased the diversity and richness of bacteria at the H stage. P125 significantly decreased the richness of bacteria at the F stage and increased the Chao index of the E stage (p < 0.05; Figure 1B). For a comparison of the differences in the structure of the rhizosphere microbiota, PCoA of the Bray–Curtis distance and weighted UniFrac matrices were performed. The results indicated that the rhizosphere microbial community structure of bacteria in each growth period formed separated clusters of varying degrees in the first two coordinate axes (R = 0.8912 for the Bray–Curtis distance and R = 0.4772 for the weighted UniFrac matrices) (Figures 2A,B), and similar results for fungi were also observed (Figures 2C,D). It is worth noting that there was no obvious separation of the bacterial communities in the maize S stage, while a distinct separation was observed in fungal communities. All these results showed that the rhizosphere microbial community structures were changed with the growth of maize and the P fertilization treatments.
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FIGURE 1. Alpha diversity of the bacterial and fungal communities in the four growth stages of maize—seedling stage (S), ear stage (E), flowering stage (F), and harvest stage (H)—under conventional treatment (P125, with a rate of 125 kg P2O5 ha–1) and optimal treatment (P90, with a rate of 90 kg P2O5 ha–1). (A,B) Shannon diversity index (A) and Chao richness index (B) of the bacterial community. (C,D) Shannon diversity index (C) and Chao richness index (D) of the fungal community. Significant differences between the same growth periods under two treatments were compared using Welch’s t-test. ∗0.01 < p ≤ 0.05; ∗∗0.001 < p ≤ 0.01.
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FIGURE 2. Beta diversity of the microbial community was analyzed using the principal coordinate analysis (PCoA) diagram based on the Bray–Curtis dissimilarity matrix and weighted UniFrac matrix. (A,B) Bacterial community. (C,D) Fungal community. The percentage of the two main axes represents the explanatory value of the difference in the sample composition. Points of different colors and shapes represent different treatments (P125, with a rate of 125 kg P2O5 ha–1; P90, with a rate of 90 kg P2O5 ha–1) and growth stages [seedling stage (S), ear stage (E), flowering stage (F), and harvest stage (H)], respectively. The distance between two sample points indicates the similarity of the species composition of the two samples (p = 0.001).




Changes in Microbial Community Composition and Structure

To further study the effect of P treatment on rhizosphere taxa in the entire maize life cycle, we compared the relative abundance of rhizosphere microbiota at the phylum and genus levels. Although the dominant microbiota from the two treatments were largely consistent over time (Figure 3), several specific rhizosphere taxa changed throughout the growth cycle or single growth period of maize in the two treatments. For bacteria, P90 significantly increased the relative abundance of four phyla and five genera and decreased the abundance of three phyla and three genera during the various growth stages of maize (p < 0.05; Supplementary Figures 3A,B). Moreover, the rhizosphere microbiota of P125 and P90 showed obvious differences at the phylum and genus levels across the entire growth stage (p < 0.05; Supplementary Figure 5). The relative abundance of Streptomyces and Crossiella showed significant differences in P125, whereas Acidothermus, Conexibacter, Mycobacterium, and Pseudomonas dramatically changed in P90 (p < 0.05; Supplementary Figures 5C,D). For fungi, Glomeromycota significantly increased during the F stage only in P90 (p < 0.05; Supplementary Figure 4A). P90 significantly decreased the abundance of Fusarium, Leucothecium, and Cladophialophora during the E and H stages, while it increased the abundance of Talaromyces and Knufia (p < 0.05; Supplementary Figure 4B). Furthermore, the relative abundance of Mortierellomycota, Mortierella, and Cladosporium in P125 showed large differences at both the phylum and genus levels throughout the whole growth period, but no difference was observed in P90 at the phylum level (p < 0.05; Supplementary Figure 6).
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FIGURE 3. Community composition of bacteria and fungi in four growth stages—seedling stage (S), ear stage (E), flowering stage (F), and harvest stage (H)—under conventional treatment (P125, with a rate of 125 kg P2O5 ha–1) and optimal treatment (P90, with a rate of 90 kg P2O5 ha–1). (A,B) Bacterial community composition at the phylum and genus levels. (C,D) Fungal community composition at the phylum and genus levels. Columns of different colors represent different species; the length of the columns represents the proportion of the species.




Microbial Community Structures and Their Relationships With Soil Properties

The RDA indicated obvious relationships between soil properties and microbial community composition. The first and second axes show that 28.76 and 8.22% of the changes in the bacterial community were influenced by soil properties (Figure 4A). The RDA results showed a significant correlation of soil TN with bacterial community structures (p = 0.025; Supplementary Table 3). The abundance of Gemmatimonadota, Proteobacteria, and Cyanobacteria was associated with soil TN (p < 0.05; Figure 4B). Moreover, soil pH significantly affected the fungal community structures (p = 0.003; Figure 4C and Supplementary Table 3). Simultaneously, the slight change in pH level was related to the abundance of Basidiomycota and Mortierellomycota (p < 0.05; Figure 4D).
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FIGURE 4. Correlation of soil microbial community structure–environmental factors–specific microorganisms by redundancy analysis (RDA) and heatmaps. (A,B) Bacterial community structure. (C,D) Fungal community structure. Soil properties included available P (AP), pH, available N (AN), total N (TN), ammonium N (NH4), and nitrate N (NO3). The direction of the arrow represents the correlation with the first two-gage axes; the length of the arrow indicates the strength of the correlation. Colors in the heatmap indicate different correlation thresholds (R), and the color interval is shown in the upper right legend. P-values are used to express significance. *0.01 < p ≤ 0.05; **0.001 < p ≤ 0.01; ***p ≤ 0.001. P125, treatment of 125 kg P2O5 ha–1; P90, treatment of 90 kg P2O5 ha–1; S, seedling stage; E, ear stage; F, flowering stage; H, harvest stage.




Microbial Networks

At the genus level, microbial networks were established based on correlations for the soil samples in P125 and P90 (Figure 5). The networks of bacteria consisted of 100 (P125) and 97 (P90) nodes (Figures 5A,B and Supplementary Table 4). The networks of fungus captured 99 nodes in each treatment (Figures 5C,D and Supplementary Table 5). For bacteria, the degree and clustering coefficients were much higher in P90 than those in P125 (Supplementary Table 4). The average shortest path length and the degree and clustering coefficients of fungus in P90 networks were much lower than those in P125 (Supplementary Table 5). Additionally, the keystone taxa based on the betweenness centrality scores also varied in P90 and P125 for the microbial networks of bacteria and fungus (Figure 5 and Supplementary Tables 4, 5).
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FIGURE 5. (A–D) Network analysis showing the connectedness among genera of bacteria or fungi in the soils under P125 (A,C) and P90 (B,D). Nodes (colored dots) imply the genera involved in the networks, and the size of the node indicates the abundance of species. Links mean the relationship among the nodes: Red and green lines represent positive and negative correlations, respectively. Dots of different colors indicate the different phyla to which the genera belong. The keystone genera are based on the top five betweenness centrality scores in the network.




DISCUSSION

Previous studies have demonstrated that the input of agricultural P into the Yangtze River increased from 55 to 81% with extensive use of chemical fertilizers (Liu X.C. et al., 2018). In addition, non-point-source P comes mainly from the surface runoff of sloped farming in the TGRA (Zhu et al., 2012). Therefore, optimizing fertilization management and utilizing beneficial microorganisms on sloping croplands are essential for reducing fertilizer consumption and controlling NPSP in this region.


Effects of P Fertilization on the Bacterial Community in Different Growth Periods of Maize

Plant roots lead to the selective enrichment of rhizosphere microorganisms due to environmental changes (Berendsen et al., 2012; Lareen et al., 2016). Previous work have shown that P levels would affect bacterial communities under different soil types, plant species, and crop growth periods (Huang et al., 2016; Lang et al., 2018; Long et al., 2018; Wang et al., 2018; Zhuang et al., 2020). We performed a longitudinal comparison of the changes across the entire life cycle of maize in two treatments. Dynamic changes in the diversity and richness of the bacterial communities were observed between different growth periods (Figures 1A,B). Subsequently, the maize rhizosphere microbiota under two treatments shifted in different developmental stages (Figures 2A,B, 3A,B), showing that plants may recruit different rhizosphere microorganisms at different growth stages and conditions. For example, under P90, Pseudomonas, Conexibacter, and Mycobacterium were significantly enriched in the S and E stages (Supplementary Figure 5D), indicating that maize may actively recruit these beneficial bacteria to participate in the P cycle and promote its rapid growth. The dynamic changes of the rhizosphere microbiota throughout the maize life cycle may be due to the changes in the structure of the root system and the release of root exudates. In the past, some studies have shown that the bacterial community structure varied with the developmental stages of maize, and these results were explained as a sign of the complex interplay between microbes and root exudates (Baudoin et al., 2003; Guo et al., 2017; Hu et al., 2018).



Effects of P Fertilization on the Fungal Community in Different Growth Periods of Maize

Previous studies have shown that P fertilizer affects the diversity and community structure of fungi, but these works were carried out at a single time point only or under different soil types (Fanin et al., 2015; Luo et al., 2015; Huang et al., 2016; Lang et al., 2018; Liu M. et al., 2018). Our research results demonstrated that there were no significant differences in the Shannon and Chao indexes of fungi (Figures 1C,D), while distinct changes in the community composition of fungi were observed (Figures 2C,D). Interestingly, the fungal communities under two P treatments showed significant differences in the S stage compared to bacteria (Figure 2C), indicating that bacteria are not as sensitive to P addition as fungi in the early stage of maize growth. This result paralleled recent studies showing that the fungal hyphae of plant roots could rely on their longer hyphae length to increase the nutrient absorption area, which may have contributed to the sensitivity of fungi to P addition (Li et al., 2015b; Liu M. et al., 2018). Moreover, this conclusion was supported by another result of our research whereby P90 increased the relative abundance of the fungal phylum Glomeromycota in the first three growth stages of maize, especially at the F stage (Supplementary Figures 4A, 6A,B). It is well accepted that AM fungi can facilitate the absorption of soil P by plants, and all AM fungi are members of the phylum Glomeromycota, which can coexist with 70–90% of vascular plants in the world (Smith et al., 2011; Liu et al., 2012; Sangabriel-Conde et al., 2015; Crossay et al., 2018; Sturmer et al., 2018). It is interesting to note that the relative abundance of Fusarium under P90 was significantly reduced during the H stage compared to that under P125 (Supplementary Figure 4B). We reasoned that the significant increase in the relative abundance of Pseudomonas in the S stage under P90 resulted in a decrease in the relative abundance of Fusarium (Supplementary Figure 5D). Previous studies have shown that antifungal compounds from Pseudomonas are strongly antagonistic to Fusarium (Pal et al., 2001; Figueroa-Lopez et al., 2016). In addition, the increase in the relative abundance of Glomeromycota may also be involved in the competition for space and nutrients with pathogenic microorganisms (Martinez-Viveros et al., 2010; Olowe et al., 2018).



Relationship Between Soil Microbial Community and Soil Properties

Previous studies have shown that changes in the P content affect the soil microbial community structure (DeForest and Scott, 2010; Luo et al., 2015). However, other observations indicated that other soil properties such as pH, TN, AN, and phosphatase were also involved in the process of shaping the structure of soil microbial communities (Luo et al., 2015; Shen et al., 2015; Kaiser et al., 2016; Ai et al., 2018; Neal et al., 2021). In our study, soil TN has a significant correlation with the bacterial community structure, which was affected by P fertilization (Figure 4A and Supplementary Table 3). This observation is in line with previous studies whereby P fertilization increased TN and that variables related to N conversion are important factors that determine the structure of bacterial communities in soils with other similar nutrient contents (Williams et al., 2013; Shen et al., 2015). We also found that changes in soil TN correlated with Gemmatimonadota, Proteobacteria, and Cyanobacteria, which was supported by the results of recent studies reporting that Gemmatimonadota participated in the process of soil N cycle (Bhatti et al., 2017). Furthermore, the fungal structure was significantly correlated with soil pH, unlike the bacterial community structure (Figure 4C and Supplementary Table 3). Previous results have shown that the effects of P addition on fungal communities were mainly through its indirect influence on soil pH (Wakelin et al., 2009, 2012; Huang et al., 2016; Ai et al., 2018). In our study, the pH in P125 was higher than that in P90, which agrees with previous studies suggesting that P addition increases soil basic cations by stimulating soil microbial nutrient conversion and eventually elevating soil pH (Liu et al., 2013; Zhu et al., 2015). Additionally, the abundance of Basidiomycota and Mortierellomycota was associated with soil pH and might have resulted from P fertilization. Altogether, these results showed that soil TN and pH might be the crucial factors affecting the soil rhizosphere community structure in purple soil sloping farmland.



Differences in P Fertilization Levels Affect the Interactions Between Microorganisms

Network analysis can determine the interactions between microbial groups in niches and identify the keystone taxa most closely related to the microbial community (Liu et al., 2013; Vick-Majors et al., 2014; Banerjee et al., 2016). In the networks acquired for the soil bacteria, the correlations between genera and degrees were both increased in P90 compared to those in P125 (Figures 5A,B). Thus, the soil bacterial communities in P90 formed more complex networks, which suggests that a strong network complexity could increase the stability of the rhizosphere microbial community structure (Mander et al., 2012; Zheng et al., 2018). For the microbial networks of fungi, P90 reduced the interactions between microorganisms in the network, which shows that a higher P input (P125) might shape a more stable microbial network (Figures 5C,D). Considering the differences in the diversity and richness of the fungal communities under the two treatments, it is likely that higher diversity and richness of species might increase the complexity of the network and strengthen the interactions between microorganisms.

Moreover, the keystone genera of the bacterial and fungal communities were also different under the two treatments (Figure 5 and Supplementary Tables 4, 5). Although their relative abundance in the microbial community was lower, they can exert a disproportionately large effect in the soil ecosystem (Zheng et al., 2018). For bacterial communities, the keystone genera in P90 are Leifsonia and Bryobacter. According to recent reports, Leifsonia is a mesophilic species commonly found in weakly acidic soil; it can affect the bioavailability of P and other mineral nutrients in the soil (Tan et al., 2020). In addition, Bryobacter could utilize polysaccharides, various sugars, and organic acids, with a significant impact on the biogeochemical carbon cycle (Dedysh et al., 2017; Liu et al., 2019). For the fungal communities, Talaromyces was identified as a keystone genus in P125. Talaromyces showed desired P-solubilizing capability in recalcitrant phosphate, which was widely reported in recent studies (Mendes et al., 2014; Zhang et al., 2018). In contrast, Fusariella was the keystone genus in P90, which might explain the lower stability of the fungal community structure in this treatment level (Fu et al., 2017; Dugdale et al., 2018). These results suggest that different P input levels might affect the stability of the entire community by affecting certain specific species of the rhizosphere microbial community.



CONCLUSION

Our research showed that the diversity and richness of the bacterial and fungal communities during the growth cycle of maize respond differently to the two P input levels. The rhizosphere microbial community structure was strongly influenced by P fertilization levels and growth stages and was significantly related to soil TN and pH. Maize could recruit different rhizosphere microorganisms, such as Pseudomonas, Conexibacter, Mycobacterium, Acidothermus, Glomeromycota, and Talaromyces, in order to adapt to changes in the soil environment and promote rapid crop growth. Moreover, P90 enhanced the interaction among the genera in the microbial network of bacteria, while it reduced the stability of the fungal community. Further research should be conducted to investigate the process and mechanism of the effects of different phosphate fertilizer levels on bacteria and fungi.
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Supplementary Figure 1 | Two yield indicators, (A) grain and (B) straw, during maize harvest stage under P125 (with a rate of 125 kg P2O5 ha–1) and P90 (with a rate of 90 kg P2O5 ha–1). Significances between the two treatments were compared using one-way t-test (0.01 < p ≤ 0.05 = ∗).

Supplementary Figure 2 | Rank Abundance curve of bacterial and fungal community. (A) bacteria community; (B) fungi community. Different colored curves represent different samples, and its smoothness indicates the diversity of species.

Supplementary Figure 3 | Species differences of bacterial communities at the phylum (A) and genus (B) level. Species with significant differences at the phylum and levels using Welch’s t-test (p < 0.05). P125, with a rate of 125 kg P2O5 ha–1; P90, with a rate of 90 kg P2O5 ha–1; S, seedling stage; E, ear stage; F, flowering stage; and H, harvest stage.

Supplementary Figure 4 | Species differences of fungal communities at the phylum (A) and genus (B) level. Species with significant differences at the phylum and genus levels using Welch’s t-test (p < 0.05). P125, with a rate of 125 kg P2O5 ha–1; P90, with a rate of 90 kg P2O5 ha–1; E, ear stage; F, flowering stage; and H, harvest stage.

Supplementary Figure 5 | Heatmaps of bacterial community composition. The color gradient shows the changes in the abundance of different species in the sample at the phylum (A,B) and genus (C,D) levels. The legend on the right is the lg value, and species with significant differences are analyzed by one-way ANOVA (0.01 < p ≤ 0.05 = ∗, 0.001 < p ≤ 0.01 = ∗∗). P125, with a rate of 125 kg P2O5 ha–1; P90, with a rate of 90 kg P2O5 ha–1; S, seedling stage; E, ear stage; F, flowering stage; and H, harvest stage.

Supplementary Figure 6 | Heatmaps of fungal community composition. The color gradient shows the changes in the abundance of different species in the sample at the phylum (A,B) and genus (C,D) level. The legend on the right is the lg value, and species with significant differences are analyzed by one-way ANOVA (0.01 < p ≤ 0.05 = ∗, 0.001 < p ≤ 0.01 = ∗∗). P125, with a rate of 125 kg P2O5 ha–1; P90, with a rate of 90 kg P2O5 ha–1; S, seedling stage; E, ear stage; F, flowering stage; and H, harvest stage.

Supplementary Table 1 | PCR primers for 16S rRNA and ITS in this work.

Supplementary Table 2 | PCR amplification process of 16S rRNA gene and ITS gene.

Supplementary Table 3 | Correlation coefficient between environmental factors and microbial structure.

Supplementary Table 4 | Bacterial network structure properties.

Supplementary Table 5 | Fungal network structure properties.
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As the main consumers of bacteria and fungi in farmed soils, protists remain poorly understood. The aim of this study was to explore protist community assembly and ecological roles in soybean fields. Here, we investigated differences in protist communities using high-throughput sequencing and their inferred potential interactions with bacteria and fungi between the bulk soil and rhizosphere compartments of three soybean cultivars collected from six ecological regions in China. Distinct protist community structures characterized the bulk soil and rhizosphere of soybean plants. A significantly higher relative abundance of phagotrophs was observed in the rhizosphere (25.1%) than in the bulk soil (11.3%). Spatial location (R2 = 0.37–0.51) explained more of the variation in protist community structures of soybean fields than either the compartment (R2 = 0.08–0.09) or cultivar type (R2 = 0.02–0.03). The rhizosphere protist network (76 nodes and 414 edges) was smaller and less complex than the bulk soil network (147 nodes and 880 edges), indicating a smaller potential of niche overlap and interactions in the rhizosphere due to the increased resources in the rhizosphere. Furthermore, more inferred potential predator-prey interactions occur in the rhizosphere. We conclude that protists have a crucial ecological role to play as an integral part of microbial co-occurrence networks in soybean fields.

Keywords: protist community, bulk soil, rhizosphere, co-occurrence network, soybean fields


INTRODUCTION

The plant rhizosphere, a “hotspot” environment that connects and differentiates root-associated and surrounding soil microbiomes, harbors an extraordinary number of microbes (Jiang et al., 2017) that can contribute to plant growth and plant health and provide ecological services (Chen et al., 2016). Recent advances in high-throughput sequencing (HTS) now let us investigate the diversity and function of these rhizosphere microbial communities (Mahoney et al., 2017), especially those composed of bacteria and fungi. Several studies have shown that the microbial communities that colonize the rhizosphere show distinct compositions and functions when compared with those of the surrounding bulk soil, largely due to specific soil physical structures, pH levels, and root exudates in the rhizosphere (Mendes et al., 2014; Edwards et al., 2015; Yan et al., 2016). The selective effect characteristic of rhizosphere-specific habitats leads to decreased microbial alpha diversity (Zhang et al., 2017, 2018a). Recent studies have indicated that rhizospheric microbial community structure is influenced by multiple factors, including spatial location, edaphic properties, plant genotypes, and root phenotypic traits (Peiffer et al., 2013; Edwards et al., 2015; Pérez-Jaramillo et al., 2017). In addition, the co-occurrence network architectures of rhizosphere microbial communities are less complex than those of surrounding bulk soil (Fan et al., 2017; Zhang et al., 2018c).

Most rhizospheric microbiome studies mainly focus on bacteria and fungi, leaving protists in the rhizosphere seldom investigated (Gao et al., 2019). Protists are a group of organisms with broad diversity that play multiple crucial roles in terrestrial ecosystems, functioning as primary producers, predators, food, and parasites. Free-living heterotrophic protists are considered the main consumers of bacteria, fungi and other microbes (Heger et al., 2018), while purely phototrophic and mixotrophic protists represent a functional soil carbon source (Jassey et al., 2015; Seppey et al., 2017), and protist parasites are widely distributed in soil and resistant cysts (Dupont et al., 2016). Protist activity can influence plant conditions by controlling the microbial loop (Bonkowski, 2004; Rossmann et al., 2020), altering hormonal balance in plants (Krome et al., 2010), stimulating plant growth-promoting rhizobacteria (Jousset, 2012; Asiloglu et al., 2020), and acting as plant-pathogenic species (Geisen et al., 2015). Furthermore, some protists affect other pathogens as antagonists or vectors (Gerbore et al., 2014; Xiong et al., 2020).

HTS based on 18S rRNA has been applied to investigate protist diversity in different ecosystems and habitats (Dupont et al., 2016; Mahé et al., 2017; Seppey et al., 2017). Importantly, HTS information may provide insight into functional ecology based on the genetic identification of protists and knowledge of their life histories (De Vargas et al., 2015; Weisse et al., 2016). In particular, the microbial relationships between protists and other microbes can be assessed using a co-occurrence network generated from the HTS data. For example, a recent study showed that protists linked diverse bacterial and fungal populations as a central hub to improve the health of different fertilizer-treated soils (Xiong et al., 2017). Despite these developments, we still lack necessary knowledge of how the taxonomic and functional composition of protists is structured and affected by environmental variables, such as climate, soil, and vegetation, and how protists are associated with their potential bacterial and fungal prey in the niches of bulk soil and rhizosphere compartments.

Soybean [Glycine max (L.) Merrill], as one of the most important crops in China, is distributed almost all over the country. Wang and Gai (2002) suggested that cultivating regions of soybean in China could be divided into six ecological regions. Our previous studies have explored rhizospheric bacterial and fungal communities of soybean in different ecological regions in China (Zhang et al., 2018a,b). However, we still lack essential knowledge about rhizospheric protist community assemblages of soybean in China.

To fill these pressing knowledge gaps, we carried out HTS based on 18S rDNA to investigate protist communities inhabiting the bulk soil and rhizosphere of three soybean (Glycine max) cultivars collected from six agricultural regions in China. Then, we linked the taxonomically assigned protist taxa to several functional groups of soil food webs. Furthermore, we also combined the HTS-obtained data on bacterial and fungal communities from 16S rDNA and ITS2 to explore the roles of protists in soil ecological networks. In this study, the following hypotheses were tested: (i) The taxonomic and functional compositions of protists in the rhizosphere differ from bulk soil; and (ii) Protist co-occurrence networks have features that differ between the two soil compartments, and protists play crucial roles in overall networks and link diverse bacterial and fungal populations.



MATERIALS AND METHODS


Site Description and Sampling

Three soybean (Glycine max) cultivars (HH53, WH40, and ZH13) were planted in replicate plots (222 m2 each cultivar) in six fields under conventional cultivation. The soybean fields were located at different sites in China (Supplementary Table 1), including Heihe (HH), Chifeng (CF), Yan’an (YA), Wuhan (WH), Nanchang (NC), and Quanzhou (QZ). These locations are distributed across distinct ecological regions with greatly different edaphic and climatic factors. Soil samples were collected in each field at the stage of soybean flowering (between June and July 2015). There were 72 samples in total: 54 rhizosphere samples (6 locations × 3 cultivars × 3 repeats) and 18 bulk soil samples (6 locations × 3 repeats). Bulk soil samples were collected from each field site by mixing five soil cores obtained from the 0–20 cm soil layer after first removing any stones and plant debris. To obtain rhizospheric soils, we collected healthy soybean plants from five plots per field. Excess soil was removed from the roots by manual shaking, with approximately 1 mm of soil still attached to them, and this rhizospheric soil was collected by centrifugation after washing with a solution of sterile phosphate-buffered saline, following the method of Edwards et al. (2015). All samples were stored at –80°C before DNA extraction.

A subsample of bulk soil was air dried and then sieved to detect edaphic properties, namely, pH, C:N ratio, organic C, and total N; clay, silt, and sand contents; and available N, K, P, Ca, and Mg concentrations (Zhou and Zhang, 2008). Furthermore, we collected climatic data for the mean annual precipitation and temperature and (MAP and MAT), potential evapotranspiration (PE), relative humidity (RH), and aridity index (AI) from the China Meteorological Database.1 The above information is presented in Supplementary Table 1.



Microbial Community Analysis

Total DNA was extracted from approximately 0.5 g of each sample by using the Fast DNA SPIN Kit (MP Biomedicals, United States) and following the instructions. The V9 region of the 18S rRNA gene was amplified with the eukaryote universal primer combination 1389F (TTGTACACACCGCCC)/1510R (CCTTCYGCAGGTTCACCTAC) (Amaralzettler et al., 2009); it contained a barcode sequence from each sample for Illumina MiSeq sequencing. All PCRs were carried out in a 25-μL volume containing 12.5 μL of 2 × Taq PCR MasterMix, 1 μM forward and reverse primers (5 μM), 3 μL BSA (2 ng/μL) and 30 ng template DNA, and ddH2O filled to 25 μl. Thermal cycling included initial denaturation at 95°C for 5 min, then 40 cycles of denaturation at 95°C for 45 s, annealing at 60°C for 50 s, and elongation at 72°C for 45 s, with a final elongation at 72°C for 10 min. The PCR products were pooled and cleaned using the Qiagen Gel Extraction Kit (Qiagen, Hilden, Germany) and sequenced with the Illumina MeSeq platform.

Raw sequences were processed to obtain high-quality tags (Caporaso et al., 2011). The USEARCH tool was used to remove chimeric sequences based on the UCHIME algorithm (Edgar et al., 2011). Sequences were clustered into operational taxonomic units (OTUs) of 97% similarity with UPARSE (Edgar, 2013). Then, these OTUs were blasted against the trimmed V9 region (V9_PR2) database (Guillou et al., 2012; De Vargas et al., 2015). Finally, any plant (Streptophyta), animal (Metazoa), fungal, and unclassified Opisthokonta OTUs were discarded. To better predict the potential ecological functions of different protist taxa, we further assigned them to six functional groups—phagotrophs, omnivores, parasites, phototrophs, and plant pathogens—according to a previous study (Xiong et al., 2017).

The V4 region of the bacterial 16S rRNA gene, using primer pairs 515F (GTGCCAGCMGCCGCGGTAA)/806R (GGACTACHVGGGTWTCTAAT), and the fungal internal transcribed spacer 2 (ITS 2) region, using primer pairs ITS3–2024F (GCATCGATGAAGAACGCAGC)/ITS4–2409R, were each amplified from the bulk soil and rhizospheric soil samples (Orgiazzi et al., 2012; Evans et al., 2014). A detailed description of the sequencing and processing procedure was performed according to the above instructions. The representative OTU sequences were aligned against the Silva database (Release 119) for bacteria and the UNITE database (Release 7.0) for fungi.



Statistical Analysis

All analyses of our study were conducted in the R software platform v.3.4.5 (R Core Team, 2017) and QIIME v1.9.0 (Caporaso et al., 2010). The alpha diversity of each protist community was expressed by the number of observed OTUs (=richness) and its phylogenetic diversity (PD) index using a rarefied OTU table. Significant differences in alpha diversity between the bulk soil and rhizosphere were tested using the Wilcoxon test with P values adjusted using the Benjamini-Hochberg method (Benjamini and Hochberg, 1995). A differential OTU abundance analysis was performed by fitting a negative binomial generalized linear model (Zgadzaj et al., 2016) to identify the OTUs correlated with differences in protist communities between the bulk soil and rhizosphere by using the edgeR library (Robinson et al., 2010). The OTU counts of the bulk soil served as the control, and the P value cutoff was set to 0.05.

The “pcoa” function from the ape package (Paradis et al., 2004) and the “adonis” and “capscale” functions from the vegan package (Oksanen et al., 2013) were used to perform unconstrained principal-coordinate analysis (PCoA) and permutational multivariate analyses of variance (PERMANOVA) based on Bray-Curtis and weighted UniFrac distances, respectively. For these beta-diversity analyses, the OTU counts were normalized via the cumulative-sum scaling (CSS) method. Bray-Curtis and weighted UniFrac distances were calculated with the vegan (Oksanen et al., 2013) and phyloseq packages (McMurdie and Holmes, 2013). Canonical correspondence analysis (CCA) was performed to explore the edaphic and climatic factors influencing the protist communities of the bulk soil and rhizosphere. We relied on a forward selection procedure to select local edaphic and climatic factors, using the “ordiR2step” function from vegan to identify which were statistically significant (P < 0.05) to generate the CCA (Blanchet et al., 2008).

Additionally, we built protist co-occurrence networks and overall networks integrating the protist, bacterial and fungal community data to gain deeper insight into potential microbial interactions within the bulk soil and rhizosphere. The network construction was run with the Cytoscape plugin CoNet (Faust et al., 2012) using an ensemble approach that combined two measures of correlation (Spearman and Pearson) and dissimilarity (Kullback–Leibler and Bray-Curtis). Then, we requested the 1,000 top- and bottom-ranking links for each measure. Statistical significance was computed by obtaining the method and edge-specific permutation and bootstrap score distributions using 1,000 iterations for each distribution. The P values were merged using the method of Brown (1975) and corrected for multiple testing by the Benjamini-Hochberg procedure (Benjamini and Hochberg, 1995). Only links with an adjusted merged P value < 0.001 were filtered to obtain final networks. Further statistical analyses of these networks were conducted with the implemented tool NETWORKANALYZER (Assenov et al., 2007) and the igraph R package (Csárdi and Nepusz, 2006). We performed module-eigengene (the first principal component of modules) analysis to examine the correlations between main modules and environmental factors (Zhang et al., 2018c). The significant was tested by Mantel analysis.

The keystone species were identified based on z-score and c-score cutoffs. The network hubs (z-score > 2.5 and c-score > 0.6) were highly connected to the total network, the module hubs (z-score > 2.5 and c-score < 0.6) were highly connected within a network module, the connectors (z-score < 2.5 and c-score > 0.6) were responsible for linking among varied network modules, and the peripherals (z-score < 2.5 and c-score < 0.6) had few links with other nodes (Poudel et al., 2016). The OTUs belonging to connectors, network hubs and module hubs were identified as keystone species.



RESULTS


Protist Community Structure and Diversity

After removing the plant (Streptophyta), animal (Metazoa), fungal and unclassified Opisthokonta sequences, a total of 2,983 OTUs were identified as protists from our samples. Rhizaria, Stramenopiles, Amoebozoa, and Archaeplastida dominated the protist communities in both the bulk soil and rhizosphere (Supplementary Figure 1). Comparing the two compartments, the relative abundance of Rhizaria was significantly higher in the rhizosphere (Wilcoxon test, P < 0.05), whereas Apusozoa, Archaeplastida, Excavata, Hacrobia, and Stramenopiles were significantly less abundant in the rhizosphere (P < 0.05; Figure 1A). Protist OTUs were classified into six functional groups according to the method of Xiong et al. (2017). For these, the relative abundance of phagotrophs in the rhizosphere (25.1%) was more than twice that in the bulk soil (11.3%); however, the latter harbored at least twofold more phototrophs and saprotrophs than the rhizosphere in relative abundance (P < 0.05; Figure 1B).
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FIGURE 1. Boxplots showing mean (±SE) relative abundances of five main protist taxonomic groups (A) and protist functional groups (B) in the bulk soil (n = 18) and rhizosphere (n = 54) of soybean fields in China. Statistical differences were analyzed using the Wilcoxon tests: ***P < 0.001, **P < 0.01, *P < 0.05, and ns denotes a non-significant difference.


Protist alpha diversity expressed as richness and PD at the same depth of rarefied sequences (446 reads per sample) was significantly lower in the rhizosphere (Mean ± SE, 144 ± 60 for richness, 40 ± 13 for PD; Figure 2) than in the bulk soil (201 ± 32 for richness, 52 ± 7 for PD; Figure 2). A total of 39 OTUs were significantly enriched in the rhizosphere (Supplementary Figure 2A), which mainly consisted of Rhizaria (35.9%; Supplementary Figure 2B) and Amoebozoa (30.8%; Supplementary Figure 2B). Additionally, 1,025 OTUs were significantly depleted in the rhizosphere (Supplementary Figure 2A), which mainly consisted of Rhizaria (34.9%; Supplementary Figure 2C) and Alveolata (25.2%; Supplementary Figure 2C). Both phagotrophs (32.1%; Supplementary Figure 2D) and omnivores (39.3%; Supplementary Figure 2D) dominated the enriched OTUs, while phagotrophs (37.6%; Supplementary Figure 2E) and phototrophs (30.8%; Supplementary Figure 2E) dominated the depleted OTUs.
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FIGURE 2. Boxplots showing species richness (A) and phylogenetic diversity (B) of the bulk soil (n = 18) and rhizosphere (n = 54) compartments in soybean fields of China. Statistical differences were analyzed using Wilcoxon tests: ***P < 0.001.




Linkage Between Protist Community Structure and Environmental Factors

Permutational multivariate analyses of variance analysis revealed that location represented the dominant source of variation (based on Bray-Curtis distances, R2 = 0.37, P < 0.001; on weighted UniFrac distances, R2 = 0.42, P < 0.001; Supplementary Table 2A), followed by compartment (Bray-Curtis, R2 = 0.08, P < 0.001; weighted UniFrac distances, R2 = 0.09, P < 0.001; Supplementary Table 2A). However, the cultivar grown did not significantly (P < 0.05) impact the protist communities of soybean fields (Bray-Curtis distances, R2 = 0.03, P = 0.08; weighted UniFrac distances, R2 = 0.02, P = 0.13; Supplementary Table 2B). We also used an unconstrained PCoA to confirm the PERMANOVA results (Figure 3). The first axis (PCo1) separated the communities mainly by location, especially those of NC, WH and QZ, while the second axis (PCo2) separated them mainly by compartment.
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FIGURE 3. Principal coordinate analysis based on Bray-Curtis (A) and weighted UniFrac (B) distances the showing contribution of compartment, location, and cultivar on shaping the overall composition of root-associated protist communities of soybean fields in China.


The influence of environmental factors (including edaphic and climatic factors) on protist community structure in the bulk soil and rhizosphere was qualified through CCA ordination. The combination of four environmental factors (pH, Ca, TN, and MAP for the bulk soil; pH, Ca, AI, and MAP for the rhizosphere; Figure 4) was significantly correlated with changes in the protist community for each compartment based on forward model selection (P < 0.05). Of all the environmental factors tested, MAP was the most important for driving the protist community in both the bulk soil and rhizosphere, since it had the longest arrow in the CCA. This result was also verified by the Mantel test, which revealed that MAP had the strongest correlation (R = 0.65, P < 0.001 in the bulk soil; R = 0.66, P < 0.001 in the rhizosphere; Supplementary Table 3) with shifts in the protist community compositions.
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FIGURE 4. Canonical correspondence analysis (CCA) showing the correlations among environmental factors (edaphic and climatic factors) and protist communities from the bulk soil (A) and rhizosphere (B) of soybean fields in China. TN, total nitrogen; pH, soil pH; MAP, mean annual precipitation; AI, aridity index.




Co-occurrence Networks of Protist Communities

Overall, the ecological networks were clearly unalike between the compartments. The rhizospheric network was smaller and less complex than the network of bulk soil. The bulk soil had a co-occurrence network consisting of 147 nodes and 880 edges (average degree of 11.97), which exceeded those of the rhizospheric network (76 nodes, 414 edges, average degree of 10.89). Furthermore, there was a larger proportion of positive correlations in the rhizosphere network (91.79%) compared with bulk soil (76.82%, Table 1).


TABLE 1. Topological properties of the empirical microbial co-occurrence networks in the bulk soil and rhizosphere of soybean fields in China and their associated random networks.

[image: Table 1]The indices of modularity, average path length (APL) and average clustering coefficient (ACC) of the above empirical networks were compared with those of random networks using Z-tests for the bulk soil and rhizosphere (Table 1). This analysis indicated non-random co-occurrence patterns in both the bulk soil and rhizosphere compartments (P values < 0.001). Greater APL and ACC values characterized each network when compared with corresponding random networks (Table 1), thus indicating that the empirical networks had “small world” properties. Modularity values were >0.4 (Table 1), indicating that each empirical network had a modular structure. We obtained four and three highly connected modules—each module with over six nodes—in the bulk soil and rhizosphere, respectively. Rhizaria dominated all four modules of the bulk soil network and two modules of the rhizospheric network in number, and Amoebozoa dominated the remaining module of the rhizospheric network (Figure 5).
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FIGURE 5. Correlation-based network analysis showing all potential interactions between protist operational taxonomic units (OTUs) in the bulk soil (A, n = 18) and rhizosphere (B, n = 54) of soybean fields in China. Node colors indicate different protist taxonomic groups. Lines connecting nodes (edges) represent positive (red) or negative (blue) co-occurrence relationships.


Then, the investigated the correlations between modules and environmental factors by Mantel analysis. The correlations were mainly detected in specific modules. These modules (modules III and IV in the bulk soil, Supplementary Table 4A; module I in the rhizosphere, Supplementary Table 4B) were significantly related to a wide range of environmental factors. Other modules were rarely related to environmental factors.



Co-occurrence Networks of Protists and Other Microorganisms

Further, we constructed overall networks based on protist, bacterial and fungal OTUs of the bulk soil and rhizosphere (Figure 6). The overall network in the bulk soil consisted of 601 nodes (225 bacterial OTUs, 237 fungal OTUs, and 139 protist OTUs) and 1,499 edges; the overall network in the rhizosphere consisted of 392 nodes (185 bacterial OTUs, 191 fungal OTUs, and 16 protist OTUs) and 1,093 edges (Supplementary Table 5). Similar to protist networks, the rhizosphere had a smaller and less complex integrated network compared with bulk soil. In bulk soil, the interactions mainly occurred in the same type of microorganisms, and the interaction between different types of microorganisms was less (Figure 6A). In the rhizosphere, protists mainly interact with bacteria and fungi (Figure 6B). The proportion of positive edges correlated with the protists decreased, while the proportion of negative edges correlated with the protists increased to varying degrees compared with the bulk soil (Figure 7). We analyzed the roles of different types of microbial nodes in the integrated networks to identify the keystone species. Protists were identified as keystone species in both the rhizosphere and the bulk soil. In the bulk soil, 2 protist OTUs were identified as module hubs, and 1 protist OTU was identified as a connector (Supplementary Figure 3A). In the rhizosphere, 1 protist OTU was identified as a module hub (Supplementary Figure 3B).
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FIGURE 6. Co-occurrence networks constructed from total microbial communities in bulk soil (A, n = 18) and rhizosphere (B, n = 18), respectively, and the distributions of bacteria, fungi and protist (C,D). Each node represents an OTU, the size of each node is proportional to the degree (A,B). Red and blue lines connecting nodes (edges) represent positive and negative relationships, respectively (A,B).
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FIGURE 7. Relative abundance of each type of edge in the co-occurrence networks of the microbial communities in bulk soil and soybean rhizosphere, (A) for all edges, (B) for positive edges, and (C) for negative edges.




DISCUSSION

The symbiotic relationship between soybean and rhizobia is a supreme example of plant–microbe mutualism. Han et al. (2020) demonstrated an important role of the rhizospheric microbial community in shaping rhizobia-host relationships in soybean. Rhizospheric bacterial and fungal communities of soybean have been well investigated (Zhang et al., 2018a,b). Rhizospheric protists play various ecological roles in soil food webs and therefore display great functional versatility (Xiong et al., 2020). However, a comprehensive understanding of the diversity and ecological functioning of rhizospheric protists of soybean still eludes us. The development of new molecular markers and databases allows us to understand the rhizospheric protist community (Ceja-Navarro et al., 2021). On the other hand, exploring relationships between protists and other microorganisms was essential to comprehensively understand the ecological roles of the protist community in the soybean rhizosphere.


Distinctive Protist Community Structures of Bulk Soil and Soybean Rhizosphere

Our results revealed that protist community structures were distinguishable between the bulk soil and soybean rhizospheric soil. Notably, the rhizosphere had a lower protist alpha diversity than that in bulk soil. A similar pattern has been well established elsewhere, in that the bacterial and fungal community structures in the rhizosphere differed from those in bulk soil in rice and wheat fields (Edwards et al., 2015; Zhang et al., 2017). Roots may select for specific microbial communities by releasing root exudates into the rhizosphere (Edwards et al., 2015; Zhang et al., 2017; Ceja-Navarro et al., 2021). The change in protist diversity might have arisen from the subsequent enrichment and depletion of some protists going from the bulk soil to soybean rhizosphere. Combined with our previous studies, these results suggested that the rhizosphere of soybean had a selective effect on protists similar to the effect on bacteria and fungi (Zhang et al., 2018a,b).

In our study, a greater number of OTUs were depleted rather than enriched in the soybean rhizosphere, suggesting that this compartment has a greater effect on exclusion rather than enrichment of protists in soybean fields. Interestingly, the phagotrophs showed a higher relative abundance in the soybean rhizosphere than in the bulk soil, although more OTUs of phagotrophs were depleted in the rhizosphere. Beyond having niches that fit better to the rhizosphere’s environment (Edwards et al., 2015), the higher density of bacteria in the rhizosphere could provide phagotrophs with more food (Paterson et al., 2007; Shi et al., 2015). Rhizaria was most abundant in both the bulk soil and rhizosphere. Within Rhizaria, Cercomonadida are classified as phagotrophs and are known to be widespread in soils. One study showed that Cercomonadida has several plant rhizosphere colonizers that are more enriched in the rhizosphere than in bulk soil (Turner et al., 2013).

Moreover, some specific protists may become depleted in the rhizospheric environment due to interspecific competition. Apusozoa, Archaeplastida, Hacrobia, and Stramenopiles were all less abundant in the soybean rhizosphere than in the bulk soil compartment, and many OTUs belonging to them were classified into functional groups of phototrophs and saprotrophs. The bulk soil samples were collected from 0 to 20 cm, which partly receives light, while the rhizosphere soil, where the light penetration was minimal. Thus, the rhizosphere is not a favorable place for most of the phototrophs, which is why they are richer in relative abundance in the bulk soil. On the other hand, some phagotrophs, as top predators, not only feed on bacteria but may even feed on other protists (Geisen and Bonkowski, 2017). Presumably, the enrichment of these predators may partly lead to some protists being lost or excluded from the soybean rhizosphere community.



Various Factors Driving the Composition of Protist Communities in Soybean Fields

We found that spatial location did the most to explain shifts in the composition of protist communities of soybean fields, highlighting the key contribution of historical processes in structuring protist communities of soybean fields (Beck et al., 2015). The belowground compartment was the second-most important factor for explaining the assembly of protist communities. The relative contributions made by location and compartment in structuring microbial communities often differ among studies depending on their sampling scale (Peiffer et al., 2013; Edwards et al., 2015; Zarraonaindia et al., 2015; Santos-Medellín et al., 2017). Since our samples were collected from different ecological regions across China, this corresponds to a large spatial scale for our reported results. In addition, soybean cultivar had a negligible impact on shifts in the composition of rhizosphere protist communities. Previous studies of bacterial communities of farmed rice and maize also identified cultivar as the least explanatory variable among other considered variables (Peiffer et al., 2013; Edwards et al., 2015).

Furthermore, we investigated the influence of climatic and edaphic factors on the protist community. Among these, MAP was clearly the most important acting on protist communities in the bulk soil and soybean rhizosphere. This result contrasts with most prior studies in which soil pH was the main environmental driver of protist community assembly in different soil types of various ecosystems (Bates et al., 2013; Ramirez et al., 2014; Shen et al., 2016). Even among the edaphic factors, calcium showed a stronger impact on protist community assembly than soil pH. This latter pattern was also observed in several studies that investigated protist communities of mosses (Jassey et al., 2014; Heger et al., 2018). However, the detailed mechanism by which calcium influences protist community composition is poorly understood (Heger et al., 2018).



Less Complex Protist Co-occurrence Networks in the Rhizosphere of Soybean

Non-random protist networks were explored for the two compartments. The rhizosphere clearly harbored a smaller and less complex network structure than did the bulk soil, thus indicating a smaller potential of niche overlap and interactions in the rhizosphere due to the increased resources of the rhizosphere (Zhang et al., 2018c). Enriched resources decrease the frequency of microbial interactions and allow more microorganisms to maintain free-living patterns (Fan et al., 2018). In addition, enriched resources lead a higher proportion of positive correlations in the soybean rhizospheric protist network than in the bulk soil, indicating a higher proportion of cooperative or syntrophic interactions among protists in the rhizosphere assemblages (Fan et al., 2018). We speculated that enriched rhizosphere resources decreased the proportion of competitive relationships.

Modularity refers to highly connected microbes that cluster into a group (Ling et al., 2016). We obtained four and three modules in networks of the bulk soil and soybean rhizospheric soil, respectively. Rhizaria dominated most of the modules of networks of the bulk soil and rhizosphere, indicating a crucial ecological role in soybean fields. Other environmental sampling also showed that Rhizaria lineages are widespread and ubiquitous and play a variety of ecological functions, such as affecting soil moisture, soil bulk density and C microbial biomass (Dumack et al., 2020). The correlations with environmental factors were different among modules. Our results suggested that environmental factors change protist co-occurrence relationships by influencing specific functional modules. The different environmental correlations among modules also imply the role of habitat heterogeneity in module formation (Zhang et al., 2018c).



The Relationships Between Protists and Other Types of Microorganisms

Soil protists are commonly considered solely bacterivorous (Bonkowski and Brandt, 2002; Koller et al., 2013; Flues et al., 2017). However, some protist taxa will facultatively feed on diverse fungi (Geisen et al., 2016). To better understand how protists are an integral part of this ecological network, we constructed co-occurrence networks that included bacteria, fungi, and protists obtained from the bulk soil and soybean rhizosphere.

The correlations were mainly dominated by interactions between the same taxa, especially for the positive correlations. Microbes belonging to the same taxa are more closely related and typically have similar niches or interactions (Ju and Zhang, 2015). However, we also observed that protists in the rhizosphere mainly interact with bacteria and fungi. The proportion of positive edges correlated with the protists decreased, while the proportion of negative edges correlated with the protists increased to varying degrees. These results might suggest that a higher proportion of predator-prey interactions occur in the rhizosphere. A recent study showed that protists in the rhizosphere might protect plants by feeding on other microorganisms and shifting the taxonomic and functional composition of microorganisms of the rhizosphere (Xiong et al., 2020). Our study demonstrates that rhizospheric protists also have the potential to influence bacterial and fungal communities to influence the rhizospheric co-occurrence relationships of soybean plants. We speculated that protists could form the rhizosphere microbiome by predator-prey interactions to influence the status of soybean plants. Some protist OTUs were identified as keystone species despite protist nodes with the lowest counts in the overall networks. These protist nodes linked a range of bacteria and fungi. This result suggests that protists play a crucial role as an integral part of the microbial co-occurrence network of soybean fields.



CONCLUSION

Our work provides detailed insights into differences in the community structure of protists between the bulk soil and soybean rhizosphere and expands our understanding of how location, compartment, and cultivar determine rhizospheric protist communities in soybean fields. Furthermore, as our study explored protist co-occurrence networks and overall network-integrated bacteria, fungi, and protists in rhizosphere and bulk soil, our understanding of interactions in these microbial communities has taken a step forward. Taken together, protists occupy an integral part of microbial networks of soybean fields.
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Phosphorus (P) availability is a major restriction to crop production, and phosphate-solubilizing bacteria (PSBs) in soils are responsible for P turnover. However, it remains unknown whether the application of PSB can facilitate both inorganic and organic P transformation and enhance function of plant rhizosphere bacteria. In this study, we applied Illumina MiSeq sequencing, plate-colony counting, quantitative PCR, and multiple ecological analyses. We found that the inoculation of PSB Acinetobacter pittii gp-1 significantly promoted the growth of soybean represented by better vegetation properties (e.g., plant height and root P) and increased activities of phosphatase (4.20–9.72 μg/g/h) and phytase (0.69–1.53 μmol/g/day) as well as content of indole acetic acid (5.80–40.35 μg/g/h). Additionally, the application of strain A. pittii gp-1 significantly increased abundances of both inorganic and organic P-cycling-related genes (i.e., phoD, bpp, gcd, and pstS). More importantly, the application of A. pittii gp-1 could increase the function represented by P-cycling-related enzymes (e.g., phosphotransferase) of rhizosphere bacterial community based on functional profiling. To our knowledge, this is the first report that the application of PSB A. pittii promotes inorganic and organic P utilization and increases the function of rhizosphere bacterial community. Therefore, the PSB A. pittii gp-1 could be a good candidate for the promotion of soybean growth.

Keywords: phosphorus-solubilizing bacteria, P-cycling-related gene, rhizosphere bacterial community, functional profiling, vegetation properties


INTRODUCTION

Enhancing the yield of farmland is the most important agricultural issue (Mehrabi and Ramankutty, 2019). P is an essential element for growth and development of plants and, thus, is of significance to the production of fiber and food crops (Hansen et al., 2020; Wan et al., 2020a). At present, the major and wide input of P to farmland is non-renewable P fertilizer, which is often applied beyond the demand of crops due to soil P fixation to metal ions (Neal et al., 2017; Ye et al., 2017). The accumulation of P in soil could lead to the waste of resources and potential environmental risks (e.g., soil compaction and water eutrophication) (Hu et al., 2018). Rational fertilization and improving utilization efficiency of P fertilizer are important agricultural problems.

The transformation of plant-unavailable P (e.g., Ca3(PO4)2, phytate, phospholipid, and nucleic acid) to plant-available P (e.g., H2PO4– and HPO42– ions) needs the participation of P-solubilizing microorganisms (Yu et al., 2011; Wan et al., 2020b). PSBs are responsible for the solubilization of inorganic P and mineralization of organic P (Oliveira et al., 2009; Liu et al., 2014). Phospholipids and phytate are significant organic P pools in soils, which can be hydrolyzed by phosphatase and phytase, respectively (Lim et al., 2007; Maougal et al., 2014; Wei et al., 2019). The inorganic P can be solubilized by small molecular organic acids (e.g., gluconic acid and citric acid), and the formation of small molecular organic acids needs the participation of dehydrogenase (Hanif et al., 2015; Rasul et al., 2019). Previous studies have reported that P-cycling-related genes of phoD, bpp, gcd, and pstS can encode alkaline phosphatase, phytase, glucose dehydrogenase, and phosphatase inorganic transporter system, respectively (Neal et al., 2017; Wan et al., 2020a). Therefore, phoD, bpp, gcd, and pstS genes can be good biomarkers to provide insight into soil P transformation.

Prior studies have reported that specific bacterial community including alkaline phosphomonoesterase-harboring bacterial community and phytase-producing bacterial community can promote plant growth (Maougal et al., 2014; Hanif et al., 2015; Ye et al., 2017; Wei et al., 2019). Additionally, many PSBs have been isolated from natural conditions and found to possess plant growth-promoting capability, such as Acinetobacter (Collavino et al., 2010; Liu et al., 2014), Pseudomonas (Yu et al., 2011), Burkholderia (Collavino et al., 2010), and Bacillus (Hanif et al., 2015; Hansen et al., 2020). The application of PSB in agriculture is a useful approach to enhance soil P availability and avoid excessive use of P fertilizer. Therefore, it is necessary to reveal plant growth-promoting mechanism of PSB. P solubilization and mineralization of single PSB are gradually clarified; however, effects of PSB on transformation of both inorganic and organic P and rhizosphere bacterial community are poorly understood.

To broaden candidates of P-solubilizing microorganisms, we isolated a PSB Acinetobacter pittii gp-1 from agricultural soils (Wan et al., 2020b). In a prior study, we found the strain A. pittii gp-1 showed good performances for utilizing tricalcium phosphate (TCP), aluminum phosphate, iron phosphate, and phytate (Wan et al., 2020b). Soil-derived Acinetobacter bacteria present good P-solubilizing abilities and show great potentials in agroecosystems (Collavino et al., 2010; Yu et al., 2011; Marra et al., 2012; Rasul et al., 2019). However, responses of diversity, composition, and function of indigenous bacterial community to inoculation of PSB Acinetobacter remain unknown. Soybeans are in great demand by human society, and P deficiency leads to poor growth and low production of soybean (Bononi et al., 2020). This situation caught our interest to investigate the growth-promoting capacity of Acinetobacter bacteria for soybean. In the present study, we aimed to (i) investigate effects of PSB inoculation on P transformation and plant growth-promoting performance and (ii) explore responses of soybean rhizosphere bacterial community to the inoculation of PSB. We hypothesized that the inoculation of PSB A. pittii gp-1 would increase P availability and promote the growth of plant and might elevate the P-cycling-related gene abundance. To meet our purpose and address our hypotheses, we conducted potted experiments and Illumina MiSeq sequencing and evaluated soil properties.



MATERIALS AND METHODS


Potted Experiment Design

The previously isolated PSB A. pittii gp-1 (accession number: MK641660) with indole acetic acid production ability was used in potted experiment. The strain gp-1 was inoculated to 200 ml of the National Botanical Research Institute’s phosphate (NBRIP) medium and incubated at 28°C with shaking of 180 rpm for 5 days. NBRIP medium contained 10 g/L of glucose, 5 g/L of Ca3(PO4)2, 0.25 g/L of MgSO4⋅7H2O, 5 g/L of MgCl2⋅7H2O, 0.2 g/L of KCl, 0.1 g/L of (NH4)2SO4, and 2 ml/L of trace element solution (EDTA, 10 g/L; MnSO4⋅H2O, 2.2 g/L; FeSO4⋅7H2O, 1.0 g/L; CuSO4⋅5H2O, 0.5 g/L; CoCl2⋅6H2O, 0.3 g/L; Na2MoO4⋅2H2O, 0.2 g/L; and CaCl2, 0.1 g/L) (Nautiyal, 1999). After incubation, bacteria were collected by centrifuging and washed three times with sterile water.

The experimental potted soil was collected from an uncultivated field in Wuhan, China (30°28′N, 114°21′E). The soil type is calcareous, with original pH, total carbon, total nitrogen, availability phosphorus, and total phosphorus of 6.9, 0.52, 0.68%, 0.22 mg/g, and 0.89 mg/g, respectively. These P-deficient soils were sieved through a 2-mm mesh to remove stones and plant residuals. TCP was applied as phosphorus source in plant growth promotion experiment as described in previous literatures (Yu et al., 2011; Liu et al., 2014). Four potted treatments were designed: 200 g of sieved soil + 100 ml of sterile water (CK treatment), 195 g of sieved soil + 5 g of TCP + 100 ml of sterile water (Tri treatment), 200 g of sieved soil + 10 ml of bacterial suspension (107 cfu/ml) + 90 ml of sterile water (Sup treatment), and 195 g of sieved soil + 5 g of TCP + 10 ml of bacterial suspension (107 cfu/ml) + 90 ml of sterile water (Bac treatment). Each treatment had five replications. Soybean seeds (Glycine max w82) were purchased from China National Seed Group, pre-cultivated in sterile nutritious soils, and allowed them grow to about 10-cm length of sprouts. Each sprout with same growth potential was transplanted to each plastic pot as described above, and the strain gp-1 was inoculated to soybean rhizosphere in Sup and Bac treatments. Each plot was covered with Nylon membrane. These pots were randomly placed in greenhouse and incubated at 25°C with the cycling treatment of 16-h light and 8-h dark for a total of 40 days.



Determination of Phosphate-Solubilizing Bacterium Abundance and Indole Acetic Acid

Every 10 days, we used alcohol-wiped shovels and tweezers to collected about 5 g of bulk soils near soybean root from each pot. In the experiment of plate-colony counting for abundance of PSB, 1 g of freeze-dried soil was added to 10 ml of sterile water and shaken at 180 rpm for 30 min, and the mixture is allowed to stand for 10 min. Then 1 ml of soil suspension was diluted, 0.1 ml × 10–6 of diluent was evenly spread on NBRIP solid medium containing 0.2 g/L of cycloheximide acting as fungicide and incubated at 28°C for 5 days. After incubation, the cfu in different plates were counted. We also estimated content of indole acetic acid by using Van Urk Salkowski reagent, and the standard approach has been described previously (Biswas et al., 2018).



Determination of Soil Physicochemical Properties, Enzyme Activity, and Vegetation Properties

After 40-day growth of soybean, we excluded pots with the best and worst soybean growth in each treatment, and then 12 pots were left. We scraped rhizosphere soils by using a brush. We measured soil physicochemical properties, including pH, total carbon, total nitrogen, and available P, based on standard methods (Wan et al., 2021a). Microbial biomass P was evaluated by chloroform fumigation extraction and was calculated as the difference between fumigated and non-fumigated subsamples and simultaneously revised for the incomplete recovery of a P spike (Roberts et al., 2013; Ragot et al., 2016).

Soil alkaline phosphatase activity and phytase activity were determined according to previous methods (Wan et al., 2020a). Phosphatase activity and phytase activity were expressed as μg pNPP produced per gram of freeze-dried soil in 1 h and μmol P produced per gram of freeze-dried soil in 1 day, respectively.

The pots in each group was kept to measure the plant height, plant fresh weight, plant dry weight, leaf number, leaf fresh weight, root length, and root fresh weight. Soybean shoots and roots were separated from plants and dried at 60°C. The clean and dried root and shoot were separately cut into small pieces and digested by concentrated H2SO4–H2O2. The digested solutions were applied for measuring the content of root P and shoot P (Fraser et al., 2017).



DNA Extraction, Gene Quantification, Amplicon Sequencing, and Sequence Processing

Three rhizosphere soils from each group were used to extract total DNA using a DNA extraction kit (Mo Bio, Carlsbad, CA, United States) according to the manufacturer’s instruction. DNA concentrations were determined using a NanoDrop 2,000 Spectrophotometer (Thermo Fisher Scientific, Waltham, MA, United States). All extracted DNA samples were stored at –80°C.

The absolute abundances of phosphorus-cycling-related genes in soil bacteria were measured using qPCR with SYBR green mix. Primer sequences for amplifying P-cycling-related genes (i.e., phoD, bpp, gcd, and pstS) and quantitation PCR condition are summarized in Supplementary Method 1. Additionally, we used these primers to amplify bpp, phoD, gcd, and pstS from A. pittii gp-1.

The V3–V4 region of bacterial 16S rRNA gene was amplified using the primers 338F (5′-ACT CCT ACG GGA GGC AGC A-3′) and 806R (5′-GGA CTA CHV GGG TWT CTA AT-3′) (Mori et al., 2013). A PCR of 20 μl was performed in triplicate using a thermal cycler (ABI 9700, Thermo, United States) and conducted at the following conditions: an initial denaturation at 95°C for 3 min, 30 cycles of 95°C for 40 s, 58°C for 40 s, and 72°C for 50 s, and then a final extension at 72°C for 10 min. Sequencing was conducted on an Illumina MiSeq platform at Majorbio Bio-Pharm Technology Co., Ltd., Shanghai, China.

The raw reads were processed to gain purified sequences following the pathway of QIIME (Caporaso et al., 2010). We eliminated (1) sequences that did not exactly match barcodes and primers; (2) sequences with an average quality score < 20; (3) sequences with maximum homopolymers < 10 bp; and (4) sequences that contained ambiguous bases call. The purified sequences were clustered into operational taxonomic units (OTUs) at 97% identity against the SILVA v128 reference set.



Statistical Analysis

Significant differences were calculated by the one-way analysis of variance with means compared using Tukey’s test in R. Venn diagram and non-metric multidimensional scaling (NMDS) plot were used to reflect bacterial community composition. Pairwise analysis of similarity (ANOSIM) was applied to quantitatively evaluate difference in bacterial community composition by using the ‘‘anosim’’ function in the ‘‘vegan’’ package of R. Permutational multivariate analysis of variance (PERMANOVA) was applied to evaluate pure effect of factors (e.g., physicochemical parameters and enzyme activity) on vegetation properties by using the ‘‘adonis’’ function in the ‘‘vegan’’ package of R. Linear discriminant analysis (LDA) effect size (LEfSe) statistical analysis was conducted on the online interface Galaxy1 at a significant level of p < 0.05 and an LDA score > 4. Functional profiling of bacterial taxa was carried out by applying the “Tax4Fun2” package in R, and the functional redundancy index for each sample was calculated based on 16S rRNA gene similarity (Wemheuer et al., 2020). Canonical analysis of principal coordinates was applied to investigate influences of components including soil physicochemical parameters, gene abundance, cell exudates (include enzyme and indole acetic acid), and relative abundances of phylum bacteria on the vegetation properties. To identify core taxa, OTUs observed in more than 50% of all samples (> 6 samples, 875 OTUs) were applied to build a co-occurrence network. The co-occurrence network was visualized using Gephi v. 0.9.22 at a significant level of p < 0.01 and Spearman’s correlation coefficient higher than 0.67 (Wan et al., 2021b). Structural equation model was built to show relationships among vegetation properties, physicochemical properties, gene abundance, cell exudate, and bacterial community composition by using the packages of “sem” and “plspm” in R. The first principal component (PC1) value of soil physicochemical properties, P-cycling-related gene abundance, bacterial community composition, cell exudate, and vegetation properties accounting for 96.19, 85.19, 41.56, 98.99, and 96.37% of the total variances, respectively, were used as a proxy in structural equation model.




RESULTS


Shifts in Phosphate-Solubilizing Bacterium Abundance and Indole Acetic Acid Content During Soybean Growth

The PSB abundance represented by the number of cfu showed significant difference in four treatments (CK, Tri, Sup, and Bac) during 40-day growth of soybean (Figure 1A). The abundance of PSB in Bac treatment dramatically increased from 3.57 × 107 cfu/g soil at day 10 to 6.96 × 107 cfu/g soil at day 40 (p < 0.05). The population of PSB fluctuated in CK, Tri, and Sup treatments during 40 days but did not significantly ascend at day 40 than at day 10 (p > 0.05). The abundance of PSB in Bac treatment was significantly higher than that in other groups; this difference might be partially due to the input of A. pittii gp-1 and TCP. In addition, we randomly picked 10 colonies from the plate and found that 16S rRNA gene sequence of three bacterial colonies presented 100% similarity with that of A. pittii gp-1.
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FIGURE 1. The colony-forming unit number of phosphate-solubilizing bacteria (A) and content of indole acetic acid (B) during 40 days. The results are the mean value of five replicates; error bars represent standard error. Different letters above the column indicate significance (p < 0.05).


The indole acetic acid content was significantly higher in Bac treatment than in other treatments in each period (p < 0.05; Figure 1B). Additionally, the indole acetic acid content noticeably increased in Bac and Sup treatments during 40 days (p < 0.05), while in CK and Tri treatments, it did not (p > 0.05). Linear regression indicated that abundance of PSB was significantly correlated with content of indole acetic acid (Supplementary Figure 1). This suggests that PSB could produce and release indole acetic acid, which in turn might promote soybean growth.



Vegetation Properties, Soil Physicochemical Properties, and P-Cycling-Related Gene Abundance

After 40 days’ growth, the soybean presented erect leaves that became dark green (Supplementary Figure 2). Differences in vegetation properties were found in four treatments, including the plant height, plant fresh weight, plant dry weight, leaf number, leaf fresh weight, root length, root fresh weight, shoot P, and root P (Table 1). Plant dry weight, root length, shoot P, and root P were significantly higher in Bac group than in other three groups (p < 0.05). More importantly, the plant length, plant fresh weight, plant dry weight, leaf number, leaf fresh weight, root length, root fresh weight, root P, and shoot P were dramatically higher in Sup treatment than in CK treatment (p < 0.05). This suggests that the inoculation of PSB A. pittii gp-1 promotes soybean growth.


TABLE 1. Vegetation properties, soil physicochemical properties, enzyme activity, and P-cycling-related gene abundance in four potted treatments.

[image: Table 1]
The soil pH (6.1–7.0) was significantly lower in Bac and Sup treatments than that in CK and Tri treatments (Table 1). Total carbon (0.43–2.04%), total nitrogen (0.07–0.24%), available P (0.19–0.99 mg/g), microbial biomass P (0.08–0.24 mg/g), alkaline phosphatase activity (3.79–10.25 μg/g/h), and phytase activity (0.66–1.63 μmol/g/day) were remarkably higher in Bac treatment than in other treatments (p < 0.05). These results indicate that the inoculation of PSB A. pittii gp-1 increases P availability and microbial activity.

Basically, the abundances of bpp, phoD, gcd, and psts genes were higher in Bac and Sup treatments than in CK and Tri treatments (Figure 1B). Expectedly, the abundance of gcd was significantly higher in Bac treatment (3.36 × 107 copies/g soil) than that in CK treatment (1.86 × 106 copies/g soil), Tri treatment (4.68 × 106 copies/g soil), and Sup treatment (9.62 × 106 copies/g soil). Linear regressions reflected significantly positive correlations between phoD gene abundance and alkaline phosphatase activity (R2 = 0.585, p < 0.01), between bpp gene abundance and phytase activity (R2 = 0.892, p < 0.001), and between gcd gene abundance and indole acetic acid content (R2 = 0.854, p < 0.001) (Supplementary Figure 3). Additionally, gcd and pstS could be amplified from strain A. pittii gp-1 using primers described above, while bpp and phoD did not. These results might imply that the addition of A. pittii gp-1 could increase the abundances of organic P-cycling-related bacterial abundance.



General Properties of Rhizosphere Bacterial Community

A total of 2,829 OTUs were found across 12 soil samples. The CK, Tri, Sup, and Bac treatments possessed 1,670, 1,556, 1,413, and 906 OTUs, respectively; and they shared 181 OTUs (Figure 2A). A total of 39 phyla were observed, and 11 phyla with relative abundance > 0.01% were found across these 12 samples (Figure 2B). Proteobacteria, Chloroflexi, Actinobacteria, and Firmicutes were the first level dominant bacteria, with corresponding relative abundance from 7.94 to 48.22%, from 0.92 to 46.58%, from 8.86 to 44.47%, and from 1.13 to 25.25%, respectively. Acidobacteria, Bacteroidetes, Cyanobacteria, Deinococcus–Thermus, Gemmatimonadetes, Nitrospirae, and Saccharibacteria were the secondary dominant bacteria. The NMDS result showed that distinct difference in bacterial community composition among four treatments (Figure 2C). ANOSIM confirmed further the significant difference (R = 0.6451, p < 0.001). According to LEfSe result, bacteria including Bacillus and Acinetobacter were dramatically abundant in Bac treatment, while bacteria including Acinetobacter, Nitrospira, and Rhodobacter were significantly abundant in Sup treatment (Supplementary Figure 4). According to PERMANOVA results, the application of TCP explained 23.40% of the total variation in community composition (F = 5.27, p < 0.01), and the application of A. pittii gp-1 explained 29.11% of the total variation in community composition (F = 5.75, p < 0.001).
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FIGURE 2. Composition of rhizosphere bacterial community. (A) Venn diagram shows the shared core microbiomes among four groups. (B) Stacking diagram reflects relative abundances of top 11 bacterial phyla (relative abundance > 1%) in 12 soil samples. (C) Non-metric multidimensional scaling plot exhibits difference in bacterial community composition among four treatments. Asterisks denote significance (∗∗∗p < 0.001).


The bacterial community diversity represented by the Shannon–Wiener index (3.85–6.16) and community richness represented by Chao1 index (687–1303) were significantly lower in Bac treatment than in other treatments (p < 0.05; Supplementary Figure 5). This suggests that the addition of A. pittii gp-1 and TCP decreased rhizosphere bacterial diversity.

Based on functional profiling results, 3,113 functions at Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway level 3, including carbon-, nitrogen-, phosphorus-, and sulfate-cycling-related enzymes or proteins, displayed a higher functional redundancy in CK + Tri (without A. pittii gp-1 addition), whereas 3,772 functions had higher redundancies in Sup + Bac (with A. pittii gp-1 addition) (Figure 3A). It was worth noting that 206 functions representing P-cycling-related enzymes or proteins were higher in Sup + Bac than in CK + Tri, such as phosphoglycerate dehydrogenase (EC: 1.1.1.95) and phosphoglycerate kinase (EC: 2.7.2.3). Additionally, 35 functions [(e.g., L-iduronidase (EC: 3.2.1.76), dCTP deaminase (EC: 3.5.4.30), and phloroglucinol synthase (EC: 2.3.1.253)] were unique in CK + Tri, while 198 functions [e.g., phosphotransferase (EC: 2.7.1.-), neamine phosphoribosyltransferase (EC: 2.4.2.49), 5-phosphoribostamycin phosphatase (EC: 3.1.3.88), and uracil phosphatase (EC: 3.1.3.104)] were exclusive in Sup + Bac. At KEGG level 2, some functions (e.g., metabolism of cofactors and vitamins, energy metabolism, and translation) were significantly higher in Sup + Bac than in CK + Tri (p < 0.05), but some functions were not (Figure 3B).
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FIGURE 3. Community functional differences and functional contributions to vegetation property. (A) Functional redundancy indices (FRIs) of bacterial community in soils with inoculation of phosphate-solubilizing bacteria (PSBs) (Sup + Bac) and soils without addition of PSBs (CK + Tri) soils. A log ratio > 0 denotes that a function is more redundant in soils without PSB addition. (B) Differences in bacterial functions between group with addition of PSBs (Sup + Bac) and group without addition of phosphorus-solubilizing bacteria (CK + Tri) at Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway level 1 and level 2. (C) Effects of functions at KEGG pathway level 2 on vegetation property determined by permutational multivariate analysis of variance (PERMANOVA). The abbreviations of F1–F21 represent functions in panel B (from bottom to up, namely, from amino acid metabolism to replication and repair). Asterisks denote significance (∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001).


A co-occurrence network was constructed to reveal the relationships among bacterial taxa (Figure 4A). We found 50,510 positive edges (represent significantly positive correlation) and two negative edges (denote dramatically negative correlation), suggesting that rhizosphere bacteria presented a less conflicting interaction. We also clarified the top 20 core nodes; i.e., those with the highest betweenness centrality were affiliated with Acidobacteria (e.g., OTU522), Actinobacteria (e.g., OTU947), Chloroflexi (OTU67), Firmicutes (e.g., OTU601), Gemmatimonadetes (OTU1967), and Proteobacteria (e.g., OTU1813) (Figure 4B).
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FIGURE 4. Co-occurrence network of rhizosphere bacteria (A) and contributions of core taxa to vegetation property based on permutational multivariate analysis of variance (PERMANOVA) (B). Asterisks denote significance (∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001).




Effects of Abiotic and Biotic Factors on Vegetation Properties

According to PERMANOVA results, the application of TCP could explain 13.69% of the total variation (F = 20.23, p < 0.01) in vegetation properties, while the application of A. pittii gp-1 could explain 72.41% of the total variation (F = 107.05, p < 0.001). According to results of canonical analysis of principal coordinates, soil physicochemical properties (Figure 5A), gene abundance (Figure 5B), cell exudates (Figure 5C), and relative abundances of bacterial phyla (Figure 5D) explained more than 80% of the total variation in vegetation properties. Physicochemical parameter, gene abundance, enzyme activity and IAA, and relative abundance of bacterial phylum showed significantly pure effects on vegetation properties based on PERMANOVA (Figure 5).
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FIGURE 5. Canonical analysis of principal coordinates showing effects of soil physicochemical properties (A), abundances of phosphorus-cycling-related genes (B), cell exudates (C), and bacterial abundances at phylum level (D) on vegetation properties. The significance of factors was determined using permutational multivariate analysis of variance (PERMANOVA) and is reflected by asterisks next to the variable names. Asterisks denote significance (∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001).


Additionally, we also found that bacterial functions based on functional profiling were responsible for vegetation properties (Figure 3C). The function of metabolism of cofactors and vitamins (R2 = 79.75%, F = 39.38; p < 0.01) showed greater effect on vegetation properties than other functions according to PERMANOVA results. The core taxa identified from co-occurrence network also have significant effects on vegetation properties based on PERMANOVA (Figure 4B). The OTU1813 regarded as Acinetobacter genus presented higher influence (R2 = 52.08%, F = 10.87; p < 0.01) than other core taxa.

Ultimately, we used structural equation model to reveal interconnections among soil physicochemical properties, P-cycling-related gene abundance, bacterial community composition, enzyme activity, and vegetation properties (Figure 6). The model presented a good fit to our data, as indicated by the non-significant χ2-test (N = 12, χ2 = 0.707, d.f. = 1, p = 0.400). On the one hand, bacterial community could affect soil physicochemical properties and P-cycling-related gene abundance, which in turn affect vegetation properties; on the other hand, soil physicochemical properties and P-cycling-related gene abundance could influence enzyme activity, which in turn influences vegetation properties. These results indicated that soil, plant, and bacteria presented close relationships.
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FIGURE 6. Structural equation model showing the hypothesized causal relationships among vegetation properties, soil physicochemical properties, phosphorus-cycling-related gene abundance, cell exudates (include enzyme and indole acetic acid), and bacterial community composition. The width of the arrows presents the strength of the standardized path coefficient. The blue lines indicate negative path coefficients, and yellow lines reflect positive path coefficients. Values above the lines indicate path coefficients between two parameters. Asterisks denote significance (p < 0.05).





DISCUSSION

Promoting efficient utilization of P is important in agriculture due to rapidly increasing cost of fertilizers and big concerns of environmental protection (Hu et al., 2018). The bacteria possessing P utilization capacity are widespread in the rhizosphere soils of different crops (Maougal et al., 2014; Hanif et al., 2015; Wan et al., 2020b) and promise great application potentials in agriculture because PSB are responsible for P availability and facilitate P uptake by crops (Richardson et al., 2011; Bononi et al., 2020; Pastore et al., 2020). However, the activity and abundance of PSB are subjected to the fertilization treatment and phosphorus fractions (Luo et al., 2017; Hu et al., 2018; Wei et al., 2019; Wan et al., 2020a). Therefore, the isolation and application of highly efficient PSB are meaningful in terms of promoting soil P availability in agroecosystems.


Elucidating Soybean Growth-Promoting by Phosphate-Solubilizing Bacteria Acinetobacter Pittii gp-1

Applying PSB can increase soil available P content (Maougal et al., 2014) and promote vegetation growth (Yu et al., 2011; Biswas et al., 2018; Hansen et al., 2020). However, it should be considered whether the PSB could maintain their activity, function, and abundance after inoculation. In this study, the inoculation of PSB A. pittii gp-1 significantly promoted the growth of soybean represented by better vegetation properties, which is in accordance with prior findings describing that PSB can enhance the growth of legume plant (Collavino et al., 2010; Bononi et al., 2020; Cumpa-Velásquez et al., 2021) and other kinds of plants (Yu et al., 2011; Liu et al., 2014). In these studies, the increase in the content of available P or small molecular organic acid is closely correlated with the growth of plants. The PSB Acinetobacter genus is reported to have the ability to release small molecular organic acid (e.g., indole acetic acid, gluconic acid, oxalic acid, and citric acid) (Marra et al., 2012; Marwa et al., 2019; Rasul et al., 2019). Interestingly, we found the A. pittii gp-1 could produce indole acetic acid detected by using the Van Urk Salkowski reagent. Therefore, the inoculation of the A. pittii gp-1 might increase the content of soil organic acid, which in turn increased the content of available P. Additionally, we detected Acinetobacter genus in Bac treatment by using simple 16S rRNA gene sequencing for single colony. Illumina MiSeq sequencing result also reflected that Acinetobacter dominated in Sup and Bac groups. These results suggest that A. pittii gp-1 could survive after inoculation and could promote the growth of soybean.

In addition, we used four pairs of primers as described above to amplify bpp, phoD, gcd, and pstS genes from A. pittii gp-1. Unexpectedly, only gcd and pstS genes could be amplified. Previous studies have reported that Acinetobacter genus harbors gcd and pstS gene (Marra et al., 2012; Farrugia et al., 2015; Wan et al., 2020b), and almost no study has reported that Acinetobacter genus possesses bpp and phoD genes. However, the abundances of P-cycling-related genes including bpp, phoD, gcd, and pstS were higher in Sup and Bac treatments. These results and findings suggest that the inoculation of PSB A. pittii gp-1 might significantly increase both inorganic and organic P-cycling-related gene abundance of soil indigenous bacteria. This phenomenon might be due to the solubilization of inorganic P by added PSB A. pittii gp-1 via releasing small molecular organic acid. Consequently, part of soluble P was assimilated by native bpp-harboring bacteria and phoD-harboring bacteria and in turn enriched the abundances of bpp and phoD genes and released more phosphatase and phytase. In addition, a part of inoculated A. pittii gp-1 might die; thus, the cell residues could be treated as nutrient for indigenous microorganisms. Previous literatures have reported that gcd-harboring bacteria can produce and release small organic acid to solubilize insoluble inorganic P, thus promoting the growth of plant (Wagh et al., 2014; Rasul et al., 2019). The bpp-harboring bacteria and phoD-harboring bacteria are reported to be responsible for the turnover of soil organic P by releasing extracellular enzyme, which in return promotes the growth of vegetation (Maougal et al., 2014; Ragot et al., 2016; Hu et al., 2018; Zhang et al., 2021). Therefore, the application of PSB A. pittii gp-1 could enhance utilization potentials of both inorganic and organic P.



Response of Rhizosphere Bacterial Community to Inoculation of Strain gp-1

Considering community diversity is closely correlated with soil ecosystem functions (Wan et al., 2021c), it is important to decipher effects of the application of PSB on plant rhizosphere bacterial community. We found significant decrease in rhizosphere bacterial diversity and distinct change in bacterial community composition, which is similar to findings in published literatures (Estrada-Bonilla et al., 2017; Wei et al., 2017; Widdig et al., 2019). In addition, earlier studies have reported that vegetation also affects the composition of bacterial community (Xue et al., 2017; Yang et al., 2018; Campos-Herrera et al., 2019). To the best of our knowledge, this is the first report that the addition of PSB A. pittii could promote the community function of rhizosphere bacteria especially phosphorus-cycling-related functions. This phenomenon might be due to elevated nutrient caused by inoculation of PSB A. pittii, which in turn affected rhizosphere bacterial community composition and function. An earlier study has reported that dead bacteria can be treated as available nutrient to affect growth of other microorganisms (Hanajima et al., 2019). Additionally, microbial biomass P contributes to P solubility in riparian vegetated buffer strip soils (Roberts et al., 2013).

Based on these results and findings, we raised one question of whether there were close relationships among plant, soil, and rhizosphere. The structural equation model reflected stronger interconnections among vegetation properties, soil physicochemical properties, P-cycling-related gene abundance, cell exudates, and bacterial community composition. This result is similar to our prior finding (Wan et al., 2021a). The co-occurrence network also showed that core taxa belonging to Acidobacteria, Chloroflexi, Gemmatimonadetes, and Proteobacteria presented significant effects on vegetation properties. Previous literature has reported that some specific phylum bacteria, such as Acidobacteria, Actinobacteria, and Proteobacteria, are responsible for vegetation growth under different P conditions (Bergkemper et al., 2016). Vegetation properties and microbes could also affect each other (Neal et al., 2017; Yang et al., 2018; Muñoz et al., 2021), suggesting that soil, plant, and bacteria have close relationships. In the future, we will explore molecular mechanisms to reveal close interconnections among soil, plant, and bacteria.




CONCLUSION

The application of TCP and A. pittii gp-1 could significantly increase soil available P, enrich both inorganic and organic P-cycling-related gene abundance, and promote the growth of soybean. Addition of TCP and A. pittii gp-1 significantly alters the local bacterial community composition after 40-day soybean growth. To our knowledge, we firstly report that the addition of Acinetobacter could promote both inorganic and organic P utilization and could increase the function of rhizosphere bacterial community. Phosphate-solubilizing bacterium A. pittii gp-1 could be a good candidate for the growth promotion of soybean in agroecosystems, and experiments will be conducted to estimate its growth-promoting performance for more different plants in future studies.
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Arbuscular mycorrhizal fungi (AMF) play vital roles in the growth and development of plants, ecosystem sustainability, and stability in agroecosystem, such as transporting nutrients to host plants, improving soil physical structure, and enhancing the stress resistance of host plants. However, the effects of fertilization on AMF diversity and community in brown soil areas are still unclear. The purpose of this study is to explore changes in AMF diversity and community structures and finding out the factors that influenced the changes after 41 years of fertilization in brown soil. Samples were collected from five treatments of the long-term fertilization experiment in June 2019, including CK (no fertilizer), N (mineral nitrogen fertilizer), NP (mineral nitrogen and phosphate fertilizer), M (pig manure), and MNP (pig manure, mineral nitrogen, and phosphate fertilizer). Illumina HiSeq sequencing was used to determine AMF diversity and community structure. The relationship between AMF communities in soil and roots and environmental factors was analyzed by redundancy analysis. The results showed that the soil nutrient content of manure treatments was generally higher than that of chemical fertilizer treatments and no fertilizer treatment. Long-term fertilization increased AMF spore density, which increased with the increase of soil fertility. The moderate content of soil available phosphorus was beneficial to the colonization of AMF. AMF diversity in soil decreased with soil fertility, but AMF diversity in roots was influenced only by soil nitrate–nitrogen and pH. Glomus was the dominant genus in both soil and root samples. AMF community structure in soil and roots had a different response to long-term fertilization. Application of manure had a greater impact on AMF community structure in soil, whereas application of exogenous phosphate fertilizer had a greater impact on that in roots. Soil ammonium nitrogen, nitrate–nitrogen, total nitrogen, organic carbon, total potassium, and available potassium were the most important factors that influenced taxa of AMF in soil, whereas soil ammonium nitrogen, nitrate–nitrogen, total nitrogen, organic carbon, total potassium, available potassium, available phosphorus, and plant phosphorus and potassium content were the most important factors influencing taxa of AMF in maize roots under long-term fertilization in brown soil.

Keywords: arbuscular mycorrhizal fungi, AMF community composition, long-term fertilization, Illumina Miseq sequencing, brown soil, maize


INTRODUCTION

Arbuscular mycorrhizal fungi (AMF) can form an obligate symbiosis with more than 80% of land plants in natural ecosystems (Schüßler et al., 2001). The mycorrhizal plays a variety of important roles such as improving soil physical structure (Rillig, 2004), transporting nutrients to host plants (Hodge and Storer, 2015), promoting plant growth (Higo et al., 2018), enhancing the stress resistance of host plants (Tao et al., 2016), contributing to host plants’ resistance to pathogen invasion (Smith and Read, 2008), and regulating aboveground plant diversity and ecosystem stability. Most crops (95%), such as corn, rice, wheat, potatoes, and soybeans, form symbiotic relationships with AMF (Hijri, 2016). It is gradually recognized that AMF play key roles in the agroecosystem (Lin et al., 2012). Because of the importance of AMF to soil structure and plant growth, many researchers have focused attention on the effects of agricultural management on the AMF community (Gosling et al., 2010). However, some research results were contradictory.

AMF may be sensitive to changes in soil nutrients due to the important symbiotic relationship between mycorrhizal fungi and host plants (Hack et al., 2018). Many previous studies have shown that mineral fertilizer input has (positive, negative, or insignificant) effects on AMF growth by altering the soil microenvironment. A 6-year field experiment in Inner Mongolia showed that N application mainly changed the species composition of AMF, whereas P application affected the abundance of AMF (Chen et al., 2014). However, Xiao et al. (2019) revealed that the addition of N affected the abundance of AMF, whereas the addition of P affected the diversity of AMF, and the addition of N and P had no significant effect on the community composition of AMF in the karst ecosystem. Other studies have shown that high soil nutrient content such as N and P can promote AMF sporulation, the input of organic fertilizer is beneficial to the growth of soil flora, and soil pH and K have significant effects on the community composition of AMF (Qin et al., 2015). It has been shown that some AMF species exist only in acidic or alkaline soils, whereas others can exist in both (Xiao et al., 2019). A study in southern Sweden revealed that different agricultural practices, especially conventional management, had significant effects on AMF community composition and reduced AMF diversity. Organic agriculture could maintain a greater AMF diversity than conventional agriculture (Manoharan et al., 2017). It has also been shown that traditional farming generally reduces the abundance of AMF compared to no-tillage (Gu et al., 2020), mainly due to the destruction of the mycelial network of AMF (Jansa et al., 2006). In addition, host plants also affect the soil AMF community. Jiang et al. (2020) revealed that the relative abundance of Glomus and Scutellospora in mango orchards was significantly higher than that in litchi orchards, whereas the relative abundance of Diversispora, Acaulospora, Ambispora, and Paraglomus in litchi orchards were significantly higher. AMF abundance in July was higher than that in December, whereas the results of richness and Chao1 index were opposite (Xiao et al., 2019). In addition, much of the previous researches has been based on short-term responses, which can be quite different from long-term responses to different fertilizers. In general, long-term fertilization has a greater effect on soil properties and microbial communities. In this light, AMF may be influenced by various factors, such as fertilization method, tillage system, soil type, host plant, and sampling time (Barnes et al., 2016; Gu et al., 2020; Jiang et al., 2020). Most of the previous studies focused on the effects of fertilization on AMF in soil, and there were few studies on the effects of fertilization on AMF in field crop roots. Therefore, a more systematic study on the response of AMF communities in soil and roots to long-term fertilization can better explore the potential functions of AMF species and communities. However, although the effects of different agricultural practices on AMF have been studied in different areas, it had not been determined in brown soil areas. Therefore, this study aimed to investigate the AMF community structure and diversity in soil and roots under long-term different fertilization and to explore the relationship between AMF diversity and community structure and soil characteristics.

In this study, high-throughput sequencing was used to analyze AMF diversity and community composition of soil and maize roots under long-term fertilization in brown soil. Our objectives were to clarify the following two issues: (i) whether long-term fertilization changed the root colonization rate and community structure of AMF and (ii) the most important factors affecting the community composition of AMF in brown soil. The results of this study are expected to provide a basis for the future utilization of indigenous AMF.



MATERIALS AND METHODS


Experimental Description

The long-term fertilization experiment has been conducted since 1979 in Shenyang, Liaoning Province, northeastern China (40°48′N, 123°33′E). This region is a temperate subhumid continental climate with an average annual temperature of 7.0–8.1°C. The average annual precipitation is approximately 574 to 684 mm. The details of the experimental soil were described by Luo et al. (2015). The initial field soil (0–20 cm) contained 15.90 g/kg organic matter, 0.80 g/kg total nitrogen (TN), 0.38 g/kg total phosphorus (TP), 21.10 g/kg total potassium (TK), 105.5 mg/kg alkali-hydrolyzable nitrogen, 6.50 mg/kg available phosphorus (AP), and 97.90 mg/kg available potassium (AK) and had a pH of 6.50 in 1979. The experimental field was arranged in a randomized block design under a rotation of maize–maize–soybean. Detailed information was described by Li et al. (2020). In this study, we selected five treatments including CK (no fertilizer), N (mineral nitrogen fertilizer), NP (mineral nitrogen and phosphate fertilizer), M (pig manure), and MNP (pig manure, mineral nitrogen, and phosphate fertilizer). The chemical fertilizers were applied in the form of urea, calcium superphosphate, and potassium sulfate, respectively. The average nutrient content of pig manure in 41 years was as follows: 83.5 g/kg organic C, 7.2 g/kg N, 3.8 g/kg P, and 8.3 g/kg K. Fertilizer application rates of these treatments are detailed in Supplementary Table 1. The field was plowed (20-cm depth) before planting. The selected maize variety was Zea mays L. “Dongdan6531.” It was sown on May 4 and harvested on September 28, 2019. The planting density of maize is 60,000 plants ha–1.



Sample Collection and DNA Extraction

Soil and root samples were collected in June 2019 (maize seedling stage). Twelve soil samples (0- to 20-cm depth) were randomly collected with a soil drilling sampler (diameter 5 cm) from each plot and thoroughly mixed as one composite sample. Fresh soil samples were removed from the visible plant residues, roots, stones, and through a sieve (<2 mm). The sieved samples were divided into two parts. One subsample was used to determine soil ammonium nitrogen (NH4+-N), soil nitrate nitrogen (NO3–-N), and soil dissolved organic carbon (DOC) and to extract soil DNA; the other subsample was air-dried for determination of soil basic physicochemical properties and AMF spore density. Four complete maize roots were collected from each plot, rinsed with tap water, and then rinsed with sterilized ultrapure water. The fresh roots were cut into 1-cm segments and fully mixed for DNA extraction and quantification of mycorrhizal colonization. Six plants were collected from each plot and inactivated the enzyme activity at 105°C for 30 min and then were oven-dried at 65°C to constant weight and finally ground.

Total DNA was extracted from soil using the Powersoil® DNA isolation kit (Mo Bio Laboratories, Inc., Carlsbad, CA, United States) according to the manufacturer’s instructions. Root samples were milled with liquid nitrogen, and DNA was extracted using the DNeasy® Plant Mini Kit (Qiagen, Hilden, Germany). The content and quality of extracted DNA were examined using a NanoDrop ND-1000 (NanoDrop Technologies Inc., Wilmington, DE, United States) and then stored at −20°C until further analyses.



Spore Density and Root Colonization of Arbuscular Mycorrhizal Fungi

Arbuscular mycorrhizal fungi spores were extracted and counted using Daniels and Skipper (1982) method. A 0.5-g root sample was cleared with 10% (wt/vol) KOH at 90°C for 2 h and stained with trypan blue, and the AMF root colonization was quantified by Giovannetti and Mosse (1980) method.



Soil Property and Plant Nutrient Content Measurements

Soil NH4+-N and NO3–-N were extracted with 1 M KCl solution and then measured using an autoanalyzer (AutoAnalyzer3, SEAL Analytical, Germany). TN and total carbon were determined with an Element Auto-Analyzer (Vario MAX CN; Elementar, Hanau, Germany). TP and AP were measured according to Murphy and Riley (1962) method. TK and AK was measured according to Schollenberger and Simon (1945) method. DOC was extracted using the method of Jones and Willett (2006). DOC concentration was determined by a total organic carbon analyzer (Vario EL II, Germany). Soil pH was measured using a pH meter (Metter-Toledo 320) in a soil and water mixture (wt/vol = 1:2.5). The plant samples were digested in a mixture of concentrated H2SO4 and H2O2. Digests were analyzed for the content of nitrogen in plants by the Automatic Kjeldahl Apparatus (K9840, Hanon, Shandong, Hanon Ltd., China), for the content of phosphorus in plants by the vanadium molybdate yellow colorimetric method (Delaporte-Quintana et al., 2017), and the content of potassium in plants was measured by the flame photometer (M410, Sherwood Scientific Ltd., United Kingdom).



Polymerase Chain Reaction Amplification

AMF DNA was amplified using a nested polymerase chain reaction (PCR) with a first primer pair of LR1 (5′-GCATATC AATAAGCGGAGGA-3′) and FLR2 (5′-GTCGTTTAAAG CCATTACGTC-3′) (Van Tuinen et al., 1998) and a second primer pair of FLR3 (5′-TTGAAAGGGAAACGATTGAAGT-3′) and FLR4 (5′-TACGTCAACATCCTTAACGAA-3′) (Gollotte et al., 2004). The 25-μL reaction system in both rounds of PCR contained 12.5 μL 2 × Taq PCR MasterMix, 1 μL of each primer pair (5 μM), 3 μL of bovine serum albumin (2 ng/μL), and template DNA (30 ng of DNA from soil and root for the first PCR and 1 μL of product from the first PCR for the second PCR) and adjusted with sterile double distilled water to a final volume of 25 μL. For amplification, the PCR thermal cycle conditions were an initial denaturation step at 98°C for 30 s and 30 cycles of denaturation at 95°C for 5 s, annealing at 58°C for 6 s, and extension at 72°C for 10 s, followed by a final extension at 72°C for 90 s (two rounds of PCR had the same thermal cycle conditions). The samples were sequenced on MiSeq platform at Allwegene Company, China.



Illumina HiSeq Sequencing and Bioinformatics Analyses

The raw data were screened and removed according to the standard protocols by Allwegene Technology Inc. (Beijing, China). Qualified reads were separated and trimmed with Illumina Analysis Pipeline version 2.6. The dataset was analyzed using search (version 8.1). The sequences were clustered into operational taxonomic units (OTUs) at a similarity level of 97%. The RDP Classifier tool was used to classify all sequences into different taxonomic groups. The raw sequence data had been accessioned in the NCBI Sequence Read Archive database (accession no. PRJNA749871).



Statistical Analyses

The measured data were analyzed using SPSS 21.0 (SPSS Inc., Chicago, IL, United States). The analysis of differences between treatments was performed using one-way analysis of variance (ANOVA) followed by Duncan test. The relationships between soil physicochemical properties and AMF parameters were analyzed using the Spearman correlation. The non-metric multidimensional scaling (NMDS) was conducted using the “vegan” package for R software (v.3.1.0) based on the Bray–Curtis distance of OTUs. Linear discriminant analysis (LDA) was used to estimate the significant differences among AMF groups under different fertilization treatments. Redundancy analyses (RDAs) (Canoco for Windows version 5.0.) were used to analyze the relationship between soil properties, plant nutrient contents, and AMF communities in the soil and roots, and associated F values in the RDA were calculated.



RESULTS


Soil Physicochemical Properties and Plant Nutrient Content

After 41 years of long-term fertilization, soil physicochemical properties under different fertilization treatments showed obvious differences (Table 1). The contents of NH4+-N, NO3–-N, AP, AK, and DOC in the soil were 3.71–7.75, 12.06–73.63, 1.19–188.81, 81.62–288.12, and 39.42–126.99 mg/kg, while the contents of SOC, TN, TP, and TK in the soil were 9.08–16.35, 0.90–1.68, 0.32–1.16, and 15.62–20.58 g/kg in all treatments, respectively. Compared with the CK treatment, long-term fertilization increased the content of NH4+-N, NO3–-N, DOC, SOC, and TN, and the highest content of these soil nutrients was in the MNP treatment. The soil pH value ranged from 4.87 to 6.64. Compared with the CK treatment, long-term application of chemical fertilizer significantly reduced the soil pH value, and the lowest soil pH value (4.87) was in the N treatment. Long-term application of chemical fertilizer reduced the pH value by 1.43–1.63 units compared to the initial value (6.50) in 1979. However, the long-term application of manure could significantly alleviate soil acidification, and the soil pH value (6.64) was the highest in the M treatment.


TABLE 1. Soil properties for different fertilizer treatments.

[image: Table 1]The biomass of maize plant and the plant nutrient content also varied among different treatments (Table 2), with the highest nutrient content in the MNP treatment and the lowest nutrient content in the CK treatment. Except for the N treatment, the plant biomass of all fertilization treatments was higher than that of the CK treatment.


TABLE 2. Plant nutrient content and biomass.
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Spore Density and Root Colonization of Arbuscular Mycorrhizal Fungi

Spore density and root colonization of AMF were significantly influenced by different long-term fertilization (Figure 1). AMF spore density of manure treatments (M, MNP) was significantly higher than that of chemical fertilizer treatments (N, NP) and no fertilizer treatment (CK). AMF spore density of the MNP treatment was the highest (37.8 spores⋅g–1 soil), whereas that of the CK treatment was the lowest (19.8 spores⋅g–1 soil). Correlation analysis (Supplementary Table 2) showed that AMF spore density was positively correlated with soil nutrient content (p < 0.05).
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FIGURE 1. Arbuscular mycorrhizal fungi (AMF) spore density and root colonization rate under different treatments (standard error displayed for n = 3). Columns of the same type designated the same letter are not significantly different (p < 0.05). CK, no fertilizer; N, mineral nitrogen fertilizer; NP, mineral nitrogen and phosphate fertilizer; M, pig manure; MNP, pig manure, mineral nitrogen, and phosphate fertilizer.


Compared with the CK treatment, long-term fertilization significantly enhanced the colonization of AMF. The colonization rate of AMF to maize roots ranged from 4.02 to 42.03%. The highest colonization rate of AMF was in the NP treatment (42.03%), followed by the M treatment (35.05%). Except for the CK treatment (4.02%), the N treatment had the lowest colonization rate (17.10%). Correlation analysis (Supplementary Table 2) showed that root colonization rate did no correlate with soil physicochemical properties (P > 0.05).



MiSeq Sequencing and Identification of Arbuscular Mycorrhizal Fungi

A total of 481,325 non-chimeric reads from soil samples were classified into 110 OTUs based on a 97% sequence similarity. Among these 110 AMF OTUs, 55 belonged to Glomeraceae, 14 to Claroideoglomeraceae, 9 to Paraglomeraceae, 8 to Gigasporaceae, 3 to Diversisporaceae, 2 to Archaeosporaceae, 1 to Acaulosporaceae, and 18 to unidentified OTUs. A total of 566,169 non-chimeric reads from root samples were classified to 125 OTUs based on a 97% sequence similarity. Among these 125 AMF OTUs, 68 belonged to Glomeraceae, 15 to Claroideoglomeraceae, 17 to Gigasporaceae, 7 to Paraglomeraceae, 4 to Diversisporaceae, and 14 to unidentified OTUs.

To determine whether the sequencing depth of our samples was sufficient to represent AMF diversity, rarefied curves were produced for all samples. The results showed that all rarefaction curves for observed AMF OTUs reached the saturation platform, indicating that the amount of sequencing data was reasonable in this study (Supplementary Figure 1)



Arbuscular Mycorrhizal Fungi Diversity in Soil and Roots

The Chao1 and observed species index are mainly used to estimate the number of OTUs in the sample. Shannon and Simpson indices reflect the number of species and the uniformity of species abundance in the sample. The AMF abundance and diversity in soil and roots are shown in Table 3. In this study, long-term fertilization changed the alpha diversity of the soil AMF community. In soil, the Chao1 index was higher in the CK, N, and NP treatments, followed by in the M treatment, whereas it was the lowest in the MNP treatment. The Shannon index was higher in the CK and N, followed by in the NP treatment, and the index in the CK, N, and NP treatments was significantly (p < 0.05) higher than in the M and MNP treatments, respectively. The Simpson index was higher in the CK and N treatments, followed by the NP and M treatments, and the index was the lowest in the MNP treatment. In roots, the Chao1 index was the highest in the NP treatment, whereas there was no difference in the index among all treatments. The Shannon index was higher in the CK, NP, and M treatments, followed by the MNP treatment, and the index was the lowest in the N treatment. The variation trend of the Simpson index was consistent with the Shannon index. Correlation analysis (Supplementary Table 2) showed that the soil Shannon index was significantly negatively correlated with soil NH4+-N, AP, SOC, TN, TP, and TK (p < 0.01); the root Shannon index had positive correlation with pH (r = 0.636, P = 0.048) and significant negative correlation with NO3–-N (r = −0.711, P = 0.021).


TABLE 3. Arbuscular mycorrhizal fungi (AMF) alpha-diversity indices in soil and roots for different fertilizer treatments.

[image: Table 3]


Arbuscular Mycorrhizal Fungi Community Composition in Soil and Roots

AMF communities in soil and roots at order, family, and genus levels are shown in Figure 2. AMF communities belonged to Glomerales (78.13–99.42%), Diversisporales (0.02–3.71%), Paraglomerales (0.02–0.53%), and Archaeosporales (0.00–0.17%) in the soil (Figure 2A). AMF communities could be grouped into seven families, including Glomeraceae, Claroideoglomeraceae, Gigasporaceae, Paraglomeraceae, Archaeosporaceae, Diversisporaceae, and Acaulosporaceae (Figure 2B). AMF communities could be further grouped into 12 genera, including Glomus, Septoglomus, Scutellospora, Rhizophagus, Claroideoglomus, Diversispora, Paraglomus, Gigaspora, Acaulospora, Innospora, Dominikia, and Archaeospora (Figure 2C). In soil, Glomus was the dominant AMF genus for all treatments. Moreover, the relative abundance of Glomus in soil was increased by 15.08, 22.03, 16.87, and 29.31% in the N, NP, M, and MNP treatments than in the CK treatment, respectively. Additionally, the relative abundance of Claroideoglomus, Gigaspora, Scutellospora, and Paraglomus in soil decreased with the application of organic fertilizers. On the contrary, the relative abundance of Septoglomus, Acaulospora, and Innospora increased with the application of organic fertilizers. Furthermore, the relative abundance of Scutellospora was higher in the CK treatment than in other fertilization treatments (Figure 3A). The other genera, including Paraglomus, Dominikia, Gigaspora, Diversispora, Acaulospora, Archaeospora, and Innospora, were also found in soil with low relative abundance <1%. The genera Acaulospora, Archaeospora, and Innospora were found only in soil and not detected in the maize root samples.


[image: image]

FIGURE 2. Relative abundance of AMF communities at (A) order, (B) family, and (C) genus level in soil and maize roots under different treatments. CK, no fertilizer; N, mineral nitrogen fertilizer; NP, mineral nitrogen and phosphate fertilizer; M, pig manure; MNP, pig manure, mineral nitrogen, and phosphate fertilizer.
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FIGURE 3. Log-scaled percentage heatmap of AMF genus-level composition in soil (A) and roots (B).


AMF communities belonged to Glomerales, Diversisporales, and Paraglomerales were found in maize root samples (Figure 2). The most abundant order was Glomerales; its abundance was higher in M treatment (99.27%) and lower in MNP (89.12%). AMF communities could be grouped into five main families, including Glomeraceae, Claroideoglomeraceae, Gigasporaceae, Paraglomeraceae, and Diversisporaceae, and the most abundant family was Glomeraceae. AMF communities could be further grouped into nine genera, including Glomus, Claroideoglomus, Gigaspora, Paraglomus, Septoglomus, Scutellospora, Diversispora, Rhizophagus, and Dominikia. Glomus and Claroideoglomus were the dominant AMF genera in roots at all treatments. Moreover, the variation trend of the relative abundance of Claroideoglomus, Scutellospora, Paraglomus, and Septoglomus in root samples was similar to those in soil (Figure 3B). Diversisporales, Paraglomus, and Dominikia were also found in maize root samples with low relative abundance <1%.

The community composition of AMF was analyzed using NMDS based on Bray–Curtis similarity distance (Figure 4). AMF communities in soil were divided into two groups; organic fertilizer treatments were clustered together into one group, whereas no organic fertilizer treatments were clustered together into the other group (Figure 4A). AMF communities in roots were divided into two groups; adding exogenous phosphate fertilizer treatments were clustered together into the one group, and no-adding exogenous phosphate fertilizer treatments were clustered together into the other group (Figure 4B).
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FIGURE 4. Non-metric multidimensional scaling (NMDS) of AMF community composition in soil (A) and roots (B).


The LDA was used to show the significant difference of AMF species in soil and maize roots under different fertilization treatments (Figure 5). Biomarkers with a statistically significant LDA score greater than 3 were demonstrated. At the genus level, the relative abundance of Glomus and Innospora in the soil was significantly higher in the MNP treatment, Septoglomus was significantly higher in the M treatment, Dominikia was significantly higher in the NP treatment, Claroideoglomus and Gigaspora were significantly higher in the N treatment, and Scutellospora and Paraglomus were significantly higher in the CK treatment (Figure 5A). The relative abundance of Gigaspora in maize roots was significantly higher in the MNP treatment, Septoglomus was significantly higher in the M treatment, and Rhizophagus and Paraglomus were significantly higher in the NP treatment, whereas Claroideoglomus was significantly higher in the N treatment, and Scutellospora was significantly higher in the CK treatment (Figure 5B).
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FIGURE 5. The LDA (linear discriminant analysis) distribution histogram of biomarkers in the soil (A) and roots (B) under different fertilization treatments. Only taxa with LDA values greater than 3.0 (p < 0.05) are shown.




Factors Affecting Arbuscular Mycorrhizal Fungi Community

We hypothesized that the effects of long-term fertilization on AMF communities in soil and roots might primarily be mediated by soil physicochemical properties and plant nutrient content. RDA revealed that AMF communities in soil and roots had different responses to environmental factors. The first two ordination axes of RDA explained 77% of the total variation in the AMF community structure of soil (Figure 6A). The most important factors were TN (F = 12.3, p < 0.01), SOC (F = 11.1, p < 0.01), NH4+-N (F = 5.1, p < 0.01), and NO3–-N (F = 4.9, p < 0.01). Glomus had a significant positive correlation with NO3–-N, SOC, NH4+-N, and TN (p < 0.05) in soil. Acaulospora, Septoglomus, and Innospora had a significant positive correlation with SOC, NH4+-N, TN, TK, and AK (p < 0.05) in soil. Diversispora and Dominikia exhibited a significant negative correlation with AK and TK (p < 0.05) in soil. Claroideoglomus and Paraglomus had a significant negative correlation with SOC, NH4+-N, TN, TK, and AK (p < 0.05) in soil. Gigaspora and Scutellospora had a significant negative correlation with NO3–-N, SOC, NH4+-N, TN, TK, and AK (p < 0.05) in soil. Rhizophagus and Archaeospora in the soil did not correlate with environmental factors.
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FIGURE 6. Redundancy analysis (RDA) of AMF communities in soils (A) and roots (B) in response to different fertilizer applications. NH4+-N, ammonium nitrogen; NO3–-N, nitrate nitrogen; AP, available phosphorus; AK, available potassium; SOC, soil organic carbon; TN, total nitrogen; TP, total phosphorus; TK, total potassium; PP, plant phosphorus content; PK, plant potassium content.


The first two ordination axes of RDA explained 83.79% of the total variation in the AMF community structure of roots (Figure 6B). The most important factors were plant K content (F = 23.3, p < 0.01), SOC (F = 11.1, p < 0.01), AK (F = 10.5, p < 0.01), and NO3–-N (F = 6, p < 0.01). Glomus and Septoglomus had a significant positive correlation with NH4+-N, SOC, TN, TK, AP, AK, and plant P and K content (p < 0.05) in roots. Rhizophagus had a positive correlation with NH4+-N, SOC, TN, AP, and plant P and K content (p < 0.05). Gigaspora had a significant positive correlation with NO3–-N (p < 0.05). Claroideoglomus, Scutellospora, and Paraglomus had a significant negative correlation with NH4+-N, SOC, TN, TK, AP, AK, and plant P and K content (p < 0.05). Diversispora and Dominikia in roots did not correlate with environmental factors.



DISCUSSION


Changes in Soil Properties

Long-term application of chemical fertilizer and manure could significantly increase soil nutrient content, improve soil structure, and further affect soil microorganisms (Lin et al., 2018). In this study, long-term fertilizer significantly increased the content of NH4+-N, NO3–-N, DOC, SOC, and TN. However, long-term application of chemical fertilizer can significantly reduce soil pH value, especially the long-term application of N fertilizer alone. The pH value of the soil with long-term application of chemical fertilizer was 1.43–1.63 units lower than that of the initial soil; long-term application of manure could effectively alleviate soil acidification (Table 1). In addition to NO3–-N, soil nutrients were higher under organic fertilizer treatments (M and MNP). Compared with other fertilization treatments, the content of NO3–-N was the lowest in the M treatment, which may be related to the relative rate of nutrient release from organic and chemical fertilizers. Our sampling period was the seedling stage of maize, and the rate of nutrient release from pig manure may be slower than that of chemical fertilizer at this time (Wang et al., 2021).



Arbuscular Mycorrhizal Fungi Spore Density and Root Colonization

Spore density can be affected by many factors, such as host plants, tillage practices, fertilization, and sampling period (Sasvári et al., 2011; Avio et al., 2013; Gu et al., 2020). In this study, the AMF spore density of fertilization treatments was significantly higher than that of no fertilization treatment (Figure 1), which indicated that fertilization had a positive effect on AMF sporulation. The spore density of manure treatments was significantly higher than that of other treatments, indicating that the application of manure was more conducive to AMF sporulation, which was consistent with the results of Qin et al. (2015). The above results might be due to increasing the C: N ratio by adding carbon-enriched pig manure would have favored sporulation. In this study, correlation analysis (Supplementary Table 2) showed that the AMF spore density had a positive correlation with soil nutrients, which confirmed the above hypothesis.

Many previous studies have shown that chemical fertilizers, particularly N and P fertilizers, have negative effects on AMF growth (Bhadalung et al., 2005; Lin et al., 2012), whereas other studies have found no significant effect (Chen et al., 2014; Qin et al., 2015) or positive effects (Hazard et al., 2013). In this study, the root colonization rate of fertilization treatments was significantly higher than that of no fertilization treatment, ranging from 17.10 to 42.03% (Figure 1). Root colonization rate was the highest in the NP treatment, in addition to no fertilizer treatment (CK), the lowest in the N treatment, and manure treatments (M, MNP) was somewhere in between. It might be that soil phosphorus level was moderate in the NP treatment; while applying manure treatment or single N treatment, there was the possibility of soil phosphorus levels being too high or too low. Our speculation has been confirmed by Hack et al. (2018), indicating that the appropriate phosphorus level in the soil is conducive to the colonization of AMF, whereas too high or too low phosphorus level will inhibit the colonization of AMF.



Arbuscular Mycorrhizal Fungi Diversity in Soil and Roots

Long-term fertilization increased the spore density but decreased soil AMF diversity. This might be that long-term fertilization only increased sporulation of a few AMF; thus, soil diversity decreased rather than increased. In this study, the Shannon index of AMF in soil was significantly lower in manure treatments than in non-manure fertilizer treatments (Table 3), which was due to the decrease or disappearance of some AMF species and the enhancement of some AMF species (Zhang et al., 2021). This result suggested that the higher the soil nutrient content, the less suitable for the growth of some AMF species such as Scutellospora, and RDA also confirmed this hypothesis (Figure 6). Studies showed that nitrogen application harmed the diversity and abundance of AMF, and different AMF species had different sensitivity to nitrogen application (Bhadalung et al., 2005). The accumulation of carbon and nitrogen may affect the adaptability of AMF to the soil environment, thus reducing AMF diversity (Ma et al., 2020). In this study, soil Shannon index was also negatively correlated with soil AP and AK. Studies have shown that the roots of plants absorb phosphorus from the soil in two ways. In soils with high phosphorus, the roots of plants can absorb phosphorus directly (Smith et al., 2015). In soils with low phosphorus, roots can become symbiotic with AMF and absorb phosphorus through hyphae (Johnson et al., 2015). Therefore, the diversity and abundance of AMF decrease with the increase of soil phosphorus content. Correlation analysis (Supplementary Table 2) showed that soil AMF Shannon index was negatively correlated with soil nutrient content. Soil nutrient content increased in the fertilization treatments, especially in the treatments of manure application, which may be the direct cause of the decrease in soil AMF diversity. Xu et al. (2016) have reported that soil pH was negatively correlated with AMF diversity. In our study, the soil pH had no significant effect on AMF diversity. This might be due to soil pH differences. Most of the soils tested in other studies were alkaline, whereas the soils in our study were more acidic (Jiang et al., 2020). In general, AMF taxa vary widely within their optimum pH ranges (Gai et al., 2006).

We also measured AMF diversity in maize roots to explore the differences. AMF diversity in maize roots was different from that in soil (Table 3). Shannon index of AMF in maize roots was the lowest in the N treatment. On the one hand, the Shannon index of AMF in maize roots was negatively correlated with soil NO3–-N (Supplementary Table 2); it might be due to that plant root exudates played an important role in the formation of the symbiotic system between AMF and plants, and NO3–-N could affect the composition of plant root exudates (Akiyama et al., 2005). On the other hand, the Shannon index of AMF in maize roots was positively correlated with soil pH; it might be due to that the decrease of pH was beneficial to the colonization of some AMF, which was more suitable to grow under acidic conditions. Generally, a low pH adversely affects the growth of AMF (Guo et al., 1996).



Arbuscular Mycorrhizal Fungi Community Structure in Soil and Roots

A previous study showed that some AMF existing in rhizosphere soil do not appear in roots (Oliveira et al., 2009). In our study, a total of 12 genera of AMF were found in soil and root samples, of which three genera were not found in the maize root samples, i.e., Archaeosporaceae, Acaulospora, and Innospora (Figure 3). The species of AMF in roots were less than those in soil, which may be due to the high selectivity of host plants to AMF (Liu et al., 2019). AMF community structure in soil was influenced by soil physicochemical properties caused by fertilization. We found that the increase of soil nutrient content would harm the occurrence of AMF (Figure 3). Both in soil and maize roots, Glomus showed absolute dominance in the AMF community, indicating that Glomus was not sensitive to environmental changes caused by different fertilization compared with other AMF (Sasvári et al., 2011). One possible explanation for our observations is that Glomus gained an advantage at the expense of successful colonization of other AMF, whereas it could colonize new roots by hyphae or fragments, and it could survive and reproduce through mycelia, spores, or fragments (Daniell et al., 2001). The other possible reason is their high sporulation rate and strong symbiosis with plant roots; thus, Glomus is more resistant and resilient to ecological disturbances than other genera and may play an important role in performing ecological functions (Oehl et al., 2003). In this study, there were significant differences in the relative abundance of the AMF genus among different fertilization treatments (Figure 3). We found that the relative abundance of Archaeosporaceae and Paraglomeraceae in soils was very low, especially in the manure fertilizer treatments, which may be due to that Archaeosporaceae and Paraglomeraceae are widely distributed in natural ecosystems, and they are rare components of the AMF community in agroecological systems (Hijri et al., 2010). The relative abundance of Claroideoglomus, Paraglomus, Scutellospora, Diversispora, and Dominikia in soil decreased with the addition of manure, whereas Septoglomus, Innospora, and Acaulospora showed the opposite trend, which indicated that different AMF genera had different responses to nutrients. In this study, the relative abundance of Claroideoglomus, Paraglomus, and Scutellospora in roots decreased with the addition of manure, whereas that of Septoglomus showed an opposite trend (Figure 3B). These results showed that Claroideoglomus, Paraglomus, and Scutellospora were enriched in dystrophy conditions, whereas Septoglomus was more suitable to survive in eutrophic conditions. RDA confirmed our hypothesis (Figure 6).

Non-metric multidimensional scaling revealed that AMF community structure was significantly changed by different fertilization (Figure 4). AMF communities in soil were divided into two groups by whether applying manure. This may be because the application of manure can significantly improve the soil nutrient and soil organic matter content, and the increase of soil nutrients and organic matter provides abundant energy and nutrients for microbial growth, which may stimulate the growth of some AMF strains suitable for eutrophication. The AMF communities in roots were divided into two groups according to whether adding exogenous P fertilizer. This may be because the root exudates and nutritional status of P-deficient and non–P-deficient plants were significantly different; thus, the colonization of AMF in roots was also significantly different under these two conditions.

Redundancy analyse showed that AMF community structure in soil and roots was significantly affected by soil physicochemical properties and plant nutrients (Figure 6). AMF community structure in soil was affected by soil NH4+-N, NO3–-N, TN, SOC, TK, and AK, whereas AMF community structure in roots was affected by soil NH4+-N, NO3–-N, TN, SOC, TK, AK, AP, and plant phosphorus and potassium content. Previous studies have shown that long-term nitrogen and phosphorus applications have significant effects on AMF community composition (Zhang et al., 2020). With the increase of nitrogen supply, mycorrhiza in soils with high N content is inhibited compared to that in soils with low N content (Antoninka et al., 2011), which may be due to arbuscular formation in plant roots, depending on the exchange of exogenous C in exoplasts (Kiers et al., 2011). With the increase of nitrogen, the soluble C distributed in the carrier in plant roots decreased, inhibiting the diversity and abundant of AMF in rhizosphere soil and roots (Schwab et al., 1991). In this study, the long-term application of manure could affect the growth and composition of AMF in soil and roots, which may be due to its changes in the soil organic matter composition (Zhu et al., 2016). Studies have revealed that AMF can directly utilize simple organic matter (Govindarajulu et al., 2005); even some species with higher utilization efficiency of organic matter could obtain more energy sources for growth and reproduction and thus became the dominant species. The above reasons explained the correlation between AMF community and soil nitrogen content, organic carbon content in our study. Moreover, NO3–-N as one of the explanatory factors of AMF community structure in soil and roots may be due to an appropriate amount of NO3–-N, which could promote the symbiotic efficiency of mycorrhizal (Wang et al., 2020). The contents of soil AP and plant phosphorus content were the influencing factors of AMF community structure in roots, indicating that phosphorus played an important role in the colonization of AMF, and the presence/absence of P fertilizer has a significant effect on AMF communities (Cheng et al., 2013). In this study, potassium selectively stimulates the growth of AMF, which may be due to its compensation for Na-induced ionic imbalance (Hammer et al., 2011). So far, there are few studies on the effect of soil potassium on the AMF community, and further studies are needed.



CONCLUSION

Long-term fertilization changed AMF community structure in soil and roots by changing soil physicochemical properties and plant nutrient content. AMF diversity in soil decreased with soil fertility, but AMF diversity in roots was influenced only by soil pH and NO3–-N. Long-term fertilization could improve the AMF spore density; especially, the long-term application of manure could greatly improve the AMF spore density by greatly improving soil fertility. The moderate content of soil AP was beneficial to the colonization of AMF. Soil NH4+-N, NO3–-N, TN, SOC, TK, and AK were the most important factors that influenced taxa of AMF in soil, whereas soil NH4+-N, NO3–-N, TN, SOC, TK, AK, AP, and plant phosphorus and potassium content were the most important factors influencing taxa of AMF in maize roots under long-term fertilization in brown soil.
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There are no studies in literature on the effect of inoculant concentrations on plant growth promotion. Therefore, in the present study, two experiments were carried out, one under pot conditions and the other in the field with cotton crop, in order to verify the effect of Aspergillus and Bacillus concentrations on the biometric and nutritional parameters of plant and soil, in addition to yield. The pot experiment evaluated the effect of different concentrations, ranging from 1 × 104 to 1 × 1010 colony-forming units per milliliter (CFU mL–1) of microorganisms Bacillus velezensis (Bv188), Bacillus subtilis (Bs248), B. subtilis (Bs290), Aspergillus brasiliensis (F111), Aspergillus sydowii (F112), and Aspergillus sp. versicolor section (F113) on parameters plant growth promotion and physicochemical and microbiological of characteristics soil. Results indicated that the different parameters analyzed are influenced by the isolate and microbial concentrations in a different way and allowed the selection of four microorganisms (Bs248, Bv188, F112, and F113) and two concentrations (1 × 104 and 1 × 1010 CFU mL–1), which were evaluated in the field to determine their effect on yield. The results show that, regardless of isolate, inoculant concentrations promoted the same fiber and seed cotton yield. These results suggest that lower inoculant concentrations may be able to increase cotton yield, eliminating the need to use concentrated inoculants with high production cost.
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INTRODUCTION

The use of plant-growth promoting microorganisms (PGPMs) has increased in the world as an alternative to the excessive application of mineral fertilizers that can contribute to soil degradation, emission of polluting gases into the atmosphere, and reduction of biodiversity in different ecosystems (Singh et al., 2016).

Inoculants are products that have in their composition live microorganisms capable of promoting plant development with different mechanisms or modes of action, such as production of phytohormones and siderophores, phosphate solubilization, and induction of resistance against abiotic and biotic stresses (Bhattacharyya and Jha, 2012; Malusá and Vassilev, 2014). PGPM application has been carried out in several agricultural cultures, and many studies have been developed to elucidate its mode of action in plants to meet the new requirements of industries in the sector and agricultural producers. The microorganisms most frequently used as inoculants are fungi of the genera Trichoderma, Purpureocillium, Metarhizium, Beauveria, and Aspergillus (Behie and Bidochka, 2014; Samson et al., 2014; Alori and Babalola, 2018; Baron et al., 2018, 2020; Ahmad et al., 2020), and bacteria of the genera Azospirillum, Azotobacter, Bacillus, Enterobacter, and Streptomyces (Kloepper et al., 1989; Okon and Labandera-Gonzalez, 1994; Glick et al., 1999; Tahmatsidou et al., 2006; Marulanda et al., 2009; Pedraza et al., 2010; Diaz et al., 2019).

Under field conditions, PGPMs are applied in the form of formulated products, which contain inerts and additives in addition to the active ingredient, which is the microorganism. The search for new inoculant formulations, which enhance plant development in order to reduce the use of mineral fertilizers, thus contributing to more sustainable agriculture, is increasing (Malusá and Vassilev, 2014; Bizos et al., 2020). These new formulations have included increasing the concentration of microorganisms to be applied in the field. However, despite the advance in the use of inoculants in agriculture, there are few studies that have evaluated the effect of inoculant concentration on plant growth promotion, particularly in cotton. Thus, this theme has become essential to define whether the increase in the concentration of microorganisms is an important aspect related to product efficiency or whether it is just an aspect of commercial advantage.

In this study, cotton was used because it is a crop that stands out for its high demand for mineral fertilizers and phytosanitary products to ensure good productivity, a situation that causes serious changes in the environment (Michereff and Barros, 2001; Carvalho and Barcellos, 2012).

The aim was to determine the effect of different concentrations of microorganisms Bacillus velezensis, Bacillus subtilis, Aspergillus brasiliensis, Aspergillus sydowii, and Aspergillus sp. (versicolor section) on the growth of cotton plants under pot conditions in greenhouse and field conditions.



MATERIALS AND METHODS


Study Location

According to the Köppen and Geiger classification, the climate of the region corresponds to a tropical climate with dry season in the winter (Peel et al., 2007). The predominant soil at the site is classified as Red Eutrophic Latosol (Oxisol) with clayey texture (52% clay, 23% silt, and 24% total sand) (EMBRAPA, 2006).



Experiment 1: Determination of the Effect of Inoculation of Microorganisms at Different Concentrations in Greenhouse


Microorganisms and Inoculant Preparation

Microorganisms (bacteria and fungi) used in this study belong to the collection of the Laboratory of Soil Microbiology, UNESP, Campus of Jaboticabal (Table 1) and were selected for presenting growth-promoting characteristics such as phosphorus solubilization, biological nitrogen fixation, and indole acetic acid production (Baron et al., 2018; Diaz et al., 2019; Milani et al., 2019).


TABLE 1. Description of microorganisms.

[image: Table 1]The microorganisms used in the study were pre-inoculated in Petri dishes containing nutrient agar for bacteria and potato dextrose agar for fungi. Incubation was carried out in BOD oven at 30°C for 24 h for bacteria and at 25°C for 7 days for fungi.

Each bacterial isolate was multiplied in Erlenmeyer flask containing 90 ml of sterile nutrient broth medium inoculated with isolates prepared on Petri dishes. Flasks were incubated at 30°C for 24 h under agitation at 150 rpm. Then, absorbance readings of each isolate were carried out in spectrophotometer at 600 nm to determine the optical density. In addition, 100 μl of each flask with the different isolates was seeded in Petri dishes containing nutrient agar for the determination and adjustment of cell concentrations (Kloepper et al., 1989).

For fungi, conidium suspension was prepared by scraping Petri dishes containing mycelium cultivated on potato dextrose agar for 7–10 days at 25°C. For scraping, 0.1% Tween 80 solution was used. Fungi suspensions obtained were filtered in sterile voile to remove excess mycelium. The determination of the conidium concentration of each fungus was performed by counting in Neubauer chamber. For all microorganisms (bacteria and fungi), concentrations of 1 × 104, 1 × 106, 1 × 108, and 1 × 1010 colony-forming units/ml (CFU mL–1) were standardized for bacteria and conidia ml for fungi.



Seed Inoculation

Cotton seeds were individually inoculated with microorganisms (bacteria or fungi) by immersion for 8 h at 25°C (Jaber and Enkerli, 2016). Immersion was carried out in the dark under agitation at 130 rpm. This procedure was performed for all microorganisms and concentrations. After the immersion period, cotton seeds were sown in pots containing previously sieved soil.

Cotton seedlings were inoculated three times from the beginning to the end of the experiment at 15-day intervals. In each inoculation, 10 ml of suspension containing the respective microorganism at concentrations of 1 × 104, 1 × 106, 1 × 108, and 1 × 1010 CFU mL–1 for bacteria and conidia ml for fungi was applied per pot. Inoculations were performed by applying the inoculum at the base and stem of plants using graduated micropipette (Kasvi monocanal premium black k1-1000 PB).



Experimental Design and Experiment Management

The experiment was carried out at the Horticulture Sector of the “Júlio de Mesquita Filho” São Paulo State University (UNESP), Campus of Jaboticabal, São Paulo, Brazil. The experiment was arranged in a randomized block design with 6 × 4 factorial arrangement + 1 additional treatment (control) with five replicates, totaling 125 pots. Microorganism factor sublevels were Bs248, Bs290, Bv188, F111, F112, and F113 (Table 1). Concentration factor sublevels were 1 × 104, 1 × 106, 1 × 108, and 1 × 1010 CFU or conidia ml–1. Pots of 5-L capacity were filled with sieved soil (particles smaller than 1 cm in diameter) and fertilized according to previously performed soil analysis (Table 2) and nutritional recommendations for pot experiments proposed by Malavolta et al. (1997) for cotton crop. Nitrogen (N: 3.33 g urea/pot), phosphorus (P: 5.5 g P2O5/pot), potassium (K: 1.66 g KCl/pot), calcium (Ca: 6.25 g super single/pot), magnesium (Mg: 0.5 g MgO/pot), sulfur (S: 3.125 g super single/pot), zinc (Zn: 0.125 g ZnSO4/pot), boron (B: 0.025 g H3BO3/pot), molybdenum (Mo: 0.002 g molybdate/pot), copper (Cu: 0.03 g CuSO4/pot), and manganese (Mn: 0.08 g MnSO4/pot) were added. All nutrients were mixed with the sieved soil 1 week before sowing. The moisture content of pots was kept around 70% of the field capacity with daily irrigations.


TABLE 2. Analysis of soil used in greenhouse and field experiments.

[image: Table 2]Five cotton seeds (Gossypium hirsutum–IMA7501 WS) were sown per pot; and 15 days after seedling emergence, thinning was performed, keeping one plant per pot. The experiment was carried out until the flowering of cotton plants, 70 days after emergence.



Evaluated Parameters


Shoot and Root Dry Matter

Plants were collected and separated into shoots and roots, washed in running water, and placed in paper bags for drying in oven with air circulation at 65°C until reaching constant weight. Root and shoot dry matter weight was determined using analytical scale.



Preparation of Soil Samples

Samples were separated into two subsamples of approximately 100 g each. A subsample was sieved and dried at room temperature for chemical analysis, and the other was kept in a refrigerator for microbiological analysis.



Counting Bacteria Present in the Soil

Ten grams of soil was placed in an Erlenmeyer flask containing 95 ml of 0.1% sodium pyrophosphate saline solution. All Erlenmeyer flasks were shaken for 1 h at 130 rpm, and the contents of flasks were used to prepare serial dilutions following methodology proposed by Wollum (1982). Aliquots of 100 μl of obtained dilutions were inoculated into Petri dishes containing nutrient agar medium or potato dextrose agar in triplicate. Plates were kept in BOD oven at 30°C for bacteria and 25°C for fungi. The number of CFU mL–1 was verified after 24, 48, and 72 h (Vieira and Nahas, 2000).



Counting of Endophytic Bacteria and Fungi

Plants were separated into leaves and roots and washed with running water. Samples containing 3 g of each vegetative tissue (leaves and roots) were submitted to superficial disinfection to eliminate epiphytic microorganisms. Each tissue (leaf or root) was sequentially immersed in 70% ethanol for 1 min, sodium hypochlorite solution (2.0–2.5% active Cl) for 4 min, and 70% ethanol for 30 s. Subsequently, tissues were washed three times with distilled water. Once washed and disinfected, tissues were macerated with 3 ml of sterile 0.85% saline solution with the aid of a flask and a pestle (de Araújo et al., 2002). The macerated material was used to prepare serial dilutions, and 100 μl of aliquots was seeded in Petri dishes containing tryptone soy agar (TSA) medium for bacterial isolation and potato dextrose agar for fungal isolation. Plates were grown in microbiological greenhouses at constant temperature of 30°C for 24 h for bacterial growth and at 25°C for 7 days in the case of fungal isolation (Caruso et al., 2000). Microorganism counts were performed in separate groups, fungi, and bacteria with their respective controls.



Determination of the Phosphorus Concentration in Plants and Soil

The determination of soluble soil phosphorus was carried out using the method proposed by Watanabe and Olsen (1965). For the determination of phosphorus in plants, phosphorus concentrations in roots and shoots were determined according to methodology proposed by Haag et al. (1975) and modified by Bezerra Neto and Barreto (2011).



Determination of the Total Nitrogen Concentration in Plants and Soil

The determination of the nitrogen concentration in shoots and roots was performed according to Haag et al. (1975) with sulfuric digestion of plant material to estimate the nitrogen concentration or dose associated with obtaining 90% of dry matter production. For the determination of total nitrogen in soil, the methodology proposed by Bremner and Mulvaney (1983) and modified by Wilke (2005) was used.



Microbial Respiratory Activity

The respiratory activity was determined by the method of quantification of released CO2 according to Jenkinson and Powlson (1976), using wide-mouth flasks with 100 g of soil (dry or wet). Inside flasks, two beakers (one containing 20 ml of NaOH, and the other 20 ml distilled water) were placed, were then sealed with plastic film, and incubated in the dark for 7 days. Microbial respiration was estimated from the amount of CO2 released from soil samples in a continuous air flow system free from CO2 and moisture. After incubation, the remaining NaOH was quantified by titration with HCl.



Microbial Biomass Carbon

Microbial biomass carbon was determined by the irradiation-extraction method (Islam and Weil, 1998; Mendonça and Matos, 2017), using microwave oven. After irradiation, samples were submitted to 0.5 mol/L of potassium sulfate extractor, and microbial biomass carbon was determined by oxidation with 0.066 mol/L of potassium dichromate followed by titration with 0.033 mol/L of ammonia ferrous sulfate (Brookes et al., 1982).



Statistical Analysis

Prior to analysis of variance, data normality (the Kolmogorov–Smirnov test) and homogeneity of variances (Levene’s test) were tested for each parameter evaluated. Data were transformed into (x + 0.5)1/2 to comply with assumptions of the analysis of variance. Comparisons of means were performed using Tukey’s test (α ≤ 0.05). Analyses were performed using the R 3.4.1 open software for Windows (R Core Team, 2020).



Experiment 2: Determination of the Effect of Inoculation of Microorganisms on Cotton Plants Under Field Conditions


Cotton Planting

The experiment was carried out at the Teaching, Research and Extension Farm (FEPE) – UNESP, Jaboticabal, São Paulo, during the off season (January–June 2020). The field soil was classified as Red Eutrophic Latosol (Oxisol) with clayey texture. Soil chemical analysis is detailed in Table 2.

Soil fertilization was performed once before sowing using the 8–28–16 of NPK + 0.5% Zn formula, with the amount of nitrogen 80% lower than the requirement to avoid masking the effect produced by microorganisms and their concentrations on cotton yield. Cotton was sown at spacing of 1 m between rows and 8–10 seeds per linear meter. The dimensions of the plot were 5 m in length by 5 m in width with useful area of 15 m2.

The microorganisms used in the experiment were selected based on results of experiment 1. Microorganisms Bs248, Bv188, F112, and F113 were tested at concentrations of 1 × 104 and 1 × 1010 CFU or conidia ml–1. The multiplication of these microorganisms was performed as previously described in experiment 1. Application was performed three times, every 15 days, using back sprayer with constant pressure. In this experiment, seeds were not inoculated, and the first application was carried out 7 days after the emergence of cotton seedlings.

Microorganisms were applied at dose of 1 L of suspension per hectare (ha). The amount of water used was 200 L/ha (500 ml per useful area of 15 m2). The control treatment was sprayed with water only. Cotton was manually harvested 151 days after seedling emergence. Seed cotton was harvested from plants of the useful plot (15 m2).



Experimental Design and Experiment Management

A randomized block design with 4 × 2 factorial arrangement + 1 additional treatment (control) with four replicates was used. Microorganism factor sublevels were Bs248, Bv188, F112, and F113. Concentration factor sublevels were 1 × 1010 and 1 × 104 CFU mL–1. Crop management was carried out considering commercial management for the region.



Evaluated Parameters

Parameters were evaluated by manual harvesting of plants in useful plots. The weight of seed cotton was measured using analytical scale. After drying in oven with air circulation at 65°C, seeds were manually separated from fibers and weighed on analytical scale. Fiber weight was obtained by the difference between the weight of the cotton harvested and the weight of the seed. Seed weight and fiber weight were estimated in kg/ha.



Data Analysis

Analyses were performed using the R software for Windows (R Core Team, 2020). The normality and homogeneity of variances were assessed using the Shapiro–Wilk test and Levene’s test (α ≤ 0.05), respectively. Treatments were analyzed using ANOVA, followed by Tukey’s test (α ≤ 0.05) to compare the mean of treatments.



RESULTS AND DISCUSSION


Experiment 1: Determination of the Effect of Inoculation of Microorganisms at Different Concentrations in Greenhouse

The results indicate that there was no interaction between microorganism factor and inoculant concentration for variables shoot, root, and total dry matter in cotton plants. This means that regardless of microorganism, the behavior was the same, given the different inoculant concentrations. Furthermore, there was no effect of the concentration factor on variables shoot, root and total dry matter, nitrogen content in root dry matter, phosphorus in shoot dry matter, and biomass carbon; however, there was a significant effect of the microorganism factor on variables shoot (Figure 1A) and total (Figure 1B) dry matter, highlighting fungi A. sydowii and Aspergillus sp. versicolor section, with values of 30.83 and 33.40 g/plant, respectively, for shoot dry matter, and 47.71 and 51.20 g/plant, respectively, for total dry matter, compared with control treatment, which was 23.40 g/plant for shoot dry matter and 30.04 g/plant for total dry matter.
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FIGURE 1. Boxplots (median and quartiles) of SDM (A) and TDM (B) in cotton inoculated with plant growth-promoting microorganisms. Different lowercase letters in the line indicate statistical difference between means (Tukey, p < 0.05). F111, Aspergillus brasiliensis; F112, Aspergillus sydowii; F113, Aspergillus sp.; Bv188, Bacillus velezensis strain Bv188; Bs248, Bacillus subtilis strain Bs248; Bs290, B. subtilis strain Bs290; Ctrl, control; SDM, shoot dry matter; TDM, total dry matter.


Plant–fungus associations are mainly established by two groups of fungi, mycorrhizal and endophytic fungi (Bonfante and Genre, 2010). Endophytic fungi are those capable of living endosymbiotically with plants without causing disease symptoms (Behie and Bidochka, 2014). They can act as plant growth promoters, increase germination rate, improve seedling establishment, and increase plant resistance to biotic and abiotic stresses, producing antimicrobial compounds, phytohormones, and other bioactive compounds. In addition, endophytic fungi are responsible for the acquisition of soil nutrients, including macronutrients such as phosphorus, nitrogen, potassium, and magnesium, and micronutrients such as zinc, iron, and copper (Behie and Bidochka, 2014; Rai et al., 2014; Khan et al., 2015).

Soil fungi are widely distributed and participate in ecological processes that influence plant growth and soil health. It is considered that the diversity of fungi that inhabit the soil and the rhizosphere can reach more than 200 species in a single soil (Vandenkoornhuyse et al., 2002).

Several Aspergillus species are commercially exploited due to their ability to produce and secrete many enzymes and metabolites, such as antibiotics and mycotoxins (Volke-Sepulveda et al., 2016). The ability of fungi of the genus Aspergillus to produce secondary metabolites is very important because they play a vital role in survival and adaptation in soil; in addition, they are involved in the degradation of a wide range of natural organic substrates, particularly plant materials (Goldman and Osmani, 2008).

On the other hand, there was interaction between microorganism factor and inoculant concentration with variables nitrogen and phosphorus content in shoot (Figure 2) and root dry matter (Figure 3), soil phosphorus (Figure 4), soil nitrogen percentage (Figure 5), respiratory activity (Figure 6), colony-forming units in leaves (Figures 7, 8), and colony-forming units in roots and soil (Figure 9).
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FIGURE 2. Boxplots (median and quartiles) of nitrogen (A–G) and phosphorus (H–N) content in SDM in cotton inoculated with plant growth-promoting microorganisms. Different lowercase letters in a row and uppercase letters in a column indicate statistical difference between means (Tukey, p < 0.05). F111, Aspergillus brasiliensis; F112, Aspergillus sydowii; F113, Aspergillus sp.; Bv188, Bacillus velezensis strain Bv188; Bs248, Bacillus subtilis strain Bs248; Bs290, B. subtilis strain Bs290; E4, 1 × 104; E6, 1 × 106; E8, 1 × 108; E10, 1 × 1010 conidia or CFU mL−1; Ctrl, control; SDM, shoot dry matter.
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FIGURE 3. Boxplots (median and quartiles) of nitrogen (A–G) and phosphorus (H–N) content in RDM in cotton inoculated with plant growth-promoting microorganisms. Different lowercase letters in a row and uppercase letters in a column indicate statistical difference between means (Tukey, p < 0.05). F111, Aspergillus brasiliensis; F112, Aspergillus sydowii; F113, Aspergillus sp.; Bv188, Bacillus velezensis strain Bv188; Bs248, Bacillus subtilis strain Bs248; Bs290, B. subtilis strain Bs290; E4, 1 × 104; E6, 1 × 106; E8, 1 × 108; E10, 1 × 1010 conidia or CFU mL−1; Ctrl, control; RDM, root dry matter; CFU, colony-forming units.
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FIGURE 4. Boxplots (median and quartiles) of phosphorus in soil sown with cotton and inoculated with plant growth-promoting microorganisms: Control (A); F111 (B); F112 (C); F113 (D); Bv188 (E); Bs248 (F); and Bs290 (G). Different lowercase letters in row and uppercase letters in column indicate statistical difference between the means (Tukey, P < 0.05). Abbreviations: F111, Aspergillus brasiliensis; F112, A. sydowii; F113, Aspergillus sp.; Bv188, B. velezensis strain Bv188; Bs248, B. subtilis strain Bs248; Bs290, B. subtilis strain Bs290; E4, 1 × 104; E6, 1 × 106, E8, 1 × 108; E10, 1 × 1010 conidia or CFU/ml; Ctrl, Control; CFU, colony- forming units.
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FIGURE 5. Boxplots (median and quartiles) of percentage of nitrogen in soil sown with cotton and inoculated with plant growth-promoting microorganisms: Control (A); F111 (B); F112 (C); F113 (D); Bv188 (E); Bs248 (F); and Bs290 (G). Different lowercase letters in row and uppercase letters in column indicate statistical difference between means (Tukey, P < 0.05). Abbreviations: F111, Aspergillus brasiliensis; F112, A. sydowii; F113, Aspergillus sp.; Bv188, B. velezensis strain Bv188; Bs248, B. subtilis strain Bs248; Bs290, B. subtilis strain Bs290; E4, 1 × 104; E6, 1 × 106; E8, 1 × 108; E10, 1 × 1010 conidia or CFU/ml; Ctrl, Control; CFU, colony- forming units.
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FIGURE 6. Boxplots (median and quartiles) of respiratory activity in soil sown with cotton and inoculated with plant growth-promoting microorganisms: Control (A); F111 (B); F112 (C); F113 (D); Bv188 (E); Bs248 (F); and Bs290 (G). Different lowercase letters in row and uppercase letters in column indicate statistical difference between means (Tukey, P < 0.05). Abbreviations: F111, Aspergillus brasiliensis; F112, A. sydowii; F113, Aspergillus sp.; Bv188, B. velezensis strain Bv188; Bs248, B. subtilis strain Bs248; Bs290, B. subtilis strain Bs290; E4, 1 × 104; E6, 1 × 106; E8, 1 × 108; E10, 1 × 1010 conidia or CFU/ml; Ctrl, Control; CFU, colony- forming units.
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FIGURE 7. Boxplots (median and quartiles) of CFU in cotton leaves inoculated with (A) Aspergillus brasiliensis (B), Aspergillus sydowii (C), and Aspergillus sp. (D) in four concentrations. Different lowercase letters in a row and uppercase letters in a column indicate statistical difference between means (Tukey, p < 0.05). F111, Aspergillus brasiliensis; F112, A. sydowii; F113, Aspergillus sp.; E4, 1 × 104; E6, 1 × 106; E8, 1 × 108; E10, 1 × 1010 conidia or CFU mL−1; Ctrl, control; and CFU, colony-forming units.
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FIGURE 8. Boxplots (median and quartiles) of CFU in leaves (A–D), root (E–H), and soil (I–L) inoculated with plant growth-promoting microorganisms. Different lowercase letters in a row and uppercase letters in the vertical indicate statistical difference between means (Tukey, p < 0.05). Bv188, Bacillus velezensis strain Bv188; Bs248, Bacillus subtilis strain Bs248; Bs290, B. subtilis strain Bs290; E4, 1 × 104; E6, 1 × 106; E8, 1 × 108; E10, 1 × 1010 conidia or CFU mL−1; Ctrl, control; CFU, colony-forming units.
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FIGURE 9. Boxplots (median and quartiles) of CFU in root (A,B) and soil (C) inoculated with Aspergillus brasiliensis, Aspergillus sydowii, and Aspergillus sp. Different lowercase letters in a row indicate statistical difference between means (Tukey, p < 0.05). F111, Aspergillus brasiliensis; F112, A. sydowii; F113, Aspergillus sp.; E4, 1 × 104; E6, 1 × 106; E8, 1 × 108; E10, 1 × 1010 conidia or CFU mL−1; Ctrl, control; CFU, colony-forming units.


For fungus A. brasiliensis, the unfolding of interactions indicates that inoculation in cotton plants at a concentration of 1 × 106 conidia ml–1 favored the increase in shoot nitrogen content (22.75 g N/kg; Figure 2B); root and soil phosphorus contents were lower at concentrations of 1 × 104 and 1 × 108 conidia ml–1, with values of 2.09 g P/kg and 7.10 mg P/dm3 soil, when compared with controls (3.13 g P/kg and 26.91 mg P/dm3 soil, respectively) (Figures 3I, 4B). Species of the genus Aspergillus, according to Souchie et al. (2006), Pacheco and Damasio (2013), and de Oliveira Mendes et al. (2014), highlight the phosphorus solubilization capacity and its potential for use as solubilizers for different sources of phosphorus in the soil. Schneider et al. (2010) reported the ability to synthesize organic acids and produce large amounts of citric acid, which is one of the main factors responsible for the solubilization of phosphorus in these fungi. The soil nitrogen percentage was lower than that of control at all inoculant concentrations (Figure 5B). These results suggest that A. brasiliensis can serve as hosts for nitrogen-fixing bacteria (endosymbionts) (Paul et al., 2020). These interactions may allow the plant to have absorbed nitrogen fixed and/or contained in the soil. The nitrogen-fixing property is absent in eukaryotes, but they circumvented this deficiency by associating with nitrogen-fixing bacteria (Kneip et al., 2007).

The soil respiratory activity reached the highest value (14.98 mg CO2/100 g soil) at a concentration of 1 × 108 conidia ml–1 compared with control, 3.50 mg CO2 (Figure 6B); and the number of colony-forming units in leaves was higher for all inoculant concentrations compared with control (Figure 7B). For values of colony-forming units in roots, although presenting no interaction, there was a significant effect of the microorganism factor, where A. brasiliensis stood out, with 3.92 CFU mL–1 (p < 0.039, Figure 9A); in addition, a positive correlation (p < 0.05) was observed between inoculant concentration and the number of colony-forming units in roots (Figure 10A). A. brasiliensis was isolated from the cotton plant, demonstrating that this fungus was probably able to colonize and enter the plant, showing its effects as an endophytic growth-promoting fungus on cotton. A. brasiliensis is described as a fast-growing and sporulating species, with characteristics closely related to Aspergillus niger (Varga et al., 2007); and A. sydowii is described as one of the fungi most commonly found in the soil (Raper and Fennell, 1965; Klich, 2002) and is used in industry for the production of enzymes such as β-glucosidase, α-galactosidase, cellulase, and xylanase (Tian et al., 2016).
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FIGURE 10. Correlation of growth promotion variables and concentration of Aspergillus brasiliensis (A), Aspergillus sydowii (B), Aspergillus sp. (C), Bacillus velezensis (D), and Bacillus subtilis strain Bs248 (E) and Bs290 (F). P, phosphorus; N, nitrogen; SDM, shoot dry matter; RDM, root dry matter; TDM, total dry matter; CO2, respiratory activity; CBM, biomass carbon; and CFU, colony-forming units.


For A. sydowii, the unfolding of interactions indicates that the shoot phosphorus content presented lower value at a concentration of 1 × 108 conidia ml–1 (1.85 g P/kg, Figure 2J) when compared with control (2.17 g P/kg); the soil phosphorus content was lower with 11.68 mg P/dm3 at a concentration of 1 × 106 conidia ml–1, and control reached 26.91 mg P/dm3 (Figure 4C); the nitrogen percentage in soil inoculated with A. sydowii at all concentrations was lower than that of control (Figure 5C); the soil respiratory activity was higher (10.43 mg CO2/100 soil) with inoculation at a concentration of 1 × 108 conidia ml–1 compared with control, which was 3.5 mg CO2/100 soil (Figure 6C) and for colony-forming units in leaves, highlighting inoculation of A. sydowii at a concentration of 1 × 1010 conidia ml–1 with 43.00 CFU mL–1 compared with control, 1.33 CFU mL–1 (Figure 7C).

For Aspergillus sp. versicolor section, the interaction indicates that the highest nitrogen content in shoot dry matter was obtained at the lowest concentration of 1 × 104 conidia ml–1 (24.86 g N/kg; Figure 2D), when compared with control, 20.02 g N/kg; there was a positive correlation (p < 0.05, Figure 10C) between inoculum concentration and soluble phosphorus in soil, and the largest amount (62.00 mg P/dm3 soil) was obtained at a concentration of 1 × 1010 conidia ml–1 (Figure 4D) and control only 26.91 mg P/dm3 soil; and the soil nitrogen percentage was lower at all concentrations when compared with control (Figure 5D).

For colony-forming units in roots, there was a significant effect (p < 0.039, Figure 9A) of the microorganism factor, where Aspergillus sp. versicolor section stood out from control, with 4.58 CFU mL–1, and a positive correlation (p < 0.05) was observed between concentration and the number of colony-forming units in roots (Figure 10C). The greatest amount of CFU mL–1 in roots and soil was reached when plants were inoculated at maximum concentration (1 × 1010 conidia ml–1), regardless of fungus used (A. brasiliensis, A. sydowii, and Aspergillus sp. versicolor section) (Figures 9B,C).

For A. brasiliensis and A. sydowii, the increase in inoculum concentration had a positive effect on variable colony-forming units in leaves (Figures 7B,C); however, a concentration of 1 × 106 conidia ml–1 of A. brasiliensis proved to be appropriate to obtain higher shoot nitrogen contents (Figure 2B), and a concentration of 1 × 108 conidia ml–1 of A. brasiliensis or A. sydowii was suitable for higher respiratory activity values (Figures 6B,C).

The highest inoculant concentrations promoted the highest numbers of CFU mL–1 recovered from cotton roots and leaves. Endophytism promotes a more intimate interaction between a microorganism and a host, intensifying the benefits for both (Hardoim et al., 2008; Nadeem et al., 2014; Khan et al., 2015). Interestingly, treatments that presented a greater number of endophytic microorganisms did not necessarily promote greater plant development. Lobo et al. (2019) verified that the treatment that promoted a higher maize yield under field conditions, compared with control, also presented a lower number of recovered CFU mL–1. These results suggest that the growth-promoting effect probably depends more on the abilities of microorganisms and the interaction between microorganism and plant than on higher CFU mL–1 values.

According to results of the present study, the hypothesis that the highest A. brasiliensis and A. sydowii concentrations positively affect microorganism colonization can be confirmed. However, this greater colonization did not reflect in greater plant development. These results also show that A. brasiliensis and A. sydowii are fungi with endophytic capacity in cotton plants. This characteristic in both fungi is an advantage because the endophytic colonization of plant tissues allows the fungus to establish itself inside the organs for some time without causing apparent damage to the host (Petrini, 1991), in addition to protecting plants against eventual colonization and pathogen infection or pest infestation (Bulgarelli et al., 2013). Studies carried out in China have shown that A. niger P85 has the ability to solubilize phosphorus, produce indole acetic acid in maize plants, and increase available phosphorus in the soil (Yin et al., 2015); and in Brazil, similar studies have demonstrated the ability of A. sydowii and A. brasiliensis as phosphorus solubilizers in maize plants (Baron et al., 2018). A. brasiliensis and A. sydowii have great potential for use in other agricultural crops of great economic importance.

For Aspergillus sp. versicolor section, increasing inoculum concentration had a positive effect on soil phosphorus concentration and number of colony-forming units in roots (Figures 10B,C); however, a concentration of 1 × 104 conidia ml–1 was suitable for cotton plants to show the highest shoot nitrogen content (Figure 2D).

Aspergillus sp. versicolor section are accepted as distinct species based on molecular and phenotypic differences, are isolated from soil, and adapt to form part of the rhizospheric plant community (Zeljko et al., 2012). Aspergillus sp. versicolor section are fungi that are part of the microbial community of the rhizosphere of tea plants (Rahi et al., 2009). Similarly, in the present study, Aspergillus sp. versicolor section showed soil phosphorus solubilization capacity and root colonization. These characteristics are interesting in agriculture because inoculation with higher Aspergillus sp. versicolor section concentrations could decrease the need for use of mineral fertilizers in the field (Qiao et al., 2019; Caruso et al., 2020) as a consequence of the more efficient use of these fertilizers by plants. Some studies have shown that the association of this fungus with roots promotes abiotic stress tolerance and protection against pathogens (Singh et al., 2012; Begum et al., 2019; Rana et al., 2019).

For B. velezensis, the unfolding of interactions indicates that the nitrogen content in shoot dry matter of cotton plants was higher with 22.46 g N/kg at a concentration of 1 × 108 CFU mL–1 compared with control, 20.02 g N/kg (Figure 2E); the phosphorus content in the root dry matter and in the soil at all concentrations did not differ from that of control (Figures 3L, 4E); the soil nitrogen percentage was lower at all concentrations compared with that of control (Figure 5E); the respiratory activity was higher at all concentrations when compared with that of control (Figure 6E); the amount of colony-forming units in leaves, roots, and soil was higher at a concentration of 1 × 1010 CFU mL–1 (34.00, 93.67, and 163.33 CFU mL–1, respectively; Figures 8B,F,J); in addition, there was a positive correlation between concentration and colony-forming units in leaves (p < 0.05, Figure 10D).

For inoculation of B. subtilis Bs248, interaction indicates that the concentration of 1 × 1010 CFU mL–1 in cotton plants promoted the highest nitrogen content in the root dry matter (12.41 g N/kg) when compared with control (9.35 g N/kg) (Figure 3F); the phosphorus content in the root dry matter was not affected by concentration (Figure 3M); soil phosphorus at a concentration of 1 × 1010 CFU mL–1 was approximately double (53.15 mg P/dm3) that found at concentrations of 1 × 104, 1 × 106, and 1 × 108 CFU mL–1 and control (Figure 4F); in addition, there was a positive correlation between variable soil phosphorus and concentration (p < 0.05, Figure 10E); soil nitrogen percentage was lower, and the respiratory activity was higher when B. subtilis Bs248 was inoculated at any concentration (Figures 5F, 6F). The number of colony-forming units in leaves was higher when inoculum was applied at concentrations of 1 × 108 and 1 × 1010 CFU mL–1 (Figure 8C); the number of colony-forming units in roots was greater when inoculum was applied at a concentration of 1 × 106 CFU mL–1 (Figure 8G), and the number of colony-forming units in soil was greater at concentrations of 1 × 106 and 1 × 1010 CFU mL–1 (Figure 8K).

For B. subtilis Bs290, interaction indicates that the inoculation of cotton plants at a concentration of 1 × 104 CFU mL–1 had the lowest nitrogen percentage, 5.97%, when compared with control, which reached 8.77% (Figure 5G), and a smaller amount of colony-forming units in leaves with 5.00 CFU mL–1, when compared with control of 18.00 CFU mL–1 (Figure 8D); the number of colony-forming units in roots was higher, with 15.67 and 10.67 CFU mL–1, when the microorganism was inoculated at concentrations of 1 × 106 and 1 × 108 CFU mL–1, respectively (Figure 8H); and the number of colony-forming units in soil was higher, with 192.67 and 194.33 CFU mL–1, when inoculated at concentrations of 1 × 108 and 1 × 1010 CFU mL–1, respectively (Figure 8L). Additionally, a positive correlation was observed between concentration and respiratory activity (p < 0.05, Figure 10F).

Most Bacillus species are considered plant growth-promoting rhizobacteria and have the ability to colonize roots, improve nutrient availability, reduce abiotic stress, and produce a wide range of biologically active secondary metabolites that can inhibit the growth of pathogens (Ongena and Jacques, 2008; Lugtenberg and Kamilova, 2009; Bhattacharyya and Jha, 2012; Sivasakthi et al., 2014). The increase in inoculum concentration had a positive effect on variable colony-forming units in leaves for B. velezensis, soil phosphorus for B. subtilis Bs248, and a respiratory activity for B. subtilis Bs290.

Bacillus velezensis was previously grouped with B. subtilis and Bacillus amyloliquefaciens, and in recent years, several isolates of this bacterium have received attention due to their potential in disease control (Fan et al., 2017; Adeniji et al., 2019). Previous studies have determined that B. velezensis has the ability to produce indole acetic acid in pepper plants applied at a concentration of 1 × 108 CFU mL–1 (Zhang et al., 2019); in addition, it has been shown that metabolites produced have an antagonistic activity against bacterial and fungal pathogens under laboratory and greenhouse conditions in tomato crops (Cao et al., 2018). In the present study, B. velezensis showed the ability to colonize cotton leaves as the inoculum concentration increases. These results demonstrate that B. velezensis is an endophytic bacterium with capacity to promote growth through nitrogen content in shoot dry matter; in addition, results of colony-forming units in leaves suggest that B. velezensis has potential to inhibit the growth of pathogens in cotton plants.

On the other hand, studies have demonstrated the ability of B. subtilis to solubilize phosphate, produce indole acetic acid and siderophores, and increase dry weight in maize and sorghum (Aquino et al., 2019), okra, spinach, and tomato plants, in addition to presenting antagonistic action against Rhizoctonia solani (Adesemoye et al., 2009). Regarding colonization, studies carried out with cucumber and tomato plants inoculated with B. subtilis at concentrations of 105 and 106 CFU mL–1 of root were enough for the microorganism to be able to colonize and survive in the rhizosphere. Thus, in addition to protecting plants by suppressing Fusarium oxysporum from cucumber, B. subtilis had an antagonistic effect against Pseudomonas syringae after root colonization in tomato plants (Cao et al., 2011; Chen et al., 2013). In the present study, B. subtilis strains have shown a correlation between soil phosphorus content and respiratory activity. These results suggest that to improve phosphorus solubilization and respiration in the soil, it is necessary to increase inoculum concentration.

On the other hand, studies have shown that the long-term continuous use of inoculants influences the quantity and quality of microorganisms present in the soil rhizosphere, but this depends on conditions such as organic matter, availability of nutrients (such as phosphorus), and type of soil (Gnankambary et al., 2008; Angelina et al., 2020). Furthermore, it is important to consider that the composition of the soil community is largely influenced by environmental variability and the microbial community present in the soil (Xun et al., 2015).

As one of the most important and essential macronutrients in addition to nitrogen, phosphorus is important for plant development, but it is the nutrient element least mobile in plant and soil. Globally, P is extracted from geological sediments and added to agricultural soils in order to meet critical plant requirements for agronomic productivity. Phosphorus is present in soil in the organic and inorganic forms. The various inorganic forms of the element in the soil are salts with calcium, iron, and aluminum, while the organic forms come from decomposing vegetation and microbial residues. There is great diversity of plant microbiomes (epiphytic, endophytic, and rhizospheric) and soil microbiomes that have the ability to solubilize insoluble P and make it available for plants. The main solubilization mechanism of inorganic P is by the production of organic acids, which lower soil pH, or by the production of acids and alkaline phosphatases, which cause the mineralization of organic P. P-solubilizing and P-mobilizing microorganisms belong to all three domains: archaea, bacteria, and eukarya. Strains belonging to genera Arthrobacter, Bacillus, Burkholderia, Natrinema, Pseudomonas, Rhizobium, Serratia, and Aspergillus have been reported as efficient and potential P solubilizers. The use of P solubilizers, alone or in combination with another plant growth-promoting microbe as an ecological microbial consortium, could increase P uptake by plants, increasing their yields for agricultural and environmental sustainability (Kour et al., 2021). However, results have shown that for some treatments, phosphorus concentrations in soil and roots decreased. Factors such as mineral concentration, temperature, and availability of carbon and nitrogen (N) sources can affect the phosphorus solubilization potential of these microorganisms, and these results suggest that there was greater solubilization and absorption of phosphorus from the soil by plants and greater translocation to shoots.

For the field phase, A. sydowii was selected for presenting abilities to promote a positive effect on variables shoot and total dry matter, soil respiratory activity, and colony-forming units in leaves and roots; Aspergillus sp. versicolor section were selected for presenting the ability to promote positive effects on variables shoot and total dry matter, nitrogen content in shoot dry matter, colony-forming units in roots and soil phosphorus; B. velezensis (Bv188) was selected for presenting the ability and promoting positive effects on variables nitrogen content in shoot dry matter, respiratory activity, colony-forming units in leaves, roots, and soil; and B. subtilis 248 was selected for presenting the ability to promote positive effects on variables root nitrogen content, soil phosphorus, respiratory activity in soil, and colony-forming units in leaves, roots, and soil.



Experiment 2: Determination of the Effect of Inoculation of Microorganisms on Cotton Plants Under Field Conditions

Regarding field yield, there was no interaction of concentration factor and microorganism factor on variables fiber yield (Figures 11A–E) and seed yield, except for Aspergillus sp. versicolor section (F113), which presented the lowest yield for a concentration of 1 × 1010 CFU mL–1 compared with a concentration of 1 × 104 CFU mL–1 (Figure 11H). Fiber yield in cotton plants inoculated with B. velezensis, B. subtilis 248, A. sydowii, and Aspergillus sp. versicolor section were superior to control, which had 326.94 kg/ha (Figures 11A–F). Inoculation of A. sydowii at a concentration of 1 × 1010 conidia ml–1 and Aspergillus sp. versicolor section at a concentration of 1 × 104 conidia ml–1 had the highest seed yield, with 1,131.14 and 1,364.96 kg/ha, respectively (Figures 11G,H). Inoculation with B. velezensis at a concentration of 1 × 104 and 1010 CFU mL–1 showed no differences when compared with that with control (Figure 11I). Inoculation with B. subtilis Bs248 showed no differences between concentrations of 1 × 104 and 1 × 1010 CFU mL–1, reaching values of 1,118.54 and 1,024.68, respectively (Figure 11J).
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FIGURE 11. Boxplots (median and quartiles) of fiber (A–E) and seed (F–J) cotton yield inoculated with plant growth-promoting microorganisms in two concentrations. Different lowercase letters in a row and uppercase letters in a column indicate statistical difference between means (Tukey, p < 0.05). F112, Aspergillus sydowii; F113, Aspergillus sp.; Bv188, Bacillus velezensis strain Bv188; Bs248, Bacillus subtilis strain Bs248; E4, 1 × 104; E10, 1 × 1010 conidia or CFU mL−1; Ctrl, control; and CFU, colony-forming units.


For A. sydowii and B. subtilis Bs248, the hypothesis that fiber and seed yield at concentrations of 1 × 104 or 1 × 1010 CFU mL−1 are similar is confirmed. Thus, the results of the present study demonstrate that there is no effect of concentration on cotton seed and fiber yield when inoculated with A. sydowii and B. subtilis Bs248 and that there is no effect of concentration on cotton seed yield when inoculated with Aspergillus sp. versicolor section.

Yield studies performed with A. sydowii and Aspergillus sp. versicolor section in cotton are scarce in scientific literature; for example, studies carried out on chickpea plants have shown the ability of fungi Aspergillus awamori and Penicillium citrinum inoculated at a concentration of 1 × 106 spores/ml to increase seed weight by approximately twice (Mittal et al., 2008). In addition, A. niger, Aspergillus fumigatus, and Penicillium pinophilum inoculated on wheat and fava beans at a concentration of 2 × 109 spores/ml–1 increased yield by 28.9–32.8% and 14.7–29.4%, respectively (Abdul Wahid and Mehana, 2000). Likewise, phosphorus uptake by both cultures increased due to inoculation with tested fungi. Other studies include arbuscular mycorrhizal fungi in maize plants using concentrations of 1 × 103 spores/ml where, in addition to increasing yield by 80%, these fungi are capable of inducing resistance against pathogenic A. niger strains (Molo et al., 2019).

For plant-growth promoting bacteria, Tripti et al. (2017) observed increase in the amount of fruits on tomato plants inoculated with Bacillus sp. strain A30 and Burkholderia sp. strain L2 at a concentration of 1010 CFU mL–1. Furthermore, inoculation with A. brasiliensis Ab-V5 and B. subtilis strain CCTB04 at a concentration of 1 × 108 CFU mL–1 positively affected corn yield by 39.5 and 29.1%, respectively (Pereira et al., 2020).

Microorganisms A. sydowii, Aspergillus sp. versicolor section, and B. subtilis Bs248 used at concentrations of 1 × 104 and 1 × 1010 conidia or CFU mL–1 in the field phase allow achieving similar results in cotton fiber and seed yield. These results show that lower inoculant concentrations could be used with no damage to plant growth efficiency promoted by the microbial isolate.



CONCLUSION

The parameters that were favored by the highest inoculant concentrations were soil respiratory activity, phosphorus in root dry matter, nitrogen in shoot dry matter, and number of colony-forming units in roots and leaves. Concentrations did not affect nitrogen in root dry matter, phosphorus in shoot dry matter, and microbial biomass carbon. However, other factors such as nitrogen and phosphorus contents in the soil, except for Aspergillus sp. versicolor section, were negatively affected with the highest inoculant concentrations. Interestingly, inoculant concentrations did not affect cotton fiber or seed yield.

The present study brings results that help in a better understanding of the effect of concentrations of fungi- and bacteria-based inoculants on the biometric parameters of plants, on microbial activities and soil fertility, on the nutritional status of plants, and on cotton crop productivity.
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Spatial organization of chemotactic proteins is important for cooperative response to external stimuli. However, factors affecting the localization dynamics of chemotaxis proteins are less studied. According to some reports, the polar localization of chemotaxis system I is induced by hypoxia and starvation in Vibrio cholerae. However, in V. cholerae, the chemotaxis system I is not involved in flagellum-mediated chemotaxis, and it may play other alternative cellular functions. In this study, we found that the polar localization of CheZ, a phosphatase regulating chemotactic movement in Azorhizobium caulinodans ORS571, can also be affected by hypoxia and cellular energy-status. The conserved phosphatase active site D165 and the C-terminus of CheZ are essential for the energy-related localization, indicating a cross link between hypoxia-related localization changes and phosphatase activity of CheZ. Furthermore, three of five Aer-like chemoreceptors containing PAS domains participate in the cellular localization of CheZ. In contrast to carbon starvation, free-living nitrogen fixation can alleviate the role of nitrogen limitation and hypoxia on polar localization of CheZ. These results showed that the localization changes induced by hypoxia might be a strategy for bacteria to adapt to complex environment.

Keywords: chemotaxis, hypoxia, localization, CheZ, Azorhizobium caulinodans


INTRODUCTION

Azorhizobium caulinodans ORS571 is an alpha-Proteobacterium that can fix atmospheric nitrogen in free-living conditions or inside nodules formed on root or stem of the tropical legume Sesbania rostrata (Dreyfus and Dommergues, 1981; Dreyfus et al., 1988). Chemotaxis and motility provide a fitness advantage for A. caulinodans ORS571 during host colonization and allows for adaptation to harsh environment (Jiang et al., 2016a; Liu et al., 2017, 2018a,b, 2019; Sun et al., 2019).

The chemotaxis signaling pathway has been well studied in Escherichia coli (Wadhams and Armitage, 2004). Transmembrane methyl-accepting chemotaxis proteins (MCPs) are responsible for sensing external stimuli. The presence of repellents or absence of attractants can induce conformational changes in MCPs resulting in increased activity of the histidine kinase CheA. CheA phosphorylates the response regulator CheY, and then CheY-P diffuses in the cytoplasm and ultimately interacts with FliM, a flagellar motor protein, changing the direction of movement. The phosphatase CheZ promotes the dephosphorylation of CheY-P and terminates the signal transduction. The methyltransferase CheR and the methylesterase CheB interacting with CheA and MCPs are involved in chemotaxis adaptation (Wadhams and Armitage, 2004; Sourjik and Armitage, 2010). In addition to transmembrane MCPs, cytoplasmic chemoreceptors containing PAS domains, such as Aer in Escherichia coli and AerC in Azospirillum brasilense, are involved in the orientation movement along oxygen and redox gradients (Alexandre et al., 2004). To amplify small signals and improve positive cooperativity, two chemoreceptors, one CheA dimer, and two adaptor proteins CheW form core units, and these units cluster in highly ordered supramolecular arrays at subcellular poles (Hazelbauer et al., 2008; Pinas et al., 2016). The cheA gene contains two tandem translation starts and separately encodes CheA-long and CheA-short with a common C-terminus in E. coli (Wang and Matsumura, 1996; O'connor et al., 2009). CheZ localizes to cell poles by binding with CheA-short, which lacks the first 97 residues of full-length CheA, termed as CheA-long (Wang and Matsumura, 1996; Sourjik and Berg, 2000; Cantwell et al., 2003). The localization pattern of chemotaxis proteins at the cellular poles was proposed to result from the high membrane curvature of cells poles (Draper and Liphardt, 2017) or to the presence of specific lipids or proteins at cell poles (Laloux and Jacobs-Wagner, 2014; Saaki et al., 2018). In addition, the polar location could be explained with nucleoid occlusion and “stochastic self-assembly” model (Jones and Armitage, 2015; Neeli-Venkata et al., 2016). The physiological significance of protein polar localization may lie in that both daughter cells can inherit a chemosensory cluster, which is critical for survival in complex environment (Jones and Armitage, 2015).

The genome of A. caulinodans ORS571 contains 43 genes encoding chemoreceptors, and seven genes encoding the sole chemotaxis pathway-related proteins, including one core chemotaxis cluster (cheA, cheY2, cheW, cheB, and cheR) and two orphan genes, cheY1 and cheZ (Jiang et al., 2016b). Only two chemotactic proteins, IcpB and CheZ, have been marked with fluorescent tags to determine their cellular location (Jiang et al., 2016a). IcpB, which has one PAS domain, is critical for aerotaxis and chemotaxis (Jiang et al., 2016a). In addition, IcpB, which is similar to soluble receptor McpS in Pseudomonas aeruginosa and McpY in Sinorhizobium meliloti, located to cell poles with the help of CheA (Bardy and Maddock, 2005; Meier and Scharf, 2009; Jiang et al., 2016a). The CheZ proteins, in alpha-Proteobacteria, are encoded by an orphan gene adjacent to an orphan cheY (Liu et al., 2018b). Disruption of cheZ in A. caulinodans abolishes the chemotactic response to attractants and causes an increase in exopolysaccharide production (Liu et al., 2018b). Recently, we have determined the localization pattern of CheZ at cell poles and identified a novel motif that is involved in the regulation of localization (Liu et al., 2020).

Hypoxia and carbon starvation have been shown in V. cholerae to regulate the localization of chemotaxis-like proteins, which are not involved in flagella-mediated motility (Hiremath et al., 2015; Ringgaard et al., 2015). However, the relationship between hypoxia and the localization of chemotaxis proteins has not been studied in bacteria. Interestingly, under nitrogen limiting environment, nitrogen-fixing rhizobacteria, such as A. caulinodans and A. brasilense, move toward microaerobic environments to fix nitrogen (Greer-Phillips et al., 2004; Xie et al., 2010; Jiang et al., 2016a) due to the activity of nitrogenase inhibited by high concentration of oxygen (Desnoues et al., 2003). Accordingly, we sought to examine the role of hypoxia in the localization of CheZ in A. caulinodans and found that three soluble chemoreceptors are involved in the process. Furthermore, nitrogen limiting conditions are also involved in the polar localization of CheZ. These results indicated that the fluctuation of subcellular localization of chemotaxis proteins might be an important strategy for bacteria to respond to environmental stimulus.



MATERIALS AND METHODS


Bacterial Strains and Growth Conditions

All strains and plasmids used in this study are listed in Table 1. Escherichia coli strains were grown in LB media at 37°C. Azorhizobium caulinodans ORS571 and derivatives were cultured with tryptone-yeast extract (TY) medium or L3 minimal medium at 37°C. Carbon or nitrogen sources in L3 medium can be removed as needed, which are designated as L3-C+N or L3+C-N. To create the environment with different oxygen concentrations, first, the air in 20ml anaerobic tubes was replaced by the oxygen-free gas N2 for hypoxia environment or gas mixture of N2/O2 for hyperxia environment. Then 5ml overnight cell liquid culture was injected into the anerobic tubes and was shaken for 30s before putting into incubator with standing or shaking. The final concentrations of antibiotics used in this work are 100μg m−1 of ampicillin, 50μg m−1 of gentamicin and kanamycin, and 25μg m−1 of nalidixic acid.



TABLE 1. Bacterial strains and plasmids used in this study.
[image: Table1]



Construction of Soluble Chemoreceptor Mutants

Two methods were used to construct deleted mutants. The Δ1026 and Δ3153 were constructed by pK18mobsacB, a suicide vector, and the Δ0573 and Δ1546 were constructed by pCM351, an allelic exchange vector. To construct plasmids for azc_1026 and azc_3153 gene deletion, upstream and downstream fragments of them were amplified with primers listed in Table 2. The 3′ end of upstream fragment and the 5′ end of downstream fragment were amplified with same restriction enzyme (EcoRI). After being digested with three restriction enzymes, the two amplicons were integrated into pK18mobsacB to construct a pK18mobsacB::up-down plasmid. The resulting plasmid was introduced into A. caulinodans ORS571 by triparental conjugation with the help of pRK2013, a helper plasmid. The azc_1026 and azc_3153 deletion mutants derived from wild-type strain were designated Δ1026 and Δ3153.



TABLE 2. PCR primers used in this study.
[image: Table2]

To construct azc_0573 and azc_1546 deletion mutants, the upstream and downstream fragments of them were amplified. These amplicons of upstream fragments were firstly digested and introduced into pCM351 to construct a pCM351::up plasmid. Then the downstream fragments of genes were digested and introduced into the pCM351::up plasmid. The resulting plasmids, pCM351::up-down, were integrated into wild-type strain through triparental conjugation for allelic exchange. Homologous recombinants lacking azc_0573 or azc_1546 were selected and termed as Δ0573 and Δ1546.



Microscopy and Data Analysis

Azorhizobium caulinodans ORS571 cells were grown to stationary phase (24h), then the effect of standing time or the role of the hypoxia and electron transport chain inhibitors on localization on the cellular localization of CheZ were observed. To immobile cells, 1% agarose pads were constructed as previously described (Meier and Scharf, 2009). The Olympus BX53 system fluorescence microscope with Olympus DP73 digital camera was used to take photos with a 100×objective. The cellSensDimernsion 1.7 imaging software (Olympus Inc.) was used to capture clear images. The number of cells showed diffuse or polar localization of CheZ was recorded using manual count.



Bioinformatics Analysis

Sequences of intracellular chemoreceptors in A. caulinodans ORS571, Aer in E. coli, and AerC in A. barasilense were collected from Mist 2 database (Ulrich and Zhulin, 2010).1 Domain analysis of proteins was performed using SMART program (Letunic and Bork, 2018). The protein sequences were aligned by MAFFT program (Madeira et al., 2019) and built a maximum likelihood tree using MEGA (Kumar et al., 2018).



Statistical Analysis

All results in this study were subjected to ANOVA. Tukey’s test was used for multiple comparisons, and student t-test (p<0.01 and p<0.05) was used for significant differences between conditions. All tests were performed using SPSS version 20.0 software (IBM Corp., Armonk, New York).




RESULTS


Hypoxia Regulates the Polar Localization of CheZ

We previously reported that CheZ in A. caulinodans can locate to cell poles and the localization pattern of CheZ is diverse, including monopolar, bipolar, and diffuse (Liu et al., 2020). Among them, diffuse localization of CheZ is the most common, observed in about 60% of cells (Liu et al., 2020). Unexpectedly, we observed that the ratio of cells with polar CheZ localization becomes very high after standing over 2days (Figure 1A). To get a clear conclusion, we quantified them and sought to determine the factors causing higher polar localization of CheZ.

[image: Figure 1]

FIGURE 1. Localization of CheZ-GFP with cell standing time. (A) Representative images of overnight culturing Azospirillum caulinodans cells with CheZ-GFP before standing or after standing over 2days. (B) Representative images of cells with CheZ-GFP or GFP-only with standing time from 0 to 60h. (C) Quantification of cell ratios with CheZ polar localization. Values in (C) are means and SDs from three independent experiments. The same letter above the bars indicates no significant difference at p<0.05, one-way ANOVA with Tukey’s multiple-comparison test.


First, we performed a time-course assay of CheZ localization. Cells with CheZ-GFP fusion were first grown to a late logarithmic phase with shaking and then left standing (without shaking) for 12–60h. The ratio of cells with polar localized CheZ-GFP in standing cultures was recorded at different times. After 24h, the number of cells with a polar localization pattern increased from 20 to 30% (Figures 1B,C). When cells were cultured without shaking for 60h, about 80% cells had polar localized CheZ-GFP (Figure 1C). Azorhizobium caulinodans with a GFP control vector showed a diffuse localization pattern under all conditions tested (Figure 1B).

The concentration of available oxygen becomes limited in cultures when cells are left standing for an extended period (Yuan et al., 2013). Thus, it was hypothesized that the increase in polar localization of CheZ without shaking may be induced by hypoxia. Environments with three kinds of oxygen concentrations were constructed using anerobic tubes to determine the localization pattern of CheZ. Under hypoxia conditions (Oxygen less than 4%) for 12h, around 100% cells showed polar localization (Figure 2). However, under hyperoxia conditions (Oxygen 33%), there were no obvious changes in CheZ localization compared with that under normoxia (Figure 2). These results indicate that oxygen limitation leads to the increase in polar localized CheZ.

[image: Figure 2]

FIGURE 2. Localization of CheZ with different oxygen concentrations. (A) Representative images of localization of CheZ under normoxia, hypoxia, or hyperxia conditions after culturing for 12h with shaking. (B) Quantification of the ratio of cells with polar localization of CheZ under normoxia, hypoxia, or hyperxia conditions. The values are shown as the means±SDs from at least three independent experiments. The same letter above the bars indicates no significant difference at p<0.01, one-way ANOVA with Tukey’s multiple-comparison test.




The Localization of CheZ Is Affected by the Energy Status of Cell

Oxygen limitation could affect the energy status of the cells (Wessel et al., 2014). To determine whether the localization of CheZ is energy-related, two electron transport chain inhibitors, sodium azide and CCCP (Danylovych, 2016), were used. Sodium azide (0.2%) or CCCP (25μM) was added to cultures in the late logarithmic phase of growth. After incubating with shaking for 2h, there was no obvious difference between the control and inhibitor treatment in the localization pattern of CheZ (Figure 3). However, after 6h, the polar localization of CheZ increased to about 90% and reached 100% after 12h (Figure 3). These results indicate that the diffuse localization of CheZ relies on the energy status of the cell, and the cellular energy might be necessary to release CheZ from polar location.

[image: Figure 3]

FIGURE 3. Localization of CheZ with electron transport chain inhibitors. (A) Representative images of CheZ localization in cells incubated with electron transport chain inhibitors sodium azide or CCCP, and with shaking for 12h. Cell cultures without inhibitor were used as control. (B) Quantification of cell ratios with polar localization of CheZ. Data are shown as means±SDs from three independent experiments.




The C-Terminus and a Conserved Active Site D165 of CheZ Are Involved in the Energy-Related Polar Localization

Recently, we have mapped the region of CheZ for polar localization and found that the remaining of 70 residues at the N-terminus, CheZN70 (also termed as CheZΔ71-236), is sufficient for polar localization (Liu et al., 2020). To investigate whether the presence of N-terminal region is sufficient for the energy-related localization, the localization pattern of CheZN70 with or without sodium azide was recorded. After incubating with sodium azide for 12h, the CheZ localization pattern of CheZN70 remained unchanged as most cells had diffuse CheZ localization (Figure 4). These results suggest that the energy-related localization of CheZ may need its phosphatase activity.

[image: Figure 4]

FIGURE 4. Role of the C-terminus of CheZ and phosphatase active sites on the localization of CheZ. (A) Images of cellular localization of the CheZN70, which the 70 residues at the N-terminus of CheZ was remained, and two CheZ substitution mutants CheZD165A and CheZQ169A. (B) Quantification of cell ratios with polar localization of CheZ, CheZN70, CheZD165A or CheZQ169A. Data are means and SDs from three independent experiments. The significant difference compared with control was analyzed by one-way ANOVA with Tukey’s test (p<0.01 and p<0.05).


Then we turned to test whether the energy-related localization of CheZ depends on its phosphatase activity. The conserved phosphatase active sites D165 and Q169 of CheZ in A. caulinodans ORS571 are important for its activity (Zhao et al., 2002; Silversmith et al., 2003; Lertsethtakarn and Ottemann, 2010; Liu et al., 2018b). We substituted these residues by alanine, respectively, and the resulting muteins CheZD165A and CheZQ169A were fused to GFP. When treated with sodium azide for 12h, the polar localization of CheZQ169A-GFP increased to 100%, which was similar as CheZ-GFP, while the localization pattern of CheZD165A-GFP in cells remained diffuse (Figure 4). These results indicate the conserved active site D165 is important for the energy-related localization; however, the conserved active site Q169 does not.

In addition, when some residues at the N-terminal helix of CheZ were deleted, such as CheZΔ2-31 and CheZΔ2-50, which reduced the polar localization of CheZ, almost 100% of cells with these truncated CheZ showed polar localization with the presence of sodium azide (data not shown). These results indicate that the C-terminus of CheZ and a conserved active site D165, but not N-terminal regions, are essential for the energy-associated localization.



Role of Cytoplasmic Chemoreceptors Containing PAS Domains on the Localization of CheZ

Changes in the electron transport system are a source of aerotaxis signals (Taylor et al., 1979; Zhulin et al., 1997a), and cytoplasmic chemoreceptors containing PAS domains can sense the status of redox and oxygen in cells (Zhulin et al., 1996, 1997b). Among A. caulinodans ORS571 genome, six cytoplasmic chemoreceptors were found, and five of them were closely phylogenetically related to E. coli Aer (Supplementary Figure S1). Analyzing sequences of the five chemoreceptors, all of them have PAS domain and the conserved methyl-accepting signal (MA) domain (Figure 5A). Four of them, including AZC_0573, AZC_1026, AZC_1546, and AZC_3153, contain two PAS domains, while AZC_3718 (also named as IcpB) only has one PAS domain (Figure 5A). After aligning PAS domains of these intracellular chemoreceptors, except two PAS domains in AZC_1546, others showed a close relationship with PAS domains in Aer in E. coli, and in AerC in A. barasilense (Figure 5B). Interestingly, two PAS domains from AZC_1026, two PAS domains from AZC_3153, and the PAS2 of AZC_0573 are close to each other on phylogenetic tree (Figure 5B), suggesting they may play redundant functions.

[image: Figure 5]

FIGURE 5. Analysis of soluble receptors in A. caulinodans ORS571. The domains in each receptor were showed on the schematic diagram (A). The phylogenetic tree of PAS domains based on an alignment of amino acids sequences by MEGA7 (B).


The effect of these chemoreceptors on the localization of CheZ was further investigated. Deletion mutants of these chemoreceptors were constructed, and the CheZ-GFP fusion was introduced into each of them. The pattern of localization of CheZ in these mutants was compared with that in wild-type strain. When cells were cultured to the stationary phase, the ratio of cells showed polar localization of CheZs in Δazc_0573, Δazc_1026, and Δazc_1546 increased from 6% to around 20, 20, and 15%, respectively, while the localization pattern of CheZs in Δazc_3153 and Δazc_3718 remained unchanged (Figure 6). These results suggest that some intracellular chemoreceptors, AZC_0573, AZC_1026, and AZC_1546, participated in the regulation of CheZ localization.

[image: Figure 6]

FIGURE 6. Effect of soluble receptor on the localization of CheZ. (A) Representative images of CheZ localization observed in five intracellular receptor single mutants (Δazc_0573, Δazc_1026, Δazc_1546, Δazc_3153, and Δazc_3718). (B) Quantification of cells rations with polar localization of CheZ in different intracellular single receptor mutants. Values are means±SDs from at least three independent experiments. The same letter above the bars indicates no significant difference at p<0.05 by one-way ANOVA with Tukey’s multiple-comparison test.




Free-Living Nitrogen Fixation Affects the Localization of CheZ

Nitrogenase activity can only be detected at low concentration of oxygen (less than 4%) and nitrogen limiting conditions (Desnoues et al., 2003), suggesting that the hypoxia induced polar localization of CheZ may be related to nitrogen fixation. Before testing the CheZ localization under nitrogen fixation condition (hypoxia and nitrogen-limitation), we first tested the effect of nitrogen limiting on the CheZ localization. Under nitrogen limiting conditions without shaking, nitrogen-fixing rhizobacteria can move toward suitable regions with microaerobic for nitrogen fixation (Greer-Phillips et al., 2004), which was called aerotaxis. To avoid the effect of aerotaxis, we compared the localization pattern of CheZ in the presence or absence of ammonium with shaking. Compared to the group with nitrogen source (L3+C+N), the nitrogen limitation (L3+C-N) decreased the ratio of CheZ polar localization from 10 to 5% of cells showed (Figures 7A,B). For some bacteria, under nitrogen limiting conditions and excessive carbon source, they could accumulate glycogen, polyhydroxyalkanoates, or other substances to response to harsh environments (Blaby et al., 2013; Mozejko-Ciesielska et al., 2018; Lai et al., 2019). Interestingly, under nitrogen limitation, CheZ-GFP proteins in many cells are squeezed from both ends and converge in the middle of cells (Figure 7A), which is different from common diffuse localization pattern, suggesting A. caulinodans may also produce glycogen-like molecules affecting the distribution of CheZ-GFP. The cells cultured with carbon starvation (L3-C+N) were used as a control group, and CheZ-GFP in about 90% cells locates to cell poles, which is similar as the localization pattern in the presence of sodium azide (Figures 7A,B).
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FIGURE 7. Localization of CheZ under nitrogen limiting and free-living nitrogen fixation conditions. (A,B) Images and quantified data of cells of A. caulinodans ORS571 under nitrogen limiting conditions (shaking with normoxia and without nitrogen source). (C,D) Representative images and quantification of cells with polar localization of CheZ under hypoxia conditions of nitrogen fixation (hypoxia without nitrogen source) or non-nitrogen fixation (hypoxia with nitrogen source; C left panel and D). Then the cells are transferred from under hypoxia conditions of nitrogen fixation conditions (hypoxia without nitrogen source) or non-nitrogen fixation (hypoxia with nitrogen source) to normoxia conditions (C right panel and D). The effect of nitrogen limiting on localization of CheZ depends on the energy status of cells (E). The carbon limiting condition was used as a control. Data are means±SDs from at least three independent experiments. Asterisks (*p<0.05, **p<0.01) show a significant difference between two samples according to t-test.


Then, we tested the role of free-living nitrogen fixation on CheZ localization. Under nitrogen fixation condition (hypoxia and absence of ammonium), about 90% cells showed polar localization of CheZ (Figures 7C,D). However, 100% cells showed polar localization of CheZ under hypoxia with nitrogen source (Figures 7C,D). Because no CheZ-GFP is squeezed in the middle of cells under nitrogen fixation conditions (Figure 7C), the role of nitrogen limitation can be excluded. Interestingly, when we transferred cells from hypoxia conditions of nitrogen fixation (hypoxia without nitrogen source) or non-nitrogen fixation (hypoxia with nitrogen source) to normoxia conditions, the ratio of cells with CheZ polar localization of them both decreased significantly (Figures 7C,D). With the decrease in CheZ polar localization, the squeezed localization pattern of CheZ appeared again when cells transferred from nitrogen fixation condition to nomoxia condition (Figure 7C), suggesting without nitrogen fixation, cells begin to suffer nitrogen limitation again. These results suggest the free-living nitrogen fixation of bacteria might partially release the degree of CheZ polar localization. When sodium azide was added into cell cultures under nitrogen fixation conditions, 100% cells showed a polar localization of CheZ (Figure 7E), supporting the hypothesis that the decreased localization pattern caused by nitrogen fixation is also energy dependent.




DISCUSSION

Eukaryotic cells have membrane-bound organelles, which can increase the efficiency of interaction between components and reduce cross interference. Prokaryotic cells do not have membrane-bound organelles, thus the subcellular organization of proteins is important for the competitiveness and survival of them. Polar localization is closely related to the lifecycle of bacteria (Gestwicki et al., 2000). For example, Vibrio parahaemolyticus has two different cell types (swimmer cell or swarmer cell), and swarmer cells showed a lateral localization of chemotaxis proteins, which is different from that in swimmer cells (Heering and Ringgaard, 2016). In addition, subcellular localization is linked with the phosphorylated level of proteins. In Pseudomonas aeruginosa, a hybrid response regulator-diguanylate cyclase, WspR, which is involved in the response to growth on surfaces, can form subcellular clusters when it is phosphorylated (Guvener and Harwood, 2007; Huangyutitham et al., 2013). Furthermore, the polar localization of chemotaxis proteins improves the cooperative interactions between them, which enables bacteria sense nanomolar concentrations of signal molecules over a wide range (Greenfield et al., 2009).

We previously identified the residues and domains of CheZ, which are important for the cellular localization of CheZ (Liu et al., 2020). In this study, we further found that the location of CheZ can be regulated by hypoxia. Through disrupting the respiratory chain of A. caulinodans ORS571 with sodium azide or CCCP, we confirmed that the localization pattern of CheZ is energy related. In V. cholerae, the localization of three sets of chemotaxis signaling proteins (system I, II, and III) was determined (Hiremath et al., 2015; Ringgaard et al., 2015). All of them could form polar clusters, and the localization patterns of two non-chemotaxis systems (system I and III) are also energy-related, which can be induced by starvation or hypoxia (Hiremath et al., 2015; Ringgaard et al., 2015). Different from them, CheZ is a chemotactic protein which plays important roles in the chemotaxis signal transduction pathway of A. caulinodans ORS571, and the substitution of the conserved phosphatase active sites with alanine could abolish the effect of CheZ on chemotaxis (Liu et al., 2018b). The first 70 residues at N-terminus of CheZ are sufficient for its polar localization (Liu et al., 2020). In this study, we determined CheZ localizes to the poles upon inhibiting the electron transport chain of A. caulinodans, which requires the C-terminus of CheZ and one of the conserved phosphatase active site, D165 but not Q169. These results are consistent with our previous observation that the substitution mutant of CheZ (CheZD165A) showed a low level of localization, while the localization pattern of CheZQ169A was similar to wild-type CheZ (Liu et al., 2020). Recently, we identified that a novel motif AXXF(Y)Q, which is adjacent to the phosphatase active sites, controls the polar localization of CheZ (Liu et al., 2020), and we presumed the role of D165 of CheZ on localization might be achieved by interacting with the motif.

Aerotaxis or energy taxis is a common behavior of soil bacterial, which guides bacteria toward best niche for survival. The energy taxis response has been well studied in E. coli and A. basilense, which can sense the changes in the electron transport chain trough cytoplasmic receptors, such as Aer and AerC (Alexandre et al., 2000; Greer-Phillips et al., 2003). It was reported that the localization of AerC correlates with the energy status of cells in A. brasilense, which is sensed by PAS domain (Xie et al., 2010). In A. caulnodans ORS571, five Aer homologs containing PAS domains were identified; however, we determined only three of them were involved in the regulation of CheZ localization. Both AZC_3153 and AZC_3718 are highly conserved to one another, suggesting their role may be redundant. The regulatory mechanism of CheZ localization by five intracellular chemoreceptors needs to be further investigated.

No matter under carbon or nitrogen limiting conditions, A. caulinodans ORS571 cells cannot grow (Liu et al., 2019), but showed opposite localization patterns of CheZ (polar or diffuse). Under nitrogen limitation and excess carbon source conditions, cells can form glycogen, polyhydroxyalkanoates, or other substances to response to harsh environments (Blaby et al., 2013; Mozejko-Ciesielska et al., 2018; Lai et al., 2019). Under the condition with carbon source and without a nitrogen source, the glycogen-like substances formed by A. caulinodans ORS571 cells may squeeze the GFP-fused protein aside. When sodium azide was added, there was no glycogen-like substances formed and cells showed 100% polar localization of CheZ, indicating the diffuse localization pattern of CheZ might be dependent on the energy status in cells forming glycogen-like substances.

What are the possible physiological roles of the hypoxia-induced polar localization? In the lifecycle of A. caulinodans ORS571, hypoxia is essential for nitrogen fixation, no matter in free-living states or inside nodules of S. rostrata. In soil environments without nitrogen source, A. caulinodans ORS571 moves toward low oxygenated area to fix atmospheric nitrogen. The results in this work raise the possibility that, in A. caulinodans ORS571, CheZ plays roles in the nitrogen fixation under hypoxia. According to the reports that a free-living rhizospheric bacterium Pseudomonas stutzeri A1501 can form biofilm to fix nitrogen under aerobic conditions (Wang et al., 2017), and CheZ in A. caulinodans ORS571 inhibits the formation of biofilm and EPS (Liu et al., 2018b), whether the roles of CheZ on EPS production and biofilm formation can be affected by hypoxia should be studied in the future.

In conclusion, polar localization of CheZ in A. caulinodans ORS571 was induced by hypoxia or energy status in cells. This is the first study to report the relationship between hypoxia and “real” chemotactic proteins, and the relationship between hypoxia, free-living nitrogen fixation, localization of CheZ, and the energy sensing chemoreceptors sheds new light on the functional regulation of chemotactic proteins.
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Phosphorous (P) deficiency is a major challenge faced by global agriculture. Phosphate-solubilizing bacteria (PSB) provide a sustainable approach to supply available phosphates to plants with improved crop productivity through synergistic interaction with plant roots. The present study demonstrates an insight into this synergistic P-solubilizing mechanism of PSB isolated from rhizosphere soils of major wheat-growing agro-ecological zones of Pakistan. Seven isolates were the efficient P solubilizers based on in vitro P-solubilizing activity (233-365 μg ml–1) with a concomitant decrease in pH (up to 3.5) by the production of organic acids, predominantly acetic acid (∼182 μg ml–1) and gluconic acid (∼117 μg ml–1). Amplification and phylogenetic analysis of gcd, pqqE, and phy genes of Enterobacter sp. ZW32, Ochrobactrum sp. SSR, and Pantoea sp. S1 showed the potential of these PSB to release orthophosphate from recalcitrant forms of phosphorus. Principal component analysis indicates the inoculation response of PSB consortia on the differential composition of root exudation (amino acids, sugars, and organic acids) with subsequently modified root architecture of three wheat varieties grown hydroponically. Rhizoscanning showed a significant increase in root parameters, i.e., root tips, diameter, and surface area of PSB-inoculated plants as compared to uninoculated controls. Efficiency of PSB consortia was validated by significant increase in plant P and oxidative stress management under P-deficient conditions. Reactive oxygen species (ROS)-induced oxidative damages mainly indicated by elevated levels of malondialdehyde (MDA) and H2O2 contents were significantly reduced in inoculated plants by the production of antioxidant enzymes, i.e., superoxide dismutase, catalase, and peroxidase. Furthermore, the inoculation response of these PSB on respective wheat varieties grown in native soils under greenhouse conditions was positively correlated with improved plant growth and soil P contents. Additionally, grain yield (8%) and seed P (14%) were significantly increased in inoculated wheat plants with 20% reduced application of diammonium phosphate (DAP) fertilizer under net house conditions. Thus, PSB capable of such synergistic strategies can confer P biofortification in wheat by modulating root morphophysiology and root exudation and can alleviate oxidative stress under P deficit conditions.
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INTRODUCTION

Phosphorus (P) is the second most essential macronutrient after nitrogen (N) for plant growth and development (Shafi et al., 2020). P-deficiency is one of the yield-limiting factors faced by over 40% of agricultural soils worldwide (Elhaissoufi et al., 2020; Brownlie et al., 2021), although P is quite abundant in the soil but mostly present in insoluble forms, rendering a very low concentration (0.1%) of P for plant uptake (Bindraban et al., 2020).

Chemical P fertilizers are produced at a cost of 4 billion USD per year to fulfill the global demand (Adnan et al., 2020; Tewari et al., 2020). However, P use efficacy of applied chemical P fertilizers is as low as 10% throughout the world due to rapid P immobilization by fixation, adsorption, or precipitation reactions with Al3+ and Fe3+ in acidic soils and with Ca2+ in alkaline to normal soils (Penn and Camberato, 2019; Mitter et al., 2021). The excessive and irrational application of chemical fertilizers is not only expensive but also leads to environmental pollution and adverse effects on human health (Manisalidis et al., 2020). Therefore, there is an urgent need to exploit such strategies that can increase P availability for plant uptake from the agricultural soils (Alewell et al., 2020).

Rhizosphere-dwelling phosphate-solubilizing bacteria (PSB) convert insoluble phosphates into bioavailable forms facilitating P uptake by plants via secretion of organic acids (Chungopast et al., 2021). The P solubilizing efficacy of PSB depends on the nature and the amount of organic acid production by these bacteria (Liang et al., 2020). Among different acids produced by PSB, gluconic acid is produced predominately via a direct oxidation pathway of glucose catalyzed by periplasmic glucose dehydrogenase (GDH). This GDH enzyme is encoded by the gcd gene and a redox coenzyme pyrroquinolinequinone (PQQ) encoded by pqq operon comprising six core genes, pqq A, B, C, D, F, and G (An and Moe, 2016). Another enzyme produced by PSB involved in organic P mineralization is phytase encoded by phy genes. This enzyme is responsible for P release in soil from organic materials stored in the form of phytate (Richardson and Simpson, 2011).

Besides making soluble P available for plant uptake, P-solubilizing bacteria are involved in plant growth promotion by the production of beneficial metabolites, such as phytohormones like indole acetic acid (IAA), antibiotics or siderophores, aminocyclopropane-1-carboxylate deaminase (ACC), nitrogen fixation, zinc solubilization, and antimicrobial activity against soil-borne plant pathogens (Olanrewaju et al., 2017; Chouyia et al., 2020; Kumawat et al., 2020; Hakim et al., 2021). Furthermore, plant growth-promoting rhizobacteria (PGPR) may indirectly stimulate plant growth and help the plants to alleviate oxidative stress by enhanced production of antioxidant enzymes [e.g., catalase (CAT), peroxidase (POD), and superoxide dismutase (SOD)] in plant tissues (Batool et al., 2020; Bhat et al., 2020; Ha-Tran et al., 2021). Abiotic factors can cause oxidative stress due to an overproduction of reactive oxygen species (ROS). Oxidative product levels like H2O2 and malondialdehyde (MDA) are the primary marker of ROS and lipid peroxidation responses (Thirupathi et al., 2020). Antioxidant enzymes are of paramount importance to counteract harmful ROS in plant tissues, maintain homeostasis within the cell, and enhance the tolerance of the plant (Dumanović et al., 2020).

With the growing importance as a promising strategy for sustainable agriculture, the mechanism of P solubilization of these PSB-based biostimulants needs to be deeply explored for optimal utilization of these microorganisms under variable field conditions (Alori et al., 2017; Bargaz et al., 2018; Elhaissoufi et al., 2020). It is still difficult to point out a single mechanism responsible for P solubilization by PSB (Sharma et al., 2013). Plant traits, i.e., extensive rooting system and root exudates, can contribute to a greater extent for P uptake. Root architecture is the spatial configuration of the root system in the soil, essential for plant P acquisition (Wissuwa et al., 2020), but root architecture is highly plastic in its response to low P conditions of the soil (Peris et al., 2020). Soil microbes play a key role to build specific patterns of metabolites around the roots by preferentially stimulating root exudation of primary metabolites, i.e., sugars, amino acids, and organic acids. Therefore, soil-dwelling microbes exert a strong influence on plant nutrient sensing (Canarini et al., 2019). Most of the previous studies discussed the direct effects of PSB on plant growth and crop yield (Singh et al., 2018; Liu et al., 2019). Other studies reported beneficial effects of PSB on root parameters (Suleman et al., 2018; Rasul et al., 2019; Rezakhani et al., 2019) showing no stronger linage of root exudation, root architectural variation, and antioxidant enzymes to supplement the plant in response to PSB inoculation. Unfortunately, the relative contribution of PSB to P acquisition remains largely unknown in this symbiotic relationship. Hence, it is imperative to better understand the mechanism of plant–microbe interaction in plant P acquisition under P-limited conditions to reduce reliance on chemical fertilizers.

Therefore, the current study was focused to evaluate the role of native PSB from the wheat rhizosphere of unexplored agro-ecological zones in the establishment of a mutualistic relationship with plants for P acquisition. The experiments were conducted in hydroponics (without the interference of soil) as well as in soil under P-deficient conditions. We hypothesized that (H1) P-solubilizing bacteria enhance nutrient (P) availability, with an increase in root exudations in response to mutualistic association with a plant. We assumed (H2) that PSB inoculation may enhance the activity of antioxidant enzymes and improve root architecture that might help in the adaptation of plants under P-deficiency, and (H3) such PSB-mediated morphological and physiological changes in the plant may improve the grain yield of wheat.



MATERIALS AND METHODS


Sample Collection and Soil Physiochemical Analysis

Rhizosphere soil samples were collected from 31 different sites of eight major wheat-growing agro-ecological zones of Pakistan (25° N∼35° N; 68° E∼74° E) (Supplementary Figure S1). At each sampling site, soils were collected randomly from five different locations at the depth of 0–20 cm, homogenized and stored at 4°C prior to use. A sub-sample of soil (0.5 kg) was used for the determination of physicochemical characteristics (Supplementary Table S1). Soil pH was determined using pH meter (PHS-3C, REX, Shanghai, China; Thomas, 1996). The electric conductivity (EC) of soil was measured using a conductivity meter (DDS-307A, REX; Rhoades, 1993). Soil organic matter was determined using the wet oxidation method (Nelson and Sommers, 1996). Total N was measured using the Kjeldal method (Bremner and Mulvaney, 1982). Soil available P was determined by the sodium bicarbonate (NaHCO3) method (Olsen et al., 1954). Exchangeable K and Na were extracted in 1 N ammonium acetate (NH4CH3CO2) solution and estimated by a flame photometer (Model 410, Corning, Halstead, United Kingdom; Simard, 1993).



Isolation and Identification of P-Solubilizing Bacteria

Phosphate solubilizing bacteria were isolated on NBRIP (National Botanical Research Institute’s Phosphate) (Nautiyal, 1999) and Pikovskaya’s (Pikovskaya, 1948) agar media containing TCP (tricalcium phosphate) as the sole P source. The plates inoculated with soil suspension were incubated at 28°C ± 2°C for 7 days. The colonies with clear halo zone were considered as phosphate-solubilizing isolates and further purified by streaking on NBRIP and Pikovskaya’s agar plates to obtain single colonies. Solubilization index was determined using the formula described by Paul and Sinha (2017).

A biosafety assessment of P-solubilizing isolates was carried out on commercially available blood agar medium. Single colony of bacteria was streaked on blood agar plates and kept at 37°C ± 2°C for 24 h (Russell et al., 2006). Cell and colony morphology, cell motility, and Gram’s staining of PSB were studied using light microscopy (Gopala Krishnamurthy et al., 1967).

Total genomic DNA of each bacterium was obtained using the CTAB method (Wilson, 2001) and was used as a template for amplification of 16S rRNA gene using universal primers (forward PA 5′-AGACTTTGATCCTGCTCAG-3′ and reverse PH 5′-AGGAGGTGATCCAGCCGCA-3′) according to Ayyaz et al. (2016). Amplified 16S rRNA PCR products were analyzed on 1% agarose gel and further purified by PCR purification kit (QIAGEN Sciences, Germantown, MD, United States) prior to sequencing (Macrogen Inc., Seoul, South Korea). The derived sequences were compared to 16S rRNA gene sequences available at NCBI Gen Bank database using the BLAST algorithm for bacterial identification. The nucleotide sequences were aligned, and a phylogenetic tree was constructed using the maximum likelihood method (Kumar et al., 2016). Sequences were deposited to NCBI GenBank1.



Quantitative P Solubilization and Production of Organic Acids

Quantification of soluble P and organic acids released by PSB was carried out in an in vitro assay at 7 DPI (days post-inoculation). A single purified colony of each isolate was inoculated in NBRIP and Pikovskaya’s broth media. Inoculated broth cultures were incubated at 28°C ± 2°C and 180 rpm on the shaker. Cultures were subjected to centrifugation at 4,000 rpm for 10 min at 4°C to get cell-free supernatants. The available P in culture-supernatant was spectrophotometrically estimated at 880 nm using the molybdenum blue method (Murphy and Riley, 1962).

For analysis of organic acids, NBRIP filtrates were quantified on high-performance liquid chromatography (HPLC; Agilent 1,200 Series; Agilent Technologies, Santa Clara, CA, United States) equipped with C-18 column using mobile phase methanol: phosphate buffer (90: 10 v/v; pH 2.7) at flow rate of 1 ml min–1 and monitored at 210 nm (Tahir et al., 2013). Organic acids, i.e., acetic, citric, gluconic, malic, and succinic acid, were analyzed. Peak area and retention time were compared to standards (Sigma) for the quantification of organic acids (Vyas and Gulati, 2009).



Amplification of Genes Responsible for P Solubilization

The glucose dehydrogenase (gcd) gene of PSB was amplified by reported primers, forward 5′-GACCTGTGGGACATGGACGT-3′ and reverse 5′-GTCCTTGCCGGTGTAGSTCATC-3′ (Chen et al., 2016). Amplification of pqqE gene was carried out by degenerate primers, forward 5′-TTYTAYACCAACCTGATCACSTC-3′ and reverse 5′-TBAGCATRAASGCCTGRCG-3′ (Perez et al., 2007). Phytase (phy) gene was amplified by reported primers, forward 5′-ACAGACACGAAGTGACCTACC-3′ and reverse 5′-CCAAGCAGACGAGAATCC-3′ (Han et al., 2008). PCR product was purified and sequenced by Macrogen (Rockville, MD, USA). Sequence data were aligned and compared to published sequences at NCBI (see text Footnote 1) using BLASTX2. Phylogenetic analysis was performed by maximum likelihood method using MEGA6 software (Kumar et al., 2016).



Plant Growth-Promoting Traits of PSB

Plant growth-promoting traits of PSB were evaluated by using standard protocols. Indole acetic acid (IAA) production by PSB was quantified by using Salkowski’s method (Gordon and Weber, 1951) on HPLC (Tien et al., 1979). Gibberellic acid produced by PSB was quantified according to protocol by Tien et al. (1979).

Siderophore production by PSB was detected using chrome auzurol S (CAS) agar medium (Schwyn and Neilands, 1987). The development of pink coloration around the bacterial colonies is an indication of siderophore production. Zinc solubilization by PSB was determined on Tris–minimal salts medium supplemented with insoluble zinc oxide (ZnO: 14 mM). Formation of the halo zone around bacterial colonies showed zinc solubilization. Solubilization index was measured as described by Fasim et al. (2002).



Effect of PSB Inoculation on Wheat Germination and Seedling Vigor

Based on in vitro P solubilizing efficacy, seven P-solubilizing isolates (ZW9, ZW32, SSR, D1, S1, TJA, and TAYB) were selected to study their effect on seed vigor index, germination, and root morphological parameters. Seeds of wheat variety “Faisalabad-08” were surface-sterilized for 5 min with 1.5% sodium hypochlorite solution followed by successive washings with sterile water to remove disinfectant traces. Sterilized seeds were inoculated with bacterial cultures (1 × 109 CFU ml–1) separately for 30 min. Uninoculated seeds soaked in LB broth were used as controls. Seeds were kept on water agar (0.25%) containing petri dishes (9 cm diameter × 2 cm depth). The plates were incubated in dark for 72 h at 28°C ± 2°C followed by 12-h dark and light cycles for 7 days in a growth room. Six biological replicates and 15 seeds per plate for each treatment were arranged in completely randomized design (CRD). The experiment was conducted twice, and different plant growth parameters were studied at 7 days post inoculation (DPI).

Percent germination and vigor index of freshly harvested seedling was measured (Islam et al., 2016). Root growth parameters including root length (cm), root volume (cm3), area of projection (cm2), length per volume (cm m–3), root diameter (cm2), root surface area (cm2), tips, forks, and crossings were studied using rhizoscanner (Epson, Los Alamitos, CA, United States) equipped with software WinRHIZO (Regent Int. Dev., Ltd., Richmond, BC).



Development of PSB Consortia

Seven efficient PSB (ZW9, ZW32, SSR, D1, S1, TJA, and TAYB) selected for consortia development were studied for in vitro compatibility test (Irabor and Mmbaga, 2017). Bacterial inoculum was spotted on nutrient agar plate spread with the tested strain. The plates were kept at 28°C ± 2°C and observed up to 72 h. No inhibition zone was observed around any bacterial colony, indicating that they were compatible with each other.

Three different consortia were prepared using two efficient PSB from their respective native soil while the most efficient phosphobacteria, i.e., SSR was added in all three consortia. Consortium-1, comprising Enterobacter spp. ZW9, ZW32, and Ochrobactrum sp. SSR, was developed for wheat variety 1 (Faisalabad-08) recommended for Province 1 (Punjab). Consortium-2 (Pantoea sp. S1, Enterobacter sp. D1, and Ochrobactrum sp. SSR) was used for wheat variety 2 (Fakhr-e-Sarhad) recommended for Province 2 (Khyber Pakhtunkhwa). Consortium-3 (Ochrobactrum sp. SSR, Pseudomonas sp. TJA, and Bacillus sp. TAYB) was used for wheat variety 3 (Benazir-13) recommended for Province 3 (Sindh).

A single colony of each bacterium grown separately in LB medium at 28°C ± 2°C for 24–48 h. An equal volume of each bacterium grown in LB was mixed to develop a consortium (1 × 109 CFU ml–1). Seeds were surface-sterilized with sodium hypochlorite solution (1.5%) for 5 min followed by successive washings (six times) with sterile water to remove disinfectant traces. Sterilized seeds of wheat variety 1, 2, and 3 were soaked in consortium-1, consortium-2, and consortium-3 suspensions (1 × 109 CFU ml–1); respectively for 30 min. Uninoculated seeds soaked in sterilized LB broth were used as controls.



Hydroponic Experiment to Study the Effect of PSB on Root Exudation and Anti-oxidant Enzymes

A hydroponic experiment was conducted to study the inoculation effects on wheat root exudation and anti-oxidant production in P-deficient conditions under greenhouse at NIBGE, Faisalabad (31°25′0″N 73°5′28″E). Surface-sterilized seeds were inoculated as described in the previous section. Inoculated seeds of variety 1, 2, and 3 and their respective uninoculated seeds were germinated in moistened sand with relative humidity 60–70% and day/night temperature of 25°C/23°C in the green house (Figure 1). After 1 week, seedlings were transferred to experiment buckets (24 cm × 37 cm) each having a volume of 4.5 L filled with half-strength Hoagland solution (Hoagland and Arnon, 1950) for proper plant growth and development (Islam et al., 2008).
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FIGURE 1. Illustration of the standing-aerated hydroponic growing system consisting of experimental setup for root exudates collection and analysis (A). Demonstration of sterilized hydroponic system; each treatment was aerated individually (B).


Subsequently, 2-week-old plants were transferred to an aerated hydroponic system comprised of the opaque plastic box (13 cm × 13 cm) each having a volume of 1.5 L, filled with treatment-wise Hoagland solutions (Hoagland and Arnon, 1950). Three biological treatments, i.e., T1: Consortia-inoculated plants supplemented with modified hoagland containing 1 g L–1 tricalcium phosphate (TCP) as P-deficient solution, T2: Positive control (uninoculated plants supplemented with Hoagland containing all nutrients including P), and T3: Negative control (uninoculated plants supplemented with modified Hoagland containing 1 g L–1 TCP as P-deficient solution) were arranged in a two-factorial completely randomized design (CRD). Each box was aerated with an adjustable air pump that operates continuously to ensure a sufficient supply of air. Five seedlings per box were grown under a daily temperature regime of 25°C ± 2°C per day and 18°C ± 2°C per night with a photoperiod of 12-h light and darkness. Hoagland solution from each treatment was changed after every seventh day (Somasegaran and Hoben, 2012).

The plants were harvested 45 days after cultivation in a hydroponic system, and data were collected to study growth parameters of the plants, i.e., fresh and dry weight, root-shoot length, and plant P. Root growth parameters including root length (cm), root volume (cm3), area of projection (cm2), length per volume (cm m–3), root surface area (cm2), root diameter (cm2), tips, forks, and crossings were studied using rhizoscanner (Epson photo scanner V700) equipped with software WinRHIZO (Regent Int. Co., Ltd.).



Collection and Analysis of Root Exudates

Wheat plants were harvested after 45 days of cultivation in hydroponics, and root exudates were extracted in an Erlenmeyer glass flask by immersing the plant roots in sterile 2 mM CaCl2 solution (Vranova et al., 2013). Flasks were wrapped with aluminum foil and placed in sunlight for 4 h. Root exudates collected in CaCl2 solution were filtered using a 0.2-μm spin-filter (Thermo Fisher Scientific, Waltham, MA, United States) and stored at −20°C for composition analysis (Yang et al., 2006).


Determination of Amino Acids

Aliquots (10 ml) of root exudates were lyophilized, cleaned with cold acetone, and kept overnight at −20°C to remove protein interference. The supernatant was transferred to new tubes, vacuum-dried, and filtered through 0.2-μm spin-filter (Thermo Fisher Scientific). To derivatize amino acids, 5 μl OPA-3-MPA (O-pthaladehyde 3-mercaptopropionic acid) and 7 ml borate buffer (0.4 M) were added to a 1-ml sample and kept at room temperature for 1 min prior to run. Amino acids were separated in reversed-phase HPLC (Agilent 1200 Series) supplemented with a C-18 guard column at 1 ml min–1 flow rate and detected (λexc 250 nm; λem 395 nm) with a fluorescence detector (Frank and Powers, 2007).



Determination of Sugars

Aliquots (10 ml) of root exudates were lyophilized, re-dissolved in 40 μl H2O, and filtered through a 0.2-μm spin-filter (Thermo Fisher Scientific). Sugars were separated by HPLC under isocratic conditions (acetonitrile and water in 75: 25 v/v) at 1 ml min–1 flow rate (Lugtenberg et al., 1999) and detected at 487 nm using a UV detector.



Determination of Organic Acids

Organic acids in root exudates were quantified by following the procedure as described by Kamilova et al. (2006). Organic acids were separated using mobile phase 10 mM H3PO4 at 0.8 ml min–1 flow rate and detected at 210 nm using HPLC with a UV detector (Agilent 1200 Series).



Determination of Antioxidant Enzyme Activity

Fresh leaves (1 g) of wheat plants harvested from the hydroponic system were homogenized in ice-cold 10 ml of potassium phosphate buffer (100 Mm; pH 7) for extraction of enzymatic anti-oxidants. The homogenate was centrifuged (10,000 × g) for 20 min at 4°C and stored at −80°C for analysis of antioxidant enzymes.



Superoxide Dismutase (SOD)

SOD activity was determined by following the process described by Dhindsa and Matowe (1981). The reaction mixture contained 50 μl Nitro blue tetrazolium chloride (NBT), 100 μl L-methionine, 50 μl riboflavin, 250 μl sodium phosphate buffer, and 50 μl enzyme extract. The reaction mixture was placed under a fluorescent lamp (3 W) for 15 min followed by exposure to dark for 15 min and measured the absorbance at 560 nm using spectrophotometer (CamSpec M550 double beam UV-Vis; Spectronic Camspek Ltd, Leeds, United Kingdom). One unit of SOD activity is the amount of enzyme required for 50% inhibition of photo-chemical reduction of NBT.



Catalase (CAT)

CAT activity was measured as described by Aebi (1984). The reaction mixture contained 1.9 ml phosphate buffer (50 mM; pH 7) and the enzyme-extract (100 μl). To initiate the reaction, 1 ml H2O2 was added to the reaction mixture the absorbance was measured at 240 nm after every 30 s until 3 min using spectrophotometer. One unit of CAT activity is defined as absorbance change of 0.01 U min–1.



Peroxidase (POD)

POD activity was measured by mixing 50 mM phosphate buffer (pH 7), 20 mM of guaiacol, and 100 μl of enzyme extract (Rao et al., 1996). To initiate the reaction, 40 mM H2O2 was added to the reaction mixture and incubated at 25°C for 5 min. Change in the absorbance at 436 nm was monitored every 2 min. One unit of POD activity is an absorbance change of 0.01 U min–1. All antioxidants are expressed as unit mg–1 fresh protein.



Malondialdehyde (MDA) and H2O2

Change in lipid peroxidation was studied by calculating MDA production in leaves of wheat plants harvested from the hydroponic system to determine the level of oxidative damage caused by P deficiency. Fresh leaves (1 g) were homogenized in 20 ml trichloroacetic acid (TCA; 0.1 percent) and centrifuged (12,000 × g) for 20 min at 4°C for MDA and H2O2 contents estimation.

For MDA extraction aliquot of supernatant (1 ml) was mixed with 4 ml TCA containing thiobarbituric acid (TBA; 5%). The reaction mixture was incubated at 95°C for 15 min and subsequently cooled on ice-bath to stop the reaction. Samples were centrifuged at 12000 × g for 10 min, and absorbance was recorded at 532 nm and 660 nm (Demiral and Türkan, 2005).

H2O2 content was measured according to Velikova et al. (2000). The reaction mixture (3 ml) contains 0.5 ml supernatant, 10 mM potassium phosphate buffer (pH 7), and 1 M KI (potassium iodide) solution. The mixture was vortexed, and absorbance was monitored at 390 nm. Amount of H2O2 content was calculated using a standard curve prepared with known H2O2 concentrations.




Pot Experiment Using Soils of Different Agro-Ecological Zones

Effects of P-solubilizing consortium-1, consortium-2, and consortium-3 on recommended wheat varieties of Province 1, 2, and 3 were further assessed in a pot experiment at NIBGE (31°25′0″N 73°5′28″E) greenhouse using native soils collected from eight different agro-ecological zones of Pakistan. Among 31 sites of isolation (Supplementary Figure S1 and Supplementary Table S1), soils from 16 major wheat-growing sites were selected for evaluation of PSB consortia (Supplementary Table S5).

Consortium-1 was used for wheat variety 1 (Faisalabad-08) recommended for sites (site no. 1–9, Supplementary Table S5) of Province 1. Consortia-2 was used for wheat variety 2 (Fakhr-e-Sarhad) recommended for sites (site no. 1–3, Supplementary Table S5) of Province 2. Consortia-3 was applied on wheat variety 3 (Benazir-13) recommended for sites (site no. 1–4, Supplementary Table S5) of Province 3 (Supplementary Table S5). Seeds were surface-sterilized with sodium hypochlorite solution (1.5%) as described in previous sections. Sterilized seeds were inoculated with respective PSB consortia (1 × 109 CFU ml–1) for 30 min. Uninoculated seeds dipped in LB medium were used as controls. Sowing was done in pots (10 cm diameter) containing 300 g soil per pot (supplemented with TCP @ 1 g/pot) from 16 different wheat-growing areas of three provinces. There were 32 treatments (16 different soils with and without inoculation) and six biological replicates arranged in a two-factor completely randomized design (CRD; Supplementary Table S5). For proper seed germination, all pots were watered before sowing. Each pot has two plants. After seed germination, pots were kept moist as per requirement by providing them with water and nutrient solution (Hoagland and Arnon, 1950) without P source, alternatively.

Plants were uprooted at 45 DAS and evaluated for the growth parameters, i.e., plant fresh weight, dry weight, root length, and shoot length. Ground plant material (1 g) from each treatment was used for plant P analysis by using the tri-acid digestion method as described by Tandon (1993). Rhizospheric soils from each treatment were analyzed for viable count (Somasegaran and Hoben, 2012). Soil available P was measured by the sodium bicarbonate (NaHCO3) method (Olsen et al., 1954), and soil phosphatase activity was measured by the p-nitophenyl method as described by Tabatabai and Bremner (1969).



Evaluation of PSB Consortium for Wheat Yield Parameters

Based on the higher P-solubilizing potential of consortium-1 under controlled conditions, a pot experiment was carried out to evaluate the effects of consortium-1 on yield and P content of wheat under net house conditions at NIBGE, Faisalabad (31°23′45.1″N, 73°01′3.4″E) during the wheat season November 2018–April 2019.

Seeds were pelleted by mixing press mud as carrier material (@ 50 kg seed per kg carrier material) with consortium-1 (1 × 109 CFU ml–1) and left for 1 h. Uninoculated pelleted seeds were used as a control. Press mud-based carrier material had N 4.3%, P 2%, organic-matter 65%, pH 7.5, EC 3 ms cm–1, 40% moisture content, and 2 mm particle size. Sowing was done in earthen pots (diameter: 30 cm) filled with 12 kg soil (Loam texture, organic-matter 0.57%, pH 8.2, and available P: 1.9 mg kg–1) and watered for proper seed germination before sowing. There were three treatments including consortium-1 inoculated seeds supplemented with 80% recommended dose of DAP (i.e., 20% reduced DAP) and two uninoculated controls supplemented with 80 and 100% DAP (i.e., recommended dose of DAP), respectively. Six biological replicates and six plants per pot were arranged in two-factor CRD.

Recommended doses of fertilizers were applied (N: P, 15:100 kg ha–1). P was added in the form of DAP at the time of sowing, while N (urea) was added in split doses, i.e., initially at the time of sowing and subsequently with first and second irrigations. Plants were uprooted at 35 DAS and the growth parameters, i.e., root length, shoot length, and plant dry weight were recorded. At maturity, plants were harvested and data for grain yield, plant biomass, plant height, number of tillers, and plant P were recorded (Tandon, 1993). Rhizosphere soil from each treatment was analyzed for available P (Olsen et al., 1954) and phosphatase activity (Tabatabai and Bremner, 1969).



Detection of Inoculated PSB

The rhizosphere soil of wheat plants grown in pots was also evaluated for the survival of inoculated PSB using viable count (Somasegaran and Hoben, 2012) and BOX-PCR (Basheer et al., 2016). Re-isolated PSB was identified by comparing the morphological characteristic of inoculated bacteria and other plant growth-promoting attributes like P solubilization, IAA production, and zinc solubilization (Yasmin et al., 2016). Strain-specific fingerprints of re-isolated PSB were compared to those of pure colonies using BOX-A1R primer 5′ CTACGGCAAGGCGACGCTGACG 3′ (Basheer et al., 2016).



Statistical Analysis

All data from in vitro studies, HPLC results, and pot experiments were analyzed statistically by ANOVA. The variation between treatments was compared by least significant difference (LSD) at 1 and 5% level of confidence for lab and net house experiments using Statistix 10 software (Analytical Software, Tallahassee, FL, United States). Principal component analysis (PCA) for various root and yield parameters and regression analysis were carried out using SPSS 23.0 software (SPSS Inc., Chicago, IL, United States). Box plots were applied for analysis of soil parameters in a pot experiment using different soils according to ANOVA and Tukey’s HSD test at p < 0.05) using Origin Software Package Version 2020b (OrginLab Corporation, Northampton, MA, United States).




RESULTS


Isolation and Identification of PSB

Wheat rhizospheric soil samples were collected from eight different agro-ecological zones of Pakistan for isolation of PSB (Supplementary Figure S1). Among 377 bacterial isolates, 25 strains (PB1, PB2, PB3, PB4, PB147, SSR, ZW9, ZW32, D1, KOH, M1, M2, M3, M4, S1, S22, S5, S6, S7, S8, S9, TAYB, TJA, and LYH1) were efficient P-solubilizers, indicated by the formation of halo zone on NBRIP and Pikovskaya’s agar media. The solubilization index (SI), ranging from 2.1 to 5.8 on NBRIP medium and 1.1 to 2.9 on Pikovskaya’s agar medium, showed the P solubilization potential of bacteria (Figure 2A).
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FIGURE 2. Mineral phosphate solubilization by PSB isolated from different wheat-growing agro-ecological zones of Pakistan. P solubilizing index was calculated from halo zone formation on NBRIP and Pikovskaya’s agar medium (A). Quantification of P solubilized by PSB in liquid NBRIP and Pikovskaya’s medium (B). pH of medium (initial pH 7) at seventh day of pot inoculation (C). There were six biological replicates, and standard error of the means is represented as bars. The significant difference (p < 0.01) among treatments is denoted as means and represented by different letters (a, b, c).*PSB showing significantly higher P solubilizing index and P solubilized, while significantly lowering the pH of the NBRIP and Pikovskaya’s medium. ZW9, ZW32, and D1 are Enterobacter spp.; SSR: Ochrobactrum sp.; S1: Pantoea sp.; TJA: Pseudomonas sp.; and TAYB: Bacillus sp.


Among 25 selected PSB, Ochrobactrum sp. SSR (SI: 5.8), Enterobacter sp. D1 (SI: 3.8), Pantoea sp. S1 (SI: 4), Pseudomonas sp. TJA (SI: 3.6), and Bacillus sp. TAYB showed a higher P solubilization index on NBRIP medium (Figure 2A). Light microscopy showed that these PSB were motile rod-shaped except few cocci (Enterobacter spp., strains PB1, D1 and S8) and were Gram negative (except Bacillus spp., S6 and TAYB). 16S rRNA gene identification revealed that these bacteria belonged to genera Acinetobacter, Bacillus, Enterobacter, Ochrobactrum, Pantoea, Pseudomonas, and Stenotrophomonas (Accession numbers MN754080, MN754081, MN754082, MN860090 to MN860102, MK422612 to MK422620, and MK817561 (Supplementary Table S2).



Quantitative P Solubilization and Production of Organic Acids

All PSB strains showed P solubilization activity in both NBRIP and Pikovskaya’s broth along with a subsequent decrease in pH (Figure 2C). The solubilized P ranged from 69–365 μg ml–1 in NBRIP medium with decline in pH up to 3.6, and from 43 to 278 μg ml–1 P in Pikovskaya’s medium with pH decline up to 4, respectively. Maximum release of P (365 μg ml–1) was observed for Ochrobactrum sp. SSR in NBRIP medium (Figure 2B). Primary selection of seven PSB isolates (Enterobacter sp. ZW9, Enterobacter sp. ZW32, Ochrobactrum sp. SSR, Enterobacter sp. D1, Pantoea sp. S1, Pseudomonas sp. TJA, and Bacillus sp. TAYB) was carried out based on their P-solubilizing potential as indicated by in vitro qualitative and quantitative tests.

Organic acids released in liquid culture during P solubilization by PSB strains were acetic acid (20–182 μg ml–1), gluconic acid (20-117 μg ml–1), malic acid (20-117 μg ml–1), and oxalic acid (1-16 μg ml–1). Citric acid (10.5-82 μg ml–1) was produced by Enterobacter spp. ZW9 and ZW32, Pseudomonas sp. TJA, Bacillus sp. TAYB, and Ochrobactrum sp. SSR. Succinic acid (4-72 μg ml–1) was produced by Enterobacter spp. ZW9, ZW32, D1, Pseudomonas sp. TJA, Pantoea sp. S1, and Ochrobactrum sp. SSR (Table 1).


TABLE 1. Plant growth-promoting traits and organic acids produced by phosphate-solubilizing bacteria.
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Amplification of Genes Responsible for P Solubilization

Glucose dehydrogenase gene (gcd) and phytase (phy) were amplified in Pantoea sp. S1 by conserved PCR primers. Amplification of pqqE gene using degenerate primers was observed for Ochrobactrum sp. SSR and Enterobacter sp. ZW32 (Figure 3). Phylogenetic analysis of partial DNA sequence of pqqE gene for Ochrobactrum strain SSR (GenBank accession number MT897168) and Enterobacter sp. ZW32 (GenBank accession number MT897167) exhibited 92 and 95% identity with pqqE gene of Ochrobactrum pseudogrignonense strain (CP015776) and Enterobacter cloaceae (MWMD01000001), respectively. Gcd gene amplified from Pantoea strain S1 (GenBank accession MT897169) showed 92% identity to gcd gene of Pantoea brenneri (CP034148). phy genes amplified from Enterobacter sp. ZW32 (GenBank accession MT897166) and Pantoea strain S1 (GenBank accession MT897165) showed 96% homology to phy gene of Enterobacter ludwigii (CP017279) and Pantoea agglomerans strain (CP034470), respectively (Supplementary Table S3).
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FIGURE 3. Amplification and sequence-based phylogenetic trees of pqqE, glucose dehydrogenase (gcd), and phytase (phy) genes of Enterobacter sp. ZW32, Ochrobactrum sp. SSR, and Pantoea sp. S1. Gel photograph indicating amplification of pqqE, gcd, and phy genes (A). Sequence-based phylogenetic trees of pqqE gene (B), gcd gene (C), and phy genes (D) were constructed by maximum likelihood method.




Plant Growth-Promoting Traits of PSB

The most efficient seven P-solubilizing strains produced IAA (2.6–48 μg ml–1) in LB medium supplemented with tryptophan. HPLC analysis showed maximum IAA production by Ochrobactrum sp. SSR (48 μg ml–1) followed by Enterobacter sp. ZW32, (31.7 μg ml–1), Enterobacter sp. ZW9 (13 μg ml–1), Pantoea sp. S1 (8.5 μg ml–1), and Enterobacter sp. D1 (8.6 μg ml–1). Gibberellic acid (9.8–32 μg ml–1) was produced by all tested strains (Table 1).

Among studied P-solubilizing bacteria, i.e., Ochrobactrum sp. SSR, Enterobacter sp. ZW9, Pantoea sp. S, Enterobacter sp. ZW32, Enterobacter sp. D1, Pseudomonas sp. TJA, and Bacillus sp. TAYB produced siderophores and solubilized zinc oxide with a solubilization index ranging from 2.8 to 4 (Table 1). PSB showed no halo zone formation on blood agar medium as compared to control and was used for further studies.



Effect of PSB on Wheat Germination and Seedling Vigor

The plate germination assay showed the positive effect of P-solubilizing bacteria (Enterobacter spp. ZW9 and ZW32, Ochrobactrum sp. SSR, Enterobacter sp. D1, Pantoea sp. S1, Pseudomonas sp. TJA, and Bacillus sp. TAYB) on wheat seedlings. A maximum vigor index (2886 ± 68.17) was found for seedlings inoculated with Ochrobactrum sp. SSR. Rhizoscanning of wheat seedlings showed root length, diameter, and area of projection were improved with % increase ranging from 18 to 46%, 44–84% and 9–38%, respectively in response to PSB inoculation. Other parameters of root, i.e., root length (46–70 cm), root tips (44–75), root surface area (7–10 cm2), and area of projection (2–3 cm2) were observed to be significantly higher in PSB-inoculated seeds compared to uninoculated controls (Table 2).


TABLE 2. Effects of PSB on wheat germination, vigor index, and root morphology.
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Hydroponic Experiment to Study the Effect of PSB on Root Exudation and Anti-oxidant Enzymes

The effect of PSB on wheat root exudation and anti-oxidant production was studied in a hydroponic experiment in the greenhouse. Plants inoculated with selected PSB consortia had a positive impact on growth parameters of tested wheat varieties (variety 1, variety 2, and variety 3) compared to an uninoculated positive control (plants supplemented with Hoagland containing all nutrients including P) and uninoculated negative control (supplemented with modified Hoagland containing 1 g L–1 TCP as P-deficient solution; Figure 4). Inoculations (supplemented with modified Hoagland containing 1 g L–1 TCP as P-deficient solution) with respective bacterial consortia resulted in improved plant growth (shoot length and plant fresh and dry weight) and plant P content (1.3–1.6%) of three tested wheat varieties, compared to uninoculated controls (negative and positive; Supplementary Table S4).
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FIGURE 4. Effect of PSB consortia on growth of hydroponically grown different wheat varieties (A,B). Rhizoscanning shows the root architecture (C). Data were recorded at 45 days of cultivation in hydroponic system. Uninoculated seeds were used as controls. Plants in six biological replicates were used to analyze different root parameters. DPI: Days post-inoculation; PSB: Phosphate-solubilizing bacteria; +C: uninoculated positive control; –C: uninoculated negative control; Variety 1: Faisalabad-08, Variety 2: Fakhr-e-Sarhad, Variety 3: Benazir-13.


Rhizoscanning of hydroponically grown wheat seedlings showed improved root architecture indicated by an increase in total root length (24–27%), root tips (46–53%), root surface area (29–35%), root volume (36–48%), and area of projection (28–47%) of three wheat varieties in response to inoculation with consortium-1, consortium-2, and consortium-3. Several other parameters of root, i.e., root length (458–549 cm), root tips (706–827), root surface area (54–58 cm2), and projection area (17–19 cm2) were observed to be significantly higher in seedlings inoculated with P-solubilizing bacteria when compared to uninoculated controls (Table 3).


TABLE 3. Effect of phosphate-solubilizing bacteria on root vigor index and morphological traits of hydroponically grown wheat varieties.
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Evaluation of consortium-1 strains (SSR, ZW9, and ZW32) on wheat variety1 at 45 DAS showed overall improved growth with increased shoot length (36 cm), fresh weight (2.6 g plant–1) and dry weight (0.9 g plant–1) as compared to uninoculated positive and negative controls. Moreover, consortium-1, consortium-2, and consortium-3 significantly increased plant P (1.3–1.6%) as compared to uninoculated positive and negative controls along with other growth parameters in wheat varieties 1, 2, and 3, respectively (Supplementary Table S4).



Root Exudate Analysis

Effect of PSB inoculations on wheat root exudation was analyzed hydroponically in greenhouse. Major root exudate components characterized and quantified by HPLC showed that root samples from PSB-inoculated plants of three wheat varieties produced a higher amount of amino acids, sugars, and organic acids as compared to positive and negative controls. Thirteen amino acids were released from the roots of each wheat variety with variable compositions. Ornithine was the most abundant amino acid (356 nmol g–1 DW 4 h–1) in inoculated roots of wheat variety 3 (Figure 5G) followed by 320 nmol g–1 DW 4 h–1 in inoculated roots of wheat variety 1 (Figure 5A) and 306 nmol g–1 DW 4 h–1 in inoculated roots of wheat variety 2 (Figure 5D) as compared to uninoculated negative and positive controls. Root samples from positive controls produced a higher amount of amino acids as compared to negative controls. Serine (63 nmol g–1 DW 4 h–1) and isoleucine (48 nmol g–1 DW 4 h–1) were the next most abundant amino acids, while citrulline, tyrosine, and valine were the least abundant amino acids released from roots of wheat variety 3. In the case of wheat variety 2, cysteine (59 nmol g–1 DW 4 h–1) was the second most abundant amino acid produced after ornithine, while asparagine and valine (2 nmol g–1 DW 4 h–1) were the least abundant amino acids. Leucine (110 nmol g–1 DW 4 h–1) was the most abundant, while valine and tyrosine were the least abundant amino acids produced by wheat variety 1.
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FIGURE 5. Differential root exudates of wheat varieties grown hydroponically. Root exudates of variety 1 amino acids (A), sugars (B) and organic acids (C). Root exudates of variety 2 amino acids (D), sugars (E), and organic acids (F). Root exudates of variety 3 amino acids (G), sugars (H), and organic acids (I). Root exudates were collected over a period of 4 h. Data are the mean of six biological replicates, while bars represent mean standard error; n = 4. Orn, Ornithine; Leu, Leucine; Phe, Phenylalanine; Ser, Serine; Cys, Cystine; Met, Methionine; Ile, Isoleucine; Cit, Citrulline; Asn, Asparagine; Thr, Threonine; Glu, Glutamine; Val, Valine; and Tyr, Tyrosine; Varieties 1, Faisalabad-08; Variety 2, Fakhr-e-Sarhad; Variety 3, Benazir-13; DW, dry weight.


Six sugars (glucose, sucrose, fructose, xylose, mannose, and galactose) were released in variable quantities from roots of all three wheat varieties. Glucose was the most abundantly produced sugar in inoculated plants of both variety 1 (250 nmol g–1 DW 4 h–1; Figure 5B) and variety 3 (180 nmol g–1 DW 4 h–1; Figure 5H), respectively, in comparison to negative and positive controls, while fructose was the most abundant (280 nmol g–1 DW 4 h–1) and mannose was the least abundant (30 nmol g–1 DW 4 h–1) sugar produced in inoculated treatments of variety 2 as compared to uninoculated controls (Figure 5E).

Organic acids (gluconic acid, malic acid, citric acid, and succinic acid) were detected in root exudates of all wheat varieties in variable composition, where quantities of organic acids were higher in inoculated treatments. The most abundant organic acids produced in exudates of variety 1 were gluconic acid (358 nmol g–1 DW 4 h–1; Figure 5C), followed by citric acid (280 nmol g–1 DW 4 h–1), malic acid (210 nmol g–1 DW 4 h–1), and succinic acid (54 nmol g–1 DW 4 h–1) in variety 1 as compared to uninoculated negative and positive controls; whereas malic acid (388 nmol g–1 DW 4 h–1) and citric acids (368 nmol g–1 DW 4 h–1) were most abundantly produced in root exudates of inoculated treatments of variety 2 and variety 3, respectively, compared to uninoculated negative and positive controls (Figures 5F,I).

Principal component analysis (PCA) showed clustering of plant P content, root morphological traits (root surface area, root diameter, root length, and root tips), and root exudations (sugars, amino acids, and organic acids) of PSB-inoculated plants in one group indicating a positive correlation among these parameters (Figure 6).
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FIGURE 6. Principal component analysis of root parameters (root exudation and root architecture) and plant P across different wheat varieties in response to PSB inoculation. The first two components explain most of the variation found in the dataset (PC1 and PC2) in wheat variety 1, variety 2, and variety 3. The points represent mean values of each combination of plant P, root exudates, root morphological parameters in correlation to different treatments (inoculation, positive control, and negative control). Loadings (arrows, circles, star, and boxes) indicate directions and strength of parameters in the dataset. RT: Root tips, RD: Root diameter, RS, Root surface area; RL, Root length; GA, Gluconic acid; MA, Malic acid; CA, Citric acid; SA, Succinic acid; Fru, Fructose; Gal, Galactose; Glu, Glucose; Man, Mannose; Suc, Sucrose; Xyl, Xylose and P; Plant phosphorous. Variety 1, Faisalabad-08; Variety 2, Fakhr-e-Sarhad; Variety 3, Benazir-13.




Antioxidant Enzyme Analysis

Accumulated ROS-induced oxidative damage and MDA content in plant roots were reduced by PSB inoculations. All wheat varieties showed higher H2O2 contents in negative controls as a result of induced P deficiency. The production of super dismutase (SOD), catalase (CAT), and peroxidase (POD) in PSB-inoculated treatments of all wheat varieties were higher as compared to negative and positive controls. In addition, CAT, SOD, and POD were the highest produced enzymes in wheat variety 2 followed by variety 1 and variety 3 (Figure 7).
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FIGURE 7. Anti-oxidant enzyme activity in hydroponically grown wheat varieties. Superoxide dismutase (A), Catalase (B), Peroxidase (C), H2O2 (D), and MDA contents (E) in plants of wheat varieties 1, 2, and 3 at harvest. Values are the average of six biological replicates. Bars show standard error of means. Significant difference (p < 0.05) among treatments is represented by different letters (a, b, c). Variety 1, Faisalabad-08; Variety 2, Fakhr-e-Sarhad; Variety 3, Benazir-13; +C, uninoculated positive control; –C, uninoculated negative control.




Pot Experiment Using Soils of Different Agro-Ecological Zones

Effect of soil-specific consortia on recommended wheat varieties of three major wheat-growing provinces was studied in a pot experiment, nine soils (site nos. 1–9, Supplementary Table S5) of province-1, three soils (site nos. 1–3, Supplementary Table S5) of province-2, and four soils (site no. 1–4, Supplementary Table S5) of province-3 under controlled conditions at NIBGE, Faisalabad. At 45 DAS, plant growth-promoting parameters showed that selected PSB had a positive impact on wheat growth parameters in all soils treated with their respective consortium compared to respective uninoculated controls (Table 4).


TABLE 4. Effect of phosphate-solubilizing bacteria on growth parameters of wheat varieties grown in soils of different agro-ecological zones.
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The plant growth of wheat variety 1 inoculated with consortium-1 was significantly increased. Significant increase in plant shoot length (32 cm), root length (29.5 cm), and plant dry weight (1.05 g) of consortium-1-inoculated wheat (variety-1) were observed in soils of site 7 (Gujranwala) with 40% increase in root length as compared to uninoculated controls. Increased shoot length (28 cm), root length (27 cm), and dry weight (0.91 g) were observed in inoculated (consortium-2) wheat variety 2 grown in site 1 (Dir) soil of Province 2 with 21% increased root length as compared to uninoculated controls; whereas inoculation of plants (variety 3) with consortium-3 improved shoot length (29 cm), root length (33 cm), and plant dry weight (0.80 g) with a 48% increase in root length as compared to uninoculated controls in site 3 soil (Sanghar) of Province 3 (Table 4).

Consortium-1, 2, and 3 significantly increased (up to 4%) plant P content in respective wheat varieties grown in soils of site 7 of province-1, site 1 of province-2, and site 3 of province -3 as compared to uninoculated plants grown in soils of respective sites (Figure 8). Soils of province 1 and province 3 are majorly comprised of irrigated plains and soils of province 2 prevalent with dry mountains. The inoculated plants with consortium-1 increased soil available P (5.2–9.8 μg g–1 soil) and phosphatase activity (24.3–29.6 μmol g–1 soil h–1) in inoculated soils of province-1. Consortium-2 increased soil available P up to 5–9 μg g–1 soil and phosphatase activity 25–30 μmol g–1 soil h–1. Consortium-3 also increased available P up to 4-6.5 μg g–1 soil and phosphatase activity (17–20 μmol g–1 soil h–1; Figure 8 and Supplementary Table S6).


[image: image]

FIGURE 8. Effect of PSB inoculation on soil and plant P parameters of wheat varieties grown in soils from different agro-ecological zones compared to uninoculated controls. Evaluation of consortium-1 for soil available P (A), soil phosphatase activity (B), and plant P content (C) of wheat variety-1 grown in soils of province-1. Evaluation of PSB consortium-2 for soil available P (D), soil phosphatase activity (E), and plant P content (F) of wheat variety-2 grown in soils of province-2. Evaluation of consortium-3 for soil available P (G), soil phosphatase activity (H), and plant P content (I) of wheat variety-3 in soils of province-3. Different small (a, b, c) letters above each box indicate significantly differences between the treatments according at p < 0.05. I: Inoculated, C: Uninoculated control. For Province 1: Site 1: Dera Ghazi Khan, Site 2: Faisalabad, Site 3: Jhang, Site 4: Rahim Yar Khan, Site 5: Multan, Site 6: Sheikhupura, Site 7: Gujranwala, Site 8: Sialkot, Site 9: Rawalpindi. For Province 2: Site1: Dir, Site 2: Swat, Site 3: Peshawar. For Province 3: Site 1: Hyderabad, Site 2: Tandojam, Site 3: Sanghar, and Site 4: Larkana. Province-1: Punjab, Province-2: Khyber Pakhtunkhwa, and Province-3: Sindh; Variety 1: Faisalabad-08, Variety 2: Fakhr-e-Sarhad, Variety 3: Benazir-13.


A positive correlation was found as a result of inoculation of three PSB consortia on plant growth (plant fresh and dry weight, root-shoot length, and plant P), soil available P, and soil phosphatase activity for recommended wheat varieties grown in native soils of Province 1, Province 2, and Province 3 (Supplementary Figure S2).



Evaluation of PSB Consortium for Wheat Yield Parameters

P-solubilizing consortia significantly enhanced wheat growth in a pot experiment under net house conditions. PSB consortium-1 inoculated wheat variety1 showed increased grain yield (5.95 g plant–1) in comparison to 80% uninoculated control (80% of recommended DAP dose). A significant increase (4.1%) in seed P was observed in inoculated plants compared to 80% uninoculated control. An increase in soil available P (6.4 μg g–1 soil) and phosphatase activity (24 μmol g–1 soil h–1) was observed with PSB inoculation (Table 5). A positive correlation was found between wheat yield parameters, i.e., seed P content, wheat grain yield, soil available P, and gluconic acid produced by P-solubilizing bacteria in an in vitro quantification assay (Supplementary Figure S3).


TABLE 5. Effect of phosphate-solubilizing bacteria on plant growth, soil P contents, and yield of wheat in a pot experiment under net house conditions.
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Detection of Inoculated PSB

To confirm the presence of inoculated PSB in the rhizosphere of wheat variety-1 grown in a pot experiment under net house conditions, bacterial population was recorded using viable count at 35 DAS. The re-isolated colonies of Enterobacter spp. ZW9, ZW32, and Ochrobactrum sp. SSR were identified based on the morphological characteristics and other plant growth-promoting attributes, i.e., P solubilization (224–345 μg ml–1, IAA production (4–47 μg ml–1), and zinc solubilization (SI: 2.9–3.9) in comparison to pure cultures. BOX-PCR confirmed the inoculated P-solubilizing bacteria. BOX fingerprinting of re-isolated colonies were found identical to those of pure cultures (Figure 9).


[image: image]

FIGURE 9. Re-isolation of inoculated PSB colonies. Photograph of gel indicates BOX PCR patterns of pure culture of PSB from wheat rhizosphere, 1: 1Kb DNA ladder; 2: SSR, 3: ZW32, 4: ZW9 (A). Photograph of gel indicates re-isolated colonies of PSB that are similar morphologically to the inoculated consortium-1 PSB. 1: 1Kb DNA ladder, 2: Re-isolated SSR colony, 3: Non-specific colony, 4: Re-isolated ZW32 colony, 5: Re-isolated ZW9, 6: Non-specific colony, 7: -ve Control; 8: 100 bp DNA ladder (B). Plate showing re-isolated colonies of SSR, ZW32, and ZW9 (C). NBRIP Plate showing solubilization zones formed by re-isolated colonies of SSR, ZW32, and ZW9 (D). Plant growth-promoting attributes of re-isolated PSB strains for confirmation of inoculated PSB: P solubilization and IAA production were detected quantitatively by HPLC, and Zinc solubilization was confirmed by formation of halo zone on agar plate added with ZnO (E). Values are an average of six biological replicates. Enterobacter spp. ZW9, ZW32, Ochrobactrum sp. SSR, -ve control represents negative control.





DISCUSSION

Due to the depleting reservoirs of available P and high costs of phosphatic fertilizers, PSB-based biostimulants serve as an alternative and sustainable strategy in modern agriculture for food and environmental security. Therefore, the present study was designed to get comprehensive data of wheat rhizosphere-associated PSB from different soils belonging to major wheat-growing agro-ecological zones of Pakistan (situated between 24 and 37 north and longitude of 61 to 75 east; Supplementary Table S1 and Supplementary Figure S1). We determined the beneficial effects of native PSB inoculum on wheat growth, yield, and P uptake. Previous studies reported the presence of PSB in the soils of selected areas of Pakistan (Suleman et al., 2018), but major wheat growing agro-ecological zones remained unexplored.

The ecological approach developed in this study enabled us to select 25 potential PSB. Efficient P solubilizers belonged to the genus Enterobacter (strains: ZW9, ZW32 and D1), Ochrobactrum (SSR), Pantoea (S1), and Pseudomonas (TJA). Increase in soluble P concentration was observed in quantitative assay with a concomitant decrease in pH up to 3.6 from initial pH 7 in liquid medium (Figure 2). We observed that pH of the medium decreased as soluble P increased. This might be because P-solubilizing bacteria can secrete organic acids in a culture medium to degrade TCP (insoluble P source) in order to increase soluble P (Penn and Camberato, 2019; Chouyia et al., 2020). Among organic acids detected by HPLC acetic acid, gluconic and citric acids were predominantly produced by selected P-solubilizing bacteria (Table 1). Three most efficient PSB strains, Ochrobactrum sp. SSR and Enterobacter spp. (ZW9, ZW32) produced higher gluconic acid and acetic acid. This indicates that apart from gluconic acid, other acids like acetic acid and citric acid are produced in significant levels by bacteria. Suleman et al. (2018) reported gluconic acid and acetic acid as dominantly produced acids by Pseudomonas sp. and Enterobacter sp., respectively. Differential production of these organic acids by PSB seems a key factor responsible for phosphate solubilization (Azaroual et al., 2020; Tian et al., 2021).

In order to link bacterial genetic potential with P-solubilizing activity, glucose dehydrogenase (gcd), pqqE, and phytase (phy) genes (Perez et al., 2007; Han et al., 2008; Chen et al., 2016) related to the organic and inorganic P solubilization were studied in selected PSB. Gcd was amplified in Pantoea sp. S1, while phy genes were amplified in both S1and Enterobacter sp. ZW32. The current study reported amplification of PqqE gene in ZW32 and SSR (Figure 3 and Supplementary Table S3). In our previous study (Rasul et al., 2021), expression analysis of multiple genes related to P-release pathways of PSB was carried out using qPCR. This study revealed that Ochrobactrum sp. SSR having gcd and phy genes can solubilize different organic and inorganic P sources (phytate, rock phosphate, and K2HPO4). SSR was found with multifaceted nature; hence, it was selected as a common P-solubilizing strain in consortia development. Efficient and compatible PSB (Enterobacter spp. ZW9, ZW32 and D1, Ochrobactrum sp. SSR, Pantoea sp. S1, Pseudomonas sp. TJA, and Bacillus sp. TAYB) with multiple plant growth-promoting (PGP) traits (i.e., IAA, siderophores, and zinc solubilization) was used to develop three consortia for their native soils and respective recommended wheat varieties. This is due to indigenous microbes that are most likely to promote plant growth as they are more adaptive with higher persistence in native soil (Glick, 2012; Souza et al., 2015).

Root exudation is an important process that regulates the interaction between root and soil microbes (Mommer et al., 2016). These metabolites are difficult to collect from real soil environments due to their chemical interaction with soil matrix and background microbial exudation (Olanrewaju et al., 2019; Kumar and Dubey, 2020; Pang et al., 2021). Therefore, in the present study, the hydroponic system was used to evaluate the effect of PSB consortia on root exudation with consequent changes in root architecture. Characterization and HPLC quantification of major root exudates from hydroponically grown wheat varieties showed that PSB-inoculated roots produced higher amounts of amino acids, organic acids, and sugars under P-deficient conditions as compared to uninoculated controls (Figure 5). It has been known that soil microbes can release certain compounds to stimulate the root exudation of primary metabolites (i.e., amino acids, organic acids, and sugars) that are passively lost from roots and utilized by rhizosphere-dwelling microbes (Canarini et al., 2019).

In the present study, 13 amino acids and six sugars were released from roots of three wheat varieties with variable compositions. Among amino acids, ornithine was abundantly found in root exudation of PSB-inoculated plants of three wheat varieties as compared to uninoculated plants; cumulative release of sugars in root exudates was higher in variety 1 and variety 2 compared to variety 3 (Figure 5). Amino acids in root exudates besides sugars tailor communities because they represent carbon and nitrogen substrates for microbial growth (Pongrac et al., 2020). Higher release of these exudates contributes to increase in bacterial persistence in the root rhizosphere (Nwachukwu et al., 2021). In return, bacteria can benefit plants by enhanced the nutrient absorbing capability of roots especially to facilitate phosphorus uptake (Grover et al., 2021). Furthermore, HPLC analysis revealed a significant increase of organic acids specifically gluconic acid (20–39%), malic acid (30%), and citric acid (21%–41%) released in exudates collected from PSB-inoculated three wheat varieties as compared to their respective uninoculated controls (Figure 5). Increased concentrations of oxalic, malic and citric acids in root exudates act as chemo-attractants for soil microbes during beneficial interactions (Pascale et al., 2020; Tsai et al., 2020).

Root response to P plays a major role in the modulation of root architecture as compared to other nutrients (Peris et al., 2020). Therefore, in addition, to study the root exudates, rhizoscanning of hydroponically grown plants was also carried out to explore the effect of PSB on root architecture. PSB inoculation modified root architecture, as indicated by an increase in total root length (24–27%), root tips (46–53%), root surface area (29–35%), root volume (36–48%), and area of projection (28–47%) of three wheat varieties provided with an insoluble source of P (TCP) as compared to uninoculated control. Significant increases in root diameter, root tips, and root surface area were key parameters modified in response to PSB inoculation (Table 3).

The root tip is the first part of the plant to explore a new soil environment and plays a crucial role in response to environmental stimiuli. A growing number of studies showed root tip functions as a control center for sensing externalnutrient concentration and translating it into an alteration of root architecture (Huang and Zhang, 2020; Grover et al., 2021). Increased root diameter promotes plant growth and development since thicker roots easily penetrate the soil, thereby anchoring the plant more effectively leading to efficient nutrient uptake (Freschet et al., 2020). In addition to improved architecture, a significant increase in growth and plant P contents of three wheat varieties was observed in plants inoculated with PSB consortia as compared to the uninoculated controls (Supplementary Table S4). Principal component analysis showed clustering of P content, root morphological traits, and root exudations of PSB-inoculated plants in one group, indicating a positive correlation between these parameters (Figure 6). PSB-stimulated primary metabolites may serve important functions in the soils as a key nutrient source for rhizosphere microbes and influence root-microbe relations (Pang et al., 2021).

Besides the effect of PSB on root architecture and exudation in hydroponics, these bacteria sustained the plant growth under P stress as indicated by a significant increase in plant antioxidant enzyme (SOD, POD, MDA, and CAT) activity with a concomitant decrease in MDA and H2O2 contents (Figure 7). There is increasing evidence that PGPR confers tolerance in plants to various abiotic stresses (Mokrani et al., 2020; Bhat et al., 2020; Khan et al., 2020; Camaille et al., 2021) by activating enzymes like CAT, POD, and SOD activity which act as primary reactive oxygen species (ROS) scavengers (Grover et al., 2021). These enzymes catalyze the O2– to H2O2, and H2O2 is further converted into H2O and O2 by peroxidases, thereby enhancing tolerance and eliciting resistance in plants against oxidative stress (Li et al., 2020; Eljebbawi et al., 2021).

P-solubilizing efficacy of three developed PSB consortia was further subjected to in planta evaluation under natural soil conditions using soils collected from different agro-ecological zones of three provinces with their recommended wheat varieties. Results showed a significant increase (up to 4%) in plant P contents and plant root length (up to 48%) in soils of province-1 and province-3 majorly comprising irrigated plains and soils of province 2 prevalent in dry mountains in response to inoculation of soil-specific consortia (Supplementary Table S1 and Supplementary Figure S1). A significant increase of soil available P and phosphatase activity was observed in PSB-inoculated soils as compared to uninoculated controls (Figure 8). This is in line with Chen et al., 2021, who reported an elevated amount of available P in wheat-grown soil inoculated with PSB as compared to uninoculated control. Boubekri et al. (2021) reported the highest level of available P and greater stimulation of wheat plant growth in soils co-inoculated with phosphate-solubilizing consortium. Lack of region/soil-specific strains is one of the major constraints in the inconsistent performance of bio-inoculants. In this study, we tried to address this problem by developing region/soil-specific inoculum with expected outcome across wheat-cultivated agricultural lands. The use of region-specific strains ensures the optimal use of biofertilizers with expected outcomes over vast areas of agricultural lands (Mitter et al., 2021). PCA showed a significant positive correlation between all plant growth parameters (root length, plant P, soil available P, and soil phosphatase activity) in PSB-inoculated wheat varieties as compared to their respective uninoculated plants (Supplementary Figure S2). The increased P availability in the rhizosphere soil and its better aboveground translocation occurred either directly or indirectly in response to PSB inoculation results in better plant growth (Elhaissoufi et al., 2020).

Furthermore, to study the contribution of efficient PSB consortium-1 to increase the crop yield, a pot experiment was carried out using wheat variety 1 under net house conditions at NIBGE. Inoculated plants provided with 20% reduced DAP application showed a significant increase (7%) in grain yield, plant biomass (20%), seed P content with an increase in soil phosphatase activity, and subsequent availability of soil P (Table 5). Regression analysis confirmed a positive correlation between wheat yield parameters, i.e., seed P content, wheat grain yield, soil available P, and gluconic acid produced by P-solubilizing bacteria in an in vitro quantification assay (Supplementary Figure S3). Higher seed P content might be due to translocation of P to seed as previously reported by Feng et al. (2021). Enhanced soil phosphatase activity in PSB-inoculated treatments showed the ability of these PSB to convert organic P complexes in soil into an available form for plant uptake (Chawngthu et al., 2020; Chen et al., 2021). Previous studies demonstrated cost-effective use of PSB inoculations to increase grain yield and plant P in wheat, rice, and sugarcane along with reduced DAP dose (Suleman et al., 2018; Rasul et al., 2019; Rosa et al., 2020). These studies indicated that P-solubilizing microorganisms showed the best effect with reduced application of DAP fertilizers. The survival of inoculated strains of consortium-1 in root rhizosphere as studied by viable count and BOX-PCR revealed that these were rhizosphere-competent phosphobacteria. Moreover, plant growth-promoting traits of re-isolated bacteria in comparison with those of the pure culture of inoculated strain indicated the persistence of inoculated PSB (Figure 9).

The ecological approach used in the study allowed us to isolate and select multifaceted phosphate-solubilizing bacteria from different unexplored agro-ecological zones. These promising strains (ZW9, ZW32, and SSR), deposited to the DSMZ German culture collection (accession no. 109592-93 and 109610), serve as a global valuable pool. The phosphate solubilization activity of these potential PSB was highly promising in different types of soils and wheat varieties as statistically validated by improved plant growth, yield, and soil fertility-related traits like soil available P and soil phosphatase activity. This has lain a solid foundation for further utilization of these effective PSB candidates as soil/genotype-specific biofertilizers for wheat under a wide range of agro-ecological conditions intended to foster sustainable agriculture. The study is of prime importance because 40% of global P-deficient soil direly needs an eco-efficient solution for better cropping on a larger scale.



CONCLUSION

This study provides new evidence that P-solubilizing bacteria employed beneficial impact on morpho-physiological attributes of inoculated plants leading to alleviation of P stress through induced sequential production of root exudates, modification of root architecture, and mitigation of oxidative damage by induced activities of antioxidant enzymes. These PSB-induced structural and physiological alterations in the plant ultimately led to improved wheat growth and P acquisition.
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Oil tea (Camellia spp.) is endemic to the hilly regions in the subtropics. Camellia yuhsienensis is resistant to diseases such as anthracnose and root rot, while Camellia oleifera is a high-yield species but susceptible to these diseases. We hypothesize that differences in the rhizosphere microbial communities and functions will elucidate the resistance mechanisms of these species. We used high-throughput sequencing over four seasons to characterize the rhizosphere microbiome of C. oleifera (Rhizo-Sus) and C. yuhsienensis (Rhizo-Res) and of the bulk soil control (BulkS). In Rhizo-Res, bacterial richness and diversity (Shannon index) in autumn and winter were both higher than that in Rhizo-Sus. In Rhizo-Res, fungal richness in autumn and winter and diversity in summer, autumn, and winter were higher than that in Rhizo-Sus. The seasonal variations in bacterial community structure were different, while that of fungal community structure were similar between Rhizo-Res and Rhizo-Sus. Gram-positive, facultatively anaerobic, and stress-tolerant bacteria were the dominant groups in Rhizo-Sus, while Gram-negative bacteria were the dominant group in Rhizo-Res. The significant differences in bacterial and fungal functions between Rhizo-Sus and Rhizo-Res were as follows: (1) in Rhizo-Sus, there were three bacterial and four fungal groups with plant growth promoting potentials, such as Brevibacterium epidermidis and Oidiodendron maius, and one bacterium and three fungi with pathogenic potentials, such as Gryllotalpicola sp. and Cyphellophora sessilis; (2) in Rhizo-Res, there were also three bacteria and four fungal groups with plant-growth-promoting potentials (e.g., Acinetobacter lwoffii and Cenococcum geophilum) but only one phytopathogen (Schizophyllum commune). In summary, the rhizosphere microbiome of disease-resistant C. yuhsienensis is characterized by a higher richness and diversity of microbial communities, more symbiotic fungal communities, and fewer pathogens compared to the rhizosphere of high-yield but disease-susceptible C. oleifera.

Keywords: Camellia yuhsienensis, Camellia oleifera, rhizosphere microbiome and functions, plant growth promoting microorganisms, soilborne phytopathogens


INTRODUCTION

The rhizosphere, where the soil volume is directly affected by roots, is a narrow zone with high abundance of microorganisms and is one of the most complex ecosystems on Earth (Kuzyakov and Razavi, 2019; Vetterlein et al., 2020). The function of many microbial groups is to facilitate plant growth and rhizosphere health through their functions. Four important beneficial microbial groups are commonly found in the rhizosphere: (i) nitrogen-fixing bacteria, (ii) mycorrhizal fungi, (iii) plant-growth-promoting rhizobacteria (PGPR), and (iv) biocontrol microorganisms, with the ability to protect plant roots against pathogens through excretion of metabolites or via competition for niche (Mendes et al., 2013). Deleterious microorganisms can invade root tissues, cause diseases or retard root growth, and reduce yield through the excretion of toxic metabolites (Kremer, 2006). Both beneficial and deleterious microorganisms coexist in the rhizosphere. For example, Bacillus megaterium is present in the rhizosphere of Camellia sinensis and has the ability to promote plant growth by solubilizing phosphate, producing indole acetic acid (IAA) and siderophores, and protecting plants against brown root rot disease, caused by rhizosphere fungus Fomes lamaoensis (Chakraborty et al., 2006; Huang et al., 2019).

Rhizosphere microorganisms are affected directly by the host plant and indirectly by seasonal rainfall, temperature, and light intensity, as these factors modify the rhizodeposition (Kuzyakov and Cheng, 2001; Taketani et al., 2016; Zhang X. et al., 2020). Plant diseases caused by microorganisms are often associated with extreme drought or rainfall (Meisner and Boer, 2018). Pathogens can tolerate the negative effects of drought better than plants and infect the stressed plants through synthesis of toxins and cell-wall-degrading enzymes (Dikilitas et al., 2016). Most bacteria that are better adapted to droughts and other resource-limiting conditions are Gram-positive and are K-strategists or oligotrophs. In contrast, Gram-negative bacteria (mainly r-strategists) have an advantage under nutrient-rich conditions in wet soil (Chen et al., 2016).

Oil tea is an indispensable woody oilseed plant that is endemic to the hilly areas in subtropical climate (Liu et al., 2017), growing on soils with low pH, low organic matter, and limited phosphorous content (Li et al., 2019). Low yields of Camellia, caused by barren ground, nutrient shortage, and plant diseases and pests, have been the predominant limiting factor for the development of the oil tea industry for many years. After years of breeding, some nutrient-efficient and disease-resistant species or cultivars have been selected. Camellia oleifera “Huashuo” is a widely planted oil tea species with high yield (Tan et al., 2011), but it is disease sensitive and susceptible to anthracnose, root knot nematode, and root rot diseases (Wang et al., 2017; Xu et al., 2020; Zhu et al., 2020). Camellia yuhsienensis, another important oil tea species, is resistant to these diseases (Yang et al., 2004; Wei et al., 2013). According to previous studies, the yield of C. oleifera is much higher than C. yuhsienensis (Zou, 2010; Tan et al., 2011), while the disease resistance of C. yuhsienensis is much better than C. oleifera (Supplementary Table 1; Yang et al., 2004; Jin et al., 2009; Chen et al., 2021). Nutrient absorption from the soil and plant disease resistance is also affected by the soil microbiome, especially the rhizosphere microorganisms (Bob et al., 1987; Jansson and Hofmockel, 2020). Although the rhizosphere microbial communities have been investigated in C. oleifera (Zhang P. et al., 2020) and C. yuhsienensis (Li et al., 2020), it remains difficult to compare differences in rhizosphere microbial community structures and functions due to inconsistent climate, soil conditions, and management practices. More importantly, none of the previous studies have reported on the microbial functions and their role in oil tea disease susceptibility and growth.

Because of the self-pollination incompatibility in oil tea species, multiple cultivars are planted in the same orchard (Zhou et al., 2020). Plants are able to shape or modify their rhizosphere microbiome through the excretion of specific secondary metabolites, even when grown in one planation (Berendsen et al., 2012). Therefore, we hypothesized that, in one planation (same climate, soil type, and management), C. oleifera and C. yuhsienensis each developed unique rhizosphere microbial communities, and the differences in rhizosphere microbial diversity, structure, and functions explain the different resistances to disease in these two Camellia species. High-throughput sequencing of taxonomic composition and functions of the rhizosphere microbiome were used to verify our hypotheses.



MATERIALS AND METHODS


Site Description

The sampling site was in Wangcheng district, Changsha City, Hunan, China (N 28°30′, E 113°20′). To study the effect of mixed planation on growth, health, and production of oil tea, two 1-year-old Camellia oil species, namely, C. yuhsienensis and C. oleifera “Huashuo,” were planted in 2011 at the sampling site at a 1:1 ratio. Plant spacing was 2 m within rows, and row spacing was 3 m. The climate is a subtropical monsoon with mean annual rainfall and temperature of 1,370 mm and 17°C, respectively. The soil at the experimental site is a Quaternary red clay (classified as Lixisols in the World Reference Base for Soil Resources) with a pH of 4.3. Total organic carbon content (TOC) was 11.5 ± 0.6 g⋅kg–1, and total nitrogen (TN) content was 870 ± 25 mg⋅kg–1. Available phosphorus (AP) content was 4.9 ± 1.7 mg⋅kg–1 and available potassium (AK) content was 134 ± 11 mg⋅kg–1 (Supplementary Table 2). The understory contains some wild weeds, which were mowed twice a year.



Experimental Design and Sampling

Growth characteristics of C. oleifera and C. yuhsienensis were collected 7 years after planting (Supplementary Table 1). Soil samples were collected at the fruit enlargement stage (October 23, 2018, autumn, Au), dormancy stage (January 19, 2019, winter, Wi), spring shoot growth stage (April 5, 2019, spring, Sp), and flower bud rapid growth stage (July 22, 2019, summer, Su). Three separate plots of 20 m × 20 m were selected in the mixed plantation. Five healthy trees of each species were selected using an “S” type design from the center of each quadrat. Four points in each quadrat were selected at 0.5–1 m distance from the trunk, and samples of the soil rhizosphere of C. oleifera (Rhizo-Sus) and C. yuhsienensis (Rhizo-Res) were collected as described by Koranda et al. (2011). Samples of a corresponding bulk soil (BulkS) at 0–20 cm depth were also collected as a reference control in the middle of the rows, approximately 1.5 m distance from the trunk. Subsamples of the rhizosphere samples or the bulk soil were mixed well and combined into one sample. Soil samples were stored in dry ice and transported back to the laboratory for further processing. After removal of debris and roots, samples were mixed well, ground, and ran through a sieve (<2 mm). One portion of each soil sample was used to determine the physicochemical properties after air-drying in the shade, while the remainder portion was stored at −80°C for high-throughput sequencing at Genedenovo Biotechnology Co., Ltd. (Guangzhou, China).

The soil physicochemical properties were measured according to Li et al. (2020). Soil temperature at 0–20 cm depth was measured using a Wdsen Electronic temperature recorder (iButton DS1925) during the entire experimental period (Supplementary Figure 1).



Bacterial and Fungal Community Assessment


DNA Extraction and PCR Amplification

A soil sample of 2–3 g dry weight was used for microbial DNA extraction using HiPure Soil DNA Kits (Magen, Guangzhou, China) according to manufacturer’s protocol. The 16S rDNA V3–V4 region of the ribosomal RNA gene was amplified by PCR using primer 341F, 5′-CCTACGGGNGGCWGCAG-3′, and 806R, 5′-GGACTACHVGGGTATCTAAT-3′. The PCR amplification of 16S rDNA was conducted as described by Li et al. (2018). The internal transcribed spacer (ITS) rDNA region of the ribosomal RNA gene was amplified by PCR using primers ITS3-KYO2 (F), 5′-GATGAAGAACGYAGYAA-3′, and ITS4 (R), 5′-TCCTCCGCTTATTGATATGC-3′ (Toju et al., 2012). The ITS region of the eukaryotic ribosomal RNA gene was amplified by PCR (95°C for 2 min, followed by 27 cycles at 98°C for 10 s, 62°C for 30 s, and 68°C for 30 s, and a final extension at 68°C for 10 min). The PCR were performed in triplicate using 50-μl mixtures containing 5 μl of 10 × KOD buffer, 5 μl of 2 mM dNTPs, 3 μl of 25 mM MgSO4, 1.5 μl of each primer (10 μM), 1 μl of KOD polymerase, and 100 ng of template DNA.



Illumina Novaseq6000 Sequencing

Amplicons were extracted from 2% agarose gels and purified using an AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, United States) according to the manufacturer’s instructions. The qualified amplicon mixture was then sequenced on the Illumina Novaseq6000 platform to generate 2 × 250 bp paired-end reads. The raw reads were deposited into the National Center for Biotechnology Information (NCBI) Sequence Read Archive (SRA) database (accession number PRJNA742848). The link of this BioProject is https://dataview.ncbi.nlm.nih.gov/object/PRJNA742848?reviewer=haouuog1lqfrksad66m99e11p5.




Statistical and Bioinformatics Analysis

Raw reads were further filtered using FASTP by removing reads containing more than 10% unknown nucleotides (N) and reads with < 50% of bases with quality scores (Q-value) > 20 (Chen et al., 2018). Paired-end clean reads were merged as raw tags using FLASH (version 1.2.11) with a minimum overlap of 10 bp and mismatch error rates of 2% (Magoè and Salzberg, 2011). The effective tags were clustered into operational taxonomic units (OTUs) of ≥ 97% similarity using the UPARSE (version 9.2.64) pipeline (Edgar, 2013). The tag sequence with the highest abundance was selected as the representative sequence within each cluster. The tags and OTUs of the bacteria and fungi are presented in Supplementary Tables 3, 4. To ensure the reproducibility and validity of the microbial data, the data extraction flat and dilution curves were processed before analysis (Liang et al., 2017). The dilution curve of the Sobs index indicated the presence of more bacteria and fungi if sequencing was continued, but the dilution curve plateau of the Shannon’s index was reached early, indicating that the number of reads was sufficient for this research (Supplementary Figure 2).

Venn analysis, used to identify unique and common OTUs and species among different compartments, was performed using the R “VennDiagram” package (version 1.6.16) (Chen and Boutros, 2011). The OTU rarefaction curves and rank abundance curves were plotted using the R “ggplot2” package (version 2.2.1) (Wickham, 2006). Alpha diversities of bacteria and fungi (Sobs, Shannon, and Chao 1 index) were calculated in QIIME (version 1.9.1) (Caporaso et al., 2010), and differences in the alpha diversities of bacteria and fungi among treatments were calculated using one-way analysis of variance (ANOVA). Principal coordinates analysis (PCoA), permutational multivariate analysis of variance (MANOVA) (Permanova), and cluster dendrogram based on unweighted uniFrac distances were used to evaluate the influence of plant roots and seasonal dynamics on the bacterial and fungal community structures. The unweight uniFrac distance matrix and Permanova was calculated in R project GuniFrac package (version 1.0) and Vegan package (version 2.5.3), respectively. Ape and Vegan packages were used for PCoA analysis, and ggplot2 package was used for visualization in R. A least discriminant analysis (LDA) effect size (LEfSe) taxonomic cladogram was used to identify specific (LDA > 3.0) bacteria and fungi (LDA > 3.0) in the treatments using LEfSe software (Segata et al., 2011). Ternary plots detected by Kruskal–Wallis H analysis were used to determine the specific species among Rhizo-Sus, Rhizo-Res, and BulkS during the entire year using the R “labdsv” package (version 2.0-1) and R “ggplot” (Roberts, 2016). The Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis of the OTUs for prediction of bacterial functions was inferred using Tax4Fun (version 1.0) (Aßhauer et al., 2015). Microbiome phenotypes of bacteria were classified using BugBase (Ward et al., 2017). The functional group (Guild) of the fungi (relative abundance > 0.01% in the rhizosphere) was inferred using FUNGuild (version 1.0) (Nguyen et al., 2016). The bacterial functions and the fungal trophic modes among Rhizo-Sus, Rhizo-Res, and BulkS were calculated by Wilcoxon rank sum test. The fungal functional groups (guild) among Rhizo-Sus, Rhizo-Res, and BulkS were calculated using the Kruskal–Wallis H test.

Among treatments were calculated using one-way analysis of variance was used to determine the differences in soil physicochemical properties among Rhizo-Sus, Rhizo-Res, and BulkS during the entire year. Pearson’s correlation coefficients between soil physicochemical properties and alpha diversities were calculated by Omicshare tools, a free online platform for data analysis (Denovo, 2021).




RESULTS


Soil Microbial Community Structure


Microbial Composition and Diversity

Regardless of whether the soil sampled was bulk or rhizosphere, the dominant bacteria phyla were Chloroflexi (14–43% of total bacteria sequencing), Acidobacteria (8–35%), Proteobacteria (12–28%), Actinobacteria (9–29%), and Planctomycetes (5–13%) (Supplementary Figure 3A). The dominant fungi were Ascomycota (61–96% of total fungi sequencing) and Basidiomycota (2–34%) (Supplementary Figure 3B).

Bacterial richness and diversity were higher in Rhizo-Res than in Rhizo-Sus in autumn and winter (p < 0.05, Supplementary Table 5). Fungal diversity was higher in Rhizo-Res than in Rhizo-Sus in summer and autumn (p < 0.05). Over a 1-year period, the fungal diversity in Rhizo-Res and BulkS was higher than in Rhizo-Sus (p < 0.05) (Figure 1F).
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FIGURE 1. Box plots of bacterial (A–C) and fungal (D–F) Sobs and Chao 1 and Shannon index in disease susceptible C. oleifera rhizosphere (Rhizo-Sus, yellow), disease resistant C. yuhsienensis rhizosphere (Rhizo-Res, blue), and bulk soil (BulkS, red). The line in the box indicates the median of each compartment. The line over and below the box indicates the maximum and minimum value, respectively. The top and bottom line of the box indicates the upper and lower quartile, respectively. The circles indicate each sample. The * and ** over the boxes indicate the significant differences based on Tukey’s HSD test among compartments at p < 0.05 and p < 0.01, respectively.


Both season and Camellia species had a marked influence on bacterial and fungal community structure (p < 0.05) (Figure 2 and Supplementary Figure 4). According to the cluster dendrogram (Figure 2), the bacterial community structure in Rhizo-Sus was different from Rhizo-Res and BulkS in winter. In summer, the bacterial community in Rhizo-Res was different from Rhizo-Sus and BulkS. The fungal community structures were similar among Rhizo-Sus, Rhizo-Res, and BulkS during the year, except in winter (Supplementary Figure 4). Over the whole year, the trend of bacterial community development in Rhizo-Res was similar to BulkS (along with axis PCO2) but different from that in Rhizo-Sus (along with axis PCO1). The trend of fungal community structure in Rhizo-Res was similar to Rhizo-Sus (along with axis PCO1, Supplementary Figure 4).
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FIGURE 2. Cluster dendrogram of bacterial and fungal communities based on unweighted uniFrac distance. Sp, Su, Au, and Wi indicates spring, summer, autumn, and winter, respectively. Rhizo-Sus, Rhizo-Res, and BulkS indicate disease-susceptible C. oleifera rhizosphere, disease-resistant C. yuhsienensis rhizosphere, and bulk soil, respectively, N = 3. Height in cluster dendrogram indicates the distance of microbial communities among each sample.




Specific Microbial Species in the Rhizosphere of Oil Tea Plants

Species with higher relative abundance in one rhizosphere or bulk soil (p < 0.05) (Figure 3) or species unique to Rhizo-Sus, Rhizo-Res, and BulkS (Figure 4) are defined as specific microorganisms. According to Ternary plots (Figure 3), the specific species across the year in Rhizo-Sus were Bdellovibrionales bacterium RBG 16 40 8 and Humibacter ginsengisoli bacteria, and Oidiodendron maius, Oidiodendron truncatum, Pyrenochaetopsis leptospora, and Verticillium leptobactrum fungi. The specific bacteria in Rhizo-Res were Burkholderia sp., Rhizobiales bacterium GAS113, and Rudaea cellulosilytica DSM 22992, and Bifiguratus adelaidae fungus.
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FIGURE 3. Distribution of specific bacterial and fungal species across disease-susceptible C. oleifera rhizosphere (blue), disease-resistant C. yuhsienensis rhizosphere (green), and bulk soil (red) in ternary plots. The circle size and position indicates the average relative abundance (%) and the ratio of relative abundance of each microbial group with C. oleifera rhizosphere, C. yuhsienensis rhizosphere, and bulk soil (conducted using Kruskal–Wallis analysis, p < 0.05), respectively, N = 12.
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FIGURE 4. Venn diagram of bacteria and fungi at species level among C. oleifera rhizosphere (Rhizo-Sus), C. yuhsienensis rhizosphere (Rhizo-Res), and bulk soil (BulkS), N = 12. Yellow, blue, and red color indicate the unique species that are only presented in Rhizo-Sus, Rhizo-Res, or BulkS, respectively. The cross-color block indicates the shared species between Rhizo-Sus and Rhizo-Res, or Rhizo-Sus and BulkS, or Rhizo-Res and BulkS, or among Rhizo-Sus, Rhizo-Res, and BulkS. The quantity of unique and shared species was written in each color block of Venn diagram, respectively.





Analysis of Microbial Functions

Microbial functions in the rhizosphere and bulk soil were defined based on KEGG and BugBase. We use the BugBase database term “phenotype,” which predicts organism-level microbiome phenotypes partly corresponding to microbial functional groups. The KEGG and phenotype heatmaps indicated that the functions and phenotypes of the bacteria in Rhizo-Res were like those in BulkS but different from those in Rhizo-Sus (Figure 5). The relative abundance of genes responsible for carbohydrate metabolism (starch and sucrose, pyruvate, and fructose and mannose) and for energy metabolism (methane metabolism) were higher in Rhizo-Sus than in Rhizo-Res (p < 0.05). The relative abundance of genes responsible for oxidative phosphorylation was higher in Rhizo-Res than in Rhizo-Sus. The microbiome phenotype heatmap based on BugBase showed that Gram-negative group in Rhizo-Res was higher than in Rhizo-Sus (p < 0.05). Gram-positive and stress-tolerant and facultatively anaerobic groups were higher in Rhizo-Sus than in Rhizo-Res (p < 0.05).
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FIGURE 5. Heatmap of main functions based on relative abundance of bacterial KEGG prediction (A) using Tax4Fun and phenotype (B) using BugBase in rhizosphere of C. oleifera (Rhizo-Sus) and C. yuhsienensis (Rhizo-Res) and bulk soil (BulkS) samples. The abundance of functions was normalized by Z-score method. The connecting lines on the left side describe the clustering of each function. The closer the color to red, the more dominant the function is. The lowercase in each row of heatmap indicated the significant differences among Rhizo-Sus, Rhizo-Res, and BulkS (conducted using Wilcoxon rank sum test, p < 0.05), N = 12.


The analysis of fungal functional groups (guilds) and trophic mode showed that endophytes, plant pathogens, and mycorrhizal guilds were present in both Rhizo-Sus and Rhizo-Res (Figure 6). The symbiotrophs and saprotrophs in Rhizo-Res were higher in Rhizo-Sus (p < 0.05), but pathotrophs were similar between Rhizo-Sus and Rhizo-Res (Figure 6).
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FIGURE 6. Distribution of fungal functional groups (guild) and heatmap of fungal trophic modes in rhizosphere and bulk soil. Ternary plot of guild plotted based C. oleifera rhizosphere (Rhizo-Sus), C. yuhsienensis rhizosphere (Rhizo-Res), and bulk soil (BulkS) specificity. The circle size, color, and position indicate the average abundance, guild, and affiliation with Rhizo-Sus, Rhizo-Res, and BulkS (detected by Kruskal–Wallis analysis, p < 0.05), respectively. Rhizo-Sus 1–6 are Undefined Saprotroph, Endophyte–Fungal Parasite–Plant Pathogen, Ericoid Mycorrhizal, Endophyte–Lichen Parasite–Undefined Saprotroph, Endomycorrhizal–Plant Pathogen–Undefined Saprotroph, and Animal Pathogen–Endophyte–Plant Saprotroph–Soil Saprotroph, respectively. Rhizo-Res 1–6 are Arbuscular Mycorrhizal, Undefined Saprotroph-Undefined Biotroph, Endophyte–Plant Pathogen, Lichenized, Animal Pathogen–Endophyte–Lichen Parasite–Plant Pathogen–Wood Saprotroph, and Unassigned, respectively. BulkS 1 and 2 are Animal Pathogen–Fungal Parasite–Undefined Saprotroph and Dung Saprotroph–Undefined Saprotroph, respectively. The abundance of functions was normalized by Z-score method. The connecting lines on the left side describe the clustering of each function. The closer the color to yellow, the more dominant the function is. Pathotroph = receiving nutrients by harming host cells; symbiotroph = receiving nutrients by exchanging resources with host cells; saprotroph = receiving nutrients by breaking down dead host cells. The lowercase in each row of heatmap indicated the significant differences among Rhizo-Sus, Rhizo-Res, and BulkS (conducted using Wilcoxon rank sum test, p < 0.05), N = 12.




Effects of Physicochemical Properties on Microbial Communities

The relationships between microbial communities and physiochemical properties were not consistent among Rhizo-Sus, Rhizo-Res, and BulkS (Supplementary Tables 6, 7). Alkaline hydrolyzable nitrogen (AMN) and AK decreased (p < 0.01) with increasing bacterial alpha diversity in Rhizo-Sus and Rhizo-Res, respectively (Supplementary Table 6). Soil moisture had no effects on bacterial alpha diversity in Rhizo-Sus (p > 0.05). The effects of moisture on bacterial alpha diversity in Rhizo-Res was positive (p < 0.05), whereas it was negative in bulk soils (p < 0.05).

Available phosphorous increased with (p < 0.05) fungal richness in all soil conditions (Supplementary Table 7). Total nitrogen increased with fungal richness in Rhizo-Sus and BulkS and fungal diversity in Rhizo-Res (p < 0.05). C/P ratio increased (p < 0.05) with fungal diversity in Rhizo-Sus and Rhizo-Res but not in BulkS.




DISCUSSION


Specific Microorganisms in Each Camellia spp. Rhizosphere


Specific Bacteria in Each Camellia spp. Rhizosphere and Their Functions

Despite partial overlap of bacterial communities in the rhizosphere of susceptible C. oleifera, resistant C. yuhsienensis, and bulk soil, some bacterial communities were specific and were distributed solely under one of the Camellia spp. (Figure 4 and Table 1). Most B. epidermidis, Proteus mirabilis, and Rhodococcus erythropolis were specific bacteria found in the rhizosphere of susceptible C. oleifera and are PGPR and biocontrol bacteria (Figure 3 and Table 1). B. epidermidis is a very important N2-fixing and P-solubilizing bacterium living in the rhizosphere (Karagoz et al., 2012). B. epidermidis can increase length and dry weight of canola roots by producing indole acetic acid (IAA) and 1-aminocyclopropane-1-carboxylic acid (ACC) deaminase and by fixing N2 (Siddikee et al., 2010). P. mirabilis is a PGPR by solubilizing P and K, fixing N2, and producing IAA and phytase in cabbage and Foeniculum vulgare rhizosphere (Motamedi et al., 2016; Dhiman et al., 2019). R. erythropolis protects plant well from Gram-negative soft-rot bacteria by degrading their N-acyl-homoserine lactone signaling molecules (Latour et al., 2013). However, some deleterious bacteria were observed in Rhizo-Sus such as Gryllotalpicola sp., a specific species in the rhizosphere of resistant C. yuhsienensis, commonly found in the gut of wood-feeding insects and is associated with pinewood nematode and pine wilt disease (Fang et al., 2015; Guo et al., 2020). Consequently, pathogenic insects are common in the rhizosphere of C. oleifera.


TABLE 1. Main known functions of bacteria specific for rhizosphere of C. oleifera (Rhizo-Sus) and C. yuhsienensis (Rhizo-Res).
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Acinetobacter lwoffii and Staphylococcus sciuri, the specific bacteria in Rhizo-Res, are PGPR and biocontrol bacteria. A. lwoffii can produce IAA and exopolysaccharide (EPS), which are capable of solubilizing P to promote mung bean growth (Das and Sarkar, 2018). S. sciuri is a biocontrol bacterium of strawberry anthracnose, as it produces volatile compounds (VOCs) that can suppress mycelial growth and conidial germination of Colletotrichum nymphaeae (Alijani et al., 2019). Burkholderia sp. has wide ecological niches. Some species in this genus are plant pathogens. For instance, Burkholderia caryophylli is the wilt pathogenic bacteria of carnation (Ragupathi and Veeraraghavan, 2019). Burkholderia glumae is one of the major pathogens of rice that causes blight (Ham et al., 2011). Some are reported as PGPR (Moulin et al., 2001; Vandamme et al., 2003) and have the ability to control plant pathogens (Coenye and Vandamme, 2003; Zhao et al., 2014) and reduce heavy metal toxicity, such as cadmium and palladium (Jiang et al., 2008; Dourado et al., 2013). These results indicate that the specific bacteria in rhizosphere of susceptible C. oleifera and resistant C. yuhsienensis have potential positive and negative influence on plants.



Specific Fungi in Each Camellia spp. Rhizosphere and Their Functions

The major known functions of specific fungi in the rhizosphere of susceptible C. oleifera and resistant C. yuhsienensis are presented in Table 2. Most specific fungi in Rhizo-Sus can increase plant growth and control pathogens. O. maius is an important ericoid mycorrhizal fungus in rhizosphere of Rhododendron spp. (Vohník et al., 2005). O. maius can increase Rhododendron fortune fresh and dry weight by upregulating nitrate transporters, ammonium transporter, glutamine synthetase, and glutamate synthase in plants to increase N uptake (Wei et al., 2016). V. leptobactrum protects plants from root knot nematodes by suppressing growth of eggs and second-stage juveniles (Regaieg et al., 2011; Hajji et al., 2017). Candida intermedia is able to control strawberry fruit rot by producing volatile organic compounds to suppress conidial germination and mycelial growth of B. cinerea (Huang et al., 2011). C. intermedia also has the ability to reduce anthracnose incidence in avocado fruits by restraining mycelia growth of Colletotrichum gloeosporioides (Campos-Martínez et al., 2016). Chrysosporium pseudomerdarium is an endophyte that can increase plant shoot length and chlorophyll content by producing gibberellins to promote plant growth (Hamayun et al., 2009; Waqas et al., 2014). Lecanicillium fusisporum is an important biocontrol endophytic fungus against wheat disease Septoria tritici blotch caused by Zymoseptoria tritici (Latz et al., 2020).


TABLE 2. Main known functions of fungi specific for rhizosphere of C. oleifera (Rhizo-Sus) and C. yuhsienensis (Rhizo-Res).
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Phytopathogens were also observed in Rhizo-Sus. Cyphellophora sessilis (Batzer et al., 2015) and Ustilaginoidea virens (Brooks et al., 2009) are common phytopathogens on apple and rice, respectively. Fusarium concentricum causes rot disease in several plants, such as pepper fruit rot and Paris polyphylla stem rot (Wang et al., 2013; Xiao et al., 2019). On the phylogenetic tree, F. concentricum is very close to Fusarium proliferatum, which is a root rot phytopathogen of oil tea (Li et al., 2008).

Most specific fungi in Rhizo-Res are plant-growth-promoting species. Cenococcum geophilum is an important ectomycorrhizal fungus that maintain the physiological integrity of beech roots facing drought stress (Jany et al., 2003). Melanin, produced by C. geophilum, improved plant resistant to water stress (Fernandez and Koide, 2013). Metarhizium anisopliae and Monocillium bulbillosum are important biocontrol fungi for insect pest. M. anisopliae conidia with oven ash, chalk powder, charcoal, and wheat flour resulted in 73–87% mortality of adult Sitophilus oryzae (Batta, 2004). M. bulbillosum protected plants from nematodes by parasitizing the eggs of Heterodera filipjevi (Ashrafi et al., 2017). Veronaeopsis simplex is a dark septate endophytic fungus with the ability to suppress Fusarium wilt disease in Chinese cabbage (Khastini et al., 2012). There was also a phytopathogen in Rhizo-Res, named Schizophyllum commune, that causes brown germ and seed rot of oil palm (Dikin et al., 2006).

In summary, the abundance of specific pathogenic microorganisms in the rhizosphere of resistant C. yuhsienensis was too low to have similar negative effects on plant growth and health compared to susceptible C. oleifera (Tables 1, 2).




Microbial Community Association With Camellia spp. Growth and Health

Roots and rhizodeposition of Camellia species are important factors of bacterial and fungal abundance, diversity, structure, and function (Figures 1, 2, Tables 1, 2, Supplementary Figures 3, 4, and Supplementary Table 5; Zhang P. et al., 2020). Although the relationship between roots and rhizosphere microorganisms is mostly mutualistic (Qiang et al., 2012; Mendes et al., 2013), competitive relationships do exist in many cases, such as the competition for nitrogen (Hodge et al., 2000; Kuzyakov and Xu, 2013) especially under stress conditions (Xu et al., 2011). Bacteria compete with plants by assimilating and immobilizing P and N using organic carbon (Zhang et al., 2014), and this competition gets more severe due to the root exudates, including available carbon substrates for bacteria (Kuzyakov and Xu, 2013; Kuzyakov et al., 2019).

The BugBase prediction showed that the abundance of Gram-positive, facultatively anaerobic, and stress-tolerant bacteria were higher in Rhizo-Sus than in Rhizo-Res and BulkS, while Gram-negative bacteria had the opposite trend (p < 0.05) (Figure 5B). Gram-positive bacteria are generally considered as environmental stress-tolerant bacteria compared with Gram-negative bacteria (Schimel et al., 2007). Our study (Supplementary Table 2) agrees with previous studies (Liu et al., 2018), which indicated that growth of oil tea is limited by insufficient nutrients in the red soil area. The productivity of C. oleifera is higher than C. yuhsienensis, which means that C. oleifera has a greater ability to mine and absorb nutrients (Tan et al., 2011). The larger crown width, trunk diameter, and yield of C. oleifera also indicated that its nutrient utilization efficiency is higher than that of C. yuhsienensis (Supplementary Table 1). Finally, C. oleifera formed a microbial community of lower richness and diversity but of greater activity of carbohydrate metabolism. In contrast, more bacteria with oxidative phosphorylation and more Gram-negative bacteria indicated that the microbial communities acquired more high-quality substrates in the rhizosphere of C. yuhsienensis. More facultatively anaerobic bacteria implied a poorer water permeability condition in the soil under C. oleifera (Figure 5). Based on these results, we speculate that C. oleifera formed competitive relationships with the rhizosphere microbial communities, compared to the symbiotic interactions of C. yuhsienensis in the rhizosphere. These differences in relationships may be one of the most important factors for specific effects of microorganisms on oil tea growth and health.

The rhizosphere microbial diversity is an important factor in plant health and ecosystem function (Xue et al., 2020), excluding the negative effects of pathotrophs fungi plant health (Mendes et al., 2013; Nguyen et al., 2016). The bacterial and fungal diversity and the relative abundance of Acidobacteria were higher in C. yuhsienensis rhizosphere than in C. oleifera (Supplementary Table 5, Figure 1, and Supplementary Figure 3). Bacterial richness and diversity increase in soil if pathogens are suppressed. This was clearly shown in soils with suppressed Fusarium disease than in soils with serious Fusarium wilt disease (Shen et al., 2015). By studying single and mixed strains of four bacterial species antagonism on plant pathogens, Boer et al. (2007) concluded that (1) more bacteria in soil can lead to stronger competition with pathogens for resources and (2) interactions among bacteria increase antifungal activity. When biocontrol bacteria or fungi meet other microorganisms with similar functions, these microorganisms increased the production of antibiotics, such as 2,4-diacetylphloroglucinol (DAPG) (Lutz et al., 2004; Maurhofer et al., 2004). In other words, a microbial community of higher diversity has a higher potential to antagonize pathogens. Therefore, according to bacterial and fungal diversity, we state that the microbial community in C. yuhsienensis rhizosphere better protects the host from pathogens than the microbial community in C. oleifera rhizosphere (Supplementary Table 5).




CONCLUSION

The dominant bacteria in the rhizosphere of oil tea (Camellia spp.) were Chloroflexi, Acidobacteria, Proteobacteria, Actinobacteria, and Planctomycetes, and the dominant fungi were Ascomycota and Basidiomycota. Camellia species plays a crucial role in microbial richness, diversity, and community structure of its rhizosphere. The rhizosphere of both Camellia spp. contains beneficial and deleterious microorganisms. Numbers and abundance of deleterious microorganisms were more in C. oleifera than that in C. yuhsienensis. The bacterial groups and functions in the rhizosphere of disease-resistant C. yuhsienensis were similar to those in bulk soil but much different from those in the rhizosphere of disease susceptible C. oleifera. More Gram-negative bacteria were in the rhizosphere of C. yuhsienensis, while more Gram-positive, facultatively anaerobic, and stress-tolerant bacteria were in the rhizosphere of C. oleifera. There was higher bacterial and fungal alpha diversity in the rhizosphere of C. yuhsienensis than C. oleifera. Our results indicate that the more abundant and diverse microbial community in C. yuhsienensis rhizosphere better protects the host from pathogens compared to those in C. oleifera rhizosphere.
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Corn and common bean have been cultivated together in Mesoamerica for thousands of years in an intercropping system called “milpa,” where the roots are intermingled, favoring the exchange of their microbiota, including symbionts such as rhizobia. In this work, we studied the genomic expression of Rhizobium phaseoli Ch24-10 (by RNA-seq) after a 2-h treatment in the presence of root exudates of maize and bean grown in monoculture and milpa system under hydroponic conditions. In bean exudates, rhizobial genes for nodulation and degradation of aromatic compounds were induced; while in maize, a response of genes for degradation of mucilage and ferulic acid was observed, as well as those for the transport of sugars, dicarboxylic acids and iron. Ch24-10 transcriptomes in milpa resembled those of beans because they both showed high expression of nodulation genes; some genes that were expressed in corn exudates were also induced by the intercropping system, especially those for the degradation of ferulic acid and pectin. Beans grown in milpa system formed nitrogen-fixing nodules similar to monocultured beans; therefore, the presence of maize did not interfere with Rhizobium–bean symbiosis. Genes for the metabolism of sugars and amino acids, flavonoid and phytoalexin tolerance, and a T3SS were expressed in both monocultures and milpa system, which reveals the adaptive capacity of rhizobia to colonize both legumes and cereals. Transcriptional fusions of the putA gene, which participates in proline metabolism, and of a gene encoding a polygalacturonase were used to validate their participation in plant–microbe interactions. We determined the enzymatic activity of carbonic anhydrase whose gene was also overexpressed in response to root exudates.

Keywords: RNA-seq, milpa system, agriculture, polygalacturonase, proline, carbonic anhydrase, symbiotic nitrogen fixation


INTRODUCTION

Associated maize (Zea mays) and common bean (Phaseolus vulgaris) crops have been extensively used in agriculture for thousands of years in Mesoamerica. These associated crops are called “milpa” (from the Nahuatl words: “milli” which means cultivated plot and “pan” which means upon) (Rodríguez-Robayo et al., 2020). Squash plants, as well as other plant species, are frequently included; however, they are not in such a close association as that existing with maize and bean (Lopez-Ridaura et al., 2021). Bean usually climbs on maize and climbing beans have long cycles similar to maize cycles and have been identified as having a high nitrogen-fixing capacity in comparison to bush P. vulgaris plants, which are used in monoculture. Milpa systems have a high agricultural value for farmers as they provide a large food volume per area and a diet rich in nutrients, vitamins and bioactive compounds (Méndez-Flores et al., 2021; Novotny et al., 2021). In polyculture, maize has a higher yield per plant than in monoculture and each bean plant has the same or higher yield depending on the variety planted (Santalla et al., 2001; Zhang et al., 2014). Additional studies have determined that in milpa, the use of soil is more efficient than in monocultures (Aguilar-Jiménez et al., 2019). A reason for this is that maize has a deeper root system than beans, which allows the milpa to explore a greater volume of soil to absorb nutrients and water (Albino-Garduño et al., 2015). Maize–bean intercropping is also more effective in controlling diseases and insect pests (Fininsa, 1996) and soil fertility is conserved better than in monoculture crops (Alfonso et al., 1997).

Since the Green Revolution around 1940–1970, with the advent of fertilizers, increase of irrigation, herbicides, hybrid varieties, and mechanization, maize and bean started to be cultivated as monocultures in many places, especially in large-scale farms (Aguilar-Jiménez et al., 2019). The use of land in monoculture has brought the degradation of soils and the dependence on external inputs. If more land were cultivated in milpa system, the biodiversity, richness of the soils, and the use of diverse landraces that are suitable for milpa could be recovered.

The microbiota of soils where milpa is cultivated in different areas of Mexico has been studied, with Proteobacteria, Actinobacteria, and Verrucomicrobia as the most abundant phyla (Rebollar et al., 2017; Aguirre-von-Wobeser et al., 2018; Gastélum and Rocha, 2020). By growing together, with roots intermingled, maize and bean could share microbiota in milpa. We surmised this possibility and searched for rhizobia in maize plants associated with bean. We found rhizobia as natural maize endophytes inside stems and roots (Gutiérrez-Zamora and Martínez-Romero, 2001). Among plant-associated bacteria, rhizobia deserve a special position due to their capacity to induce the formation of legume root nodules where rhizobia perform nitrogen fixation once differentiated to bacteroids. A population analysis from maize rhizobia revealed that R. phaseoli strain Ch24-10 (hereby called Ch24-10) belonged to a group of bacteria abundantly found in maize plants (Rosenblueth and Martínez-Romero, 2004), thus we choose Ch24-10 for further studies. In beans, Ch24-10 exhibits high nitrogen-fixing capabilities, as does R. phaseoli strain CIAT 652. However, CIAT 652, which is used for commercial inoculant production, lacks a plasmid that encodes carbon-substrate usage genes, so Ch24-10 could be best for plant colonization.

Nitrogen fixation in legumes contributes to a substantial input of nitrogen in agriculture but also in natural habitats and it is desirable to extend nitrogen fixation to cereals (Rosenblueth et al., 2018). Though maize does not form nodules, maize exudates stimulated rhizobial nodulation and nitrogen fixation of faba beans (Vicia faba) by enhancing the expression of legume root genes involved in flavonoids synthesis, auxin signaling, and the nodulation process (Li et al., 2016). Better nodulation performance and acquisition of nutrients were also observed in maize associated with bean (Cardoso et al., 2007), soybean (Glycine max; Nyoki and Ndakidemi, 2018), and pea (Pisum sativum; Zhao et al., 2020).

Root exudates play an important role in early stages of plant colonization by providing metabolites that act as nutrients, chemoattractants, or antimicrobials for soil microbes (Lopez-Guerrero et al., 2013). Transcriptome analysis of rhizobacteria exposed to root exudates for a short time has made it possible to detect early adaptive responses that would be masked in prolonged experiments due to the microbial metabolism or reabsorption of root metabolites (Phillips et al., 2004; Shidore et al., 2012; Xie et al., 2015; Yi et al., 2018). In fact, the bacterial genes involved in the metabolism of some carbohydrates and amino acids are downregulated in maize root exudates after 48 h (Zhang et al., 2015).

We wondered if there was an advantage for Rhizobium in an associated crop and we supposed that in this condition, there would be a richer composition of exudates that would be available to rhizobia. An RNA-seq analysis from R. phaseoli Ch24-10 stimulated by exudates of bean and maize grown in monoculture or associated in milpa could help to address this issue. Previous transcriptomic studies analyzed Ch24-10 in maize roots after a few days or in the presence of other bacteria (Gómez-Godínez et al., 2019). We performed here a short exposure (2 h) to exudates that has the advantage that nutrients would not be depleted as in long-term assays and a fast response to the different plant exudates could be detected.



MATERIALS AND METHODS


Bacterial Strain and Preparation of Inoculum

Rhizobium phaseoli strain Ch24-10 was isolated from corn stems of a milpa system in Cholula, Puebla, Mexico. In maize, it colonizes the rhizosphere and roots as an endophyte (Rosenblueth and Martínez-Romero, 2004) and has plant growth-promoting activities (Matus-Acuña et al., 2018). In symbiosis with bean, Ch24-10 forms nitrogen-fixing nodules. Ch24-10 was cultured in PY broth (5 g peptone, 3 g yeast extract, and 0.6 g CaCl2 per liter) for 24 h (exponential phase) at 30°C with continuous shaking. Cultures were centrifuged for 5 min at 4,025 × g and cell pellets were washed once with 10 mM MgSO4 for use in the plant experiments.



Plants and Experimental Design

Common bean (variety Negro Jamapa) and maize (landrace “Negro criollo” from Hidalgo, Mexico) seeds were surface disinfected with 70% ethanol (1 min), 1.2% sodium hypochlorite (20 min), washed five times with distilled water), and 2% sodium thiosulfate (2 min and rinsed two times with distilled water) as described in Rosenblueth and Martínez-Romero (2004). Disinfected seeds were germinated on agar–water plates and subsequently placed on stainless steel pedestals into glass tubes (25 × 200 mm) containing 50 mL of N-free Fahraeus solution [0.132 g CaCl2, 0.12 g MgSO4⋅7H2O, 0.1 g KH2PO4, 0.075 g Na2HPO4⋅2H2O, 0.005 g Fe-citrate, and 0.07 mg each of MnCl2⋅4H2O, CuSO4⋅5H2O, ZnCl2, H3BO3, and Na2MoO4⋅2H2O per liter of milli-Q (Type 1 Ultrapure water)]. Each tube contained two seedlings: bean–bean, maize–maize, and bean–maize (milpa system) and they were maintained for 5 days at 28°C with a 16/8-h light/dark photoperiod in axenic conditions. The lower part of the hydroponic system was covered with kraft paper which allows roots to grow in darkness and the aerial part in the presence of light (Figure 1) as recommended by Silva-Navas et al. (2015). Plant roots with 30 mL of exudates were inoculated at a final concentration of 108 Ch24-10 cells mL–1. After 2 h of root–bacteria interaction, 10% (v/v) of RNA later reagent (Ambion) was added to all tubes before RNA extraction. Each experimental replicate included root exudates from three tubes. Three replicates were considered for all treatments and for the controls without plant (N-free Fahraeus solution). In addition, 1 mL from each root exudate was plated in LB and PY medium and incubated for 3 days to detect microbial contamination.
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FIGURE 1. Hydroponic system to obtain root exudates. (A) Maize and bean growing in monoculture and milpa. (B) Bean and maize roots in the milpa assay.




RNA Extraction and High Throughput Sequencing

Bacteria from root exudates were concentrated by centrifugation for 5 min at 4,025 × g at 4°C and pellets were immediately frozen in liquid nitrogen. Total RNA was extracted using RNeasy Mini Kits (Qiagen) with proteinase K (Qiagen), lysozyme (Sigma-Aldrich), and DNAse I (Sigma-Aldrich). RNA was quantified using a Nanodrop 2000 spectrophotometer (Thermo Scientific) and the RNA integrity number (RIN) of the samples was determined using a TapeStation 2200 electrophoresis system (Agilent Technologies). Our criterion for selecting suitable samples for RNA-seq was an rRNA ratio >0.8 and RIN >8. Ribosomal RNAs were removed using the Ribo-Zero Bacteria Protocol (Illumina) and cDNA libraries were prepared using the TruSeq non-stranded protocol (Illumina). The high-throughput sequencing was performed with the Illumina HiSeq 4000 platform (100 nt paired-end reads) by Macrogen Inc. (Seoul, South Korea).



Bioinformatic Analysis

The quality of raw reads was carried out with FASTQC v0.11.8 (Andrews, 2010) and low-quality sequences and Illumina adapters were removed using Trimmomatic v0.39 (Bolger et al., 2014) with the parameters LEADING:3 TRAILING:3 SLIDINGWINDOW:4:15 MINLEN:36. Bowtie2 v2.3.5 (Langmead and Salzberg, 2012) was used to map reads against the R. phaseoli Ch24-10 genome (GCF_000268285.2_RPHCH2410v2) with the parameters – very-sensitive -q -p 20 -x -2 -S. The paired-end mapped reads associated with each gene were quantified using featureCounts v1.6.4 (Liao et al., 2014). The Bioconductor package edgeR v3.6.0 was used for the differential expression analysis of transcriptome data (Robinson et al., 2010). The counts per million (CPM) values were normalized using the trimmed mean of M-values method (TMM) to estimate gene expression levels. A gene was considered as differentially upregulated if it had a Log2 fold change >1 at false discovery rate (FDR) threshold of 0.95 with adjusted p-values ≤ 0.05 (Bustamante-Brito et al., 2019). Venn diagrams were performed to show exclusive and shared genes between treatments using the web-tool http://bioinformatics.psb.ugent.be/webtools/Venn/. The upregulated genes were classified into COG (clusters of orthologous groups) categories with the online version of eggNOG-mapper v21 (Huerta-Cepas et al., 2019).



Generation of Ch24-10 Mutants

Two Ch24-10-derivative strains (CCG-9A11 and CCG-VP1) with reporter genes were generated in this study to test the transcription of rhizobial genes that were expressed in the presence of root exudates.

For CCG-9A11, a transposon mutagenesis was performed with pCAM140 (Tn5-gusA; Wilson et al., 1995). Mutants that were induced with maize exudates using X-gluc and 4-MUG were selected (see below for the protocols). It was verified that there was only one Tn5 insertion by Southern hybridization using a fragment of Tn5 as a probe. To locate the site of insertion, a clone was obtained and sequenced. The insertion was in gene RPHASCH2410_PD02690 that encodes a GH28 polygalacturonase (poly-alpha-1,4- galacturonide glycanohydrolase).

For the CCG-VP1 mutant, site-directed mutagenesis of putA gene was performed. For this, a fragment of putA gene from Ch24-10 was amplified by PCR with the primers put767F (5′TTC AGTCGACGCGGCATCTATGACGGTCCTG3′) and put1527R (5′TTCAGGATCCATCAGCGCCTCGACCGAAACA3′) and cloned in pCR4-TOPO vector, following the instructions of the manufacturer (Invitrogen). After checking by gel electrophoresis that the clones had the correct size, they were sequenced to confirm that they had the fragment from putA. One of them was selected for transferring the fragment to the suicide vector pJQ200mp18 (Quandt and Hynes, 1993). The lacZ cassette (pKOK6; Kokotek and Wolfgang, 1989) was inserted in BglII site of putA. This construction was conjugated with Ch24-10 in a triparental cross. To select double recombinants, the transconjugants were plated in 12% of sucrose. The plasmid profile was visualized by the Eckhardt (1978) technique, modified by Hynes and McGregor (1990). All the clones were carried out in Escherichia coli strain DH5-α competent cells and selected with the appropriate antibiotics.



β-Glucuronidase Assays

Corn and bean plants were grown together or in monoculture (as mentioned above) and root exudates were centrifuged for 15 min at 4,025 × g to remove plant debris. One milliliter of root exudates was inoculated with 108 cells mL–1 of the Ch24-10-derivative strain CCG-9A11, which has the β-glucuronidase gene (gusA) as a reporter and incubated at 30°C for 24 h. According to Jefferson (1987) with modifications of Xi et al. (1999), the β-glucuronidase activity induced by root exudates was measured using a fluorometric assay with 4-MUG (methylumbelliferyl-β-D-glucuronide hydrate; Sigma-Aldrich) in a Synergy H1 Multi-Mode Microplate Reader (BioTek Instruments) at an emission/excitation wavelength of 365/460 nm. Using a methylumbelliferone (MU) reference curve, enzyme activities were reported as nmMU/min/106 cells.

To detect β-glucuronidase activity within the roots, maize and bean seedlings inoculated with CCG-9A11 or Ch24-10 were cultivated for 15 days in flasks with semi-solid N-free Fahraeus (Martínez et al., 1987). The whole roots were washed twice with MQ water and placed in 50 mL tubes with X-gluc solution (5-Bromo-6-chloro-3-indolyl β-D-glucuronide cyclohexylammonium salt; Gold biotechnology) for 48 h at 28°C on a rotary shaker (Shamseldin, 2007). The blue signal inside the roots and nodules indicated gene induction, in contrast to colorless roots inoculated with Ch24-10 that does not carry the reporter gene gusA (Supplementary Figure 1). The biological nitrogen fixation of bean nodules in monoculture and in milpa was measured by acetylene reduction assays using gas chromatography and reported as nmol C2H4/h/plant (Martínez et al., 1985).



β-Galactosidase Assays

For the β-galactosidase assays, CCG-VP1 was grown in minimal medium (MM) containing (per liter) K2HPO4 3.8 g, KH2PO4 3 g, sucrose 1 g, NH4Cl 1 g, MgSO4⋅7H2O 0.1 g, CaCl2 0.1 g, H3BO3 2.86 mg, ferric citrate 5 mg, MnSO4⋅4H2O 2.03 mg, ZnSO4⋅7H2O 0.22 mg, CuSO4⋅5H2O 0.08 mg, and Na2MoO4⋅H2O 0.08 mg at 30°C for 48 h with continuous shaking (Montes-Grajales et al., 2019). One milliliter of bacterial culture was mixed with 1 mL of maize, bean, or milpa exudates and incubated for 2 h. Later, β-galactosidase activities were measured according to Li et al. (2012) using ONPG (o-nitrophenyl-β-D-galactopyranoside; Sigma-Aldrich) and reported in Miller units (Mu). MM with proline (20 mM) was used as a positive control.



Carbonic Anhydrase Activity Assay

Ch24-10 was incubated in 10 mL of maize, bean, and milpa exudates at 30°C and the cells were harvested at 2 and 24 h by centrifugation at 9,500 × g for 10 min. Cell pellets were resuspended in 50 mM Tris–HCl pH 7.5 and broken by sonication (three cycles: 15 s plus 60 s resting) under anaerobic conditions. Then, the cell homogenate was centrifuged at 6,080 × g at 4°C for 3 min and the supernatant (protein extract) was kept on ice and used immediately for carbonic anhydrase activity determination (Santiago-Martínez et al., 2016). One to two milligrams of protein extract with 1 mL anaerobic reaction buffer (45 mM Na-bicarbonate pH 6.8 plus 0.02 mM ZnCl2) was incubated in sealed 2 mL bottles with a rubber stopper at 25°C. Buffer was previously bubbled with nitrogen for 30 min, and the air in the headspace of each bottle was replaced by nitrogen to maintain the anaerobic conditions. To detect the CO2 formation, 5 μL of the headspace was taken and injected at different times (0, 30, 60, and 120 s) in a GC-2010-Shimadzu gas chromatograph equipped with a capillary column HP-PLOT/U of 30 m length, 0.32 mm I.D. and 10 μm film (Agilent, United States), and a thermal conductivity detector. Commercial α-carbonic anhydrase from bovine erythrocytes (Sigma-Aldrich) was used as a positive control (modified from Veitch and Blankenship, 1963; Lira-Silva et al., 2012). Values of CO2 formed in assay reaction buffer with no enzyme and with boiled enzyme were subtracted from values of CO2 formed by Ch24-10 samples. Carbonic anhydrase activity was shown as nmol CO2 produced/min/mg protein.



Statistical Analysis

Student’s t-test was used to compare the fresh weight and nitrogenase activity of bean nodules from monoculture and milpa. One-way ANOVA and a Tukey’s honestly significant difference test were performed for multiple comparison analysis. The package agricolae v1.3.5 in R studio was used for statistical analysis considering a p-value ≤ 0.05 as statistically different (de Mendiburu and de Mendiburu, 2019).



RESULTS

To identify rapid rhizobial responses in a 2-h exudate exposure to bean and maize root exudates from monoculture or milpa system (Figure 1), a whole transcriptome analysis of R. phaseoli Ch24-10 was performed under four conditions: with bean root exudates, maize roots exudates, root exudates from milpa, and N-free Fahraeus solution. Because bacterial populations inhabiting the rhizoplane have different metabolisms depending on the area of the root that they colonize (Kragelund et al., 1997), transcriptomes of bacteria growing in plant exudates offer the advantage of being more homogeneous and reproducible. In our study, an average of 75 million paired and mapped reads was recovered from each triplicate of the four treatments. More than 98% of RNA-seq reads was assigned to Ch24-10 genome. The multidimensional scale (MDS) analysis of Figure 2A shows that the replicas are grouped close to each other into four groups that correspond to the treatments. The transcriptomic data in Fahraeus solution differed greatly from those obtained in plant exudates; in turn, the transcriptomic profiles from bean exudates and milpa exudates are close to each other, but distant from those of maize root exudates.
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FIGURE 2. Differential expression analysis of transcriptomic data of R. phaseoli Ch24-10. (A) Multidimensional scale (MDS) analysis of RNA-seq transcriptome profiles of Ch24-10 in root exudates and Fahraeus solution. Counts per million (CPM) were normalized using the trimmed mean of M-values (TMM) method. (B) Differentially expressed genes of Ch24-10 in root exudates compared to Fahraeus solution. A gene was considered as differentially expressed at false discovery rate (FDR) threshold of 0.95, adjusted p-values ≤ 0.05, and Log2 fold change >1 (upregulated) or <1 (downregulated) using the package edgeR v3.6.0. (C) Venn diagram between upregulated genes of Ch24-10 induced by bean and maize exudates. (D) Venn diagram between upregulated genes of Ch24-10 expressed in maize and bean monocultures, and milpa. Venn diagrams were generated using the web-tool available at http://bioinformatics.psb.ugent.be/webtools/Venn/ to show exclusive and shared genes between treatments.


Differentially overexpressed genes were found in R. phaseoli incubated 2 h in root exudates (see Figure 2B) from common bean (Supplementary Table 1), from maize (Supplementary Table 2), and from milpa (Supplementary Table 3). R. phaseoli transcripts of Fahraeus solution were used to distinguish genes that were expressed as a consequence of hydroponic components and not by the presence of plant roots; the differentially expressed genes under this condition will not be reviewed here. A metabolic model in response to exudates was proposed to show the main metabolic pathways and cellular functions of Ch24-10 in the rhizosphere of corn, bean, and milpa system (Figure 3). The Ch24-10 genes that participate in these adaptative processes are detailed below for each of the exudate treatments.
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FIGURE 3. Schematic representation of functions and metabolic pathways of Rhizobium phaseoli induced by root exudates. The orange zone (A) highlights the rhizobial functions associated with corn exudates, the blue zone (C) shows functions in the presence of bean exudates, and the green zone (B) indicates shared functions in both conditions. Ch24-10 metabolic processes induced by milpa exudates are denoted by a red asterisk. The information used here was obtained from transcriptome data in the presence of beans (Supplementary Table 1), maize (Supplementary Table 2), and milpa (Supplementary Table 3) and from data about chemical composition of exudates reported in the literature (Bolaños-Vásquez and Werner, 1997; Carvalhais et al., 2011; Fan et al., 2012; Tawaraya et al., 2014; Zhang et al., 2020).



Rhizobial Genes Expressed Only in Bean Root Exudates

In P. vulgaris exudates, 176 Ch24-10 genes were highly expressed in comparison to maize exudates (Figure 2C). They were distributed in the chromosome (66%), chromid pRpCh24-10d (17%), symbiotic plasmid (pSym) pRpCh24-10c (7%), plasmid pRpCh24-10b (5%), and plasmid pRpCh24-10a (5%). Among them, we detected nodA, nodB, and nodC genes necessary for Nod factor synthesis. nodS, nodU, nodZ, nolO, noeI, and nolL genes encoding enzymes that modify Nod factors through methylation, carbamoylation, fucosylation, or acetylation were also upregulated, as well as the genes nodI, nodJ, and nodT involved in the secretion of Nod factors (Figure 4A). Consistent with these findings, three regulatory nodD genes were found in Ch24-10, nodD1 being the most highly expressed.
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FIGURE 4. Expression of rhizobial genes induced by root exudates. Heat maps showing expression levels of genes involved in (A) Nod factor biosynthesis and transport, (B) degradation of aromatic compounds, (C) enzymatic hydrolysis of plant carbohydrate polymers, (D) iron uptake, (E) transport of nutrients, (F) Type 3 secretion system (T3SS), and (G) flagellar systems and motility. Color scales indicate Log2CPM that were obtained by the trimmed mean of M-values normalization method using the package edgeR v3.6.0. The transcriptional profiles in triplicate for each treatment are shown.


pobA gene encodes a p-hydroxybenzoate hydrolase involved in the formation of protocatechuate from hydroxybenzoate, which is one of the main plant cell wall-bound phenolics (Sircar and Mitra, 2008). Genes from the pca regulon and the positive regulator pcaR for protocatechuate catabolism were induced by beans (Figure 4B). PcaR also has a role in chemotaxis towards aromatic compounds (Romero-Steiner et al., 1994). 4-oxalocrotonate tauromerase that oxidizes benzene, toluene, and xylene was differentially expressed. We also found an increase in ABC transporter genes that were reported to be induced by bean exudates in Rhizobium tropici (Rosenblueth et al., 1998) and by osmotic stress, like the transport system for glycine betaine and proline similar to ProVWX from E. coli (Lucht and Bremer, 1994).



Rhizobial Genes Expressed Only in Maize Root Exudates

Three hundred seven genes were upregulated in maize exudates in comparison to bean exudates (Figure 2C), 209 overexpressed genes were found in the chromosome, 48 genes in the chromid, 23 genes in pRpCh24-10b, 21 genes in pRpCh24-10a, and only 6 genes in pSym pRpCh24-10c. Genes involved in the transport of arabinose, rhamnose, xylose, maltose, mannitol, and biotin (Figure 4E) and for mucilage degradation like α-fucosidase, α-galactosidase, and β-glucosidase (Figure 4C) genes were found overexpressed. Ch24-10 with maize exudates also showed activation of the DctPQM transporter for C4-dicarboxylates and its two-component regulatory system DctB/DctD.

An increased expression of genes to degrade eugenol (calA and calB) and ferulic acid (fcs and ech; Figure 4B) and for the synthesis of the siderophore vicibactin and its transport were observed as well (Figure 4D). Three copies of the dapA gene encoding the dihydrodipicolinate synthase of the lysine biosynthesis pathway were detected as upregulated; the same case for genes encoding chorismate and anthranilate synthases that could contribute to phenylalanine, tyrosine, and tryptophan production. Moreover, maize exudates also induced the overexpression of genes for Lrp/AsnC family transcriptional regulator commonly activated by exogenous amino acids and for the ferric uptake regulatory protein (Fur) which controls iron homeostasis and siderophore biosynthesis (Hassan and Troxell, 2013).



Rhizobial Genes Induced by Bean or Maize Monocultures

When Ch24-10 transcripts from bean exudates were compared to those from maize exudates, 616 upregulated genes were found in both conditions (Figure 2C and Supplementary Table 4). Most of these genes were located on the chromosome (72%) and the chromid (13%) and a few of them in plasmids pRpCh24-10b (7%), pRpCh24-10a (4%), and the pSym pRpCh24-10c (4%).

Among the genes with the highest expression, we identified those encoding ABC transporters for sugars, amino acids, and polyamines, and for nitrate, sulfate, and phosphates as well as for tctABC and occQMPT genes necessary to import tricarboxylates and octopine, respectively (Figure 4E). Another finding was the high level of expression of the dppBCDF operon that is responsible for the import of di/tripeptides. Oligopeptide transporter genes have been found expressed after Ch24-10 is maintained for a few days in both bean and maize roots (López-Guerrero et al., 2012). Genes for key enzymes involved in the catabolism of lysine, histidine, glutamate, and threonine were also highly expressed, for example, genes hutH, hutU, hutI, hutF, and hutG that comprise entirely the two main routes for histidine utilization.

Gene induction was observed for several efflux pumps such as RmrAB, AcrAB-TolC, EmrAB-TolC, and MATE (Multidrug and Toxic Compound Extrusion) and for a Type 3 secretion system (T3SS) that resembles the Ysc-Yop virulence apparatus of Yersinia enterocolitica (Figure 4F). Genes for the assembly of the flagellar motor, hook and basal complex, and for the biosynthesis of flagellin were found expressed in all transcriptomes. However, more flagellar transcripts were recovered with P. vulgaris exudates than in maize exudates (Figure 4G).

In both root exudates, many genes encoding ribosomal proteins were upregulated including S1, S2, from S3 to S15, and from S18 to S21 associated with the 30S subunit and from L1 to L6, L9, L10, L11, L13, L14, from L18 to L25, L27, L28, and from L31 to L36 associated with the 50S subunit, as well as genes encoding aminoacyl-tRNA ligases for methionine, cysteine, aspartate, tyrosine, phenylalanine, histidine, and isoleucine. We also detected transcriptional regulator genes with high expression such as those belonging to the FadR, DeoR/GlpR, TetR/AcrR, and ROK families. These transcriptional factors orchestrate physiological responses associated with sugar metabolism, quorum sensing, multidrug resistance, and extrusion of toxic compounds, among many others.



Transcriptomic Profiles of R. phaseoli in Milpa

Seven hundred eighty-five Ch24-10 genes were found highly expressed in milpa in comparison to transcriptomic data in Fahraeus solution (Figure 2B and Supplementary Table 3). Among them, 566 upregulated genes were found in the chromosome, 104 in the chromid, 43 in pRpCh24-10b, and 36 in both pRpCh24-10a and pSym pRpCh24-10c.

Another interesting comparison was Ch24-10 transcripts in milpa against those from bean exudates and maize exudates, where we found 42 and 38 differentially expressed genes, respectively (Supplementary Tables 5, 6). The transcriptomic profiles observed in milpa resemble those from bean exudates, partly due to the nodulation genes (synthesis, modification, and transport of Nod factors), which presented similar levels of expression in both conditions (Figure 4A). Bean in milpa formed nitrogen-fixing nodules after 15 days of inoculation with Ch24-10 in semi-solid medium (Figure 5A) and we found no statistically significant differences comparing against the fresh weight and nitrogen fixation of nodules from bean in monoculture (Figures 5B,C). Unexpectedly maize exudates significantly induced nodA gene expression (Log2 fold change = 1.4) but not at levels that were observed with both plants together in the milpa (Log2 fold change = 4.5) and bean exudates (Log2 fold change = 4.7; Supplementary Table 4). Genes for the degradation of protocatechuate, ferulic acid (Figure 4B), and plant carbohydrate polymers (Figure 4C) expressed in milpa were similarly expressed in maize exudates.
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FIGURE 5. Nodulation in bean monocrop and milpa. (A) Nitrogen-fixing nodules of bean plants 15 days after inoculation with R. phaseoli Ch24-10. Nodules are shown by red arrows. Comparison of (B) fresh weight and (C) nitrogenase activity of bean nodules from monoculture and milpa.


On the other hand, 591 expressed genes in milpa were found in transcriptomes from monocrops (Figure 2D and Supplementary Table 4). For example, genes encoding ABC transporters for sugars, amino acids, octopines, and iron were detected as well as genes encoding enzymes for the production of ornithine, putrescine, and homospermidine. Likewise, the expression of genes for the catabolism of amino acids such as histidine, tyrosine, and phenylalanine was observed. Furthermore, many of the upregulated genes in all exudates were associated with COG functional categories such as transport and metabolism of carbohydrates, amino acids and inorganic ions, transcription, translation, and ribosome biogenesis (Supplementary Figure 2). An increased level of expression of Ch24-10 genes encoding proteins for the extrusion of toxic plant metabolites (RmrAB, EmrAB, and AcrAB systems) was observed in root exudates either from monocultures or milpa, as well as genes encoding the SecYEG translocon, the SecDF protein-export membrane protein and components from a T3SS.

Rhizobial genes encoding several transporters for proline were highly expressed in all root exudates. We generated strain CCG-VP1 that is a mutant of Ch24-10 affected in the putA gene encoding a bifunctional proline dehydrogenase/pyrroline-5-carboxylate dehydrogenase involved in proline catabolism (Liu et al., 2017), thus, CCG-VP1 is not able to grow in MM with L-proline as sole carbon and nitrogen source (Supplementary Figure 3). The expression of putA was evaluated using the β-galactosidase activity of CCG-VP1; putA gene was induced in the presence of exudates from bean, maize, and milpa and also when proline was added to the MM as a positive control (Figure 6).
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FIGURE 6. β-galactosidase activities of CCG-VP1 in response to root exudates for 2 h. CCG-VP1 is Ch24-10 containing the lacZ reporter gene adjacent to putA gene. β-galactosidase activity was determined with a colorimetric assay using ONPG. Different lowercase letters between treatments show statistically significant differences (p-value ≤ 0.05) according to ANOVA followed by a Tukey’s honestly significant difference test. Three replicates for each treatment were performed.


Among the genes that were overexpressed in milpa compared to monocultures, we found genes encoding glucoside hydrolases for the degradation of pectin. Expression of glycoside hydrolase genes was further explored in the CCG-9A11 strain with a transcriptional gusA fusion in a Ch24-10 gene that encodes a GH28 polygalacturonase (poly-alpha-1,4-galacturonide glycanohydrolase). During the first 2 h of exposure to root exudates, the expression of polygalacturonase gene (reported as β-glucuronidase activity) was higher in experiments with exudates from maize and milpa than from bean (Figure 7A). However, at 24 h, β-glucuronidase activities were higher in milpa exudates (199.1 ± 16 nmMU) compared to bean (168.2 ± 3nmMU) and maize exudates (170.1 ± 9 nmMU). We inoculated CCG-9A11 onto plants and β-glucuronidase activity was detected within the bean nodules (Figures 7B,D) as well as in lateral roots of maize (Figures 7C,D), whether these were grown separately or in milpa.


[image: image]

FIGURE 7. β-glucuronidase activity of CCG-9A11 in response to plants. CCG-9A11 is Ch24-10 with a gusA gene fusion upstream of the polygalacturonase gene. (A) β-glucuronidase activity induced by root exudates was measured using a fluorometric assay with 4-MUG. Three replicates for each treatment were performed. Different letters between treatments show statistically significant differences (p-value ≤ 0.05) according to ANOVA followed by a Tukey’s honestly significant difference test. Lowercase and uppercase letters were used to show the differences at 2 and 24 h of exposure to root exudates, respectively. β-glucuronidase activity within (B) bean nodules and (C) maize roots in monoculture and (D) in milpa system. The blue signal inside the roots is indicative of polygalacturonase gene induction.


RPHASCH2410_CH12295 gene encoding a chromosomal β-carbonic anhydrase was expressed under monoculture and milpa conditions and so this enzymatic activity in Ch24-10 was evaluated (Table 1 and Supplementary Figure 4). The results showed that in the milpa exudates, the carbonic anhydrase activity was higher at 2 h (794 ± 56 nmol CO2 produced/min/mg) compared to maize (640 ± 42 nmol CO2 produced/min/mg protein) and bean exudates (673 ± 45 nmol CO2 produced/min/mg protein), and this trend was maintained at 24 h.


TABLE 1. Ch24-10 carbonic anhydrase activity after treatment with root exudates for 2 and 24 h.

[image: Table 1]


DISCUSSION

Cereal–legume associations are commonly used in agriculture with maize as a preferred cereal in combination with P. vulgaris, faba bean or soybean. When a cereal is combined with a legume, disease and insect pests are better controlled (Fininsa, 1996), and the soil is conserved better than in monoculture. In addition, the microbial diversity of the rhizosphere of mixed cultures is greater because root exudates act as nutrients and chemoattractants that allow microorganisms to colonize new hosts, which leads to the microbiota being shared between plants, including endophytes as rhizobia (Gutiérrez-Zamora and Martínez-Romero, 2001; Mommer et al., 2016). The ancestral maize association, milpa, originated in Mesoamerica as maize and P. vulgaris are native to this area. We designed a mini-milpa in the laboratory in hydroponic conditions to assess the early effects of milpa exudates on R. phaseoli Ch24-10, which is an outstanding Rhizobium strain.

Exudate composition is not a universal characteristic of a plant species, it may differ among individuals from a single species, vary with plant age, environmental factors, and nutrients available to the plant (Carvalhais et al., 2011). Metabolite exudation by maize and bean changes over time; however, some root metabolites are released at both early and late stages of plant growth (da Silva Lima et al., 2014; Tawaraya et al., 2014). Each plant could contain distinct endophytes that may transform or even produce exuded molecules. Two plant species together could exert novel selective pressures on endophytes. Thus, the outcome of exudates could be different in associated roots. In turn, changes in exudation profiles affect the metabolism of the rhizosphere microbiota (Chaparro et al., 2013; Vacheron et al., 2013). Rhizobia in roots use sugars and amino acids from exudates and would compete with pathogens besides producing plant hormones as do other plant growth-promoting bacteria (Rosenblueth and Martínez-Romero, 2006).

Maize exudes more photosynthate than bean plants, which may be due to their large C4 photosynthetic capability (Brown et al., 2005). Maize roots mainly secrete glucose, melibiose, maltose, and fructose (Fan et al., 2012). Their exudates are rich in amino acids such as aspartic acid, glutamic acid, glutamine, serine, and alanine, but are low in lysine (Carvalhais et al., 2011). Approximately 25% of the organic compounds that flow into the root system of maize is released by exudates (Haller and Stolp, 1985). A more general response of Ch24-10 to sugar and mucilage and pectin degradation may occur in maize exudate with fucosidase, galactosidase, and polygalacturonase genes highly expressed. A reporter-gene approach confirmed that polygalacturonase is highly expressed in maize exudates from monoculture or in association with bean (Figure 7A). Sugars such as galactose, fucose, mannose, arabinose, xylose, and glucose together with uronic acids like galacturonic acid and glucuronic acid are the main components of mucilage (Nazari et al., 2020). Genes for transporters and enzymes for metabolism of these sugars were expressed in maize exudates, so Ch24-10 perhaps consumes them as carbon sources once they are released from plant polymers or directly from the exudates. Rhizobium leguminosarum produces carbohydrases associated with its ability to grow in mucilage as the sole carbon source (Knee et al., 2001).

Several bacteria commonly use sugars and amino acids from plant exudates as the main nutrients, thereby organic acids could accumulate in the rhizosphere (Koo et al., 2005). Malic acid, fumaric acid, succinic acid, and others are secreted by maize roots (Fan et al., 2012) causing acidification of the rhizosphere as shown in Supplementary Figure 5. Maize and milpa exudates are more acidic than bean exudates from 7-day-old plants (Supplementary Figure 6), as has been described in maize–faba bean mixed crops where the rhizosphere is acidified as a consequence of an increase in the secretion of carboxylic acids and protons (Li et al., 2007). Our transcriptome data show that bacterial specialized mechanisms for sensing and transporting dicarboxylic acids were activated by maize exudates. C4-dicarboxylates are used preferentially by rhizobia and their transport is essential for effective symbiosis (Iyer et al., 2016). Organic acids can also dissociate Fe-minerals and improve iron uptake by plants, preventing chlorosis (Abadía et al., 2002). On maize roots in soil, there may exist a diverse microbial population with a consequent competition for iron. Vicibactin is a cyclic trihydroxamate siderophore originally reported in R. leguminosarum, which is a close relative of R. phaseoli (Wright et al., 2013). Here, we found that vicibactin acetylase gene was highly expressed in maize exudates suggesting that vicibactin is produced and that iron may be limiting in maize exudates.

Carbonic anhydrase enzymatic activities were quantified in cell extracts of R. phaseoli Ch24-10 exposed to milpa, maize, or bean exudates for 2 or 24 h. Similar activities were recorded in rhizobia from maize or bean exudates and a higher activity from rhizobial cells that were milpa exudates (Table 1). We showed that enzymatic activities reflected transcriptomic results. Carbonic anhydrase produces carbonate that rhizobia could excrete into roots and diminish exudate acidity and indirectly facilitate the cotransport of monocarboxylates with proton; however, this may not be the case because rhizobial inoculation on exudates did not modify the pH of the exudates (not shown). Therefore, carbonate may be a carbon substrate for rhizobia allowing it to profit from root derived CO2, and this may provide an ecological advantage for rhizobia. The role of the bacterial carbonic anhydrase in plant–microorganism interactions is still unknown; however, wheat endophytes that produce this enzyme increase plant photosynthesis and growth (Aslam et al., 2018).

We infer that ferulic acid may be an important component for rhizobial nutrition in maize exudates. Ferulic acid is an abundant phenolic acid attached to plant walls and its abundance in maize is at least ten times more than in other cereals (Bento-Silva et al., 2018). Ferulic acid is released by corn roots (Zhang et al., 2020). In bean, coumaric acid and 4-hydroxybenzoate may be preferentially used by Ch24-10 according to the level expression of pobA gene and pca operon. Coumaric acid and 4-hydroxybenzoate are abundant in bean exudates in early plant stages (Tawaraya et al., 2014). We also detected differential R. phaseoli expression of genes for chemotaxis to aromatic compounds in bean. The ability of Ch24-10 to degrade aromatic compounds from plants could provide better fitness in the rhizosphere of both crops by providing carbon sources as well as detoxification mechanisms. Other P. vulgaris-nodulating rhizobial strains such as R. tropici CIAT899 have the capacity to metabolize polycyclic aromatic hydrocarbons (González-Paredes et al., 2013).

Some amino acids like asparagine, phenylalanine, tryptophan, threonine, and valine are produced by corn and bean roots as are the organic acids citrate and fumarate (Pellet et al., 1995; Carvalhais et al., 2011; Fan et al., 2012; Tawaraya et al., 2014). We detected the expression of Ch24-10 genes encoding transporters such as those for citrate, amino acids, and peptides in bean and maize transcriptome data. Putrescine and spermidine transporters were also overexpressed in both plants. Polyamines have been found in bean exudates (Tawaraya et al., 2014), but their presence in corn exudates has not been well studied. Proline is an abundant amino acid in maize exudates (Phillips et al., 2004) and is also produced by bean roots at different growth steps (Tawaraya et al., 2014). The putA gene has been used as a biosensor to monitor the exudation of proline by pea roots (Rubia et al., 2020) and its overexpression in Sinorhizobium meliloti strains increases their competitiveness to colonize and nodule alfalfa (Medicago sativa L.; van Dillewijn et al., 2001). In this work, putA expression was induced in an exudate exposure of 2 h, but no statistically significant differences were observed between plant treatments (Figure 6). However, CCG-VP1 is not affected in maize root colonization (rhizospheric and endophytic) but is less competitive in occupying bean nodules compared to the wild strain (Supplementary Figure 7). The transcriptional regulator YjgM (OatM) genes were upregulated in maize, bean, and milpa exudates. In Salmonella, YigM upregulates the cysteine regulon (VanDrisse and Escalante-Semerena, 2018) and it would be interesting to further determine if Ch24-10 produces and excretes cysteine in plant roots. An exo-metabolome analysis revealed that Ch24-10 can excrete amino acids such as aspartic acid, alanine, tyrosine, and phenylalanine when it grows in MM (Montes-Grajales et al., 2019).

In the maize–faba bean intercropping system, legume roots stimulate the expression of Bx genes necessary for the biosynthesis of the phytoalexins DIMBOA (2,4-dihydroxy-7-methoxy-1,4-benzoxazin-3-one) and MBOA (6-methoxy-2-benzoxazolinone) in maize (Yan et al., 2014). Microbial diversity from the rhizosphere of maize deficient in DIMBOA or MBOA differs from that of the wild type, therefore, maize metabolites may also limit the growth of soil microbes (Cotton et al., 2019; Cadot et al., 2021). Phytoalexins produced by milpa system has not been determined; however, we detected overexpression of Ch24-10 genes rmrA and rmrB that has been described in Rhizobium etli as being important in the tolerance to the phytoalexin phaseolin and flavonoids of beans (González-Pasayo and Martínez-Romero, 2000). R. phaseoli Ch24-10 is able to grow in the presence of the MBOA phytoalexin from maize (Rosenblueth and Martínez-Romero, 2004). Genes encoding components of a T3SS were induced in Ch24-10 by monocultures and milpa system. Rhizobium T3SS effectors are injected in plant-host cells and have roles in symbiosis, perhaps inhibiting plant defense responses (Marie et al., 2001). T3SS structural components that encode syringe components are quite conserved while effectors may be more variable and their effects have not been completely elucidated (Nelson and Sadowsky, 2015).

Similar to our results, high levels of expression of rhizobial nod genes have been observed in response to P. vulgaris exudates which contain daidzein, naringenin, and genistein, even higher than those induced by synthetic flavonoids (Bolaños-Vásquez and Werner, 1997). Maize may synthesize several flavonoids and some of them are secreted by roots (Li et al., 2016; Jin et al., 2017). We detected that Ch24-10 nodA gene was upregulated in maize exudates compared to Fahraeus solution, but not as strongly as in bean exudates. A nodA-lacZ transcriptional fusion of R. leguminosarum bv. phaseoli RBL 1283 was also induced by maize kernel exudates (Hungria et al., 1997). A recent proteomic analysis by Vora et al. (2021) showed the expression of NodU protein from Ensifer (Sinorhizobium) fredii NGR234 in response to exudates from maize grown in monoculture and in association with Cajanus cajan. The mechanism by which maize activates the expression of some nod genes is still unknown, but it would be interesting to explore whether, as by legumes, rhizobial gene induction by maize differs among cultivars. Fungal diversity and microbial interactions with maize depend on the cultivar (Matus-Acuña et al., 2021).

In milpa conditions, there was a dominant effect of bean exudates maybe because they contain flavonoids that are specific to induce Rhizobium gene expression (Bolaños-Vásquez and Werner, 1997). Flavonoid biosynthesis genes are regulated by complex mechanisms in plants (Falcone-Ferreyra et al., 2012) and their concentration in exudates may not be the same in bean monoculture and in milpa. We did not quantify them; nevertheless, we found similar expression levels of Ch24-10 nod genes in exudates from monoculture beans and milpa. Extracts from soils where corn and beans were grown together are efficient inducers of nodulation genes in Rhizobium (Hungria et al., 1997).

We observed similar nodulation in beans grown alone and in association with maize (Figure 5). Contrasting results have been found in the field, where the number and biomass of bean nodules intercropped with maize tends to be higher than monocultured beans (Cardoso et al., 2007; Latati et al., 2013). Nitrogen concentrations in the rhizosphere of bean–maize intercropping system are higher as well; however, this effect varies depending on the physicochemical characteristics of the soil and landraces cultivated (Latati et al., 2013). In the long term, nitrogen supplied by the bean nodules can be beneficial to maize, which needs this element in high quantities for its growth. This metabolic complementarity between rhizobia, bean, and maize could contribute to the high grain yield observed in the field (Cardoso et al., 2007; Zhang et al., 2014; Aguilar-Jiménez et al., 2019).

Some rhizobial genes expressed in maize and bean independent exudates were not the same as those expressed in exudates of maize and bean growing together. Could plant exudate production be affected by exudates from a neighboring plant? Exuded molecules from heterologous or even homologous roots could regulate exudation (Wang et al., 2021). This is an interesting possibility that could be explored. We suggest here that exudates from maize and bean together could have provided a larger diversity of nutrients to Rhizobium than single plant exudation assays. However, Ch24-10 may not need to express genes for using nutrients that could be minor components in milpa, but in monocultures, the activation of these genes would give an advantage for rhizobia (Figure 8). In this sense, we could explain why the genes for some sugar transporters and dipeptides were not induced in the laboratory milpa exudate. Minor components that could be left for successive trophic events may not be revealed at 2 h. Rhizobia may participate in the degradation of plant polymers that require more steps for degradation and that would guarantee greater growth by later exploiting the resources derived from degrading pectin, mucilage, or phenolic acids. In agricultural fields, it could be highly advantageous to stimulate bacterial growth in growing plantlets profiting from the rhizobial ability to metabolize nutrients secreted by roots, including those derived from plant walls or border cells.


[image: image]

FIGURE 8. Summary of rhizobial functions associated with monocrops and milpa system. Within the rhizobial cells, upregulated functions induced by each root exudate are shown, while the blue box includes functions that are common in all conditions. The diagram considers the results obtained from transcriptome analysis, evaluation of transcriptional fusions, and enzymatic and nodulation assays.




DATA AVAILABILITY STATEMENT

The transcriptomic data of this study as BAM files have been deposited in an NCBI BioProject under accession number PRJNA578720 (https://www.ncbi.nlm.nih.gov/bioproject/PRJNA578720).



AUTHOR CONTRIBUTIONS

JLA-N and EM-R conceived and designed the experiments. JLA-N performed plant experiments, enzymatic assays, RNA extraction, and bioinformatic and statistical analyses. MR generated bacterial mutants and evaluated their phenotypes in response to root exudates. MGS-M did the protein extraction and carbonic anhydrase activity assays. JLA-N and EM-R analyzed the data and wrote the manuscript. All authors reviewed the article and approved the submitted version.



FUNDING

JLA-N was a Ph.D. student from Programa de Doctorado en Ciencias Bioquímicas at UNAM and was supported by a fellowship from Consejo Nacional de Ciencia y Tecnologìa (CONACyT) (CVU 633925). This work was supported by grants from PAPIIT-UNAM (IN210021) to EM-R.



ACKNOWLEDGMENTS

We thank Rafael Bustamente-Brito and Victor Manuel Higareda-Alvear for their advice on bioinformatics tools, Michael Dunn for proofreading the manuscript, and Alicia Vilchis Cedillo and Verónica Pérez Escalante for technical help. All bioinformatic analyses were performed on CCG-UNAM servers.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2021.740818/full#supplementary-material


FOOTNOTES

1
http://eggnog-mapper.embl.de


REFERENCES

Abadía, J., López-Millán, A. F., Rombolá, A., and Abadía, A. (2002). Organic acids and Fe deficiency: a review. Plant Soil 241, 75–86. doi: 10.1023/A:1016093317898

Aguilar-Jiménez, C. E., Galdámez-Gadámez, J., Martínez-Aguilar, F. B., Guevara-Hernández, F., and Vázquez-Solis, H. (2019). Eficiencia del policultivo maíz-frijol-calabaza bajo manejo orgánico en la Frailesca, Chiapas, México. Revista Científica Agroecosistemas. 7, 64–72.

Aguirre-von-Wobeser, E., Rocha-Estrada, J., Shapiro, L. R., and de la Torre, M. (2018). Enrichment of Verrucomicrobia, Actinobacteria and Burkholderiales drives selection of bacterial community from soil by maize roots in a traditional milpa agroecosystem. PLoS One 13:e0208852. doi: 10.1371/journal.pone.0208852

Albino-Garduño, R., Turrent-Fernández, A., Cortés-Flores, J. I., Livera-Muñoz, M., and Mendoza-Castillo, M. C. (2015). Distribución de raíces y de radiación solar en el dosel de maíz y frijol intercalados. Agrociencia 49, 513–531.

Alfonso, C., Riverol, M., Porras, P., Cabrera, E., Llanes, J., Hernández, J., et al. (1997). Las asociaciones maíz-leguminosas: su efecto en la conservación de la fertilidad de los suelos. Agronomía Mesoamericana 8, 65–73.

Andrews, S. (2010). FastQC: A Quality Control Tool for High Throughput Sequence Data. Available online at: http://www.bioinformatics.babraham.ac.uk/projects/fastqc/ (accessed August 20, 2019).

Aslam, A., Ahmad, Z. Z., Asghar, H. N., and Shahid, M. (2018). Effect of carbonic anhydrase-containing endophytic bacteria on growth and physiological attributes of wheat under water-deficit conditions. Plant Prod. Sci. 21, 244–255. doi: 10.1080/1343943X.2018.1465348

Bento-Silva, A., Patto, M. C. V., and do Rosário Bronze, M. (2018). Relevance, structure and analysis of ferulic acid in maize cell walls. Food Chem. 246, 360–378. doi: 10.1016/j.foodchem.2017.11.012

Bolaños-Vásquez, M. C., and Werner, D. (1997). Effects of Rhizobium tropici, R. etli, and R. leguminosarum bv. phaseoli on nod gene-inducing flavonoids in root exudates of Phaseolus vulgaris. Mol. Plant Microbe. Int. 10, 339–346. doi: 10.1094/mpmi.1997.10.3.339

Bolger, A. M., Lohse, M., and Usadel, B. (2014). Trimmomatic: a flexible trimmer for Illumina sequence data. Bioinformatics 30, 2114–2120. doi: 10.1093/bioinformatics/btu170

Brown, N. J., Parsley, K., and Hibberd, J. M. (2005). The future of C4 research–maize, Flaveria or Cleome? Trends Plant Sci. 10, 215–221. doi: 10.1016/j.tplants.2005.03.003

Bustamante-Brito, R., Vera-Ponce de León, A., Rosenblueth, M., Martínez-Romero, J. C., and Martínez-Romero, E. (2019). Metatranscriptomic analysis of the bacterial symbiont Dactylopiibacterium carminicum from the carmine cochineal Dactylopius coccus (Hemiptera: Coccoidea: Dactylopiidae). Life 9:4. doi: 10.3390/life9010004

Cadot, S., Guan, H., Bigalke, M., Walser, J. C., Jander, G., Erb, M., et al. (2021). Specific and conserved patterns of microbiota-structuring by maize benzoxazinoids in the field. Microbiome 9, 1–19. doi: 10.1186/s40168-021-01049-2

Cardoso, E. J. B. N., Nogueira, M. A., and Ferraz, S. M. G. (2007). Biological N2 fixation and mineral N in common bean–maize intercropping or sole cropping in southeastern Brazil. Exp. Agric. 43, 319–330.

Carvalhais, L. C., Dennis, P. G., Fedoseyenko, D., Hajirezaei, M. R., Borriss, R., and von Wirén, N. (2011). Root exudation of sugars, amino acids, and organic acids by maize as affected by nitrogen, phosphorus, potassium, and iron deficiency. J. Plant Nutr. Soil Sci. 174, 3–11. doi: 10.1002/jpln.201000085

Chaparro, J. M., Badri, D. V., Bakker, M. G., Sugiyama, A., Manter, D. K., and Vivanco, J. M. (2013). Root exudation of phytochemicals in Arabidopsis follows specific patterns that are developmentally programmed and correlate with soil microbial functions. PLoS One 8:e55731. doi: 10.1371/journal.pone.0055731

Cotton, T. E. A., Petriacq, P., Cameron, D. D., Meselmani, M. A., Schwarzenbacher, R., Rolfe, S. A., et al. (2019). Metabolic regulation of the maize rhizobiome by benzoxazinoids. ISME J. 13, 1647–1658. doi: 10.1038/s41396-019-0375-2

da Silva Lima, L., Olivares, F. L., De Oliveira, R. R., Vega, M. R. G., Aguiar, N. O., and Canellas, L. P. (2014). Root exudate profiling of maize seedlings inoculated with Herbaspirillum seropedicae and humic acids. Chem. Biol. Technol. Agric. 1, 1–18. doi: 10.1186/s40538-014-0023-z

de Mendiburu, F., and de Mendiburu, M. F. (2019). Package “Agricolae”. R Package, Version, 1-2.

Eckhardt, T. (1978). A rapid method for the identification of plasmid deoxyribonucleic acid in bacteria. Plasmid 1, 584–588. doi: 10.1016/0147-619X(78)90016-1

Falcone-Ferreyra, M. L., Rius, S. P., and Casati, P. (2012). Flavonoids: biosynthesis, biological functions, and biotechnological applications. Front. Plant Sci. 28:222. doi: 10.3389/fpls.2012.00222

Fan, B., Carvalhais, L. C., Becker, A., Fedoseyenko, D., von Wirén, N., and Borriss, R. (2012). Transcriptomic profiling of Bacillus amyloliquefaciens FZB42 in response to maize root exudates. BMC Microbiol. 12:1–13. doi: 10.1186/1471-2180-12-116

Fininsa, C. (1996). Effect of intercropping bean with maize on bean common bacterial blight and rust diseases. Int. J. Pest. Manage. 42, 51–54. doi: 10.1080/09670879609371969

Gastélum, G., and Rocha, J. (2020). Milpas as a model for studying microbiodiversity and plant-microbe interactions. TIP Revista Especializada en Ciencias Químico-Biológicas 23, 1–13. doi: 10.22201/fesz.23958723e.2020.0.254

Gómez-Godínez, L. J., Fernandez-Valverde, S. L., Martínez Romero, J. C., and Martínez-Romero, E. (2019). Metatranscriptomics and nitrogen fixation from the rhizoplane of maize plantlets inoculated with a group of PGPRs. Syst. Appl. Microbiol. 42, 517–525. doi: 10.1016/j.syapm.2019.05.003

González-Paredes, Y., Alarcón, A., Ferrera-Cerrato, R., Almaraz, J. J., Martínez-Romero, E., Cruz-Sánchez, J. S., et al. (2013). Tolerance, growth and degradation of phenanthrene and benzo[a]pyrene by Rhizobium tropici CIAT 899 in liquid culture medium. Appl. Soil Ecol. 63, 105–111. doi: 10.1016/j.apsoil.2012.09.010

González-Pasayo, R., and Martínez-Romero, E. (2000). Multiresistance genes of Rhizobium etli CFN42. Mol. Plant Microbe. Int. 13, 572–577. doi: 10.1094/MPMI.2000.13.5.572

Gutiérrez-Zamora, M. L., and Martínez-Romero, E. (2001). Natural endophytic association between Rhizobium etli and maize (Zea mays L.). J. Biotechnol. 91, 117–126. doi: 10.1016/s0168-1656(01)00332-7

Haller, T., and Stolp, H. (1985). Quantitative estimation of root exudation of maize plants. Plant Soil. 86, 207–216. doi: 10.1007/BF02182895

Hassan, H. M., and Troxell, B. (2013). Transcriptional regulation by ferric uptake regulator (Fur) in pathogenic bacteria. Front. Cell Infect. Microbiol. 3:59. doi: 10.3389/fcimb.2013.00059

Huerta-Cepas, J., Szklarczyk, D., Heller, D., Hernández-Plaza, A., Forslund, S. K., Cook, H., et al. (2019). eggNOG 5.0: a hierarchical, functionally and phylogenetically annotated orthology resource based on 5090 organisms and 2502 viruses. Nucleic Acids Res. 47, D309–D314. doi: 10.1093/nar/gky1085

Hungria, M., Andrade, D. D. S., Colozzi-Filho, A., and Balota, ÉL. (1997). Interação entre microrganismos do solo, feijoeiro e milho em monocultura ou consórcio. Pesquisa Agropecuária Brasileira 32, 807–818.

Hynes, M. F., and McGregor, N. F. (1990). Two plasmids other than the nodulation plasmid are necessary for formation of nitrogen-fixing nodules by Rhizobium leguminosarum. Mol. Microbiol. 4, 567–574. doi: 10.1111/j.1365-2958.1990.tb00625.x

Iyer, B., Rajput, M. S., Jog, R., Joshi, E., Bharwad, K., and Rajkumar, S. (2016). Organic acid mediated repression of sugar utilization in rhizobia. Microbiol. Res. 192, 211–220. doi: 10.1016/j.micres.2016.07.006

Jefferson, R. A. (1987). Assaying chimeric genes in plants: the GUS genes fusion system. Plant Mol. Biol. Rep. 5, 387–405. doi: 10.1007/BF02667740

Jin, M., Zhang, X., Zhao, M., Deng, M., Du, Y., Zhou, Y., et al. (2017). Integrated genomics-based mapping reveals the genetics underlying maize flavonoid biosynthesis. BMC Plant Biol. 17:1–17. doi: 10.1186/s12870-017-0972-z

Knee, E. M., Gong, F. C., Gao, M., Teplitski, M., Jones, A. R., Foxworthy, A., et al. (2001). Root mucilage from pea and its utilization by rhizosphere bacteria as a sole carbon source. Mol. Plant Microbe. Int. 14, 775–784. doi: 10.1094/MPMI.2001.14.6.775

Kokotek, W., and Wolfgang, L. (1989). Construction of a lacZ-kanamycin-resistance cassette, useful for site-directed mutagenesis and as a promoter probe. Gene 84, 467–471. doi: 10.1016/0378-1119(89)90522-2

Koo, B.-J., Adriano, D. C., Bolan, N. S., and Barton, C. D. (2005). “Root exudates and microorganisms,” in Encyclopedia of Soils in the Environment, ed. H. Daniel (Elsevier), 421–428. doi: 10.1016/B0-12-348530-4/00461-6

Kragelund, L., Hosbond, C., and Nybroe, O. (1997). Distribution of metabolic activity and phosphate starvation response of lux-tagged Pseudomonas fluorescens reporter bacteria in the barley rhizosphere. Appl. Environ. Microbiol. 63, 4920–4928. doi: 10.1128/aem.63.12.4920-4928.1997

Langmead, B., and Salzberg, S. L. (2012). Fast gapped-read alignment with Bowtie 2. Nat. Methods 9, 357–359. doi: 10.1038/nmeth.1923

Latati, M., Pansu, M., Drevon, J. J., and Ounane, S. M. (2013). Advantage of intercropping maize (Zea mays L.) and common bean (Phaseolus vulgaris L.) on yield and nitrogen uptake in Northeast Algeria. Int. J. Res. Appl. Sci. 1, 1–7.

Li, B., Li, Y. Y., Wu, H. M., Zhang, F. F., Li, C. J., Li, X. X., et al. (2016). Root exudates drive interspecific facilitation by enhancing nodulation and N2 fixation. Proc. Natl. Acad. Sci. U.S.A. 113, 6496–6501. doi: 10.1073/pnas.1523580113

Li, L., Li, S. M., Sun, J. H., Zhou, L. L., Bao, X. G., Zhang, H. G., et al. (2007). Diversity enhances agricultural productivity via rhizosphere phosphorus facilitation on phosphorus-deficient soils. Proc. Natl. Acad. Sci. U.S.A. 104, 11192–11196. doi: 10.1073/pnas.0704591104

Li, W., Zhao, X., Zou, S., Ma, Y., Zhang, K., and Zhang, M. (2012). Scanning assay of β-galactosidase activity. Appl. Biochem. Microbiol. 48, 603–607. doi: 10.1134/S0003683812060075

Liao, Y., Smyth, G. K., and Shi, W. (2014). Feature counts: an efficient general purpose program for assigning sequence reads to genomic features. Bioinformatics 30, 923–930. doi: 10.1093/bioinformatics/btt656

Lira-Silva, E., Santiago-Martínez, M. G., Hernández-Juárez, V., García-Contreras, R., Moreno-Sánchez, R., and Jasso-Chávez, R. (2012). Activation of methanogenesis by cadmium in the marine archaeon methanosarcina acetivorans. PLoS One 7:e48779. doi: 10.1371/journal.pone.0048779

Liu, L. K., Becker, D. F., and Tanner, J. J. (2017). Structure, function, and mechanism of proline utilization A (PutA). Arch. Biochem. Biophys. 632, 142–157. doi: 10.1016/j.abb.2017.07.005

Lopez-Guerrero, M., Ormeño-Orrillo, E., Rosenblueth, M., Martinez-Romero, J., and Martínez-Romero, E. (2013). Buffet hypothesis for microbial nutrition at the rhizosphere. Front. Plant Sci. 4:188. doi: 10.3389/fpls.2013.00188

López-Guerrero, M. G., Ormeño-Orrillo, E., Acosta, J. L., Mendoza-Vargas, A., Rogel, M. A., Ramírez, M. A., et al. (2012). Rhizobial extrachromosomal replicon variability, stability and expression in natural niches. Plasmid 68, 149–158. doi: 10.1016/j.plasmid.2012.07.002

Lopez-Ridaura, S., Barba-Escoto, L., Reyna-Ramirez, C. A., Sum, C., Palacios-Rojas, N., and Gerard, B. (2021). Maize intercropping in the milpa system. diversity, extent and importance for nutritional security in the Western Highlands of Guatemala. Sci. Rep. 11, 1–10. doi: 10.1038/s41598-021-82784-2

Lucht, J. M., and Bremer, E. (1994). Adaptation of Escherichia coli to high osmolarity environments: osmoregulation of the high-affinity glycine betaine transport system ProU. FEMS Microbiol. Rev. 14, 3–20. doi: 10.1111/j.1574-6976.1994.tb00067.x

Marie, C., Broughton, W. J., and Deakin, W. J. (2001). Rhizobium type III secretion systems: legume charmers or alarmers? Curr. Opin. Plant Biol. 4, 336–342. doi: 10.1016/S1369-5266(00)00182-5

Martínez, E., Palacios, R., and Sánchez, F. (1987). Nitrogen-fixing nodules induced by Agrobacterium tumefaciens harboring Rhizobium phaseoli phaseoli plasmids. J. Bacteriol. 169, 2828–2834. doi: 10.1128/jb.169.6.2828-2834.1987

Martínez, E., Pardo, M., Palacios, R., and Cevallos, M. (1985). Reiteration of nitrogen fixation gene sequences and specificity of Rhizobium in nodulation and nitrogen fixation in Phaseolus vulgaris.J. Gen. Microbiol. 131, 1779–1786. doi: 10.1099/00221287-131-7-1779

Matus-Acuña, V., Caballero-Flores, G., and Martínez-Romero, E. (2021). The influence of maize genotype on the rhizosphere eukaryotic community. FEMS Microbiol. Ecol. 97:fiab066. doi: 10.1093/femsec/fiab066

Matus-Acuña, V., Caballero-Flores, G., Reyes-Hernandez, B. J., and Martínez-Romero, E. (2018). Bacterial preys and commensals condition the effects of bacteriovorus nematodes on Zea mays and Arabidopsis thaliana. Appl. Soil. Ecol. 132, 99–106. doi: 10.1016/j.apsoil.2018.08.012

Méndez-Flores, O. G., Ochoa-Díaz López, H., Castro-Quezada, I., Olivo-Vidal, Z. E., García-Miranda, R., Rodríguez-Robles, U., et al. (2021). The milpa as a supplier of bioactive compounds: a review. Food Rev. Int. 1–18. doi: 10.1080/87559129.2021.1934001

Mommer, L., Kirkegaard, J., and van Ruijven, J. (2016). Root–root interactions: towards a rhizosphere framework. Trends Plant Sci. 21, 209–217. doi: 10.1016/j.tplants.2016.01.009

Montes-Grajales, D., Esturau-Escofet, N., Esquivel, B., and Martínez-Romero, E. (2019). Exo-metabolites of Phaseolus vulgaris-nodulating rhizobial strains. Metabolites 9:105. doi: 10.3390/metabo9060105

Nazari, M., Riebeling, S., Banfield, C. C., Akale, A., Crosta, M., and Mason-Jones, K. (2020). Mucilage polysaccharide composition and exudation in maize from contrasting climatic regions. Front. Plant Sci. 11:1968. doi: 10.3389/fpls.2020.587610

Nelson, M. S., and Sadowsky, M. J. (2015). Secretion systems and signal exchange between nitrogen-fixing rhizobia and legumes. Front. Plant Sci. 6:491. doi: 10.3389/fpls.2015.00491

Novotny, I. P., Tittonell, P., Fuentes-Ponce, M. H., López-Ridaura, S., and Rossing, W. A. (2021). The importance of the traditional milpa in food security and nutritional self-sufficiency in the highlands of Oaxaca, Mexico. PLoS One 16:e0246281. doi: 10.1371/journal.pone.0246281

Nyoki, D., and Ndakidemi, P. A. (2018). Root length, nodulation and biological nitrogen fixation of rhizobium inoculated soybean (Glycine max [L.] Merr.) grown under maize (Zea mays L.) intercropping systems and P and K fertilization. Adv. Bio. 9, 173–180.

Pellet, D. M., Grunes, D. L., and Kochian, L. V. (1995). Organic acid exudation as an aluminum-tolerance mechanism in maize (Zea mays L.). Planta 196, 788–795. doi: 10.1007/BF00197346

Phillips, D. A., Fox, T. C., King, M. D., Bhuvaneswari, T. V., and Teuber, L. R. (2004). Microbial products trigger amino acid exudation from plant roots. Plant Physiol. 136, 2887–2894. doi: 10.1104/pp.104.044222

Quandt, J., and Hynes, M. F. (1993). Versatile suicide vectors which allow direct selection for gene replacement in gram-negative bacteria. Gene 127, 15–21. doi: 10.1016/0378-1119(93)90611-6

Rebollar, E. A., Sandoval-Castellanos, E., Roessler, K., Gaut, B. S., Alcaraz, L. D., Benítez, M., et al. (2017). Seasonal changes in a maize-based polyculture of central Mexico reshape the co-occurrence networks of soil bacterial communities. Front. Microbiol. 8:2478. doi: 10.3389/fmicb.2017.02478

Robinson, M. D., McCarthy, D. J., and Smyth, G. K. (2010). edgeR: a Bioconductor package for differential expression analysis of digital gene expression data. Bioinformatics 26, 139–140. doi: 10.1093/bioinformatics/btp616

Rodríguez-Robayo, K. J., Méndez-López, M. E., Molina-Villegas, A., and Juárez, L. (2020). What do we talk about when we talk about milpa? A conceptual approach to the significance, topics of research and impact of the mayan milpa system. J. Rural Stud. 77, 47–54. doi: 10.1016/j.jrurstud.2020.04.029

Romero-Steiner, S., Parales, R. E., Harwood, C. S., and Houghton, J. E. (1994). Characterization of the pcaR regulatory gene from Pseudomonas putida, which is required for the complete degradation of p-hydroxybenzoate. J. Bacteriol. 176:5771. doi: 10.1128/jb.176.18.5771-5779.1994

Rosenblueth, M., Hynes, M. F., and Martínez-Romero, E. (1998). Rhizobium tropici teu genes involved in specific uptake of Phaseolus vulgaris bean-exudate compounds. Mol. Gen. Genet. 258, 587–598. doi: 10.1007/s004380050772

Rosenblueth, M., and Martínez-Romero, E. (2004). Rhizobium etli maize populations and their competitiveness for root colonization. Arch. Microbiol. 181, 337–344. doi: 10.1007/s00203-004-0661-9

Rosenblueth, M., and Martínez-Romero, E. (2006). Bacterial endophytes and their interactions with hosts. Mol. Plant Microbe. Interact. 19, 827–837. doi: 10.1094/MPMI-19-0827

Rosenblueth, M., Ormeño-Orrillo, E., López-López, A., Rogel, M. A., Reyes-Hernández, B. J., Martínez-Romero, J. C., et al. (2018). Nitrogen fixation in cereals. Front. Microbiol. 9:1794. doi: 10.3389/fmicb.2018.01794

Rubia, M. I., Ramachandran, V. K., Arrese-Igor, C., Larrainzar, E., and Poole, P. S. (2020). A novel biosensor to monitor proline in pea root exudates and nodules under osmotic stress and recovery. Plant Soil. 452, 413–422. doi: 10.1007/s11104-020-04577-2

Santalla, M., Rodino, A. P., Casquero, P. A., and De Ron, A. M. (2001). Interactions of bush bean intercropped with field and sweet maize. Eur. J. Agron. 15, 185–196. doi: 10.1016/S1161-0301(01)00104-6

Santiago-Martínez, M. G., Encalada, R., Lira-Silva, E., Pineda, E., Gallardo-Pérez, J. C., Reyes-García, M. A., et al. (2016). The nutritional status of Methanosarcina acetivorans regulates glycogen metabolism and gluconeogenesis and glycolysis fluxes. FEBS J. 283, 1979–1999. doi: 10.1111/febs.13717

Shamseldin, A. (2007). Use of DNA marker to select well-adapted Phaseolus-symbionts strains under acid conditions and high temperature. Biotechnol. Lett. 29, 37–44. doi: 10.1007/s10529-006-9200-x

Shidore, T., Dinse, T., Öhrlein, J., Becker, A., and Reinhold-Hurek, B. (2012). Transcriptomic analysis of responses to exudates reveal genes required for rhizosphere competence of the endophyte Azoarcus sp. strain BH72. Environ. Microbiol. 14, 2775–2787. doi: 10.1111/j.1462-2920.2012.02777.x

Silva-Navas, J., Moreno-Risueno, M. A., Manzano, C., Pallero-Baena, M., Navarro-Neila, S., Téllez-Robledo, B., et al. (2015). D-root: a system for cultivating plants with the roots in darkness or under different light conditions. Plant J. 84, 244–255. doi: 10.1111/tpj.12998

Sircar, D., and Mitra, A. (2008). Evidence for p-hydroxybenzoate formation involving enzymatic phenylpropanoid side-chain cleavage in hairy roots of Daucus carota. J. Plant Physiol. 165, 407–414.

Tawaraya, K., Horie, R., Saito, S., Wagatsuma, T., Saito, K., and Oikawa, A. (2014). Metabolite profiling of root exudates of common bean under phosphorus deficiency. Metabolites 4, 599–611. doi: 10.3390/metabo4030599

Vacheron, J., Desbrosses, G., Bouffaud, M. L., Touraine, B., Moenne-Loccoz, Y., Muller, D., et al. (2013). Plant growth-promoting rhizobacteria and root system functioning. Front. Plant Sci. 4:356. doi: 10.3389/fpls.2013.00356

van Dillewijn, P., Soto, M. J., Villadas, P. J., and Toro, N. (2001). Construction and environmental release of a Sinorhizobium meliloti strain genetically modified to be more competitive for alfalfa nodulation. Appl. Environ. Microbiol. 67, 3860–3865. doi: 10.1128/AEM.67.9.3860-3865.2001

VanDrisse, C. M., and Escalante-Semerena, J. C. (2018). In Salmonella enterica, OatA (formerly YjgM) uses O-acetyl-serine and acetyl-CoA to synthesize N, O-diacetylserine, which upregulates cysteine biosynthesis. Front. Microbiol. 9:2838. doi: 10.3389/fmicb.2018.02838

Veitch, F. P., and Blankenship, L. C. (1963). Carbonic anhydrase in bacteria. Nature. 197, 76–77. doi: 10.1038/197076a0

Vora, S. M., Ankati, S., Patole, C., Podile, A. R., and Archana, G. (2021). Alterations of primary metabolites in root exudates of intercropped cajanus cajan–zea mays modulate the adaptation and proteome of ensifer (Sinorhizobium) fredii NGR234. Microbial. Ecol. doi: 10.1007/s00248-021-01818-4 [Epub ahead of print].

Wang, N. Q., Kong, C. H., Wang, P., and Meiners, S. J. (2021). Root exudate signals in plant–plant interactions. Plant Cell Environ. 44, 1044–1058. doi: 10.1111/pce.13892

Wilson, K. J., Sessitsch, A., Corbo, J. C., Giller, K. E., Akkermans, A. D., and Jefferson, R. A. (1995). β-Glucuronidase (GUS) transposons for ecological and genetic studies or rhizobia and other Gram-negative bacteria. Microbiology 141, 1691–1705. doi: 10.1099/13500872-141-7-1691

Wright, W., Little, J., Liu, F., and Chakraborty, R. (2013). Isolation and structural identification of the trihydroxamate siderophore vicibactin and its degradative products from Rhizobium leguminosarum ATCC 14479 bv. trifolii. Biometals 26, 271–283. doi: 10.1007/s10534-013-9609-3

Xi, C., Lambrecht, M., Vanderleyden, J., and Michiels, J. (1999). Bi-functional gfp- and gusA-containing mini-Tn5 transposon derivatives for combined gene expression and bacterial localization studies. J. Microbiol. Methods 35, 85–92. doi: 10.1016/s0167-7012(98)00103-1

Xie, S., Wu, H., Chen, L., Zang, H., Xie, Y., and Gao, X. (2015). Transcriptome profiling of bacillus subtilis OKB105 in response to rice seedlings. BMC Microbiol. 15:1–14. doi: 10.1186/s12866-015-0353-4

Yan, S., Du, X., Wu, F., Li, L., Li, C., and Meng, Z. (2014). Proteomics insights into the basis of interspecific facilitation for maize (Zea mays) in faba bean (Vicia faba)/maize intercropping. J. Prote. 109, 111–124. doi: 10.1016/j.jprot.2014.06.027

Yi, Y., Li, Z., and Kuipers, O. P. (2018). Plant-microbe interaction: transcriptional response of Bacillus mycoides to potato root exudates. J. Vis. Exp. 57:606. doi: 10.3791/57606

Zhang, C., Postma, J. A., York, L. M., and Lynch, J. P. (2014). Root foraging elicits niche complementarity-dependent yield advantage in the ancient ‘three sisters’(maize/bean/squash) polyculture. Ann. Bot. 191, 1719–1733.

Zhang, H., Yang, Y., Mei, X., Li, Y., Wu, J., Li, Y., et al. (2020). Phenolic acids released in maize rhizosphere during maize-soybean intercropping inhibit Phytophthora blight of soybean. Front. Plant Sci. 11:886. doi: 10.3389/fpls.2020.00886

Zhang, N., Yang, D., Wang, D., Miao, Y., Shao, J., Zhou, X., et al. (2015). Whole transcriptomic analysis of the plant-beneficial rhizobacterium Bacillus amyloliquefaciens SQR9 during enhanced biofilm formation regulated by maize root exudates. BMC Genom. 16:1–20. doi: 10.1186/s12864-015-1825-5

Zhao, C., Fan, Z., Coulter, J. A., Yin, W., Hu, F., Yu, A., et al. (2020). High maize density alleviates the inhibitory effect of soil nitrogen on intercropped pea. Agronomy 10:248. doi: 10.3390/agronomy10020248


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 Aguirre-Noyola, Rosenblueth, Santiago-Martínez and Martínez-Romero. 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.








 


	
	
MINI REVIEW
 published: 29 October 2021
 doi: 10.3389/fmicb.2021.772420






[image: image2]

Rhizosphere Microbiome: The Emerging Barrier in Plant-Pathogen Interactions

Jingtao Li1†, Chenyang Wang1†, Wenxing Liang1* and Sihui Liu2*


1Key Lab of Integrated Crop Pest Management of Shandong Province, College of Plant Health and Medicine, Qingdao Agricultural University, Qingdao, China

2College of Science and Information, Qingdao Agricultural University, Qingdao, China


Edited by:
 Bin Ma, Zhejiang University, China

Reviewed by:
 Ke Yu, Henan University, China: Manoj Kumar Solanki, University of Silesia in Katowice, Poland

*Correspondence: Wenxing Liang, wliang1@qau.edu.cn 
 Sihui Liu, liush64@126.com

†These authors have contributed equally to this work

Specialty section: This article was submitted to Microbe and Virus Interactions With Plants, a section of the journal Frontiers in Microbiology


Received: 08 September 2021
 Accepted: 13 October 2021
 Published: 29 October 2021

Citation: Li J, Wang C, Liang W and Liu S (2021) Rhizosphere Microbiome: The Emerging Barrier in Plant-Pathogen Interactions. Front. Microbiol. 12:772420. doi: 10.3389/fmicb.2021.772420
 

In the ecosystem, microbiome widely exists in soil, animals, and plants. With the rapid development of computational biology, sequencing technology and omics analysis, the important role of soil beneficial microbial community is being revealed. In this review, we mainly summarized the roles of rhizosphere microbiome, revealing its complex and pervasive nature contributing to the largely invisible interaction with plants. The manipulated beneficial microorganisms function as an indirect layer of the plant immune system by acting as a barrier to pathogen invasion or inducing plant systemic resistance. Specifically, plant could change and recruit beneficial microbial communities through root-type-specific metabolic properties, and positively shape their rhizosphere microorganisms in response to pathogen invasion. Meanwhile, plants and beneficial microbes exhibit the abilities to avoid excessive immune responses for their reciprocal symbiosis. Substantial lines of evidence show pathogens might utilize secreting proteins/effectors to overcome the emerging peripheral barrier for their advantage in turn. Overall, beneficial microbial communities in rhizosphere are involved in plant–pathogen interactions, and its power and potential are being explored and explained with the aim to effectively increase plant growth and productivity.
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INTRODUCTION

In the engagement with plants, phytopathogens have evolved sophisticated invasion strategies, for their own benefits, to bypass defense system and efficiently infect the hosts. As a counterpart, in order to stay healthy, plants have developed powerful weapons to ward off pathogens, including the well-studied multilayered physical barriers, preformed defenses, and innate immune system (Zhang et al., 2020). Recent accumulating studies demonstrate that some pathogens could be blocked by another line of surveillance system, an emerging defense barrier, the plant microbiome, which could be separated as the phyllosphere microbiome and the rhizosphere microbiome (Hacquard et al., 2017; Gong and Xin, 2021). Rhizosphere microbiome, known as the second genome of plants, collectively containing bacteria, fungi, and oomycetes, are closely related to plant growth and health (Berendsen et al., 2012; Mueller and Sachs, 2015; Cai et al., 2017; Wu et al., 2018). The typical functional groups, such as rhizobia, mycorrhizal fungi, and the pathogenic microbes, of rhizosphere microorganisms, affecting plant growth and health, have been well studied in the past few decades (van der Putten et al., 2007; Raaijmakers et al., 2009; Dardanelli et al., 2011; Mendes et al., 2013; Tedersoo et al., 2020), while the interaction between plants and other rhizosphere microbial communities is less well-understood (Berendsen et al., 2012; Tedersoo et al., 2020). These plant microbial groups show potential functions related to probiotics and plant protection, attracting attention from research community; however, how the rhizosphere microbial communities influence plant growth and resistance remains scarce (Hacquard et al., 2017).

Traditional culture-dependent approaches, the developed next-generation sequencing (NGS) and the meta-omics technology have served as a key tool for profiling microbial assemblages. Studies suggest that plants affect and recruit soil beneficial microbial community in response to pathogenic microorganism attack, without activating a strong immune response to support its growth and fitness (Hacquard et al., 2017; Yin et al., 2021). Moreover, substantial work has revealed that plants could distinguish pathogenic and beneficial microbes accurately and maintain the dynamic balance between plant growth and defenses (Hacquard et al., 2017; Bozsoki et al., 2020; Zhou et al., 2020; Buscaill and van der Hoorn, 2021; Emonet et al., 2021; Ma et al., 2021; Zhang et al., 2021). Here we review and discuss (i) the current status of rhizosphere microbiome; (ii) emphasizing on its role in the context of plant-pathogen interactions, by acting as a barrier to pathogen invasion; (iii) showing the possibility of engineering disease-suppressive microbes in response to pathogen attack.



RHIZOSPHERE MICROBIOME AND PLANT DISEASE MANAGEMENT

The diverse surrounding environment formed by soil texture favors the coexistence of a wide-range of microorganisms including bacteria, archaea, fungi, oomycetes, viruses, and protists, all of which interact with each other in complex trophic exchange networks (Compant et al., 2019; Wei et al., 2019; Fitzpatrick et al., 2020). Rhizosphere microorganisms can be beneficial or harmful to the host plant health (Yu et al., 2019a). The harmful microbes, such as soil-borne pathogens, reduce plant growth, cause yield loss, and threaten agricultural production which has been widely studied for decades (Yin et al., 2021). However, beneficial microbes (including mutualistic microbes) can promote plant growth by increasing nutrient availability, producing plant hormones, and enhancing tolerance to biotic and abiotic stresses (Haney et al., 2015; Rolli et al., 2015; Jacoby et al., 2017; Yin et al., 2021). We focus on the beneficial microbial events in favor of plant protection against pathogen attack.

Beneficial rhizosphere microbes directly protect plants against pathogens mainly through antagonism, niches and resource competition, or microbial diversity (Berendsen et al., 2012; Hacquard et al., 2017; Kwak et al., 2018; Yin et al., 2021). For the symbiotic fungi, mycorrhizas could benefit plants by providing enhanced nutrient access and tolerance to stress or pathogens (Smith and Read, 2008; Tedersoo et al., 2020). Mycorrhizal fungi also mediate plant interactions with other soil microbes, including pathogens and mycorrhizosphere mutualists that produce vitamins and protect against antagonists (Tedersoo et al., 2020). For instance, ectomycorrhiza (EcM) fungi provide substantial protection against soil-borne pathogens by ensheathing feeder roots and acidifying soil (Tedersoo et al., 2020). In addition, wheat specifically attracts beneficial rhizosphere bacterial microbes [e.g., Chitinophaga, Pseudomonas, Chryseobacterium, and Flavobacterium, and a group of plant growth-promoting (PGP) and nitrogen-fixing microbes, including Pedobacter, Variovorax, and Rhizobium], collectively displaying antagonistic activities to the soil-borne pathogens Rhizoctonia solani AG8 (Yin et al., 2021). Besides, Janthinobacterium displayed broad antagonism against soil-borne pathogens Pythium ultimum, R. solani AG8, and R. oryzae in vitro, and the disease suppressive activity to R. solani AG8 in soil (Yin et al., 2021). Furthermore, susceptible cucumber plants against Fusarium tend to assemble beneficial microbes (e.g., Comamonadaceae and Xanthomonadaceae) to control Fusarium wilt disease by secreting more organic acids (Wen et al., 2020). Through further growth inhibition assay, Comamonadaceae, Pseudomonas, and Stenotrophomonas are shown to reduce the growth of F. oxysporum in vitro (Wen et al., 2020). Though none of flavobacterial isolates directly displayed antibacterial activity toward R. solanacearum on solid media, the specific monosaccharide transporters in flavobacteria possibly uptake monosaccharides and reduce the availability of sugars to which R. solanacearum lectin binds and thereby reduces infection of tomato under cultured conditions (Kwak et al., 2018). These observations suggest that rhizosphere microbiome selection could accumulate beneficial microbes to directly inhibit pathogens and enhance crop productivity (Figure 1).
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FIGURE 1. A conceptual model of pathogen-mediated rhizosphere microbial recruitment for plant protection. First, the predecessor plants release root exudates into soil to manipulate soil microbial community dynamics or specifically recruit beneficial microbes after precisely recognizing pathogens invasion. The resulting microbial recruitments could effectively avoid excessive immune responses and then directly inhibit pathogens or induce systemic resistance (ISR). The surrounding plants possibly recruit rhizosphere microbiota through aerial signals (volatiles) from diseased plants. Successful pathogens use effectors, or other strategies, to break down the barrier formed by rhizosphere microbes for their advantage.


In addition to the direct effects on deleterious microbes in the rhizosphere, many beneficial rhizosphere microorganisms have been found to boost the defense capacity of plants. Studies show that plant microbiota can accelerate activation of plant defense in the manner of induced systemic resistance (ISR; Raaijmakers et al., 2009; Dardanelli et al., 2011; Berendsen et al., 2012; Mendes et al., 2013). For example, the plant growth promoting rhizobacterium (PGPR) Pseudomonas fluorescens WCS417 could induce ISR in Arabidopsis by accelerating defense-related gene expression and increasing callose deposition at the site of pathogen entry (Van der Ent et al., 2009). Similarly, root inoculation with P. putida KT2440 induces systemic resistance in maize plants against the maize anthracnose fungus Colletotrichum graminicola by triggering the release of plant volatiles and their transmission from one plant to another (Planchamp et al., 2015). Besides, mycorrhizal fungi, Trichoderma spp. and other fungal biocontrol agents have also been found to induce ISR in different plant species (Berendsen et al., 2012). In addition to directly inducing systemic resistance, mycorrhizal fungi (e.g., Glomus mosseae) can convey a resistance-induced signal to neighboring tomato plants through underground common mycorrhizal networks (Song et al., 2010). Notably, the well-understood plant-beneficial microbes including nitrogen-fixing rhizobia, PGPR, and mycorrhiza can also modify plant volatiles to induce plant defense (Kong et al., 2021). Given their diffusivity, these microbe-induced plant volatiles (MIPVs) may potentially transmit the status of infected plants to adjacent and distant plants, and elicit plant immune responses in surrounding plants.

Overall, these observations suggest that protective rhizosphere microbes have strong effects on plant health upon pathogen invasion by directly combating pathogens and/or enhancing host ISR, which contribute to disease suppressiveness (Figure 1). Therefore, understanding how plants influence beneficial rhizosphere microbial structure, microbe–microbe interactions, and ultimately influencing all aspects of plant protection, is of great agronomic interest.



PATHOGEN-MEDIATED RHIZOSPHERE MICROBIOTA RECRUITMENT


Soil-Borne Pathogen-Mediated Recruitment

The soil-borne phytopathogens cause severe damages to plant roots resulting in significant agricultural yield loss. Recent studies revealed plants are capable of recruiting specialized associated microbiome as an adaptation strategy to growth promotion and pathogen protection, by potentially antagonizing pathogens or modulating the host immune system (Berendsen et al., 2012; Wen et al., 2021; Yin et al., 2021). Due to agricultural importance, a few studies in crop and microbiome interactions, upon certain pathogen attacks, provide several lines of good examples. For instance, wheat could recruit specific Pseudomonas species, producing antimicrobial compounds, in response to “take-all” disease (Weller et al., 2002). Similarly, compared to the health status wheat, the rhizosphere microbial taxa, where wheat root infection by R. solani, are rich in the families such as Enterobacteriaceae, Flavobacteriaceae, Caulobacteraceae, Chitinophagaceae, and Pseudomonadaceae (Poudel et al., 2016). In addition, a recent work shows multi-cycle wheat plantings with soil-borne fungal pathogen R. solani AG8 can recruit/enrich beneficial or antagonistic microorganisms to suppress pathogens in the rhizosphere (Yin et al., 2021). Another good example is that barley plants control their rhizosphere community by specifically recruiting antifungal microbes when challenged with Fusarium graminearum (Dudenhöffer et al., 2016).



Foliar Pathogen-Mediated Recruitment

In addition to soil-borne pathogens, it has been found plants recruit beneficial rhizosphere communities through releasing specific root exudates upon foliar pathogen invasion, suggesting an indirect recruitment manner (Yuan et al., 2018). For example, Arabidopsis specifically promotes three bacterial species (i.e., Microbacterium, Stenotrophomonas, and Xanthomonas sp.) in the rhizosphere upon foliar defense activation by the downy mildew pathogen Hyaloperonospora arabidopsidis (Berendsen et al., 2018). Another case study is that Arabidopsis could recruit the beneficial bacterium Bacillus subtilis upon the foliar pathogen P. syringae pv. tomato (Pst) invasion (Rudrappa et al., 2008). In a recent study, Arabidopsis can recruit beneficial rhizosphere community via modification of plant exudation patterns (e.g., amino acids, nucleotides, and long-chain organic acids) in response to exposure to Pst, to elicit a disease-suppressive response (Yuan et al., 2018). Further study reveals that root-secreted amino acids and long-chain fatty acids stimulated by Pst infection can attract soil specific Pseudomonas populations, contributing to plant resistance against aboveground pathogen attack through the induction of plant ISR (Wen et al., 2021).



Pathogen-Mediated Distant Rhizosphere Microbiota Recruitment

Infection of plants by microbial pathogens, such as virus, bacteria, and fungi, elicits the release of MIPVs (Kong et al., 2021), among the volatile organic compounds (VOCs), representing one of the many plant-to-plant signaling systems (Heil and Ton, 2008). For example, activation of Salicylic acid (SA) synthesis and subsequent signaling has been found in healthy plants exposed to volatiles (such as hexenal isomers and 2,3-butanediol) produced by spatially distant apple plants infected with Erwinia amylovora (Cellini et al., 2018). As SA is one modulator of the rhizosphere microbiome assembly (Lebeis et al., 2015; Berendsen et al., 2018), it is deductive that pathogen infection would result in differential stimulation of specific microbiota in surrounding healthy plant rhizosphere by VOCs and activated SA. Moreover, leaves of the tomato plant treated with a model PGPR, Bacillus amyloliquefaciens GB03, released β-caryophyllene as a signature VOC, which elicited the release of a large amount of SA in the root exudates of a neighboring tomato seedling (Kong et al., 2021). Intriguingly, the rhizosphere microbiota diversity of the PGPR-treated emitter plant was highly similar to that of its neighboring receiver plant (Kong et al., 2021). Therefore, the pathogen infection could potentially shape rhizosphere microbiota of neighboring plants through direct MIPV, or through pathogen-mediated PGPR recruitment in rhizosphere and subsequent MIPV. However, more direct evidence is required to prove these hypotheses.

Over all, these discoveries indicate a tight linkage between the microbial community in rhizosphere and pathogen infection, and provide the possibility that plants actively recruit disease-suppressive microbes in response to pathogens attack, eventually providing a wide opportunity to suppress disease and increase crop production (Figure 1).




FACTORS GOVERNING PLANT RHIZOSPHERE MICROBIOME

The rhizosphere microbial community attached to the root surface is different from the microbes in the non-rhizosphere soil, indicating microbial community establishment in the rhizosphere is not random but rather driven by host plant selection (Yin et al., 2021). During plant growth, 5–21% of their photosynthetically fixed carbon are secreted into rhizosphere micro-domain through the roots, serving as important nutrient source of soil microbial community and affecting the assembly process of plant rhizosphere (Li et al., 2019). Currently, it is widely accepted that microbial communities are tightly associated with plant roots (Bulgarelli et al., 2013; Compant et al., 2019). In addition, roots dominate the qualitative and quantitative compositions of root exudates, a complicated form of fluids emitted through the roots, depending on the plant genotype/species, developmental stage, abiotic, and biotic stresses (Lundberg et al., 2012; Chaparro et al., 2014; Bulgarelli et al., 2015; Tkacz et al., 2015; Yin et al., 2021).

Root exudates such as sugars, organic acids (e.g., long-chain fatty acids, short-chain organic acids, amino acids, and plant volatiles), metabolites, phytohormones, and complex mucus-like polymers are crucial in attracting and selecting microorganisms, thus altering the composition and structure of rhizosphere microbes (Broeckling et al., 2008; Carvalhais et al., 2015; Berendsen et al., 2018; Sasse et al., 2018; Yuan et al., 2018; Wen et al., 2020, 2021; Kong et al., 2021). For instance, long-chain fatty acids and amino acids were identified to play important roles in the recruitment of potentially beneficial microbes (e.g., Pseudomonas populations; Yuan et al., 2018; Wen et al., 2021). A recent work revealed that four short-chain organic acids (citric acid, pyruvate acid, succinic acid, and fumarate) were released at higher abundance, which may be responsible for the enrichment of Comamonadaceae, a potential beneficial microbial group (Wen et al., 2020), while root-secreted malic can recruit beneficial Bacillus to the rhizosphere (Rudrappa et al., 2008). The resultant ratio and composition of both sugars and phenolics in the root exudates have a profound effect on natural soil microbial composition (Badri et al., 2009), and the addition of a phenolic acid, p-coumaric acid, to the soil influences soil microbial communities of cucumber rhizosphere (Zhou and Wu, 2012). Besides, phenolics could increase abundance of bacteria or PGPR in Arabidopsis rhizosphere (Badri et al., 2009). In addition, Arabidopsis produces a range of specialized triterpenes that direct the assembly of specific root microbiota, enabling to shape and tailor the microbial community around its roots (Huang et al., 2019). Benzoxazinoids released by maize through roots drive plant performance and defense by shaping rhizosphere microbiota (Hu et al., 2018). Flavonoids have been considered crucial root-rhizosphere signal molecules modulating interaction of roots with microorganisms (e.g., rhizobia, mycorrhizal fungi, root pathogens or pests ranging from bacteria to fungi and insects, and nematode; Hassan and Mathesius, 2012). For instance, root-derived flavones enrich rhizosphere Oxalobacteraceae taxa to improve maize growth and nitrogen acquisition, implying that flavonoid-mediated root-microbe interactions might also modulate developmental processes in the host plants (Yu et al., 2021). Furthermore, a recent work reveals that receptor kinase FERONIA-mediated ROS production regulates levels of beneficial Pseudomonas in the rhizosphere microbiome (Song et al., 2021). The defense-related phytohormones SA and jasmonic acid (JA) are important in modulating the rhizosphere microbial assembly of Arabidopsis, and deletion of JA or SA biosynthesis genes altered the rhizosphere microbial community of plants (Carvalhais et al., 2015; Lebeis et al., 2015). Because biotrophic or necrotrophic pathogens systemically accumulate SA or JA, respectively (Berendsen et al., 2018), thereby pathogen infection is suggested to affect rhizosphere microbiome assembly by phytohormones. To further support it, the infected plants by Pst exhibited significantly higher exudation of amino acids, nucleotides, and long-chain organic acids, which play roles in the establishment of beneficial rhizosphere communities (Yuan et al., 2018). Therefore, root exudates serve as important chemical tools to manipulate the rhizosphere microbial community, depending on specific host and environmental conditions including pathogen invasion (Sasse et al., 2018; Kong et al., 2021). However, the effects of root exudates on rhizosphere microbial communities are highly variable, complex, and dynamic (Yin et al., 2021). Our understanding of how plants shape rhizosphere microorganism assembly by root exudates, especially the plant-derived molecules following pathogen attack, is not fully clear.



BALANCE BETWEEN PLANT IMMUNITY AND DISTINCTION OF PATHOGENS FROM THE RHIZOSPHERE MICROBIOME

Plants have a genetically imprinted innate immune system, to prepare for the challenging of pathogenic and beneficial organisms, that responds to microbe-associated molecular patterns (MAMP), as perceived by the host cell surface-localized pattern recognition receptors (PRRs; Zipfel, 2008). Efficient immune responses can help plants to achieve self-protection and contribute to the maintenance of a stable microorganism community (Yin et al., 2021), while excessive immune responses lead to the inhibition of plant growth and affect the colonization of other beneficial microorganisms (Ma et al., 2021). Avoiding MAMP-triggered excessive plant immunity and accurately distinguishing pathogens is crucial.

To colonize plants, adapted beneficial microorganisms including pathogens have adopted nine extracellular strategies to avoid recognition by PRRs, which occur at three levels (Figure 2): preventing MAMP production (i.e., polymorphisms in protein MAMPs, polymorphisms in glycan MAMPs, and downregulating MAMP production), preventing MAMP release (i.e., hiding MAMP precursors with proteins, shielding MAMP precursors with glycans, blocking MAMP release by inhibiting the activity of host hydrolases, and disintegrating host-derived hydrolases), and preventing MAMP perception (i.e., degrading MAMPs and sequestering released MAMPs; Buscaill and van der Hoorn, 2021). In fact, root immune responses are generally lower than in the shoot, in part because of low abundance or absence of PRRs (Beck et al., 2014; Emonet et al., 2021). Moreover, spatial restriction of meristematic activity and immune responses are thought to be necessary to adequately balance growth and constitutive immune responses to rhizosphere microbiota; a recent study divided the root meristem into a central zone refractory to FLS2 expression and a cortex that is sensitized by FLS2 expression, causing flagellin-dependent collapse and growth inhibition upon commensal bacteria stimulation (Emonet et al., 2021). Furthermore, plants restrict their defense to vulnerable regions with broken endodermal barriers or absent, such as the elongation zone or lateral root emergence sites, where bacteria are found to preferentially accumulate (Faulkner and Robatzek, 2012; Zhou et al., 2020). In addition, taxonomically diverse root bacterial commensals suppress the inhibition of Arabidopsis root growth triggered by MAMPs without affecting the effective resistance to the pathogenic microorganisms (Ma et al., 2021). Recent evidence suggests that plant-beneficial Pseudomonas spp. suppresses flg22-induced root immunity by producing gluconic acid that lowers the environmental pH (Yu et al., 2019b). More than that physical barriers provided by mucus and induced desensitization of epithelial cells to bacterial lipopolysaccharide are present to avoid aberrant activation of the animal immune system (Lathrop et al., 2011; Berendsen et al., 2012; Chinen and Rudensky, 2012), which might be similarly exploited for rhizosphere microbiome. In addition to pathogens, beneficial microbes can also interfere with different host immune signaling components by secreting proteins/effectors (Yu et al., 2019a). However, both symbiotic microorganisms and pathogenic microorganisms could still equally trigger plant immune responses by MAMPs (Zhou et al., 2020). Hence, the ability to precisely recognize non-self-patterns, to respond to pathogens or beneficial microbes, and to maintain the dynamic balance between beneficial association and plant defense is still essential for plants (Yin et al., 2021).
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FIGURE 2. Schematic overview of plant and rhizosphere microbes that evade or suppress root immune responses as described in the main text. Briefly, beneficial microbes can suppress plant immune response by evading pattern recognition receptor (PRR) recognition of MAMPs, taxonomically diverse, secreted effectors, low pH, physical barrier, desensitization and symbiosis-related molecules. On the other hand, plants could also suppress root immune responses by immune spatial restriction, low abundant PRRs and precisely distinguishing between the pathogen and beneficial microbes. Beneficial rhizosphere microbes can evade or suppress root immunity, suggesting that this is a useful trait for rhizosphere inhabitants.


In plants, innate immune systems can prevent most pathogens, while allowing colonization of symbiosis and beneficial microbes (Bozsoki et al., 2020; Zhou et al., 2020; Fröschel et al., 2021; Zhang et al., 2021). For example, after inoculation with the vascular pathogen Verticillium longisporum, pathogenic oomycete Phytophthora parasitica, or mutualistic endophyte Serendipita indica, plant root cell-layer responses were different, as revealed by cell-layer translatomes analysis, reflecting the fundamentally different colonization strategies of these microbes (Fröschel et al., 2021). In addition, it was recently shown that the root has an inherently dampened MAMP response until it encounters damage, which locally boosts immune responsiveness (Zhou et al., 2020). In other words, the expression of immune receptors in the healthy root cells of Arabidopsis was extremely low when interacting with beneficial or harmless microorganisms. When the root cells are damaged by pathogen invasion, the adjacent root cells begin to express the immune receptors and respond to MAMPs quickly, activating the immune responses precisely near the infection point (Zhou et al., 2020). These findings, for the first time, reveal how plants control immune receptors, and it is of great significance for future research to integrate two different signals, damage and MAMPs, to distinguish different microorganisms. Besides, a recent study shows that plants have evolved lysine motif (LysM) receptors (CERK6, NFR1) to recognize chitin and nodulation (Nod) factors. Though the protein structures of CERK6 and NFR1 are very similar, plants use regions II and IV of LysM1 to specifically recognize pathogens (chitin) or symbiotic signaling molecules (Nod factor) and initiate differential signaling of immunity or root nodule symbiosis (Bozsoki et al., 2020). Another recent advance revealed that the CO4 (Chitotetraose) symbiotic receptor OsMYR1 can initiate symbiotic signaling as well as repress rice immunity by depleting the receptor-like kinase OsCERK1, thereby preventing the formation of the immunity complex OsCERK1-OsCEBiP in rice (Zhang et al., 2021), suggesting that OsMYR1 and OsCEBiP receptors compete to bind OsCERK1 to determine the specific response outcomes of symbiosis and immunity signals. Therefore, these lines of evidence suggest plants encountering various microbes in nature could respond appropriately to pathogenic or symbiotic microbes (Figure 2), and the exploration of plant distinguishing pathogen from rhizosphere microbiome is likely to be revealed.



PROSPECTS OF RHIZOSPHERE MICROBIOME AS A BARRIER

The accumulating lines of evidence suggest that microbial networks, formed on healthy plant tissues, function as an indirect layer of the plant immune system by acting as a barrier to pathogen invasion, which might help explain why plant disease remains an exception in the natural environment (Hacquard et al., 2017). To compete, many microorganisms in the rhizosphere produce antimicrobial compounds targeting specific microbes including pathogens, a process known as biocontrol activity (Whipps, 2001). The idea that a healthy microbiome can protect plants from pathogen infection and can biologically control diseases, has been well documented in the case of disease-suppressive soils (Berendsen et al., 2012; Hacquard et al., 2017). For example, exploiting the rhizosphere microbiota in plant resistance against fungal pathogens has been reported; the inoculation of Nicotiana attenuata seeds with a root-associated bacteria community efficiently protects the plant against the sudden-wilt fungal disease under both laboratory and field conditions (Santhanam et al., 2015). Similarly, comparative analyses of rhizosphere metagenomes from resistant and susceptible tomato plants enabled the identification of more abundant Flavobacterium in the resistant plant rhizosphere microbiome and, as a proof of concept, the identified bacterial strains could suppress Ralstonia solanacearum bacterial wilting disease development in a susceptible plant in pot experiments (Kwak et al., 2018). Therefore, artificial enrichment of beneficial taxa in the laboratory or in the field can promote growth and protect plants from biotic stresses (Lugtenberg and Kamilova, 2009; Berendsen et al., 2012; Song et al., 2021).

On the other hand, increasing strain richness, for example within the biocontrol species P. fluorescens, can also cause community collapse and the subsequent loss of plant protection (Becker et al., 2012). In addition, some plant pathogens evolved mechanisms to counteract the beneficial recruitment, resulting in successful infection, through secreting effector proteins (Rovenich et al., 2014; Kettles et al., 2018; Snelders et al., 2018, 2020). For instance, the wheat pathogen Zymoseptoria tritici could secrete Zt6 effector, executing important functions in antimicrobial competition and niche protection, potentially due to toxicity (Kettles et al., 2018). The virulence effector VdAve1 from plant fungal pathogen Verticillium dahliae displays antimicrobial activity and facilitates the fungal colonization on cotton and tomato through the manipulation of their microbiome by suppressing antagonistic bacteria (Snelders et al., 2020). Usually, pathogens encode large amounts of secreted protein; however, the functions of many effectors in terms of host plant manipulation remain unknown. This might suggest the possible utilization of effectors as exquisite tools for the interaction with other microbes, potentially modulating microbiome compositions (Snelders et al., 2018). Therefore, further understanding of the functional interaction of pathogens, plants, and their microbial chaperones remains urgently required, with the aim to effectively promote plant growth and productivity.



CONCLUDING REMARKS

High-throughput rhizosphere microbiome profiling, combined with perturbation experiments, has shed light on the ecological importance of recruiting specific rhizosphere microorganism for plants against pathogen invasion. These advances have expanded our understanding of plant–microbe interactions, and further research on this topic will contribute significantly one important consideration, utilizing rhizosphere microbiome in disease resistance. However, several pressing questions remain to be addressed. For example, do plants recruit different microbes in response to different pathogens? How plants recruit beneficial microbes through root exudates following sensing pathogens? What root exudates that affect rhizosphere microorganism are directly related to pathogen infection? Do other pathogens contain effector proteins that target rhizosphere microorganism beyond plants? How plants distinguish the commensal microbes and pathogenic microbes through more PRRs or signal pathway? In addition, how could we get further insight into the triangular relationship of plants, beneficial microorganisms, and pathogens?

Recently, one new experimental technique, the holo-omics strategy, that pairs host and microbial datasets was proposed (Nyholm et al., 2020). The experimental designs pair host-centered omic strategies, such as transcriptomics, metabolomics, epigenomics, and proteomics, with the more commonly used microbial-focused techniques, such as amplicon sequencing, shotgun meta-genomic, meta transcriptomics, and exometabolomics (Xu et al., 2021). Such holo-omic studies have the power to resolve the functionality of a plant microbiome ecosystem and provide significant information about microbial approach to improving host health and fitness, which will only increase in the near future.
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Wilt disease of roselle (Hibiscus sabdariffa L.) is common in Taiwan; however, the causative agent remains unknown. The stems of wilted roselle are browned, slightly constricted, and covered by white aerial hyphae, suggesting that potential pathogens may originate from soil. To identify the potential pathogens, we conducted a rhizosphere microbiota survey in phenotypically healthy and diseased plants through fungal internal transcribed spacer (ITS) and bacterial 16S rRNA amplicon sequencing for uncovering the microbial compositions in the roselle rhizosphere. The fungal family Nectriaceae exhibited significantly higher abundance in diseased rhizospheres than in healthy rhizospheres, and this bacterial community was more specific to geography (i.e., plot-dependent) than to rhizosphere disease status. However, a few bacterial groups such as Bacilli were associated with the healthy rhizosphere. Fusarium species were the most dominant species of Nectriaceae in the survey and became the main target for potential pathogen isolation. We successfully isolated 119 strains from diseased plants in roselle fields. Koch’s postulates were used to evaluate the pathogenicity of these strains; our results indicated that Fusarium solani K1 (FsK1) can cause wilting and a rotted pith in roselles, which was consistent with observations in the fields. This is the first demonstration that F. solani can cause roselle wilt in Taiwan. Furthermore, these newly isolated strains are the most dominant operational taxonomic units detected in ITS amplicon sequencing in diseased rhizospheres, which serves as further evidence that F. solani is the main pathogen causing the roselle wilt disease. Administration of Bacillus velezensis SOI-3374, a strain isolated from a healthy roselle rhizosphere, caused considerable anti-FsK1 activity, and it can serve as a potential biocontrol agent against roselle wilt disease.
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INTRODUCTION

Roselle (Hibiscus sabdariffa L.) is a multipurpose crop that belongs to the Malvaceae family (Alshoosh, 1997; Islam et al., 2016). Roselle is native to West Africa and India and is currently grown in numerous tropical and subtropical regions. It is an annual or perennial, woody or herbaceous plant and can be divided into two common varieties that are cultivated for food (H. sabdariffa var. sabdariffa) and fiber (H. sabdariffa var. altissima Wester) (Alshoosh, 1997; Ansari et al., 2013). China and Thailand are the main growers of this crop in Asia; however, other regions including Mexico, Egypt, Senegal, Tanzania, Jamaica, and Mali are also major producers (Islam et al., 2016).

According to a national survey conducted by the Agricultural and Food Agency in Taiwan, as of 2019, the nationwide cultivation area of roselle was approximately 182.53 ha, with an annual yield of approximately 305,925 kg. Roselle grows at 18 to 35°C, optimally at 25°C, and is intolerant to low temperatures (Ansari et al., 2013). Several roselle cultivars are employed in Taiwan, among which Taitung No. 3 is the one with the highest yield, thickest calyx, and optimal processing quality (Chen and Chen, 2019). Various diseases occur in roselle plants in Taiwan, including gray mold (Botrytis cinerea), irregular leaf spot (Cercospora malayensis), anthracnose (Colletotrichum gloeosporioides), Sclerotinia rot (Sclerotinia sclerotiorum), Phytophthora infection (Phytophthora nicotianae), bacterial wilt (Ralstonia solanacearum), wrinkled leaves and phyllody disorder (16SrI phytoplasma), and diseases caused by nematodes and insect pests (Tzean, 2019).

Roselle wilt disease in Taiwan is prevalent from July to October, with a field incidence rate of up to 80%, leading to tremendous agricultural economic loss. Roselles are grown from seeds, and those that wilt do not flower, and they rot from the roots; the stems of wilted plants are browned, slightly constricted, and covered by white aerial hyphae. Rotted piths are also commonly found in the vertically dissected stem base. The causative agent of roselle wilt disease is yet to be identified in Taiwan, but it has been reported in several countries such as the United States, Malaysia, Mexico, Nigeria, and Egypt. For example, F. oxysporum causes vascular wilt on roselles in the United States and Malaysia (Ooi and Salleh, 1999; Ploetz et al., 2007); Phytophthora parasitica causes crown rot (black foot) along with necrosis at the bases of the stems as well as foliar wilt and death of roselles in Mexico (Estrada et al., 2001); F. oxysporum causes vascular wilt and stem blight on roselles in Nigeria (Amusa et al., 2005); F. solani and Macrophomina phaseolina cause roselle wilt; and F. oxysporum causes pre-emergence damping off on roselles in Egypt (Hassan et al., 2014).

The fungal genus Fusarium is a large pathogenic group in plants and animals. In this genus, F. solani is a common pathogen that causes root rot in many plants and causes aboveground symptoms such as wilt (Coleman, 2016). Sudden death syndrome in soybeans in North and South America (Westphal et al., 2008) and chili wilt disease in India (Sundaramoorthy et al., 2012) are well-known examples of plant diseases caused by F. solani infection. F. solani also causes complex diseases with other pathogens such as nematodes (Gomes et al., 2011).

Although numerous types of crops are infected and severely damaged by Fusarium species, effective disease control methods are limited. Fusarium species produce chlamydospores and thus survive in harsh environments (Hou et al., 2020); thus, infection with this species is challenging to control comprehensively. Along with the use of fungicides, the development of biological control (i.e., biocontrol) has been extensively studied in recent years. Biocontrol occurs naturally in soil environments, and its mechanisms can be categorized into three macro aspects: (1) competitive root colonization, (2) synthesis of allelochemicals, and (3) indirect plant growth promotion through induced systemic resistance (Borriss, 2020; Etesami and Adl, 2020). Biocontrol strains can be screened and isolated using diverse methods, with the microbiome survey having been employed in numerous microbiological and plant pathological studies (Benítez and Gardener, 2009; Poudel et al., 2016; O’Brien, 2017). Notably, the potential biocontrol strains and pathogens may inhabit the same space underground, and understanding the abundance and diversity of biocontrol microbes in healthy and diseased soils can provide mechanism-related insights regarding disease causes and opportunities for developing management strategies (Poudel et al., 2016). Numerous non-pathogenic bacteria and fungi have been used as biocontrol agents for disease management, including Bacillus spp., Pseudomonas spp., Streptomyces spp. and Trichoderma spp. (O’Brien, 2017). In Taiwan, 11 Bacillus strains (six B. amyloliquefaciens and three B. subtilis strains, one B. mycoides, and one B. velezensis) have been registered for plant disease control because Bacillus spp. form endospores that not only expand the shelf life of plant products but also exhibit strong control efficacy against various plant diseases (Borriss, 2020).

In this study, four main objectives were achieved: (1) fungal and bacterial communities were surveyed in the rhizospheres of healthy and diseased roselles; (2) we found that Fusarium species were overabundant in diseased roselle plants compared with their healthy counterparts; (3) the dominant fungal species of F. solani was successfully isolated and verified as being the most likely pathogen causing roselle wilt disease; (4) a bacterial strain, Bacillus velezensis SOI-3374, isolated from the healthy roselle rhizosphere exhibited a significant anti-F. solani effect in vitro, highlighting its potential as a biocontrol agent for this disease.



MATERIALS AND METHODS


Sampling Sites and Soil Sample Collection

A schematic diagram of the hypothesis and methodology in this study was shown in Figure 1A. The experimental fields were located in Taitung City (Field_01; GPS: 22.745875°N; 121.150813°E), Zhiben (Field_02; GPS: 22.743759°N; 121.061361°E), and Taimali (Field_03; GPS: 22.581578°N; 120.993655°E) in southeastern Taiwan. There were no fertilizer used in these three fields. According to the information of Central Weather Bureau of Taiwan, the average temperature in July to October is 27.8°C (24.7°C for annual average); the average rainfall is 269.3 mm (144.8 mm for annual average), and the relative humidity is 75.3% (74.3% for annual average). From each field, rhizosphere soil samples of healthy (n = 10) and wilted (n = 10) roselle plants (H. sabdariffa) were collected, yielding 60 samples. Each selected plant was separated from others by over 2 m. The entire plant was dug out to collect the rhizosphere soil. After the loosely attached soil was removed, the soil tightly attached to roots was rapidly brushed out and collected in a 50-ml falcon tube. The rhizosphere soil samples were immediately placed on ice, transported to the laboratory, and stored at −80°C until DNA extraction.
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FIGURE 1. Schematic diagram of this study and the roselle wilt disease and symptoms found in Taitung, Taiwan. (A) A schematic diagram of the hypothesis and methodology. (B) and (C) Roselles were severely damaged by wilt disease. (D) Close-up shot of the wilting symptoms of roselle. (E) and (F) Stem base of wilted roselle colonized by fluffy, cotton-like aerial mycelia and tile mycelia with orange-white color. (G) Cross-section and (H) vertical dissection of diseased stem base, showing that the central pith (red triangle) was browning and rotten, with occasional lightly browning vascular bundles (red arrow). (I) Sampling sites of microbiome study in Taitung City (Field_01), Zhiben (Field_02), and Taimali (Field_03).




DNA Extraction, Marker Gene Amplification, Barcoding, and Sequencing

DNA extraction was performed using the DNeasy PowerSoil Kit (QIAGEN, MD, United States) according to the manufacturer’s protocol. For the bacterial composition survey, the V6 to V8 hypervariable region of 16S ribosomal RNA (rRNA) genes was amplified using polymerase chain reaction (PCR) with primers U968F and U1391R (Table 1), as previously described (Yang et al., 2016). All amplified and purified DNA were further added with specific barcodes according to the method of Yang et al. (2019). For the fungal composition survey, internal transcribed spacer (ITS) domain I of fungal rRNA genes was amplified using PCR with primers ITS1-F and ITS2 (Table 1), as previously described (Smith et al., 2018), with some modifications (Supplementary Material and Methods). Sixty bacterial and sixty fungal barcoded amplicon DNA samples were sent to Yourgene Bioscience (Taipei, Taiwan) and Tri-I Biotech (New Taipei City, Taiwan), respectively, for library construction and paired-end sequencing (2 × 300) on the Illumina MiSeq platform (Illumina, CA, United States). All of the bacterial and fungal community sequences were deposited in GeneBank (SRA accession PRJNA751843).


TABLE 1. Primers used in this study.
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Bacterial 16S rRNA Gene Analysis

The raw reads were demultiplexed according to barcode into respective samples using Sabre1. On a per sample basis, R1 and R2 were first merged (–fastq_mergepairs), and then, the primers were removed (–search_pcr2) using USEARCH v11.0.667 (Edgar, 2010). The reads were further processed using MOTHUR v1.35.1 (Schloss et al., 2009) to retain high-quality reads that (1) had a length of 380–450 base pairs (bp), (2) contained homopolymers ≤ 8 bp, (3) did not have any ambiguous base, and (4) had an average Phred score of ≥ 20. Potential chimeras were identified (--uchime2_ref) and discarded (with options --mindiv 3 and --mode high_confidence) using USEARCH against the rdp_gold reference dataset2. To circumvent the memory limitation imposed by the 32-bit version of USEARCH, non-chimeric reads were clustered into operational taxonomic units (OTUs) by using VSEARCH v2.14.2 (Rognes et al., 2016) at a threshold of 97% identity, and OTU representative sequences were searched against the SILVA SSU Ref nr99 database v132 (Quast et al., 2013) using VSEARCH global alignment to identify the corresponding taxonomy of the best hit. Any OTU without a hit or with only a weak hit (i.e., an average percentage identity and percentage coverage < 93) was excluded. Finally, OTUs with the same affiliation were collapsed into the same OTU. Merging of OTUs that matched to the same reference sequence was conducted to avoid erroneous diversity inflation from sequences that were not well clustered.



Fungal Internal Transcribed Spacer Domain Analysis

The raw reads were demultiplexed based on barcodes into the corresponding samples. On a per sample basis, the read merging and quality control steps were similar to those for bacterial amplicons, except for the high-quality reads defined as those that (1) had a length of 210–450 bp, (2) contained homopolymers ≤ 15 bp, (3) did not have any ambiguous base, and (4) had an average Phred score of ≥ 20. Potential chimeras were identified (–uchime2_ref) and discarded (with options –mindiv 3 and –mode high_confidence) using USEARCH against the UNITE reference dataset v7.2. Non-chimeric reads were clustered into OTUs by using VSEARCH at a threshold of 99.9% identity, and OTU representative sequences were searched against the UNITE database v7.2 (Nilsson et al., 2019) using VSEARCH global alignment to identify the corresponding taxonomy of the most suitable hit. Any OTU without a hit or with only a weak hit was excluded. Finally, OTUs with the same affiliation were also collapsed into the same OTU to avoid the erroneous diversity inflation from sequences not well clustered. The taxonomy of three OTUs were manually annotated using BLASTn search against the NCBI database (Supplementary Table 2).



Wilted Roselle Sample Collection, Pathogen Isolation, and Growth Conditions

The roselle wilt disease samples were collected in July and October 2018 at six locations in Taitung, Taiwan: (1) Taitung District Agricultural Research and Extension Station (TDARES), (2) National Taitung University, (3) Beinan Township, (4) Donghe Township, (5) Dawu Township, and (6) Guanshan Township, and in October 2020 at TDARES. In total, 119 potential pathogens were isolated from infected tissues of roselles, including from the rotten root surface, constricted stem base, and browned pith. Tissues were cut and their surface sterilized for 1 min with 1% hypochlorous acid (repeated three times), washed with ddH2O, air dried, and placed on water agar (1% agar; BioShop, Burlington, ON, Canada). After incubation at 25°C for 3 d, the colonies of potential pathogens were purified and subcultured. Fungal strains were cultured on potato dextrose agar (PDA; 0.4% potato starch from infusion, 2% dextrose, and 1.5% agar; BioShop) at 28°C. Bacterial strains were cultured on nutrient agar (NA; 0.3% beef extract, 0.5% peptone, and 1.5% agar; BD Difco, Franklin Lakes, NJ, United States) at 30°C. All isolated fungal and bacterial strains (Supplementary Table 1) were stored at −80°C with 25% glycerol.



Pathogen Morphology

The morphology of potential pathogens isolated from roselle samples was identified and observed using an inverted microscope (Olympus CKX53, Tokyo, Japan). A scanning electron microscope (SEM) was also used for sample observation (Supplementary Material and Methods).



Phylogenetic Analysis

First, for identifying fungi, the 119 isolated strains (Supplementary Table 1) were preliminarily identified using the ITS with primers ITS4 and ITS5 (JC1753 and JC976, Table 1) (White et al., 1990); 16S rDNA with primers JC889 and JC890 (Table 1) was used to identify bacteria (Singh et al., 2013). To determine the phylogenetic relationships among the 107 isolated fungal strains (Supplementary Table 1), sequences were first compared using BLAST + software (Camacho et al., 2009), and those with > 99% identity (> 98% identity for oomycete strains) were identified as having the same sequence. Finally, 23 representative sequences were retrieved, and multiple sequence alignment was performed using the MAFFT online service (Talavera and Castresana, 2007). The poorly aligned positions and divergent regions in the alignment were eliminated using Gblocks (Talavera and Castresana, 2007). The maximum likelihood (ML) phylogeny was computed using IQ-TREE (v1.6.12) with the TNe + G4 model and 1000 bootstraps. A consensus tree was visualized and edited in iTOL (v4) (Letunic and Bork, 2019). To compare potential fungal pathogens isolated from diseased tissues with fungal OTU amplicons detected in rhizosphere soils, 23 representative sequences were searched against all the fungal OTU sequences by using BLAST. Among the 23 representative strains, the OTU sequences with identity > 97% and a length over 217 bp were retrieved. The abundance of each OTU was calculated from the average abundance of 60 samples from the OTU table after the OTUs were rarefied to the smallest sample size and OTUs less than 3 reads were removed; the abundance of each OTU was presented in < 10% of the samples. For further molecular identification, 13 sequences of potentially pathogenic F solani strains were analyzed with 32 sequences of F. solani strains from a recent study (Sandoval-Denis et al., 2019). Translation elongation factor 1-α (TEF1α, JC1189, and JC1190) (O’Donnell et al., 1998) and RNA polymerase II (RPB2, JC2247, and JC2248) (O’Donnell et al., 2008) sequences were used for further identifying these strains (Table 1). Phylogenetic trees were constructed on the basis of the ITS, TEF1α, and RPB2 sequences, and the phylogenetic relationship among fungal species was inferred using the ML method described previously (Talavera and Castresana, 2007; Camacho et al., 2009; Katoh et al., 2019; Letunic and Bork, 2019) with the TIM2e + I + G4 model.



Koch’s Postulate and Disease Severity

Fusarium solani and F. oxysporum were prepared as a conidia suspension. Four 6-mm mycelium disks were punched from the PDA culture, added into 150 ml potato dextrose broth, and incubated at 28°C under 180 rpm for 8 to 10 d. The conidia were subsequently filtered using a two-layered Miracloth (EMD Millipore Corp., MA, United States) and collected by centrifugation at 3,500 rpm for 10 min, and the conidia were resuspended in sterile dH2O. The concentration of the freshly prepared conidia solution was calculated with a hemocytometer, and the solution was diluted for further tests. Koch’s postulate tests were conducted to identify potential pathogens of roselle wilt disease in Taiwan. The Taitung No. 3 roselle cultivar was used in this study. Three-week-old roselle roots were cut 5 cm from root tip with a sterile blade and then immersed into 30 ml ddH2O or 5 × 106/ml of conidia suspension of F. solani K1 (GenBank accession number: MZ701961) for 30 min (Hou et al., 2020). After the inoculation, the roselles were planted in mixed soil (Silu Kudra peat moss: sandy loam [1:1]; Euler Humuswerk GmbH, Germany; Ming Sheng Industrial Co., Ltd., Pingtung, Taiwan), and 30 ml ddH2O or Fusarium was irrigated into the soil of each treatment, and roselle plants were grown in a growth chamber at 29°C. Five plants were used for each treatment, and a 16 h: 8 h, light: dark cycle was set for all treatments. During the period of pathogenicity tests, all plants were observed every day, and any symptom developed was recorded. The treatment temperature herein was set at 29°C, which is similar to the monthly mean temperature recorded in Taitung from July to August in 2018 according to the Taiwan Central Weather Bureau.



Screening of Biocontrol Strains From Healthy Roselle Rhizosphere for Combating Roselle Wilt Fungus

Five grams of roselle rhizosphere soil (Field_03, No. H3) that was stored at −80°C was resuspended in 50 ml of sterilized water and heated for 30 min in a 65°C water bath. In total, 200 μL of the soil suspension was spread on NA medium and incubated in a 30°C incubator until a single colony appeared. Each single colony was streaked out, purified three times using the streaking method, and stored at −80°C. A confrontation assay was performed against the F. solani K1 (FsK1) strain on PDA medium. Strain SOI-3374, which showed the best antagonist effect was identified as Bacillus velezensis through 16S rRNA gene sequencing.



RESULTS


Identification of Roselle Wilt Disease and Sampling

In this study, roselle plants were severely damaged by wilt disease in fields (Figures 1B,C). The symptoms included water loss in all leaves; fluffy, cotton-like aerial mycelia; and tile mycelia colonization on the stem base. The central pith exhibited browning and rotting (Figures 1D–H). To investigate the fungal and bacterial variations between diseased and healthy rhizospheres, roselles from three fields were selected for sampling, with each field being at least 8 km from the others (Figure 1I).



Variations in Bacterial and Fungal Compositions in Roselle Rhizospheres

In total, 53,352 bacterial and 6,725 fungal OTUs were identified from the 60 samples. Taxa not noted more than three times in at least 10% of the samples (n = 6) were excluded. After rarefaction, a total of 5,845 bacterial and 715 fungal OTUs were retained. The fungal Shannon diversity was significantly lower in diseased rhizosphere soils collected from Field_02 than in healthy samples (Figures 2A,B). Non-metric multidimensional scaling ordination indicated a marked difference between diseased and healthy rhizospheres in both fungal and bacterial communities (PERMANOVA, p < 0.05), although site-specific effects were noted (Figures 2C,D). Among the major fungal taxa, the fungal class Sordariomycetes had higher relative abundance in the diseased rhizosphere than in the healthy rhizosphere in all three fields (Figure 2E), and the fungal family Nectriaceae was dominant (Supplementary Figure 1); moreover, the OTU_JX371352 was the most abundant contributor to the differential abundance of Sordariomycetes between diseased and healthy rhizosphere soils (Figure 2F and Supplementary Table 2).
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FIGURE 2. Statistical analysis and summary of bacterial and fungal communities in diseased and healthy roselle rhizosphere soils. Rhizosphere soil samples of healthy (n = 10) and wilted (n = 10) roselle plants were collected from three fields and a total of 60 samples were analyzed. (A) Shannon diversity of bacterial community. (B) Shannon diversity of fungal community. (C) nMDS analysis of bacterial OTUs. (D) nMDS analysis of fungal OTUs. (E) Bacterial and fungal community composition of the 10 most abundant classes on average. (F) The abundance distribution of fungal OTU_JX371352 across sampling fields. Field status, “D” for diseased and “H” for healthy.




Isolation of Potential Pathogens for Roselle Wilt Disease

Three batches of wilted roselle samples were collected in July and October 2018 and in October 2020 in Taitung, Taiwan. A total of 119 isolates were obtained and initially verified using ITS (fungi) and 16S rDNA (bacteria) sequencing. These isolates included F. solani (52.1%, 62/119), Phytophthora nicotianae (11.8%, 14/119), F. equiseti (11.8%, 14/119), F. oxysporum (5.1%, 6/119), F. acuminatum (0.8%, 1/119), F. proliferatum (0.8%, 1/119), Phytopythium vexans (0.8%, 1/119), and other fungi or bacteria (16.8%, 20/119; Figure 3 and Supplementary Table 1).
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FIGURE 3. Sequence comparison of ITS1 region between isolated roselle wilt pathogens and rhizosphere amplicons. Parentheses following the strain ID indicate number of representative sequences, blasted most abundant OTU_ID, number of OTUs blasted, and sum of abundance (average percentage of the 60 samples). Words in red denote the species name of the isolate strain ID and parentheses indicate the percentage in 119 isolated strains. The maximum likelihood phylogeny was computed using IQ-TREE (v1.6.12) with the TNe + G4 model and 1000 bootstraps. A consensus tree was visualized and edited in iTOL (v4). (ND∗: the ITS sequences did not blast to any OTU amplicon sequence).




Sequence Comparison of Internal Transcribed Spacer 1 Regions Among Isolated Potential Pathogens and Rhizosphere Amplicons

To determine whether the isolated potential pathogens were correlated with rhizosphere amplicons, the 23 fungal ITS representative sequences (clustered from 107 isolates) were searched against the fungal OTU representative amplicons using BLAST. The results indicated that 56% (60/107) of the isolates were nearly perfect hits to OTU_JX371352 (with identity > 99% on the aligned length of approximately 221 bp), which belongs to the fungal species F. solani, a major cause of roselle wilt disease (Figure 3).



Characterization of Prevalent Bacterial or Fungal Taxa in Healthy and Diseased Roselle Rhizospheres

The 10 most differentially abundant bacterial and fungal family taxa in diseased and healthy rhizosphere communities are listed in Table 2. In summary, the families Xanthomonadaceae, Microbacteriaceae, Enterobacteriaceae, Nectriaceae, and Ascobolaceae were more abundant in the diseased community, whereas Subgroup 6, Saccharimonadales, Anaerolineaceae, Bacillaceae, Chaetomiaceae, and Lasiosphaeriaceae were more abundant in healthy rhizosphere soils. In terms of genera, Microbacteria, Luteolibacter, Pseudoxanthomonas, and Fusarium were more abundant in diseased soils. Species belonging to Bacillus and Cladorrhinum were more abundant in healthy soils (Supplementary Table 3).


TABLE 2. Selected differential abundance of bacterial and fungal family taxa in healthy and diseased roselle rhizospheres.

[image: Table 2]


Fusarium solani Causes Roselle Wilt Disease

Koch’s postulates were applied to verify the pathogenicity of our isolates to roselle wilt disease. Five to seven days after inoculation (dpi), conidia of FsK1 caused roselle wilt on 3-week-old roselles. The same symptoms were observed in both inoculation tests and fields (Figures 4, 5). The microbes reisolated from the FsK1-infected roselles were further identified as F. solani species complex by using ITS, TEF1α, and RPB2 sequence comparison. To the best of our knowledge, this is the first demonstration that F. solani species complex is the causative agent of roselle wilt disease in Taiwan. By contrast, isolated microbes other than F. solani (e.g., F. oxysporum) only caused leaf yellowing (Supplementary Figure 2). In virulence testing, another F. solani strain, K2, (isolated from the rotten pith of wilted roselle) in the field also caused roselle wilt in the inoculation test with conidia (Supplementary Figure 3).
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FIGURE 4. Fusarium solani K1 (FsK1) can cause roselle wilt disease. (A) Three-week-old roselles remained healthy after inoculation with ddH2O. (B) Those inoculated with the conidia of FsK1 exhibited wilting symptoms. (C) SOI-3374 showed antagonistic activity against FsK1 compared to ddH2O control.
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FIGURE 5. Morphology of roselle wilt fungus, FsK1. (A) Colony on PDA medium with white to light cream color, irregular margins, and sparse aerial mycelia. (B) Microconidia were 13.46 ± 3.52 μm × 4.46 ± 0.81 μm, hyaline, oval to ellipsoid, with zero to one septum. (C) Microconidia and macroconidia. (D) Macroconidia were 30.9 ± 7.12 μm × 5.95 ± 1.52 μm, hyaline, straight to falciform with three to four septa, whereas apical cells were blunt, and the foot shape of the basal cell was poorly developed. (E) Chlamydospores were 10.38 μm ± 2.94 μm, hyaline or dark brown, oval to globose, one to four cells growing intercalary or terminally on the hyphae, and usually with oil droplets. The numbered red arrows indicate 4 different clusters with 1 to 4 chlamydospores grown on a single chain of the hyphae. (F) Opening in the root surface with hyphae (red arrow). (G) Surface of the stem base was colonized with hyphae and conidia of Fusarium spp. (H) Hyphae (red arrow), but not conidia, were observed in the rotten pith. Scale bar: 20 μm.




Phylogenetic Analysis and Morphology Observation of Fusarium solani K1

The phylogenetic trees of FsK1 were constructed using ITS, TEF1α, and RPB2 sequences (Figure 6). Most of the 13 isolated strains were grouped together, including FsK1, which had the closest relationship with F. paranaense CBS 141593 and F. falciformis CBS 475.67, both of which belong to the F. solani species complex (Hypocreales, Nectriaceae) (Sandoval-Denis et al., 2019). The reference strain F. paranaense CBS 141593 was isolated from soybeans in Brazil, and the strain F. falciformis CBS 475.67 originated from human mycetoma in Puerto Rico (Sandoval-Denis et al., 2019). The morphology of FsK1 was observed under an optical microscope. The FsK1 colony on the PDA medium was white to cream color with irregular margins and sparse aerial mycelia (Figure 5A). The microconidia of FsK1 were 13.46 ± 3.52 μm × 4.46 ± 0.81 μm, hyaline, and oval to ellipsoid, with zero to one septum, and conidiogenous cells were monophalides with abundant growth and false heads (Figures 5B,C). The macroconidia of FsK1 were 30.9 ± 7.12 μm × 5.95 ± 1.52 μm, hyaline, and straight to falciform with 3-4 septa, whereas apical cells were blunt, and the foot shape of the basal cell was poorly developed (Figure 5C,D). The chlamydospores of FsK1 were 10.38 ± 2.94 μm and hyaline or dark brown; they contained one to four cells, were round to globose, and exhibited growth intercalary in or terminally on the hyphae, with a thick and smooth cell wall (Figure 5E). SEM observation revealed openings on the root surface with hyphae (red arrow, Figure 5F), and the surface of the stem base was colonized with hyphae and conidia of Fusarium spp. (Figure 5G). By contrast, hyphae (red arrow), but not conidia, were observed in the rotten pith (Figure 5H).
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FIGURE 6. Phylogenetic analysis of Fusarium solani K1 (FsK1). A phylogenetic tree was constructed using ITS, TEF1α, and RPB2 sequences. FsK1 (K1 in the figure) exhibited the closest relationship with F. paranaense and F. falciformis, both belonging to the F. solani species complex. The phylogenetic relationship among fungal species was inferred using the maximum likelihood method with the TIM2e + I + G4 model and 1000 bootstraps. A consensus tree was visualized and edited in iTOL (v4).




Bacillus velezensis SOI-3374 Has the Potential to Control Roselle Wilt Disease

Confrontation assay of bacteria isolated from healthy rhizosphere soil (Field_03) was conducted. Among hundreds of strains we isolated, strain SOI-3374 has the best antagonistic effects toward FsK1. The clear inhibition zone which FsK1 could not grow was formed between the two microorganisms on the plate (Figure 4C).



DISCUSSION

In this study, amplicon sequencing was used to explore the mycobiota and microbiota in healthy and diseased roselle rhizosphere soils; the results indicated that the abundant fungal OTU, OTU_JX371352 was considerably more common in diseased soil rhizospheres than in healthy soil rhizospheres and is thus a potential pathogen. Through pathogen isolation experiments, F. solani was isolated from the diseased roselle tissues with a high proportion of 52.1% (Figure 3 and Supplementary Table 1). Among the strains, FsK1 and F. solani K2 were pathogenic to roselles, as confirmed by Koch’s postulates. Moreover, according to the high Bacillus population in healthy soil samples, the B. velezensis SOI-3374 isolated from the healthy soil samples was verified to prevent FsK1 growth in vitro.


Community Variation Between Diseased and Healthy Roselle Rhizospheres

In our study, compared with healthy fields, all diseased fields had a higher abundance of pathogenic F. solani, suggesting that F. solani is the major causative agent of roselle wilt disease. In addition to F. solani (the Nectriaceae family), abundant populations of Xanthomonadaceae, Microbacteriaceae, Enterobacteriaceae, Flavobacteriaceae, Rubritaleaceae, and Ascobolaceae were detected in diseased soils. By contrast, large populations of Saccharimonadales, Subgroup 6, Bacillaceae, Anaerolineaceae, Chaetomiaceae, and Lasiosphaeriaceae were observed in healthy soils. In a related study investigating healthy or Fusarium-wilt-diseased soils, Yuan et al. found that F. oxysporum, Xanthomonadaceae, Bacillaceae, and Gibberella were more abundant in diseased soils, whereas more populations of Bradyrhizobiaceae, Comamonadaceae, Mortierella, Streptomyces mirabilis, and non-pathogenic Fusarium were observed in healthy soils (Yuan et al., 2020). In another study, Liu and Zhang compared healthy and Fusarium-diseased soils of cucumber fields and found that in the soil fungal community, Blastocladiomycota and Mycothermus were significantly more abundant in healthy soils and played an influential role in disease development (Liu and Zhang, 2021). In line with the findings of these studies, our results demonstrated that Blastocladiaceae (belonging to Blastocladiomycota) and Chaetomiaceae (containing the Mycothermus genus) were considerably more abundant in healthy roselle rhizosphere soils, whereas Xanthomonadaceae and pathogenic Fusarium were strongly enriched in diseased soils. Mycothermus has been reported as a potential pathogen-suppressive microorganism with an inverse proportion to the abundance of Fusarium (Huang et al., 2019), which may serve as a proxy to determine the risk probability of Fusarium diseases. Furthermore, the discovery of abundant Firmicutes in healthy soils (Liu and Zhang, 2021) agrees with our observation of abundant Bacillaceae (belonging to Firmicutes) in healthy soils. Within the family Bacillaceae, the Bacillus genus is a well-known bacterial group that has been applied in fields as biological control agents, and it is a taxon with a contrasting abundance between healthy and diseased rhizosphere soils (Beneduzi et al., 2012; Borriss, 2020).

Although a plethora of evidence suggests a connection between microbial (including fungal and bacterial) communities and roselle wilt disease, technical limitations emerge when ITS1F and ITS2 primers are used to differentiate pathogenic or non-pathogenic Fusarium species unless accompanied with isolation and inoculation tests. The primer set is widely used in studies of Fusarium diseases, which have explored the resolution of universal primers; however, more evaluation is required in the future (Tedersoo et al., 2016; Liu and Zhang, 2021).



The Most Abundant Fusarium solani Strains Cause Roselle Wilt Disease

In this study, F. solani, and not F. oxysporum, was the main causative agent of roselle wilt disease (Figure 4). Different F. solani strains, K1 and K2, caused roselle wilt similar to that found in fields (Figure 4 and Supplementary Figure 3). In general, F. oxysporum exists in the vascular tissues and causes wilt, whereas F. solani exists in the crown or root and causes root rot (Westerlund et al., 1974; Trapero Casas and Jiménez Díaz, 1985; Ales and Lenka, 1997). Only five F. oxysporum strains were noted among our 119 isolates; thus, these five F. oxysporum strains are highly likely to be involved in secondary infection. Moreover, F. solani likely infects or colonizes the pith, vascular tissues, or both, which is supported by the following studies: (1) a histochemical study of yellow poplar revealed that F. solani infected the pith tissue and caused pith rot symptoms in plants (Arnett and Witcher, 1974); (2) in China, physic nut infected by F. solani caused root rot and pith rot symptoms (Wu et al., 2011); (3) yellowing and wilting symptoms of cannabis plants were observed in northern California, with F. solani causing pith tissue browning and plant death within 6 to 10 wk after inoculation (Punja et al., 2018); and (4) in passion fruits, F. solani caused the vascular bundle browning of plants (Cole et al., 1992). In a phylogenetic study, the reference strain F. paranaense CBS 141593 (F. solani species complex, close relationship to the K1 strain) was isolated from soybean, which is consistent with the finding of a previous study that F. solani causes symptoms such as sudden death syndrome in soybean (Westphal et al., 2008); we also suggest that the pathogenic strains isolated in the current study are closely related to the phytopathogenic F. solani species complex. Although the strain F. falciformis CBS 475.67 is closely related to the strains we isolated in this study, it originates from human mycetoma. The relationship between human pathogens and plant pathogens should be further studied to confirm whether human pathogens infect humans only or plants as well.



Bacillus Has Potential Control Effects in Roselle Wilt Disease

Regarding the development of control strategies for roselle wilt disease, Bacillus velezensis SOI-3374, isolated from the healthy roselle rhizosphere, can control roselle wilt, as demonstrated in confrontation assay. In general, chitin-degrading and other cell wall–degrading enzymes may act as crucial substances that enable Bacillus to inhibit Fusarium, whose cell wall is composed of α- and β-1, 3-glucans (Schoffelmeer et al., 1999; Khan et al., 2018). The biocontrol activity of Bacillus species against plant-pathogenic F. solani has been documented. For example, a Bacillus commercial formulation effectively controlled the crown and root rot of tomato caused by F. solani in field trials (Pastrana et al., 2016); B. subtilis reduced the damping off incidence of cucumber seedlings caused by F. solani (Al-Fadhal et al., 2019).

A recent study indicated that B. velezensis effectively prevented F. solani infection in passion fruits (Wang et al., 2021). B. velezensis strains with secondary-metabolite-secretion ability could inhibit F. solani and oomycetes, and these strains were reported to serve plant growth–promoting rhizobacteria (Cheffi et al., 2019). Furthermore, in a rhizosphere study, B. velezensis that inhabited the grass (Sporobolus airoides) rhizosphere was isolated and the whole genome sequenced; this B. velezensis strain exhibited strong antifungal activity against phytopathogens that cause root rot, including F. solani, F. oxysporum, Phytophthora capsici, and Rhizoctonia solani (Martínez-Raudales et al., 2017). Although B. velezensis holds promise for controlling plant pathogens, the mechanisms through which B. velezensis SOI-3374 controls roselle wilt remain to be explored.
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Hemp (Cannabis sativa L.) is a crop bred and grown for the production of fiber, grain, and floral extracts that contribute to health and wellness. Hemp plants interact with a myriad of microbiota inhabiting the phyllosphere, endosphere, rhizoplane, and rhizosphere. These microbes offer many ecological services, particularly those of below ground biotopes which are involved in nutrient cycling, uptake, and alleviating biotic and abiotic stress. The microbiota communities of the hemp rhizosphere in the field are not well documented. To discover core microbiota associated with field grown hemp, we cultivated single C. sativa cultivar, “TJ’s CBD,” in six different fields in New York and sampled hemp roots and their rhizospheric soil. We used Illumina MiSeq amplicon sequencing targeting 16S ribosomal DNA of bacteria and ITS of fungi to study microbial community structure of hemp roots and rhizospheres. We found that Planctobacteria and Ascomycota dominated the taxonomic composition of hemp associated microbial community. We identified potential core microbiota in each community (bacteria: eight bacterial amplicon sequence variant – ASV, identified as Gimesia maris, Pirellula sp. Lacipirellula limnantheis, Gemmata sp. and unclassified Planctobacteria; fungi: three ASVs identified as Fusarium oxysporum, Gibellulopsis piscis, and Mortierella minutissima). We found 14 ASVs as hub taxa [eight bacterial ASVs (BASV) in the root, and four bacterial and two fungal ASVs in the rhizosphere soil], and 10 BASV connected the root and rhizosphere soil microbiota to form an extended microbial communication in hemp. The only hub taxa detected in both the root and rhizosphere soil microbiota was ASV37 (Caulifigura coniformis), a bacterial taxon. The core microbiota and Network hub taxa can be studied further for biocontrol activities and functional investigations in the formulation of hemp bioinoculants. This study documented the microbial diversity and community structure of hemp grown in six fields, which could contribute toward the development of bioinoculants for hemp that could be used in organic farming.
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INTRODUCTION

Plant microbiota are an important component that can influence essential plant functions positively or negatively. Better understanding of these host-microbe interactions has the potential to offer intervention tools to manipulate microbiota to enhance ecological services (Berg et al., 2020). Root-associated microbes have been shown to improve the systematically induced root exudation of metabolites process and affect root transcriptome and metabolome (Korenblum et al., 2020). Manipulation of plant microbiota thus trigger host biosynthetic and signaling pathways (Berg et al., 2016; Pascale et al., 2019) and brings up opportunities for plant fitness, improved nutrient usage efficiency, and higher crop yields while limiting chemical fertilizers and greenhouse gas emissions in a sustainable manner (Adesemoye et al., 2009; Berg, 2009; Singh and Trivedi, 2017; Ahmed and Hijri, 2021).

Cannabis sativa L. is an emerging crop for the production of fiber, grain, and floral extracts that contribute to health and wellness, but is also widely cultivated indoors with a variety of growing substrates, artificial light, and temperature control. Some initial studies have explored ways to maintain yield (Backer et al., 2019; Saloner and Bernstein, 2020; Danziger and Bernstein, 2021) and encourage pathogen-free production (Taghinasab and Jabaji, 2020; Vujanovic et al., 2020), but few scientific studies on plant-associated microbiota have been conducted. Bacterial and fungal communities associated with the root, leaf, flower, and rhizosphere of the hemp cultivar C. sativa “Anka,” have recently been studied in six locations in the Finger Lakes region of New York. This study identified a variety of microbes in each compartment, some of which are known to promote plant growth or contribute to plant resistance (Barnett et al., 2020). Barnett et al. (2020) identified candidate core microbiome members for each compartment sampled (Barnett et al., 2020). Recent studies showed that the C. sativa rhizosphere microbial community is determined by rhizosphere soil type and cultivar (Winston et al., 2014; Comeau et al., 2020). However, core microbiota provides essential associated microbial functions, as well as linkages between microbiota and their community structures (Zamioudis and Pieterse, 2011; Lebeis, 2014; Delgado-Baquerizo et al., 2018). Plant genotype, on the other hand, has a significant impact on associated microbiota (Sapkota et al., 2015). Hemp microbiota manipulation has been suggested as a potential to help with fiber processing (Law et al., 2020). Thus, significant consideration should be given to the microbiome of field-grown hemp, especially connecting yield and plant health. The development of effective microbiome-based techniques for improving yields and sustainable production of C. sativa is currently limited by the lack of understanding of associated microbes in multiple niches shaping the microbiome in relevant field settings.

Soil microbiomes provide important ecological services to natural and agricultural ecosystems. Given their potential for positively influencing agricultural productivity, understanding the role of these microbes could enhance our ability to exploit activities that promote efficient soil nutrient use to increase crop yield and quality, while reducing the environmental footprint of agriculture. Given the extraordinary number of microbes that exist in soil and their functional diversity, they could not be examined in depth prior to recent advances in high-throughput sequencing technologies and bioinformatics (Ahmed and Hijri, 2021), that allow to generate a huge amount of sequencing data whose analyses provide an exhaustive taxonomic profile, relative abundance as well as predition of functions. In this study, we used MiSeq amplicon sequencing targeting ribosomal DNA (rDNA) of bacterial 16S and fungal ITS to uncover diversity of roots and rhizosphere soils associated with hemp grown in six different fields located in New York State (United States). We hypothesized that hemp is associated with a core microbiota, and that these taxa have distinct interaction patterns and are diverse in different biotopes. To test our hypothesis, we used high-throughput sequencing technologies to investigate the microbiome of a single clonally propagated cultivar of field grown hemp C. sativa “TJ’s CBD” across six different field locations in New York State, where five plots were conventional and one plot was organic. We determined taxonomic abundance, indicator species, core microbiota, and interkingdom networking for identifying hub microbial taxa, which will help to target, select, and screen microbial taxa with high potential of biostimulant effect on hemp plants (Figure 1).


[image: image]

FIGURE 1. Schematic illustration showing the experimental workflow of a clonal cultivar of hemp grown in six fields distributed at the State of New York (A). MiSeq sequencing and the DADA2 pipeline were used to determine community composition, and core microbes of roots and rhizosphere soils. Network analysis was performed to provide insight into the core microbial taxa and hub microbes. (B) Hypothetical core microbes of roots and rhizosphere soils selected from bulk soil microbiome. Rhizosphere soil is show by blue line surrounding roots.




MATERIALS AND METHODS


Experimental Design and Sampling

The study was performed in six different fields in New York State, United States of America, from May 22 to October 11, 2019 (Table 1), in a randomized complete block design. All plants were started as rooted cuttings treated with Clonex rooting gel in the greenhouse using Lamberts LM-111 potting mix in 50-cell deep flats and transplanted to the field after 25–30 days. Each plot was planted with C. sativa “TJ’s CBD,” a clonal cultivar used for cannabidiol production. Only WOF was organic out of six fields. The hemp was planted in black plastic mulch, and weed control was performed by hoeing. Two tons of turkey manure per acre were applied to the WOF plot, and leek (Allium ampeloprasum L.) was the prior crop. All rhizosphere soil and root samples were collected in three replicates per field. The root system of each plant was collected using a shovel (approximately 15 cm depth). Fine roots were then cut and put them in a 50 mL tube. Rhizosphere soils were also collected on site and put in a separate container. First, we separated shoots from roots. Roots were gently shacked to remove bulk soil. The remaining soil attached to the roots was collected in Ziploc bags and it was considered as rhizosphere soil (∼500 mg; Floc’h et al., 2020). This rhizosphere soil was visually examined to remove root fragments. Samples were collected in October 2019, and they were immediately transported the lab in an ice pack and stored at −20°C until March 2020. These samples were thawed and used for DNA extractions.


TABLE 1. Field locations, planting, and sampling dates.
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DNA Extraction, PCR, and Sequencing

DNA extraction from roots and rhizosphere soils and PCR amplifications were carried out as described in Ahmed et al. (2021). Briefly, total 36 frozen hemp root and rhizosphere soil samples were considered for DNA extraction. First, we took 100 mg roots were ground to make fine powder using pre-chilled mortars and pastels. Grounded roots that may contain endophytes were used for DNA extraction using the DNeasy Plant mini kit (Qiagen, Toronto, ON, Canada). DNeasy PowerSoil Pro kit (Qiagen, Toronto, ON, Canada) was used to extract DNA from 250 mg of rhizosphere soil. Eluted DNA (30 μL) was stored at −20°C. The NanoDropTM 2000/2000c Spectrophotometer (ThermoFisher Scientific, Canada) was used to quantify the extracted DNAs, which were then visualized using a 1 percent agarose gel and the GelDoc System (BioRad, Montreal, QC, Canada). The bacterial 16S rDNA and fungal ITS regions were amplified by PCR. For the amplification of bacterial 16S rDNA, we used forward primer CS1_341 (5′-ACA CTGACGACATGGTTCTACACCTACGGGNGGCWGCAG-3′) and reverse primer CS2_806R (5′-TACGGTAGCAGAGACT TGGTCTGACTACHVGGGTATCTAATCC-3′), while fungal ITS region was amplified with CS1_ITS3_KYO2 (5′-ACACTG ACGACATGGTTCTACAGATGAAGAACGYAGYRAA-3′) and CS2_ITS4 (5′-TACGGTAGCAGAGACTTGGTCTTCCTCCG CTTATTGATATGC-3′; Toju et al., 2012). In addition, 16S bacterial primers were used to target V3 and V4 regions of 16S rDNA while ITS primers targeted ITS2 region located between 5.8S and 25S genes of rRNA. The PCR reactions were performed using 1.5X PlatinumTM Direct PCR Universal Master Mix (ThermoFisher, Montreal, QC, Canada), 0.25 μM of each primer, 1.5X PlatinumTM GC Enhancer, and 20 ng of template DNA in a 25 μL reaction volume. PCR reactions were run in an Eppendorf Mastercycler Pro S (Eppendorf, ON, Canada) with following cycling conditions: activation at 94°C for 2 min, followed by 35 cycles of denaturation at 94°C for 15 s, annealing at 60°C for 15 s, extension at 68°C for 20 s, a final extension at 68°C for 1 min with a hold at 10°C. Negative PCR controls without DNA were included in each PCR run. PCR products were visualized on 1% agarose gel stained by GelRed on a GelDoc system (BioRad, Saint-Laurent, QC, Canada). Amplicons were sent to the Genome Quebec Innovation Centre for sequencing on an Illumina MiSeq sequencer (San Diego, CA, United States; Montreal, QC, Canada) using 2 X 300 bp pair-end reads which were demultiplexed on the instrument.



Sequence Processing and Analysis of Data

R4.0.2 (R Core Team, 2020) was used for all bioinformatics tasks, including raw sequencing read processing and graphical analysis. Detailed information on bioinformatics pipeline and data processing are available in the Supplementary Information (Methods 1). Briefly, DADA2 was used to generate the Amplicon Sequence Variants (ASV) table, and taxonomy was assigned to ASV using the reference datasets SILVA (the Silva Project’s version 138) for 16S rDNA (Quast et al., 2013) and UNITE (version 8.3) for ITS (Nilsson et al., 2018). Using R and dplyr v2.0.0 (Wickham and Wickham, 2020), the relative abundance of taxa was calculated. To characterize species diversity in the communities, we used Shannon and Simpson’s index for both abundance and evenness of the species presented in the community. We used the “rrarefy” function of the vegan package v 2.5-6 to normalize the dataset before calculating diversity indices (Oksanen et al., 2020). The Shannon and Simpson diversity indices were calculated using the vegan v 2.5-6 on R. We calculated species evenness using Pielou’s index [J = H/In (S) where H is Shannon diversity index and S referred the total number of species in the dataset] using vegan package v 2.5-6 on R. Principle Coordination Analysis (PCoA) were calculated using Bray-Curtis distance matrix of Hellinger transformed counts using the R package vegan v 2.5.6. After the calculation of alpha diversity indices by ANOVA, we performed Tukey’s post-hoc tests to compare between hemp fields and sample types using package agricolae v1.3-3 (Peşteanu and Bostan, 2020) on R. Permutation-based multivariate analysis of variance (PERMANOVA; Anderson, 2001) was performed on samples considered for investigation of interaction effects of certain drivers on bacterial and fungal community with the function “Adonis” of the R package vegan v 2.5-6 using Hellinger-transformed and permutations 999 (Oksanen et al., 2019). With metacoder v 0.3.4, we visualized taxonomic abundance at the order level (Poisot et al., 2017). According to the definition of “core plant microbiota” (Vandenkoornhuyse et al., 2015), we defined core microbiota which is made up of taxa that are present in 100% of samples, root or rhizosphere soil associated with the host in different fields. We used the package indicspecies v 1.7.9 (De Cáceres and Jansen, 2019) using Šidák correction for multiple comparison in the R package RVAideMemoire v 0.9-78 (Hervé and Hervé, 2020). The algorithm “glasso” of the SPIEC-EASI v 1.0.6 (Kurtz et al., 2015) was used to perform a co-occurrence network analysis and the results were then exported into Cytoscape v 3.8.0 for visualization (Shannon et al., 2003). Edges were described as co-occurrences or mutual exclusions of positive or negative inverse covariance values between nodes. Betweenness centrality and degree emphasize central nodes as well as provide information about network architecture. Betweenness centrality is defined as the ratio of the shortest path between all other nodes in the network involving the given node. A ratio of betweenness centrality and degree of connectivity more than 95% of network taxa may indicate community participation in multipartite co-occurrences, allowing us to define strongly interconnected taxa as hub-taxa. The Venn diagrams were generated using the ‘‘Calculate and draw Venn diagrams’’ tool available on VIB, University of Gent1.



RESULTS


Sequencing and Bioinformatics

We sampled root and rhizosphere soil of C. sativa (hemp) in six fields in New York: Bluegrass Lane (BGL), Hudson Valley Lab (HVL), Long Island Horticultural Research and Extension Center (LIH), McCarthy CBD Trial (MC), McCarthy Stress Trial (MSC), and Wegman’s Organic Farm (WOF). Three plants per field, for a total of 18 plants, were sampled for root and rhizosphere soil. Illumina MiSeq produced a total of 11,617,362 pair-end raw reads (5,639,337 from bacteria and 5,978,025 from fungi). The number of reads per sample ranged from 41,561 to 98,764 for bacteria, and 34,891 to 106,235 for fungi. Using the DADA2 pipeline, 7160 bacterial and 3993 fungal ASVs were obtained. We also removed 26 ASVs from bacteria and 862 ASVs from fungi whose taxonomy belonged to mitochondria or chloroplast, leaving 7134 ASVs for bacteria and 3131 ASVs for fungi, respectively.



Microbial Diversity Patterns in Field Grown Hemp: Compartment and Field-Dependent Effects

The Shannon diversity index for bacteria is not as consistent as the Simpson index across all six hemp fields. The WOF field has the highest diversity mean in the Bacterial Shannon diversity index, whereas the BGL field has the lowest. However, the Simpson diversity index for all six fields is close to the maximum (Figure 2A). The Shannon diversity index was highly significant (P = 1.81E-05) on bacteria across fields (Supplementary Table 1). The BGL field was significant from HVL (P < 0.001), LIH (P = 0.02), MC (P = 0.008), MSC (P = 0.003), and WOF (P = 6.74E-06), and the LIH field was significant (P = 0.02) from WOF. The Pielou’s evenness index did not varied much but BGL field had the lowest mean evenness index and there is a significant difference (P = 0.04) of species evenness in the bacterial communities (Figure 2A and Supplementary Table 1). For Fungi, the HVL field has the highest mean diversity according to the Shannon diversity index and the difference was statistically significant (P = 0.01). The Simpson diversity index is quite homogenous across fields (Figure 2B) and there is no significant difference between hemp fields (Supplementary Table 1). Although the mean of Pielou’s evenness index is quite higher in HVL field, there is no statistically significant difference observed in the fungal communities across fields (Figure 2B). However, sample type (root or rhizosphere soil) had a significant effect on the bacterial (Shannon P = 1.12E-05, Simpson P = 0.001) and fungal diversity (Shannon P = 9.18E-08, Simpson P < 0.001). The Pielou’s evenness index also showed significant difference for sample type in the bacterial (Pielou P = 2.00E-05) and fungal communities (Pielou P < 001; Supplementary Table 1). The diversity of bacteria in the WOF plot, which was the only organic field in the study, tend to be high for Shannon and Simpson indices, but the difference was not highly noticeable. Organic and conventional fields have similar microbial diversity and community structure. Bacterial communities clustered by biotopes according to the PCoA ordination (Figures 3A,B). Root associated bacteria in HVL and LIH formed strong clusters out of six hemp fields. In the rhizosphere soil, the bacterial community structure was clustered in three fields: LIH, MC, and MSC (Figure 3A). That said, fungal communities clustered differently than bacterial communities. For root biotopes, only MSC displayed a clear clustering pattern, while rhizosphere soil biotopes were clustered strongly in three fields: HVL, MSC, and WOF (Figure 3B). Using the PERMANOVA test, we observed that hemp fields revealed highly significant variations in both compartments in the bacterial (root: R2 = 0.611, P = 0.001, and rhizosphere soil: R2 = 0.807, P = 0.001) and fungal (root: R2 = 0.425, P = 0.001, and rhizosphere soil: R2 = 0.485, P = 0.001) community structure (Table 2).
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FIGURE 2. Microbial species diversity and evenness in different hemp fields. The analysis of alpha diversity indices (Shannon and Simpson) and Pielou’s evenness index of the bacterial and fungal communities: (A) bacterial microbiota; (B) fungal microbiota. Indices are shown according to fields. Field name: BGL, Bluegrass Lane; HVL, Hudson Valley Lab; LIH, Long Island Horticultural Research and Extension Center; MC, McCarthy CBD Trial; MSC, McCarthy Stress Trial; and WOF, Wegman’s Organic Farm. Three replicates were used for the analysis of species diversity and evenness.
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FIGURE 3. Structure of the community. Principal coordinates analysis (PCoA) showing the community compositions assignments of (A) bacterial 16S rDNA and (B) fungal ITS genes. The variance in the ordinations’ axes 1 and 2 is displayed in parenthesis. Samples from the rhizosphere soil and root are shown by circular and triangle shapes, respectively. Three replicates were used for PCoA analysis. Each color represents filed name: BGL, Bluegrass Lane; HVL, Hudson Valley Lab; LIH, Long Island Horticultural Research and Extension Center; MC, McCarthy CBD Trial; MSC, McCarthy Stress Trial; and WOF, Wegman’s Organic Farm.



TABLE 2. Effect of fields on the structure of the bacterial and fungal communities in root and rhizosphere soil according to PERMANOVA.
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Differential Taxonomic Profiles in Hemp-Associated Microbial Community

In the bacterial communities, we found 26 abundant phyla (Supplementary Table 2), with Planctobacteria being the most abundant phyla in both root (Figure 4A) and rhizosphere soil (Figure 4C). The 7,134 bacterial ASVs (BASV) were assigned to 108 orders (Supplementary Table 3). We chose the top 10 orders based on their high relative abundance in both biotopes and eight of the 10 most abundant orders (Pirellulales, Gemmatales, Tepidisphaerales, Planctomycetales, Chthoniobacteriales, Isophaerales, Candidatus Kaiserbacteria, and Phycisphaerales) were dominant in both root and soil (Figures 4B,D). Both biotopes were dominated by Pirellulales (Figures 4B,D).
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FIGURE 4. Taxonomic hierarchy abundance at the order level for bacterial communities. (A) Taxonomic representation at order level in root; (B) relative abundance of top 10 bacterial orders in root. (C) Taxonomic representation at order level in rhizosphere soil (D) relative abundance of top 10 bacterial orders in rhizosphere soil. Three replicates were used for this study.


In the fungal dataset, we identified 12 phyla (Supplementary Table 4), with Ascomycota being the most abundant in both root (Figure 5A) and rhizosphere soil (Figure 5C). The 3,132 fungal ASVs were classified into 110 orders (Supplementary Table 5). The order Hypocreales dominated both biotopes followed by Agaricales, Sordariales, Cantharellales, Pleosporales, Eurotiales, Mortierellales, Chaetothyriales, Orbiliales, and Myrmecridiales (Figures 5B,D). Based on relative abundance, Hypocreales, Sordariales, Pleosporales, Glomererellales, Mortierellales, Eurotiales, Coniochaetales, Heliotales, Agaricales, and Pezizales were the top 10 fungal orders in the rhizosphere soil (Figure 5D). Both the root and rhizosphere soil fungal communities shared six (Hypocreales, Agaricales, Sordariales, Pleosporales, Eurotiales, and Mortierellales) of the top 10 orders (Figures 5B,D).
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FIGURE 5. Taxonomic hierarchy abundance at the order level for fungal communities. (A) Taxonomic representation at order level in root; (B) relative abundance of top 10 fungal orders in root. (C) Taxonomic representation at order level in rhizosphere soil (D) relative abundance of top 10 fungal orders in rhizosphere soil. Three replicates were used for this analysis.




Indicator Species and Core Microbiota Across Six Hemp Fields

The indicator species analysis with Šidák correction for multiple comparisons accounted for on average 1 to 65% relative abundance of all root bacteria and 1 to 50% relative abundance of all rhizosphere soil bacteria detected in six different fields (Figure 6). However, fungal indicator species were not found in every field, for example, ASV7 (Fusarium equiseti) found in root in WOF (Figure 6C), in HVL and MSC one ASV was identified in the rhizosphere soil (Figure 6D). In root, WOF had the greatest number of bacterial indicator species (15), while in the rhizosphere soil, BGL had the most (30; Figure 6B). BGL had a maximum of six fungi in the rhizosphere soil (Figure 6D and Supplementary Table 6). Core microbiome composed of a small number of relatively abundant bacterial and fungal ASVs for each field. Here, we used the term “BASV” defining Bacterial ASV and “FASV” for fungal ASV. We found eight BASV as rhizosphere soil core microbiota, which were identified as four Planctobacteria (Gimesia maris, Pirellula sp. Lacipirellula limnantheis, and Gemmata sp.) and three of which were Unclassified Planctobacteria (Supplementary Figure 1A and Supplementary Table 7). Fusarium oxysporum, Gibellulopsis piscis, and Fusarium equiseti were identified as fungal core microbiota (Supplementary Figure 1B and Supplementary Table 8).
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FIGURE 6. Indicator species of hemp microbiome. The most representative species of hemp microbiome were identified through indicator species analysis in six different field locations. Bacterial indicator species in root (A) and in rhizosphere soil (B); and fungal indicator species in root (C); and in rhizosphere soil (D). Fungal indicator species in root identified only in WOF filed. Three replicates were used for analyzing indicator species in each field.




Network Patterns of Microbial Community in Field Grown Hemp

Co-occurrence network analysis of the hemp microbiota revealed complex co-occurrences among bacterial and fungal ASVs in the soil than in the root, of which 167 nodes and 257 edges in the root and 448 nodes and 2,164 edges in the rhizosphere soil. Based on the betweenness centrality score and node degree, eight BASV, BASV26 (Lacipirellula limnantheis), BASV33 (Unidentified Tepidisphaerales), BASV37 (Caulifigura coniformis), BASV57 (Unidentified Pirellulaceaes), BASV194 (Unidentified Tepidisphaerales), BASV285 (C. coniformis), BASV322 (Unidentified Planctomycetes), and BASV425 (C. coniformis) were identified as hub taxa in the root (Figure 7A and Supplementary Figure 2A). Four BASV, BASV37 (C. coniformis), BASV314 (Unclassified Tepidisphaerales), BASV636 (Unclassified Gemmatales), BASV1686 (Pirellula sp.), and two fungal ASVs, FASV46 (Metarhizium marquandii) and FASV79 (Nectria ramulariae), were identified as hub microbes in the rhizosphere soil microbiome network (Figure 7B and Supplementary Figure 2B). BASV37 (C. coniformis) was the only hub taxa found both in the root and rhizosphere soil (Figure 7 and Supplementary Figure 2). The network of each hub taxon and its connected ASVs is termed to as a module, and Modular hub taxa were ASV-centered within a module. We identified a meta co-occurrence pattern of 13 modules (Figure 8). We also identified taxa connecting different modules and considered as connector taxa, and the taxa connecting within modules and in general are considered as network hub taxa. Detailed taxonomic information of modular hub, connector and network hub can be found in the Table 3. Their co-occurrence pattern revealed: (i) root modular hub ASVs, BASV425, BASV285, BASV57, BASV33, and BASV26 are connected, and four connector ASVs, BASV406, BASV108, BASV27, and BASV1 established co-occurrences between rhizosphere soil modular hub (BASV636 and BASV1686) and root modular hub taxa; (ii) rhizosphere soil modular hub BASV636 and BASV314 are negatively co-occurred via BASV916; (iii) rhizosphere soil hub taxa FASV79 had negative co-occurrences with BASV314 and BASV1686; (iv) a connector taxon, BASV1090 had positive co-occurrence with rhizosphere soil modular hub BASV314 but negative co-occurrence with the modular hub FASV46; (v) FASV264 connected maximum four modular hub taxa (FASV46, FASV79, BASV37, and BASV314). BASV27 positively co-occurrence two rhizosphere soil modular hubs, BASV285 and BASV57, but negatively with a rhizosphere soil modular hub taxon, BASV1686. BASV57 established positive co-occurrences with a rhizosphere soil modular hub FASV46 and negative co-occurrences with two rhizosphere soil modular hubs, BASV314 and FASV79; (vi) FASV18 was positively connected with BASV37 but negatively with FASV46; and (vii) root modular hub BASV194 was not found in the co-occurrences network of network hub taxa. We identified eight bacterial and two fungal ASVs connecting all modular hub taxa to extend networks between the root and rhizosphere soil microbiota. Thus, these 10 connector ASVs and modular hubs, for a total of 24 ASVs have been chosen as network hub taxa (Figure 8 and Table 3). These 23 network hub taxa were identified as four bacteria and three fungi, and five ASVs were unidentified at the genus level were considered as network hub microbiota in the hemp microbiome network across six different field sites (Table 3).
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FIGURE 7. Interkingdom network cooccurrence in hemp microbiome. The microbial network cooccurrence includes three fully independent replicates. Betweenness centrality and node degree of ASVs and their inter-connection identified eight hub taxa in the root (A). Betweenness centrality and node degree of ASVs and their inter-connection identified six hub taxa in rhizosphere soil (B). Here soil refers to rhizosphere soil. Tables next to each figure identifies microbiota corresponding to the hub ASVs.
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FIGURE 8. Network hub taxa identified across six hemp fields in New York. Interkingdom interactions of hub taxa in the root and rhizosphere soil was analyzed using three replicates. The co-association of each hub taxa and its co-associated ASVs is denoted as a Module and ASV connecting between Modules considered as connector taxa. Hub taxa of the module and connector taxa combinedly considered as Network hub taxa. Here soil refers to rhizosphere soil.



TABLE 3. Network hub taxa identified in six hemp fields.
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DISCUSSION

We studied the microbial communities associated with a single hemp cultivar growing in six field locations in New York State and different agricultural practices. Although the number of samples per field was low which may be a factor that influence statistical analyses, we therefore focus on comparisons of microbial communities in biotopes, the core, and the network across all samples. In hemp root and soil, we showed the diversity of bacterial and fungal communities, taxonomic abundance and interkingdom interactions. Planctobacteria and Ascomycota dominated bacterial and fungal communities in hemp microbiota in six fields. Eight BASV and three fungal ASVs dominated the core microbiota. We discovered 24 ASVs as network hub taxa that are establishing microbial network associated with C. sativa TJ’s CBD.

The alpha diversity of the microbial communities was greatly affected by compartment, but we found that community structure varied significantly among different hemp field sites. The community structure observed in this study resembled patterns found previously in hemp (C. sativa “Anka”) growing in six fields in New York’s Finger Lakes region (Barnett et al., 2020). Some of the main contributors to the taxa abundance in hemp in this study was Planctobacteria which was highly enriched in root and rhizosphere soil biotopes, showed similar trends in the root and rhizosphere soil in other crops, such as soybean (Ahmed et al., 2021), soybean straw returns (Miao et al., 2020), and wild beet (Zachow et al., 2014). Planctomycetes (Planctobacteria) were observed in the highly abundant (>1% of the community) bacteria in multiple compartment (root, rhizosphere soil, bulk soil, flowers, and leaves) in field-grown hemp (Barnett et al., 2020). In support of Barnett et al. (2020) report of hemp associated fungi, we identified four of the top 10 fungal orders that were proven to have a greater association of those microbes with hemp, providing evidence that those fungal ASVs has an important impact in field-grown hemp in New York. For root and rhizosphere soil communities, the influence of field site was strongest, implying that several factors including soil chemistry were likely to be driving this field specific variance. Our study comprised six different field locations, each with unique soil features that could influence hemp-associated microbiota. Overall, our data indicated that while local environment factors may influence hemp microbiota, certain bacteria and fungi were abundant in hemp irrespective of fields location.

To learn more about microbial community patterns across fields and hemp-microbe interactions, we identified indicator species and the core microbiome. The indicator species analysis identifying different bacteria and fungi and their ties to field sites allows in predicting their presence and abundance of those taxa. In comparing to other fields, the rhizosphere fungal communities in LIH and MC are scattered. In LIH and MC, we found no fungal indicator species in the root and rhizosphere soil, which could explain why the LIH and MC fungal communities in our PCoA were so dispersed (Figure 3B). We found Streptomyces lincolnensis as an indicator species associated with hemp roots in LIH field. However, Streptomyces sp. has been reported as a potential biocontrol agent of plant pathogens as well as of plant growth enhancer (Figueiredo et al., 2010; de Jesus Sousa and Olivares, 2016; Vurukonda et al., 2018). Beneficial fungal species, Trichoderma hamatum and Metarhizium marquandii, were identified as fungal indicator species in the rhizosphere soil of BGL field. It has been proven that T. hamatum has biocontrol activity and potential to increase plant biomass extensively in agriculture practices (Harman et al., 2004; Studholme et al., 2013), such as it promotes lettuce growth in low pH and nutrient poor soil, and protect against pre-emergence disease caused by Rhizoctonia solani and Sclerotinia sclerotiorum (Ryder et al., 2012). Recently, Metarhizium marquandii was selected from an in vitro screening with another fungal species and observed in solubilizing phosphorus, producing indoleacetic acid and contributing to plant growth in soybean, maize, and bean (Baron et al., 2020).

No core microbiota was identified in hemp root, and a major portion of the bacterial core (37%) was unclassified at the genus level, indicating that the core hemp microbiota comprises bacteria that have yet to be isolated or documented. This resulted in a list of microbes that should now be prioritized for directed isolation or genome binning using sequencing to further understand their potentials in hemp. We observed very little evidence of core microbiota. We identified a limited list of microbes as core microbiota (four bacteria and three fungi), which is similar to recent field-grown hemp study, who identified five bacterial and fungal core taxa in the bulk soil (Barnett et al., 2020). Fusarium solani identified as soil indicator species in HVL and MSC field sites. Fusarium oxysporium has been identified as a core fungal microbiota. Fusarium are documented for its devastating effects such as causing root and crow rot of C. sativa (Punja, 2021). But the presence of Fusarium as a core microbiota in bulk soil of field-grown hemp (Barnett et al., 2020), not only supports its common occurrence but also opens the possibility of studying the interactions of host-dependent pathogens to truly comprehend soil health of hemp fields. Fusarium spp. could be combined with other biocontrol agents to enhance hemp protection against pathogen attacks (Kaur et al., 2011). Beneficial bacteria may colonize Fusarium species, which could explain the positive correlations on the one hand and the hemp benefits on the other, which have been observed in canola (Lay et al., 2018), non-pathogenic F. oxysporum isolate Fo47 discovered from Fusarium wilt suppressive soils in France, has been intensively studied for the management of Fusarium wilt disease in a variety of vegetable and flower crops (Alabouvette et al., 1998). However, we did not investigate Fusarium’s non-pathogenic activity in hemp. Therefore, future studies on functional activities, including biocontrol agents is needed. Our findings illustrate a list of prospective candidate microbes for further research into hemp-specific interactions and how their activity relates to hemp performance.

Plant microbial networks are complicated, and each contributing taxon performs specialized roles that are critical to the ecosystem’s functionality, as a result, contribute to plant health (Zhou et al., 2010; Huang et al., 2020). Thus, it is essential to study microbial co-occurrences in the plant microbiome and how they impact plant health. We identified 24 ASVs as network hub taxa that maintain microbial community structure in root and rhizosphere soil. Since the hub microbes are crucial to plant health (Philippot et al., 2013; Agler et al., 2016), they could be ideal targets for new management practices intended to boost crop production. Microbial hub taxa can also link factors controlling the dynamics of plant associated microbiome and more effectively stabilizing selected microbiota according to plant genotype (Agler et al., 2016). As a result, their identity as well as functional role should be clarified. Addressing the microbial co-occurrences with hemp can enhance crop health and productivity by manipulating grow strategies. Given the fact that study into the hemp microbiome is still in its preliminary phase, data suggest that cultivar and soil type dependent selection are the primary factors in determining microbial community composition (Garbeva et al., 2004; Berg and Smalla, 2009; Taghinasab and Jabaji, 2020). We detected Chaetomium globosum as an indicator species in the rhizosphere soil of the WOF field (Supplementary Table 6), which confirms the previous reports of hemp endophytes (Kusari et al., 2013). Most of the microbiome studies in C. sativa have focused on high THC cultivars (McKernan et al., 2016; Comeau et al., 2020) as well as identifying endophytes (Gautam et al., 2013; Kusari et al., 2013; Scott et al., 2018; Taghinasab and Jabaji, 2020). However, there has been little progress in understanding of endophytic bacteria and fungi in various organs affects growth and biocontrol potentiality (Pagnani et al., 2018; Taghinasab and Jabaji, 2020) but the underlying mechanism is still unexplained. It’s been proposed that bacteria isolated from one plant species might improve plant biomass and respond to stress in another, implying that beneficial microbes could enhance hemp production. Our results suggest that searching for field sites reliant microbial community assemblages can enhance hemp biomass, biocontrol pathogens, and secondary metabolites production, as previously explained (Taghinasab and Jabaji, 2020). The discovery of core and hub microbial members in field-grown hemp in New York state not only verifies the importance of common microbes in screening and assemblage of hemp microbiota (Barnett et al., 2020), but also opens up new prospects in studying whether there are any hemp-associated bacteria or fungus that could be used to produce biocontrol agents.

Plant microbiomes have huge potential to increase yield in a sustainable way to meet rising global food and biofuel demands. Substantial investigations are necessary to correctly assess the roles of microbial interactions with hemp in modern agricultural systems with the aim of integrating beneficial microbiomes into crop yields. By studying microbial diversity, community structure and interkingdom interactions between bacteria and fungi in hemp roots and rhizosphere soil in natural fields, as well as defining core and hub microbiota for further inquiry and manipulations, our study contributed to addressing key information gaps for hemp cultivar-by-environment-microbiota interactions. Understanding the role of microbiome in distinct plant compartments and different developmental stages, as well as their role on the quality and quantity of yield and secondary metabolites production has been given importance (Barnett et al., 2020; Dastogeer et al., 2020; Taghinasab and Jabaji, 2020). Our study based on the microbiota at maturity stage; nevertheless, we may have missed some microbial members during other developmental stages. However, our findings endorse the idea that some bacterial and fungal taxa were shared by the clonal hemp cultivar “TJ’s CBD” grown across six different field locations, and that such taxa seemed to be strongly associated with hemp regardless of location. This study could be effective in adding more understanding into the role of hemp-associated bacteria and fungus throughout plant development by merging microbiome and transcriptomics data.
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Some root-associated bacteria could degrade polycyclic aromatic hydrocarbons (PAHs) in contaminated soil; however, their dynamic distribution and performance on root surface and in inner plant tissues are still unclear. In this study, greenhouse container experiments were conducted by inoculating the phenanthrene-degrading bacterium Diaphorobacter sp. Phe15, which was isolated from root surfaces of healthy plants contaminated with PAHs, with the white clover (Trifolium repens L.) via root irrigation or seed soaking. The dynamic colonization, distribution, and performance of Phe15 in white clover were investigated. Strain Phe15 could efficiently degrade phenanthrene in shaking flasks and produce IAA and siderophore. After cultivation for 30, 40, and 50 days, it could colonize the root surface of white clover by forming aggregates and enter its inner tissues via root irrigation or seed soaking. The number of strain Phe15 colonized on the white clover root surfaces was the highest, reaching 6.03 Log CFU⋅g–1 FW, followed by that in the roots and the least in the shoots. Colonization of Phe15 significantly reduced the contents of phenanthrene in white clover; the contents of phenanthrene in Phe15-inoculated plants roots and shoots were reduced by 29.92–43.16 and 41.36–51.29%, respectively, compared with the Phe15-free treatment. The Phe15 colonization also significantly enhanced the phenanthrene removal from rhizosphere soil. The colonization and performance of strain Phe15 in white clove inoculated via root inoculation were better than seed soaking. This study provides the technical support and the resource of strains for reducing the plant PAH pollution in PAH-contaminated areas.

Keywords: polycyclic aromatic hydrocarbons (PAHs), phenanthrene biodegradation, root-associated bacteria, colonization and distribution, plant uptake and accumulation


INTRODUCTION

Polycyclic aromatic hydrocarbons (PAHs) are a class of persistent toxic organic pollutants that exist widely in the soil environment (Falciglia et al., 2016). PAHs are mainly derived from the incomplete combustion of petroleum, coal, wood, and other organic matter (Abdel-Shafy and Mansour, 2016). Moreover, studies have shown that the main source of PAHs has changed from the incomplete combustion of biomass to the use of large amounts of fossil fuels (Li et al., 2021; Yu et al., 2021). It can be seen that man-made production activities have become the main source of PAHs released into the environment. In Delhi, India, the total PAH contents hidden in PM10 and PM2.5 in winter were as high as 177.5 ng⋅m–3, and these PAHs would enter the soil eventually (Singh et al., 2011). A study performed in 2011 found that the petroleum refining soil in Bratislava contained up to 2000 μg⋅Kg−1 of PAHs (Musa Bandowe et al., 2011). And to make matters worse, recent studies have shown an increase in PAHs over the Arctic (Yu et al., 2019). PAHs in the soil can be taken up and accumulated by plants and then transferred and biomagnified through the food chains, threatening human health (Gao et al., 2013). It is of great significance to regulate the absorption and accumulation of PAHs in soil by plants, to reduce the PAH contamination in crops and produce safe agricultural products in PAH-contaminated areas.

Some surfactants can enhance the solubility and bioavailability of PAHs, and are used to regulate PAH uptake and accumulation in plants. Gao et al. (2006) founded that the addition of appropriate BRIJ35 (≤74 mg⋅L–1) could improve the absorption of pyrene and phenanthrene by plants, while the high concentration BRIJ35 (≥148 mg⋅L–1) inhibited the absorption of them due to its competitive effect and toxic effect on plants. Coincidentally, Liao et al. (2015) also pointed out that adding an appropriate concentration of surfactants to the soil could improve the bioavailability of PAHs, thus promoting the absorption and accumulation of PAHs by maize. However, due to environmentally unfriendly characteristics of most surfactants (Mueller et al., 2005), microbial methods such as endophytic bacteria and mycorrhizal fungi were more commonly used to remove PAHs from rhizosphere soil and inner plants, thus reducing the risk of plant PAH pollution in contaminated areas (Gao et al., 2011; Sun et al., 2014).

The root surface is the interface between plant roots and soil, and it is an important window for plants to absorb organic pollutants. According to Fismes et al. (2002), firstly, organic pollutants gradually spread from the surrounding environment to plant roots and were adsorbed on the root surface and then gradually absorbed by plant roots. Zhan et al. (2010) verified this conclusion when studying the absorption of phenanthrene by wheat roots: in the initial stage of rapid phenanthrene absorption by wheat roots, phenanthrene was first adsorbed to the surface of wheat roots then spread to the inner root tissue and transferred to the shoots along with transpiration flow. It is clear that reducing PAH contents adsorbed by root surfaces can effectively inhibit the uptake of PAHs by plant roots, thus reducing the plant PAH contamination.

Root exudates can attract considerable numbers of bacteria to colonize the root surface of plants and form bacterial aggregates or even bacterial biofilms (Ramey et al., 2004). Root-associated bacteria usually own various ecological functions, such as promoting plant growth, improving plant stress resistance to harsh environments, reducing plant diseases (Thimmaraju et al., 2008), and controlling even remediating environmental organic pollution (Marta et al., 2005). In 2004, Johnsen and Karlson (2004) found that three strains belonging to Sphingomonas could increase the solubility of PAHs via producing exopolysaccharides, thus enhancing the degradation efficiency of PAHs. Böltner et al. (2008) isolated two Sphingomonas strains with lindane-degrading ability from plant root surfaces and found that the two strains colonized maize roots in large numbers for a long time and could remove lindane consistently from the rhizosphere. However, there are few reports on root-associated PAH-degrading bacteria; whether their colonization on root surface can effectively reduce the accumulation and absorption of PAHs in plants remains unclear.

The PAH-polluted agricultural area exists in many countries; it is of great significance to reuse these contaminated fields to produce safe agricultural products. In these PAH-polluted soil, phenanthrene is always one of the dominant PAHs and can be absorbed by plants (Tao et al., 2004). Based on this, this study explores the isolation and recolonization of a root-associated phenanthrene-degrading bacterium into white clover via root inoculation or seed soaking. The degradation performance of phenanthrene, a model PAH, by this strain was also examined. The colonization, distribution and performance of this strain in white clover were investigated to provide a theoretical basis for the plant PAH pollution control and agricultural food safety in PAH-contaminated areas.



MATERIALS AND METHODS


Reagents and Culture Media

The phenanthrene (purity ≥98%) was purchased from Fluka, Germany, and it was prepared into a highly concentrated stock solution (2.0 g⋅L–1 in acetone). The water solubility (Sw) and molecular weight (MW) of phenanthrene is 1.18 mg⋅L–1 (25°C) and 178.23, respectively, and the logarithmic transformation distribution coefficient (Log Kow) of phenanthrene octanol-water is 4.57 (Chiou et al., 1998). All solvents and reagents used were of analytical grade.

The mineral salt medium (MSM) contained 0.20 g⋅L–1 MgSO4⋅7H2O, 1.50 g⋅L–1 (NH4)2SO4, 1.91 g⋅L–1 K2HPO4⋅3H2O and 0.50 g⋅L–1 KH2PO4 (Sun et al., 2014). Phenanthrene was added to MSM to make PMM medium as described in a previous study (Liu et al., 2014). Solid medium plates were prepared by adding 18 g⋅L–1 of agar into the liquid media described above.



Isolation of the Root-Associated Phenanthrene-Degrading Bacterium Phe15

Several representative dominant plants were collected from the fields contaminated by PAHs for a long time. After removal of soil from the root surface with a sterilizing brush, the root was washed gently under running water for 15 s, cut off with sterilizing scissors, and then placed into a centrifuge tube with 5 mL sterilized deionized water to vibrate violently for 30 s, to destroy the bacterial biofilm structure and free the bacteria from the root surface (Yamaga et al., 2010).

The obtained bacterial suspension was added into PMM with the initial phenanthrene concentration of 100 mg⋅L–1 and cultivated (Liu et al., 2018). Finally, the enrichment culture was coated on PMM plates, and a bacterium named Phe15 was isolated for it could produce a clear zone around its colony. After verifying the phenanthrene-degrading ability of this strain, it was identified as mentioned previously (Sun et al., 2014).



Degradation of Phenanthrene by Strain Phe15

Strain Phe15 was inoculated in LB medium and cultured on a rotary shaker (180 r⋅min–1, 30°C) until OD600nm = 1.0. The bacterial solution was centrifuged (8000 r⋅min–1, 5 min), washed twice by MSM, resuspended to obtain 1.8 × 108 colony-forming units (cfu) ⋅ mL–1, and injected into PMM at 2% (V: V).

Then, each 20 mL of the above inoculated PMM (containing 100 mg⋅L–1 phenanthrene) was added into a 50 mL flask and cultured in a shaker (180 r⋅min–1, 30°C). The cultured samples were extracted periodically. The Phe15 cells in the flask were estimated by plate counting, and the residual phenanthrene concentration was determined by HPLC (Liu et al., 2018). Phenanthrene degradation kinetics and growth curves of Phe15 were plotted with the PMM inoculated with inactivated Phe15 as control.

The effects of pH (4.0, 5.0, 6.0, 7.0, 8.0, 9.0, 10.0), phenanthrene concentration (50, 100, 150, 200, 250 mg⋅L–1) and the incubation temperature (15, 20, 25, 30, 37, 42°C) on degradation of phenanthrene by strain Phe15 were also investigated (Sun et al., 2014).



Biological Characteristics of Strain Phe15


Antibiotic Resistance

The distribution of strain Phe15 in the inner and rhizosphere of plants could be tracked after antibiotic resistance label as following. The inoculum of strain Phe15 as above was inoculated in LB liquid medium containing different concentrations of antibiotics at 2% (V:V), and the growth of the strains was observed after 96 h of constant temperature oscillation culture (180 r⋅min–1, 30°C). Antibiotics include ampicillin, gentamicin, kanamycin, streptomycin, tetracycline, chloramphenicol, erythromycin, and spectinomycin at concentrations of 0, 10, 25, 50, 75, and 100 mg⋅L–1, respectively.



Plant Growth-Promoting Characteristics

In order to determine the plant growth promoting potential of strain Phe15, the capacity of strain Phe15 to produce indole-acetic acid (IAA) and siderophore was measured according to the methods described by Gordon and Weber (1951) and Zhang et al. (2021), respectively. Meanwhile, Phe15 pure culture (1 μL) was inoculated on the plate with LB medium supplemented with Ca5 (PO4)3OH and cultured at 30°C for 7 consecutive days. The appearance of transparent “halos” was observed to quantify the solubilizing effect of phosphate (Katznelson and Bose, 1959).



Colonization Potential on White Clover Root Surfaces

The seeds of Trifolium repens L. were purchased from Jiangsu Agricultural Science and Seed Industry Research Institute Co. Ltd. After using 1% sodium hypochlorite to disinfect the surface of plants for 10 min, the white clover seeds were immediately cleaned with sterile water to accelerate germination without light.

To determine the colonization ability of strain Phe15 on white clover root surfaces, the distribution of strain Phe15 on the white clover root surfaces was observed. After germination, the white clover was transferred to a sterile culture system (with 1/2 Hoagland nutrient solution) and cultured in a light incubator (Sun et al., 2014). When white clover grew to about 7 cm height, 2% (V: V) of Phe15 suspension (OD600nm = 1.0) was inoculated into nutrient solution for 3 days. Then the white clover was collected, and the free cells of strain Phe15 on the white clover root surfaces were gently washed off with running water. The bacterial aggregates of Phe15 on the white clover root surfaces were observed through scanning electron microscopy (SEM) detection in the Life Science Experiment Center, Nanjing Agricultural University.




Greenhouse Container Experiments


Collection and Treatment of Soil

The soil samples were collected from the topsoil of a farmland in Nanjing. The soil type was yellow-brown soil with pH value of 6.03 and organic carbon content of 14.3 g⋅kg–1, no PAHs were detected. The collected soil was air-dried, sieved through 10 meshes, and then artificially polluted with phenanthrene at a final content of 100 mg⋅kg–1 (Liu et al., 2017). After 30 days of aging (Hwang and Cutright, 2002), the phenanthrene content in the soil decreased to 62.37 mg⋅kg–1.



Potted Experiment Setup

Six treatments were set in the experiment, which were: uncontaminated soil + white clover (UW), contaminated soil (CK), contaminated soil + white clover (CW), contaminated soil + Phe15 (CP), contaminated soil + white clover + Phe15 via root irrigation (CWR) and contaminated soil + white clover + Phe15 via seed soaking (CWS). All treatments were replicated 3 times.



Greenhouse Container Experiments

After sterilizing the white clover seeds with 1% sodium hypochlorite for 10 min and then washing them with sterile water for 5 min, the white clover seeds were divided into two parts and one was planted directly in the soil (UW, CW, CWR). The other seeds were soaked in a prepared Phe15 MSM suspension (OD600nm = 1.0) for 4 h, dried, and then sown in the soil (CWS). Follow-up treatments for the CWR group: 10 mL Phe15 suspension (OD600nm = 1.0) was evenly injected into the contaminated soil when two true leaves of white clover grew after sowing. The same Phe15 suspension was also added to the unsown contaminated soil as group CP. Then, the inactivated Phe15 suspension in MSM was inoculated into CK, CW, and UW groups as the control.

Each of the six experimental groups had three pots, and each pot was evenly distributed with 8 grains. The seedlings were placed in a light incubator (25°C in the day and 20°C in the night) and cultivated for 50 days; the positions of the pots were randomly exchanged every 3 days. Destructive sampling was performed at the 30, 40 and 50 days, respectively, to determine the cell counts of colonized Phe15, the biomass of white clover, and the phenanthrene contents in plant and soil samples.



Determination of Biomass of White Clover

The samples of fresh white clover were collected and washed with sterile running water. After rinsing all surface attachments and drying the plant surface with blotting paper, the root and stem of white clover were separated, and the fresh weight of white clover was weighed with a balance. After that, the fresh plant samples were placed in a freeze-dryer and then freeze-dried for 72 h to obtain the dry weight.



Determination of Cell Count of Strain Phe15

A small number of samples (soil, plant shoots, plant roots) were ground, then suspended in sterile water and shaken to obtain bacterial suspension, which was used for dilution coating plate counting (Liu et al., 2018) on PMM plates containing 25 mg⋅L–1 chloramphenicol and 75 mg⋅L–1 ampicillin. Then, strains producing clear zones under the UV lamp were counted and then randomly selected for 16S rRNA gene sequencing. The sequencing results suggested that all the selected colonies were determined to be strain Phe15.



Determination of Phenanthrene Content in Soil and White Clover

A certain amount of freeze-dried samples (soil and white clover) were ground, homogenized extracted and analyzed for the phenanthrene residues by HPLC (Gao et al., 2017). The recovery of phenanthrene in the soil and plant samples averaged ≥93.8% (n = 5, RSD ≤ 2.47%) after the entire procedure.




Statistical Analysis

SPSS 22.0 and Microsoft Excel 2016 software packages were used for data processing and analysis. The data point is the average of at least three repetitions; the difference was considered significant when p-value < 0.05, and the error bar represented standard deviation (SD).




RESULTS AND DISCUSSION


Isolation and Identification of Strain Phe15

A Gram-negative rod-shaped strain Phe15, with phenanthrene-degrading function, was isolated from Eleusine indica (L.) Gaertn root surfaces. This strain has a terminal flagellum and its volume is about 1.8 × 0.7 μm (Figure 1A). The colonies of strain Phe15 are milky white with neat edges and smooth and moist surfaces (Figure 1B). The biochemical and physiological characteristics of Phe15 were determined and listed in Table 1. The 16S rRNA gene sequence of Phe15 (with GenBank No. of MT361874) shows more than 99% homology with that of strains belonging to Diaphorobacter sp. (Figure 1C). The combined results of morphology, 16S rRNA gene sequence and biochemical and physiological characteristics indicated that strain Phe15 belonged to Diaphorobacter sp.


[image: image]

FIGURE 1. The identification of strain Phe15. (A) Transmission electron micrograph of strain Phe15 (× 4.0 k Zoom–1 HC–1 80 kV); (B) Colonial morphology of strain Phe15 on LB agar plate; (C) Phylogenetic analysis of strain Phe15 and related species using the neighbor joining method. Bootstrap values (%) are indicated at the nodes in a bootstrap analysis of 1000 replicates. The scale bar indicates 0.005 changes per nucleotide. The Gen Bank accession number for each bacterium used in the analysis is shown in parentheses after the species name.



TABLE 1. Physiological and biochemical characteristics of strain Phe15.
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Diaphorobacter sp. strains are widely found in water, soil, and sediment, it also accounted for 10% of the bacterial richness in indoor air (Miletto and Lindow, 2015). Diverse strains belonging to Diaphorobacter sp. could carry out simultaneous nitrification and denitrification under aerobic conditions, demonstrating a good potential for application in treatment of wastewater containing high nitrogen (Khardenavis et al., 2007). Furthermore, Diaphorobacter sp. strains also showed the ability to degrade various organic pollutants, such as 3-nitrotoluene (Singh and Ramanathan, 2013), 3, 4-dichloronitrobenzene (Gao et al., 2021), chloroaniline (Zhang et al., 2009), polyester polymer (Khan and Hiraishi, 2002; Qiu et al., 2015) and chlorphenuron herbicide (Zhang et al., 2018), indicating that these strains had a broad spectrum of organic pollutant degradation.

In addition, some Diaphorobacter sp. strains could also degrade PAHs. As early as 2009, Klankeo et al. (2009) isolated a strain, Diaphorobacter sp. KOTLB, from contaminated soil, which could degrade pyrene, phenanthrene, and anthracene effectively under experimental conditions. In 2016, Zhao et al. (2016) found the Diaphorobacter sp. contributed most of the dehydrogenases involved in PAH degradation in a cooperative metabolic network for fluoranthene degradation in polluted soil. Recently, strain Diaphorobacter sp. YM-6 was isolated from PAH-contaminated sediment and could degrade phenanthrene efficiently; it could degrade 96.3% of phenanthrene (with initial concentration of 100 mg⋅L–1) in liquid cultures within 52 h via phthalic acid pathway (Wang et al., 2020). In this study, strain Phe15 was isolated from the root surface of the PAH-contaminated plant, which is the first reported root-associated Diaphorobacter sp. strain with PAH-degrading ability.



Degradation of Phenanthrene by Diaphorobacter sp. Phe15

The dynamics of phenanthrene degradation by strain Phe15 were studied in liquid PMM. As shown in Figure 2A, more than 70% of the phenanthrene was degraded within 36 h and over 95% was degraded within 48 h in PMM. At the same time, the cell count of strain Phe15 increased rapidly from 12 to 36 h of cultivation, with a maximum cell count of 7.74 (Log cfu⋅mL–1).
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FIGURE 2. Degradation of phenanthrene by strain Phe15. (A) Degradation dynamics of phenanthrene and the growth curve of strain Phe15; (B) Effect of substrate concentration on phenanthrene degradation by strain Phe15; (C) Effect of temperature on phenanthrene degradation and cell growth of strain Phe15; (D) Effect of initial pH value on phenanthrene degradation and cell growth of strain Phe15. Error bars are standard deviations (SD), n = 3.


Strain Phe15 could degrade phenanthrene well at a wide range of temperatures, initial pH and phenanthrene concentrations. As shown in Figure 2B, the phenanthrene was almost completely degraded within 120 h at the concentrations of 50–200 mg⋅L–1. Strain Phe15 grew better in the temperature range of 20–42°C and could degrade more than 80% of phenanthrene. The optimum temperature is 30°C (Figure 2C). Meanwhile, Phe15 was highly stable under pH 5.0 to 9.0, and could degrade more than 70% of phenanthrene. The optimal pH was 7.0, and the degradation ratio was rapidly reduced to 40–50% when the pH value was lower than 4.0 or higher than 10.0 (Figure 2D).

Compared with the other PAH-degrading Diaphorobacter sp. strains, Phe15 demonstrated better degrading ability and higher tolerance to environmental conditions. For instance, it took 8 days for Diaphorobacter sp. KOTLB to fully degrade phenanthrene (with concentration of 100 mg⋅L–1) in liquid cultures (Klankeo et al., 2009), and 52 h for Diaphorobacter sp. YM-6 to degrade 96% of it (Klankeo et al., 2009); while for strain Phe15, it took 48 h to degrade 95% of it. When the pH value was below 6.0 or above 10.0, the phenanthrene degradation ratio by strain YM-6 quickly deceased to lower than 20%, while for Phe15, when the pH value was between 4.0–10.0, the degradation ratio was all higher than 40%. Obviously, strain Phe15 showed better potential for application in practical use in environmental remediation.



Biological Characteristics of Diaphorobacter sp. Phe15

Strain Phe15 was resistant to 25 mg⋅L–1 chloramphenicol and 75 mg⋅L–1 ampicillin, its distribution in the rhizosphere and inner plant tissues could be tracked by using the resistance to these two antibiotics as markers. Antibiotic markers, as well as the lacZ, xylE, and lux gene markers, are commonly used to track the bacterial environmental behaviors, and beneficial to the screening and counting of target strains (Prosser, 1994). For example, the ecological behavior of Pseudomonas mutants in organic soils was successfully monitored based on their resistance to rifampicin (Compeau et al., 1988). Furthermore, the environmental risk of fluoroquinolones was carefully evaluated via monitoring the resistance of Streptococcus pneumoniae to ciprofloxacin and other drugs (Sahm et al., 2000). These studies suggest that antibiotic markers are also a good option if wild strains are not suitable for genetic modification to add genetic markers.

Strain Phe15 could produce 15.89 mg⋅L–1 IAA in nitrogen medium and had a specific capacity for producing siderophores. It has been found that some nitrogen-fixing bacteria isolated from tropical grass species can easily colonize plants by producing certain factors that promote plant growth (Lugtenberg and Kamilova, 2009). Similarly, the bacteria inhibiting the growth of fungal pathogens by producing siderophores, have a high advantage in rhizosphere nutrition and niche competition (Schippers et al., 1987). These rhizosphere bacteria, which have mechanisms such as nitrogen fixation and phosphate dissolution, rhizosphere engineering and plant hormone production, are collectively referred as plant-promoting rhizosphere bacteria (PGPR), such as Rhizobia (Wang and Martínez-Romero, 2000), Pseudomonas fluorescens (Khalid et al., 2004) and Bacillus subtilis (Bhattacharyya and Jha, 2012). They can better colonize on the root surface and then migrate into inner plants.

The results of the colonization experiment showed that Phe15 could colonize well on white clover root surfaces and form aggregates (Figure 3). Studies have shown that these aggregates are conducive to the long-term existence of rhizosphere bacteria on the root surface (Singh et al., 2006), because bacteria in the aggregates have the ability to resist adverse living environments and microbial inhibitors (Davey and O’toole, 2000) and can induce the activities of some enzymes in inner plants to remove organic pollutants such as PAHs (Shehzadi et al., 2014). Therefore, rhizosphere degrading bacteria are often combined with plants to remove organic pollutants from soil, among which root-associated bacteria that could form aggregates or biofilms on the root surface are always preferred (Khan et al., 2013; Arslan et al., 2017).


[image: image]

FIGURE 3. The colonization of strain Phe15 on the root surface of white clover observed by scanning electron microscope (WD14.7 mm 7.00 kV). The magnification of the left and right image is 1.0 and 4.0 k, respectively.




Colonization and Distribution of Diaphorobacter sp. Phe15 in White Clover

In the greenhouse container experiments, after inoculation of strain Phe15 for 30–50 days, most Phe15 cells efficiently colonized on the white clover root surfaces, and a few cells entered the inner tissues of white clover or were released into the rhizosphere soil (Table 2). For instance, the number of Phe15 cells was the highest on the root surface of white clover (5.58 Log CFU⋅g–1 FW via seed soaking and 6.03 Log CFU⋅g–1 FW via root irrigation) after inoculation for 30 d in phenanthrene contaminated soil.


TABLE 2. The cell counts of strain Phe15 colonized on the root surface, in the inner tissues and soil after inoculation with white clover for 30, 40, and 50 d.
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Furthermore, with the time extended from 30 to 50 days after inoculation, the number of Phe15 cells colonized in white clover and rhizosphere soil decreased obviously (P < 0.05). In most cases, the cell counts of Phe15 colonized in white clover plants via root irrigation were significantly higher than those via seed soaking (P < 0.05, Table 2). The reason may be that the cell count of Phe15 inoculated via seed soaking was much less, and the inoculation time was earlier than that via root irrigation. In addition, the decay rate of Phe15 counts in soil was also slowed down by planting white clover, indicating that white clover could provide a favorable environment for the colonization of Phe15 and facilitate its long-term survival in the system.

There are a considerable number of bacteria in the rhizosphere environment, and some of them could colonize the root surface of plants through the selection of root exudates (Bais et al., 2006; Wang et al., 2021); among which some bacteria could enter the inner tissues of roots and become endophytic bacteria (Mesa-Marin et al., 2019). In general, plant growth-promoting bacteria isolated from the root surface are more easily recolonized on the root surface of the plant and could survive in this system for a long time (Zhu et al., 2021), which is consistent with the results of this study. Strain Phe15 was isolated from the root surface of Eleusine indica (L.) Gaertn and could colonize and survive well on the root surface of white clover, some Phe15 cells could also enter the root tissue and transfer to shoot, suggesting that strain Phe15 might be a good candidate for phytoremediation of PAH-contaminated soil.



Colonization of Strain Phe15 Promoted the Growth of White Clover

As shown in Tables 3, 4, the high content of phenanthrene significantly inhibited growth of white clover during the first 40-day cultivation (P < 0.05), while the inoculation of Phe15 alleviated the inhibition obviously (P < 0.05). After cultivation for 50 days, the phenanthrene content in the soil is relatively low, basically relieving the phenanthrene stress to white clover, the inoculation of Phe15 significantly promoted the root growth of white clover via root irrigation (P < 0.05). Furthermore, compared with via seed soaking, more Phe15 cells colonized in white clover via root irrigation, demonstrating obvious advantage in relieving phenanthrene stress and promoting white clover growth.


TABLE 3. The root biomass of white clover in different treatments (mg⋅pot–1) after inoculation with strain Phe15 for 30, 40, and 50 d.
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TABLE 4. The shoot biomass of white clover in different treatments (mg⋅pot–1) after inoculation with strain Phe15 for 30, 40, and 50 d.
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Because Phe15 could degrade phenanthrene efficiently, after stable colonization on the root surface of white clover, it removed the phenanthrene from the white clover-soil system effectively and relieved the toxic stress to white clover caused by contamination. Meanwhile, Phe15 could also produce a certain amount of IAA and siderophores, significantly promoting the white clover growth after relieving the phenanthrene stress in white clover. Correspondingly, the white clover provided a stable habitat for Phe15, which could better play the role of phenanthrene degradation and plant growth promotion. Similar results were also found in previous studies (Zhou and Gao, 2019), indicating that well-constructed rhizosphere interaction between plants and bacteria could effectively remove soil organic pollutants and maintain a healthy rhizosphere environment.



Colonization of Strain Phe15 Reduced the Phenanthrene Contents in White Clover

The colonization of strain Phe15 on the white clover root surfaces effectively reduced the contents and accumulation of phenanthrene in white clover shoots and roots (Table 5). For instance, after 40 days of cultivation, compared with the Phe15-free treatments, in Phe15-inoculated treatments, the phenanthrene contents in shoots and roots of white clover were reduced by 51.29 and 43.16% via root irrigation and 48.39 and 35.40% via seed soaking, respectively (P < 0.05). Correspondingly, the accumulation of phenanthrene in white clover shoots and roots also decreased. Furthermore, the transfer and enrichment factor of phenanthrene in white clover were also obviously reduced after Phe15 inoculation. Meanwhile, compared with via seed soaking, inoculation of Phe15 with white clover via root irrigation was more effective for phenanthrene removal from white clover, and the difference was more obvious with the extension of cultivation time.


TABLE 5. The phenanthrene content and accumulation in white clover in different treatments after inoculation with strain Phe15 for 30, 40, and 50 d.
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The root surface is a window for plants to take up organic pollutants. Degrading bacteria colonizing on plant root surfaces could quickly metabolize the organic pollutants absorbed on the root surface, thus preventing them from being taken up by plant, which is an effective method to reduce the content of organic pollutants in plant (Singh et al., 2006). In addition, because some degrading bacteria colonizing on the root surface can enter into plant and become endophytic bacteria, they could degrade organic pollutants in inner plant and reduce the pollutant accumulation (Sun et al., 2014). In this study, with phenanthrene as the representative PAHs, its uptake by white clover from the soil with or without Phe15 inoculation was investigated. The results revealed that Phe15 colonization on the white clover root surfaces could effectively remove phenanthrene from the inner white clover tissues.

Bacteria in root surfaces aggregates are often wrapped in extracellular polymers secreted by them, enhancing the solubility of phenanthrene, thus, making it easier to be utilized by bacteria (Johnsen and Karlson, 2004; Seo and Bishop, 2007). Under natural conditions, bacterial aggregates on the root surface are always formed by a variety of bacteria, which usually have different metabolic abilities and can complete a series of complex metabolic processes together, thus making the metabolism of phenanthrene more convenient and fast (Singh et al., 2006). In addition, because bacteria in the aggregation on the root surface are closely bound together, the horizontal migration of functional genes between bacterial cells are more convenient, enhancing the synergistic metabolism of phenanthrene on the root surface (Singh et al., 2006; Weyens et al., 2010; Arslan et al., 2017).



Colonization of Strain Phe15 Enhanced the Phenanthrene Removal From Soil

Compared with the untreated phenanthrene-contaminated soil (CK), the phenanthrene contents of the soil in the treated groups were significantly reduced (P < 0.05). The cooperative treatment of Phe15 and white clover (CWR and CWS) was obviously better than that of only inoculated with Phe15 (CP) or only planted white clover (CW) in removing phenanthrene from soil (P < 0.05). For example, after cultivation for 40 days, compared with the CK group, the phenanthrene content in soil inoculating with Phe15 (CP) or planting white clover (CW) decreased by 16.37 and 25.32%, respectively; while under the combination of Phe15 and white clover via root irrigation or seed soaking, the phenanthrene content in soil decreased by 39.00 and 31.71%, respectively (Figure 4).
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FIGURE 4. The phenanthrene residues in soil after inoculation for 30, 40, and 50 days. CK, contaminated soil; CP, contaminated soil inoculated with strain Phe15; CW, contaminated soil planted with white clover; CWR, contaminated soil planted with white clover and inoculated with strain Phe15 via root irrigation; CWS, contaminated soil planted with white clover and inoculated with strain Phe15 via soaked seed. The different lowercase letters on the bars indicate significant differences among treatments (P < 0.05).


The soil environment is relatively complex, there are many inhibitors limiting the activities of the enzymes involved in PAH degradation, among which the quorum sensing mechanism has a great impact on PAH degradation efficiency (Jung et al., 2020). In the practical soil bioremediation, nutrients such as nitrogen, phosphorus, and potassium are often added to the soil environment to promote the bacterial growth and PAH degradation (Arslan et al., 2014; Premnath et al., 2021). In contrast, growing plants provide a stable habitat and root exudates as the nutrient substances for root-associated PAH-degrading bacteria, which could degrade PAHs more efficiently and persistently, and plants themselves could also metabolize PAHs, thus obtaining higher removal efficiency than that via single inoculation of degrading bacteria (Dai et al., 2020). The results of this study confirmed this conclusion. At the same time, with the time extension from 30 to 50 days, the residual phenanthrene content in soil decreased much as a whole, indicating that indigenous bacteria and abiotic degradation also played essential roles in the phenanthrene removal process.




CONCLUSION

A root-associated phenanthrene-degrading bacterium, Diaphorobacter sp. Phe15, was isolated from Eleusine indica (L.) Gaertn and colonized on the root surface of white clover. Phe15 colonization observably reduced the phenanthrene content in white clover, promoted the white clover growth and enhanced the phenanthrene removal from soil. However, the effects of Phe15 colonization on phenanthrene metabolic enzyme activities and the molecular mechanisms involved in phenanthrene degradation in inner plants remain unclear. The richness and expression of phenanthrene-degrading genes in the soil-clover system need to be further studied. Only by supplementing and perfecting the above studies can we comprehensively and deeply analyse the mechanisms of reducing plant PAH pollution by using root-associated PAH-degrading bacteria, so as to provide a basis for the better application of this technology in practical agricultural production.
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Plant secondary metabolites (SMs) play a crucial role in plant defense against pathogens and adaptation to environmental stresses, some of which are produced from medicinal plants and are the material basis of clinical efficacy and vital indicators for quality evaluation of corresponding medicinal materials. The influence of plant microbiota on plant nutrient uptake, production, and stress tolerance has been revealed, but the associations between plant microbiota and the accumulation of SMs in medicinal plants remain largely unknown. Plant SMs can vary among individuals, which could be partly ascribed to the shift in microbial community associated with the plant host. In the present study, we sampled fine roots and rhizosphere soils of Sophora flavescens grown in four well-separated cities/counties in China and determined the taxonomic composition of rhizosphere bacterial communities using Illumina 16S amplicon sequencing. In addition, the association of the rhizosphere bacterial microbiota with the accumulation of alkaloids in the roots of S. flavescens was analyzed. The results showed that S. flavescens hosted distinct bacterial communities in the rhizosphere across geographic locations and plant ages, also indicating that geographic location was a larger source of variation than plant age. Moreover, redundancy analysis revealed that spatial, climatic (mean annual temperature and precipitation), and edaphic factors (pH and available N and P) were the key drivers that shape the rhizosphere bacterial communities. Furthermore, the results of the Mantel test demonstrated that the rhizosphere bacterial microbiota was remarkably correlated with the contents of oxymatrine, sophoridine, and matrine + oxymatrine in roots. Specific taxa belonging to Actinobacteria and Chloroflexi were identified as potential beneficial bacteria associated with the total accumulation of matrine and oxymatrine by a random forest machine learning algorithm. Finally, the structural equation modeling indicated that the Actinobacteria phylum had a direct effect on the total accumulation of matrine and oxymatrine. The present study addresses the association between the rhizosphere bacterial communities and the accumulation of alkaloids in the medicinal plant S. flavescens. Our findings may provide a basis for the quality improvement and sustainable utilization of this medicinal plant thorough rhizosphere microbiota manipulation.

Keywords: medicinal plants, secondary metabolites, alkaloids, plant bacterial community, rhizosphere


INTRODUCTION

Plant secondary metabolites (SMs), produced from secondary metabolic pathways in plants, comprise numerous structurally diverse compounds that can be classified into several large families: phenolics, terpenes, steroids, alkaloids, and flavonoids (Pang et al., 2021). Plant SMs play a crucial role in plant defense against pathogens and pests and adaptation to environmental stresses, also acting as symbiotic signals for plants in association with microbes (Pang et al., 2021). In addition, some plant SMs have been used as ingredients or additives of pharmaceuticals and nutraceuticals, making enormous contributions to public health (Li et al., 2020). However, as a material basis of clinical efficacy and vital indicators for quality evaluation of the corresponding medicinal materials, the SMs of medicinal plants can vary among individuals (Li et al., 2020). Genetic, ontogenetic, and environmental factors are recognized as the sources of variation for the intraspecific polymorphisms of plant SMs (Moore et al., 2014).

Terrestrial plants host taxonomically diverse microorganisms, which exert beneficial, harmful, or neutral effects on plant growth and resistance to biotic and abiotic stresses (Müller et al., 2016). Using next-generation sequencing and bioinformatic analysis, the phylogenetic composition and functional diversities of microbial communities associated with various host plants, such as Arabidopsis, several corps, and tree species, have been extensively investigated, revealing associations between plant microbiota and plant nutrient uptake, production, and stress tolerance (Bulgarelli et al., 2012, 2015; Lundberg et al., 2012; Kembel et al., 2014; Edwards et al., 2015; Jin et al., 2017; Zhang et al., 2018a, 2019; Fan et al., 2020; Lee et al., 2021). The community structure and functional capabilities of microbiota associated with medicinal plants have received some research attention recently (Chen et al., 2018; Kui et al., 2021; Liu et al., 2021; Na et al., 2021). It has been proposed that the intraspecific variation in SMs of medicinal plants could be partly ascribed to the shift in the composition of the microbial community associated with the plant host (Huang et al., 2018). However, the associations between plant microbiota and accumulation of SMs in medicinal plants remain largely unknown.

Sophora flavescens, a slow-growing Fabaceae shrub, has been planted as an important medicinal plant in China due to its widespread use in pharmacological drugs (Song et al., 2019). The wide-reaching biological activities of SMs of S. flavescens mainly include antitumor, antiviral, anti-inflammatory, antianaphylactic, antiarrhythmic, and hepatoprotective effects (He et al., 2015). The root of S. flavescens contains extensive bioactive constituents, of which alkaloids are characteristic compounds of the plant and have provoked great interest for their pharmacological effects on cancers, viral hepatitis, and cardiac diseases (He et al., 2015). With the increasing demand for products of medicinal plants and limited arable land, sustainable efforts to improve the production of medicinal plants are required. However, this cannot be achieved by the input of chemical fertilizers and pesticides, which can degrade the quality of medicinal plants (Song et al., 2019). Under these circumstances, the management of favorable microbes is expected to be a potential strategy for facilitating the biosynthesis and accumulation of bioactive components in medicinal plants. Thus, comprehensive studies regarding the association between plant microbiota and bioactive components in medicinal plants are required for the identification of potentially beneficial microbes (Jin et al., 2017).

The plant rhizosphere is a specific microhabitat around the root, where complex soil-microbe-plant interactions occur (Zhang et al., 2017; de Vries et al., 2020). The rhizosphere microbiota, whose genome is referred to as the second genome of plants, contributes to plant phenotype and is vitally important for plant growth and health (Berendsen et al., 2012; Zhang et al., 2017). In addition, the rhizosphere is a hotspot for investigating the interactions between plant-associated microbes and plant SMs (Pang et al., 2021). Therefore, we proposed to address the association between the rhizosphere microbiota and the accumulation of alkaloids in S. flavescens.

In the present research, we sequenced the rhizosphere bacterial communities of 72 S. flavescens individuals grown in four well-separated areas in China. The key drivers shaping the rhizosphere bacterial communities were evaluated. Moreover, the association of the rhizosphere bacterial microbiota with the accumulation of alkaloids in roots of S. flavescens was explored. Potentially beneficial microbes correlated with the total accumulation of matrine and oxymatrine were identified. Finally, the direct and indirect effects of spatial, climatic, and edaphic factors and the preponderant rhizosphere phyla on the accumulation of alkaloids were estimated. We expect that our work will provide a basis for the quality improvement and sustainable utilization of this medicinal plant by rhizosphere microbiota manipulation.



MATERIALS AND METHODS


Sample Collection

Rhizosphere and root samples of S. flavescens were collected from 12 fields distributed in four cities/counties in China [Linyuan (LY), Liaoning Province; Changzhi (CZ), Shanxi Province; Dali (DL) and Luonan (LN), Shaanxi Province], which are far-separated with locations between 34 ~ 41° N and 110 ~ 119° E (Supplementary Table S1). The sampling was performed between September and October 2019, roughly corresponding to the period before harvesting. Six individuals from each field were randomly selected as six replicates (n = 6). Taking the influence of growth period on rhizosphere microbiota and alkaloid accumulation into consideration, we sampled 1–3-year-old plants (Supplementary Table S1). After shaking off soil particles that were loosely attached, firmly adhering soil layers in combination with roots were collected and transported to our laboratory on ice. In the laboratory, the soil particles firmly attached to roots were gently brushed and collected into sterilized tubes as rhizosphere samples. The rhizosphere soil was stored at −80°C until DNA extraction was performed. The roots were washed with distilled water and oven-dried at 55°C to a constant weight for determination of alkaloid contents.



DNA Extraction, High-Throughput Sequencing, and Sequence Analysis

Total community DNA was extracted from the rhizosphere samples (0.5 g) using a magnetic soil and stool DNA kit (Tiangen Biotech, Beijing, China) following the manufacturer’s instructions. The V3-V4 hypervariable regions of the 16S rRNA gene were amplified using the specific primers 341F (5′-CCTAYGGGRBGCASCAG-3′) and 806R (5′-GGACTACNNGGGTATCTAAT-3′; Caporaso et al., 2012) with barcodes. Sequencing libraries were generated using the Illumina TruSeq DNA PCR-free library preparation kit (Illumina, San Diego, United States). The library was sequenced on an Illumina NovaSeq platform at Novogene Bioinformatics Technology Co., Ltd. (Beijing, China). Raw reads were processed using the QIIME software package (Caporaso et al., 2010). In detail, the paired-end reads were assigned to each sample based on the unique barcodes, merged, and filtered to obtain high-quality tags. An average of 59,893 qualified reads per sample (ranging from 47,975 to 69,193) was yielded for subsequent analysis. Operational taxonomic units (OTUs) were picked at 97% sequence similarity along with the removal of chimeras (Edgar, 2010; Edgar et al., 2011). Taxonomic assignment was performed against the Silva database (Quast et al., 2013). The nonbacterial OTUs and OTUs whose number of reads was lower than 10 were removed. OTU matrices were rarified to the same depth (42,842 reads per sample). Sequences used in the present research were deposited in the Sequence Read Archive (SRA) dataset of the National Center for Biotechnology Information (NCBI) with the accession number PRJNA780464.



Acquisition of Soil Physicochemical Parameters and Climatic Data

A subset of the rhizosphere soil was air-dried for determination of its physicochemical properties. Soil pH and the contents of organic matter (OM), available N (AN), available P (AP), and available K (AK) were analyzed following the standard testing procedures described by Bao (2000). Soil pH was measured at 1:1 (soil:deionized water, m/v) ratio using a glass electrode pH meter. The OM content was determined by the potassium dichromate (K2Cr2O7) volumetric method. The AN content was determined by the alkaline hydrolysis diffusion method. AP was extracted with 0.5 M NaHCO3 solution and quantified by molybdenum antimony chromatometry. AK was extracted with 1 M NH4OAC solution and quantified by flame photometry. The air-dried soil was oven-dried at 105°C to constant weight to determine the moisture content. Data of mean annual temperature (MAT) and mean annual precipitation (MAP) were obtained from the Climatologies at High Resolution for the Earth’s Land Surface Areas (CHELSA).1 The soil physiochemical parameters and the climatic data are shown in Supplementary Table S2.



Determination of Alkaloid Contents in Roots

The oven-dried root samples were ground to a fine powder for the determination of the contents of total alkaloids as well as four alkaloids (oxymatrine, oxysophocarpine, sophoridine, and matrine). Total alkaloids were assayed by the acid dye colorimetry method (Sun et al., 2021) with slight modifications. Briefly, pulverized root samples were ultrasound-treated in 0.2% HCl for 40 min to extract the total alkaloids. The extract was centrifuged, and the supernatant was collected and adjusted to pH 10.0. Subsequently, 5 ml of the supernatant was evaporated to dryness, and the residue was reconstituted in 5 ml of 80% ethanol and thoroughly mixed with 0.2 mM bromothymol blue (pH 7.0) and dichloromethane. Then, the dichloromethane layer was collected for colorimetric assay of the total alkaloids at 417 nm. Oxymatrine, oxysophocarpine, sophoridine, and matrine were analyzed by high-performance liquid chromatography (HPLC; Supplementary Figure S1) according to Pharmacopoeia of the People’s Republic of China (Chinese Pharmacopoeia Commission, 2020). Powdered root samples (0.1 g) were ultrasound-treated in 0.133 ml of 25% ammonia + 8.33 ml of dichloromethane for 40 min for extraction of alkaloids. After the extract was filtered, 5 ml of the filtrate was evaporated, followed by dissolving the residue in methanol for HPLC analysis. Chromatographic separation was achieved on a Shim-pack GIST C18 column (4.6 mm × 250 mm, 5 μm) at 30°C and was detected at an ultraviolet wavelength of 225 nm. A mobile phase consisting of solution A (0.01 M ammonium acetate, pH 8.1) and solution B [acetonitrile: ammonium acetate (0.01 M, pH 8.1), 3:2, v/v] at a flow rate of 1 ml min−1 was used. A gradient (A:B, v/v) program of 0 min (9:1) → 20 min (7:3) → 40 min (6:4) → 50 min (4:6) → 60 min (9:1) → 70 min (9:1) was employed. The content of matrine + oxymatrine was calculated. The alkaloid content data are available in Supplementary Table S3.



Statistical Analysis

The following statistical analyses were performed on the R software platform (R Development Core Team, 2021). The alpha diversity of the bacterial community was calculated for each rhizosphere sample using the species richness and Chao1 and Shannon indices. Significant differences in alpha diversity among the four geographical locations or the three plant ages were determined by Kruskal–Wallis H-tests with the Dunn-Bonferroni post hoc method (P < 0.05). Spearman’s rank correlation was used to determine the relationships between the Shannon index and environmental variables (including climatic and edaphic variables). Nonmetric multidimensional scaling (NMDS) and principal coordinate analysis (PCoA), both of which were based on the Bray-Curtis distance matrix, were conducted to explore dissimilarities in the rhizosphere bacterial communities and root alkaloid accumulation among samples, respectively. To assess the significance of variation in the rhizosphere bacterial community composition or root alkaloid accumulation across geographical locations or plant ages, permutational multivariate analysis of variance (PERMANOVA) based on Bray–Curtis distances was carried out with 999 permutations. In addition, the significant spatial, climatic, and edaphic variables shaping the rhizosphere bacterial communities were evaluated by redundancy analysis (RDA) with a forward selection procedure identifying the significance (Benjamini-Hochberg adjusted P < 0.05). The spatial variables were generated by principal coordinates of neighbor matrices (PCNM) analysis (Borcard et al., 2011; Supplementary Table S2). Based on RDA, variation partitioning analysis (VPA) was performed to measure the relative influence of spatial, climatic, and edaphic factors on the rhizosphere bacterial communities (Peres-Neto et al., 2006).

Random forests and structural equation modeling (SEM) were employed for further analyses. Serving as a robust ensemble machine learning method for classification and regression, a random forest model was applied to identify the specific bacteria associated with the total accumulation of matrine and oxymatrine. The relative abundance of bacterial taxa at the OTU level was regressed against the total content of matrine and oxymatrine by the R package “randomForest” (Zhang et al., 2018c). Ranked lists of bacterial OTUs in order of their feature importance in the random forest model were achieved over 100 iterations of the algorithm. The optimal taxa set correlated with the total content of matrine and oxymatrine was generated based on the minimum errors obtained from 10-fold cross-validation with five repeats. The 30 most important OTUs were chosen to display. The SEM, which allows the assessment of multiple interacting factors and potential causal relationships, was applied to evaluate the direct and indirect effects of spatial (the first axis of principal component analysis for all PCNM vectors), climatic (MAT and MAP), and edaphic (pH, OM, AN, AP, and AK) factors and bacterial attributes (the relative abundance of three dominant rhizosphere phyla) on the accumulation of alkaloids (Fan et al., 2020). The SEM was carried out by using the R package “lavaan.”




RESULTS


Diversity and Taxonomic Structure of the Rhizosphere Bacterial Communities

A total of 7,478 non-singleton OTUs were retrieved from 72 rhizosphere samples after normalization of the read numbers. The LY, CZ, DL, and LN samples shared a large proportion of OTUs (6,489 OTUs, 86.77%; Figure 1A). Moreover, 7,407 OTUs (99.05%) were shared by rhizosphere samples of S. flavescens of three ages (Figure 1B). The rhizosphere bacterial communities were less diverse (P < 0.05) in the DL samples (species richness: 3,817 ± 195; Chao1: 4,894.81 ± 263.57) than in the LY (species richness: 4,203 ± 401; Chao1: 5,330.36 ± 424.56), CZ (species richness: 4,503 ± 163; Chao1: 5,680.92 ± 211.38), and LN (species richness: 4,262 ± 197; Chao1: 5,382.46 ± 243.59) samples (Figures 1C,D). The Chao1 index was highest in the CZ samples (Figure 1D). Moreover, the Shannon index in the CZ samples (10.46 ± 0.08) was higher than that in the LY (9.97 ± 0.53) and DL (9.88 ± 0.29) samples (Figure 1E). No significant differences in the rhizosphere bacterial diversity were found among the three plant ages (Supplementary Figure S2). The Spearman’s rank correlation test revealed that the rhizosphere bacterial diversity was positively correlated with the MAP and the contents of soil OM and AN, but negatively correlated with the MAT, soil pH, and AK content (Supplementary Table S4).
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FIGURE 1. Diversity of the rhizosphere bacterial communities of Sophora flavescens. (A,B) The number of specific and shared operational taxonomic units (OTUs) of the rhizosphere bacterial communities from different geographic locations (A) or between different plant ages (B). (C–E) The alpha diversity, including species richness (C), Chao1 index (D), and Shannon index (E), of the bacterial communities in the rhizosphere samples from different geographic locations. Different lowercase letters indicate significant differences among geographical locations (P < 0.05). LN: Lingyuan; CZ: Changzhi; DL: Dali; LN: Luonan. 1Y: 1-year-old; 2Y: 2-year-old; 3Y: 3-year-old.


At the phylum level, Proteobacteria dominated the rhizosphere bacterial communities, followed by Actinobacteria and Acidobacteria (Figures 2A,B). These three most abundant phyla accounted for a large proportion (more than 70%) of the relative abundance of the rhizosphere bacterial communities. Compared with the LY, DL, and LN samples, the CZ samples hosted a higher relative abundance of Actinobacteria (26.07%) but a lower relative abundance of Proteobacteria (39.39%) and Acidobacteria (11.90%). The LY and DL samples presented the highest relative abundances of Proteobacteria (44.49%) and Acidobacteria (19.57%), respectively. We further characterized the rhizosphere bacterial communities at the order level. The results showed that the top 10 most abundant orders included six orders (Burkholderiales, Myxococcales, Rhizobiales, Rhodospirillales, Sphingomonadales, and Xanthomonadales) of the phylum Proteobacteria, two unidentified orders (iii1.15 and RB41) of the phylum Acidobacteria, one order (Actinomycetales) belonging to Actinobacteria and one order (Bacillales) belonging to Firmicutes (Figure 2C). We found that Actinomycetales dominated the rhizosphere bacterial communities in the CZ and LY samples, whereas the unidentified order iii1.15 (belonging to the phylum Acidobacteria) dominated the rhizosphere compartment in the DL and LN samples. Furthermore, Actinomycetales was more abundant in the CZ (11.03%) and LY (8.41%) samples than in the DL (4.85%) and LN (4.82%) samples. Conversely, the total relative abundance of the two orders of the phylum Actinobacteria in the CZ samples (7.76%) was lower than that in the LY (10.72%), DL (12.95%), and LN (13.15%) samples.
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FIGURE 2. Taxonomic structure of the bacterial communities in the rhizosphere of S. flavescens from different geographic locations (A,C) or of different ages (B) at the phylum (A,B) or order (C) level. LN: Lingyuan; CZ: Changzhi; DL: Dali; LN: Luonan. 1Y: 1-year-old; 2Y: 2-year-old; 3Y: 3-year-old.




Ecological Factors Shaping the Rhizosphere Bacterial Communities

NMDS ordination plots based on the Bray–Curtis dissimilarity matrix displayed separated clustering of rhizosphere bacterial communities across the geographical locations and plant ages (Figure 3A). Similarly, PERMANOVA confirmed that both geographical location (P = 0.001) and plant age (P = 0.001) were significant driving factors for the variation in the rhizosphere bacterial community composition. However, geographical location (R2 = 0.499) had a more pivotal effect than plant age (R2 = 0.039). The results of RDA showed that two spatial variables (PCNM 1 and 3), two climatic variables (MAT and MAP), and three edaphic variables (pH, AN and AP) were significant drivers (P < 0.05) shaping the rhizosphere bacterial communities (Figure 3B). Among these ecological factors, the MAT (R2 = 0.185) was the strongest. The results of VPA revealed that the climatic factors (35.0%) explained a larger proportion of variance in the rhizosphere bacterial community composition than the spatial (32.3%) and edaphic (20.1%) factors (Figure 3C).
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FIGURE 3. Variation in the rhizosphere bacterial communities of S. flavescens. (A) Nonmetric multidimensional scaling (NMDS) ordination of the rhizosphere bacterial communities based on the Bray-Curtis distance matrix. (B) Redundancy analysis (RDA) revealing significant spatial, climatic, and edaphic variables shaping the rhizosphere bacterial communities. (C) Variation partitioning analysis (VPA) indicating the independent and interactive impacts (the percentage of variation explained) of the spatial, climatic, and edaphic factors on the rhizosphere bacterial communities. LN: Lingyuan; CZ: Changzhi; DL: Dali; LN: Luonan. 1Y: 1-year-old; 2Y: 2-year-old; 3Y: 3-year-old. PCNM: principal coordinates of neighbor matrices; MAT: mean annual temperature; MAP: mean annual precipitation; AN: available N; AP: available P.




Rhizosphere Bacteria Associated With Alkaloid Accumulation in Roots

PCoA grouped with PERMANOVA revealed significant differences in alkaloid accumulation across the geographical locations (P = 0.001; R2 = 0.298) and plant ages (P = 0.001; R2 = 0.208; Figure 4). By using the Mantel test, we found that the rhizosphere bacterial microbiota of S. flavescens was remarkably correlated with the contents of oxymatrine (P = 0.001; R = 0.230), sophoridine (P = 0.001; R = 0.351), and matrine + oxymatrine (P = 0.001; R = 0.226) in roots (Supplementary Table S5). Considering that the total content of matrine and oxymatrine in the roots of S. flavescens is used as a quality control marker for this medicinal plant in the Pharmacopoeia of the People’s Republic of China (Chinese Pharmacopoeia Commission, 2020), we focused on the association between the rhizosphere bacteria and the total content of these two molecules.
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FIGURE 4. Variation in the root alkaloid accumulation of S. flavescens performed by principal coordinate analysis (PCoA) based on the Bray-Curtis distance matrix. LN: Lingyuan; CZ: Changzhi; DL: Dali; LN: Luonan. 1Y: 1-year-old; 2Y: 2-year-old; 3Y: 3-year-old.


A random forest machine learning algorithm was used to establish a model for the association. The 10-fold cross-validation with five repeats generated 935 important bacterial OTUs correlated with the total accumulation of matrine and oxymatrine in roots (R2 = 0.592; Figure 5A). In order of importance, the top 30 bacterial OTUs are exhibited in Figure 5B according to their relative abundance distribution in roots with different accumulations of matrine + oxymatrine. Within these 30 bacterial markers, OTU 4,135, belonging to Chloroflexi, contributed most to the total accumulation of matrine and oxymatrine. Taxa of the phylum Actinobacteria (10 OTUs, in expectation of OTUs 25,035 and 17,632) dominated the bacteria whose increase in relative abundance favored the total accumulation of matrine and oxymatrine. In contrast, the increase in the relative abundance of certain bacteria presented a negative influence on the total accumulation of matrine and oxymatrine, which included three taxa (OTUs 25,490, 13,741 and 14,939) of the phylum Gemmatimonadetes and two taxa (OTUs 1,671 and 13,635) of the phylum Acidobacteria. Additionally, for some bacteria, e.g., OTUs 2,709 and 12,697 (both of which belong to the Proteobacteria phylum), the association of their relative abundances with the total accumulation of matrine and oxymatrine could not be simply defined (Figure 5).
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FIGURE 5. The top 30 important bacterial markers associated with the total accumulation of matrine and oxymatrine in the roots of S. flavescens based on a random forest model. (A) The 10-fold cross-validation with five repeats generates 935 bacterial marker OTUs correlated with the total content of matrine and oxymatrine. (B) The peak map plotted according to the relative abundance of the top 30 marker OTUs against the total content of matrine and oxymatrine.




Interactions Between Spatial, Climatic, and Edaphic Factors, Bacterial Attributes, and Alkaloid Accumulation

SEM was used to estimate the direct and indirect associations regarding causation between the spatial, climatic, and edaphic factors, the relative abundance of three dominant rhizosphere phyla, and the accumulation of alkaloids. The results indicated the following (Figure 6): (1) The spatial factors directly influenced the MAP. (2) Soil pH and AK were positively affected by the MAT but negatively affected by the MAP. In addition, soil pH and AN were positively associated with the spatial factors. (3) The climatic factors had positive and negative effects on the relative abundance of Acidobacteria and Actinobacteria, respectively. Besides, the soil AN had positive and negative impacts on the relative abundance of Actinobacteria and Proteobacteria, respectively. In addition, the relative abundance of Acidobacteria was positively influenced by the soil pH. (4) Actinobacteria positively affected the total content of matrine and oxymatrine. Furthermore, the contents of matrine + oxymatrine and oxysophocarpine were negatively influenced by the soil pH. Moreover, the oxysophocarpine content was positively associated with the spatial factors and the MAT. (5) The sophoridine content was also positively impacted by the MAT.
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FIGURE 6. Structural equation model depicting the direct and indirect effects of the spatial, climatic, and edaphic factors and the relative abundance of three preponderant rhizosphere phyla on the accumulation of alkaloids in the roots of S. flavescens (P = 0.385; root-mean-squared error of approximation = 0.027; comparative fit index = 1.000). Black arrow lines: significant correlations; Gray arrow lines: correlations that are not significant; Red arrows: positive correlations; Blue arrows: negative correlations. Numbers between parameter boxes are indicative of the correlations. *P < 0.05; **P < 0.01; ***P < 0.001. MAT: mean annual temperature; MAP: mean annual precipitation; OM: organic matter; AN: available N; AP: available P; AK: available K.





DISCUSSION

Alkaloids, one of the major classes of plant SMs, are critical bioactive constituents in the medicinal plant S. flavescens (He et al., 2015). Although plant SMs can benefit plant fitness and human health, the accumulation of SMs can vary among individuals (Moore et al., 2014; Pang et al., 2021). In the present study, we also discovered variations in the accumulation of alkaloids among root samples of S. flavescens, with geographic location and plant age being important sources of variation (Figure 4). It is recognized that the intraspecific variation in plant SMs is not only dependent on plant genotype and ontogeny but also influenced by various environmental factors involving biotic and abiotic factors (Moore et al., 2014; Yang et al., 2018). The importance of plant-associated microbes, as vital biotic factors, for explaining plant SM polymorphisms in medicinal plants has been highlighted (Huang et al., 2018). In addition, plant rhizosphere is a hotspot for studying the impacts of plant-associated microbes on the accumulation of SMs in plants. Therefore, we determined the taxonomic structure of rhizosphere bacterial communities of S. flavescens and addressed the association between the rhizosphere bacterial microbiota and the accumulation of alkaloids in S. flavescens.

Plants host a taxonomically diverse microbiota but only a few dominant taxa (Müller et al., 2016). The dominance of the bacterial phyla Proteobacteria, Actinobacteria, Bacteroidetes, Acidobacteria, and Firmicutes was discovered in previous studies (Bulgarelli et al., 2012, 2015; Lundberg et al., 2012; Zarraonaindia et al., 2015; Fan et al., 2017; Zhang et al., 2019). In the present research, we found that the rhizosphere bacterial communities of the legume S. flavescens were dominated by Proteobacteria (mostly from the Rhizobiales order), followed by Actinobacteria, Acidobacteria, Firmicutes, Gemmatimonadetes, and Bacteroidetes (Figure 2), revealing similarly dominant phyla with previous studies.

Then, we explored the dissimilarities in the rhizosphere bacterial communities of S. flavescens. The results revealed distinct community compositions across the geographic locations and plant ages and indicated that the geographic location accounted for most of the variation (Figure 3A). Previous reports on maize and soybean plants also indicated that the largest proportion of variance in rhizosphere microbiota could be attributed to the geographic location (Peiffer et al., 2013; Zhang et al., 2021). The large spatial distance of sampling employed in the present study may result in the dominant contribution of geographic location in structuring the rhizosphere bacterial communities. The results of VPA showed that the spatial, climatic, and edaphic factors contributed to the variation in the rhizosphere bacterial community composition (Figure 3C), suggesting that dispersal limitation and environmental filtering could account for the turnover of the rhizosphere microbial communities of S. flavescens across the geographic locations (Zhang et al., 2018a, 2018b). We also conducted RDA ordination to identify the key spatial, climatic, and edaphic drivers responsible for the variation in the rhizosphere bacterial communities of S. flavescens. The results showed that two spatial variables (PCNM 1 and 3), two climatic variables (MAT and MAP), and three edaphic variables (pH, AN, and AP) were significant in driving bacterial community turnover (Figure 3B). Besides the geographic location, plant age could influence the assembly of rhizosphere microbiota (Micallef et al., 2009; Marques et al., 2014; Huang et al., 2020; Wang et al., 2020). Plants can select different microbes at the different stages of development, presumably for specific benefits (Chaparro et al., 2014). Overall, in the present study, the geographic location was a larger source of variation for shaping the rhizosphere bacterial communities than the plant age (Figure 3A). Similar results were obtained with grapevine plants (Manici et al., 2017).

We evaluated the correlation between the rhizosphere bacterial microbiota of S. flavescens and the accumulation of alkaloids in roots of the plant by using the Mantel test. The results elucidated significant correlations between the rhizosphere bacterial communities and the contents of oxymatrine, sophoridine, and matrine + oxymatrine (Supplementary Table S5). Accordingly, we used the random forest model to regress the relative abundance of the rhizosphere bacterial OTUs against the total content of matrine and oxymatrine to identify the potential beneficial bacteria for enhancing the total accumulation of these two molecules in roots of S. flavescens, which is used as a standard for the quality evaluation of this medicinal plant. We found that 59.2% of the variation in the matrine + oxymatrine content could be explained by the random forest model (Figure 5), which reveals the important influence of rhizosphere bacterial microbiota on the accumulation of these two molecules in the plant. Within the top 30 important bacteria, positive markers were mostly from Actinobacteria and Chloroflexi, while negative markers predominantly belonged to Gemmatimonadetes and Acidobacteria.

Actinobacteria members, ubiquitous in terrestrial habitats, are known to produce extensive SMs, many of which are of great importance for medicine and agriculture (Barka et al., 2016; Choudoir et al., 2019). Host plants establishing symbiotic associations with some members of Actinobacteria were reported to have improved resistance to biotic stresses through activation of defense pathways or upregulation of certain SMs (Conn et al., 2008; Kurth et al., 2014). In addition, Yan et al. (2014) found that Streptomyces pactum Act12, a member of Actinobacteria, could improve the growth of hairy roots of Salvia miltiorrhiza and promote the synthesis of tanshinone in hairy roots by upregulating the expression of corresponding biosynthetic genes. As shown in Figure 6, our SEM also indicated a positive and direct effect of Actinobacteria on the total accumulation of matrine and oxymatrine. Acidobacteria is also widespread and abundant in nearly all ecosystems (Kalam et al., 2020). However, owing to difficulties in cultivation, the phylum is rudimentarily explored (Kielak et al., 2016; Kalam et al., 2020). Most of the capabilities and ecological functions of Acidobacteria members, such as decomposition of various biopolymers and plant growth promotion, are predicted from their genomic and metagenomic information (Kalam et al., 2020). Although our knowledge in terms of their influence on plant SM accumulation was limited, the covariance analysis of our SEM revealed a negative correlation between the relative abundance of this phylum and the phylum Actinobacteria (P = 0.002; R = −0.525). This negative correlation could also be indicated by the Spearman’s rank correlation (P = 0.000; R = −0.778) and may allude to a competitive relationship between these two phyla, which may account for the negative association between the phylum Acidobacteria and the total accumulation of matrine and oxymatrine in the outcome of the random forest model (Figure 5). The phylum Chloroflexi has been found in anaerobic habitats, such as sediments and hot springs, exerting a role in biogeochemical carbon and nitrogen cycling (Hug et al., 2013; Speirs et al., 2019; Spieck et al., 2020). A previous study by Hu et al. (2018) demonstrated that Chloroflexi bacteria were attracted by root exudates of maize and were involved in host-medicated rhizosphere microbiota assembly to promote the growth and defense capability of the host. The phylum Gemmatimonadetes, containing phototrophic species, is also a nearly unexplored bacterial group (Zeng et al., 2020). The impacts of these microbes on the accumulation of bioactive components in S. flavescens should be illustrated in further studies based on isolation of the identified bacteria and cocultivation of them with the host plant.

Variations in abiotic factors, such as temperature, light, nutrients, and water, could also cause changes in the type and amount of plant SMs, which may be due to the regulation of the biosynthesis of SMs or a consequence of passive dilution or concentration due to the altered plant growth rate (Moore et al., 2014; Isah, 2019). Therefore, we applied SEM to evaluate the direct and indirect effects of the spatial, climatic, and edaphic factors and the relative abundance of the three dominant rhizosphere phyla on the accumulation of alkaloids in the roots of S. flavescens. The results showed that the spatial, climatic, and edaphic factors had both direct and indirect effects on the accumulation of alkaloids (Figure 6). The direct and indirect (through alteration of the relative abundance of Actinobacteria) effects of edaphic factors on the accumulation of alkaloids implies the impact of comprehensive soil-microbe-root interactions in the rhizosphere on bioactive component accumulation in medicinal plants.

In conclusion, the present study indicated that the accumulation of alkaloids in S. flavescens could be influenced by the rhizosphere bacterial communities of the plant. We identified the potentially beneficial bacteria associated with the total accumulation of matrine and oxymatrine with a random forest machine learning algorithm. In addition, the causal relationship among the spatial, climatic, and edaphic factors, the three most abundant rhizosphere phyla (Proteobacteria, Actinobacteria, and Acidobacteria) and the accumulation of alkaloids was indicated by SEM. We proposed rhizosphere engineering of specific microbial members for the control and improvement of the growth and quality of medicinal plants in the future.
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Plant growth-promoting bacteria (PGPB) can effectively reduce salt damage in plants. Currently, there are many studies on the effects of PGPB on the microbial community structure of rhizosphere soil under salt stress, but fewer studies on the community structure of endophytic bacteria and fungi. We propose that inoculation of endophytic bacteria into the rhizosphere of plants can significantly affect the microbial community structure of the plant’s above-ground and underground parts, which may be the cause of the plant’s “Induced Systemic Tolerance.” The isolated endophytes were re-inoculated into the rhizosphere under salinity stress. We found that, compared with the control group, inoculation with endophytic Bacillus velezensis JC-K3 not only increased the accumulation of wheat biomass, but also increased the content of soluble sugar and chlorophyll in wheat, and reduced the absorption of Na in wheat shoots and leaves. The abundance of bacterial communities in shoots and leaves increased and the abundance of fungal communities decreased after inoculation with JC-K3. The fungal community richness of wheat rhizosphere soil was significantly increased. The diversity of bacterial communities in shoots and leaves increased, and the richness of fungal communities decreased. JC-K3 strain improved wheat’s biomass accumulation ability, osmotic adjustment ability, and ion selective absorption ability. In addition, JC-K3 significantly altered the diversity and abundance of endophytic and rhizosphere microorganisms in wheat. PGPB can effectively reduce plant salt damage. At present, there are many studies on the effect of PGPB on the microbial community structure in rhizosphere soil under salt stress, but there are few studies on the community structure changes of endophytic bacteria and fungi in plants.

Keywords: Bacillus velezensis, endophytes, microbial inoculants, plant growth-promoting rhizobacteria, endophytic bacteria JC-K3 in salt tolerance, induced systemic tolerance


INTRODUCTION

Soil salinity is one of the main manifestations of global land degradation. At present, at least 20% of the cultivated land in the world is threatened by salinization to varying degrees (Zhu et al., 2011). Although plants can produce a certain amount of yield in saline soil habitats, most crops and trees have low salt tolerance. The yield is reduced by 70% in wheat, corn, rice, barley, and other major food crops under salt stress (Acquaah, 2007).

Salt stress has many effects on plant growth and development. The duration and severity of stress may cause varying degrees of damage to the plant. For example, initial osmotic stress, oxidative stress, and ionic toxicity may cause damage to plant cell membrane structures, nutritional imbalance, reduced antioxidant enzyme activity, and reduced photosynthesis (Rozema and Flowers, 2008; James et al., 2011). With the intake of a large amount of Na+ and Cl−, the cell ion balance and physiological balance are broken, the water absorption capacity of the plant root is reduced, and the water in the leaves is reduced (Afrasyab et al., 2010). Plants have difficulty in absorbing K+, leading to nutrient deficiency, reduced productivity, and even death (James et al., 2011).

Endophytes are microorganisms that form symptomless infections in healthy plants tissues (Carroll et al., 1986; Carroll, 1988). Recent studies have shown that endophytic bacteria can improve the adaptability of plants to adversity (Glick, 2012). These beneficial endophytes are called plant growth-promoting bacteria (PGPB), and they are mostly found in soil, rhizosphere, and leaves (Glick, 2005; Li et al., 2021). It is currently known that certain characteristics of PGPB can improve plant salt tolerance, such as promoting plant nutrition, especially absorption of mineral elements, improving plant salt and alkali resistance, increasing water absorption, increasing osmotic adjustment ability, and changing plants hormone levels. It has important roles in promoting the development and growth of roots, shoots, and leaves of rhizosphere plants, controlling diseases, and regulating the structure of plant microbial communities in the rhizosphere (Kaushal and Wani, 2016; Etesami and Beattie, 2017, 2018; Cordovez et al., 2019). Bacillus velezensis belongs to the genus Bacillus (Pinchuk et al., 2002) and was isolated much later than that of Bacillus subtilis and Bacillus amyloliquefaciens (Priest et al., 1987), but its phenotype and phylogeny relationship are closely related (Wang et al., 2008). Bacillus velezensis can survive in a medium with a salt concentration of 12%, a temperature range of 15–45°C, and a pH range of 5–10 (Ruiz-Garcia et al., 2005). Numerous studies have shown that Bacillus velezensis can produce 3-indoleacetic acid (IAA), ammonia (NH3; Meng et al., 2016), siderophore (Sang et al., 2017), bacteriostatic substances (Fan et al., 2017), and lipopeptide antibiotics (Kaki et al., 2013), which can promote plant root development, nutrient absorption, promote plant growth, and increase plant resistance.

In this study, a strain of endophytic Bacillus velezensis JC-K3 was isolated from wheat grown on saline soils. This strain not only has strong salt tolerance and alkali resistance, but also produce IAA, siderophore, proline, soluble sugar, protease, cellulase, and glucanase, which have the potential to improve plant salt tolerance and induce systemic tolerance (IST). We investigated the effects of this strain on wheat growth, osmotic regulation, and photosynthetic parameters. In addition, we used 16S rDNA and ITS amplicon sequencing to determine the effects of this strain on endophytic bacteria and endophytic fungi in wheat roots, shoots, and leaves, and the bacterial and fungal community structure in rhizosphere soil. We hypothesized that the addition of the ubiquitous Bacillus species to the germinated wheat wound alters the properties of the endophytic bacterial community, but this wound depend on the identity of the species added as different species affect plants in different ways (Gadhave et al., 2016). At the same time, Bacillus velezensis has antagonistic properties, which can also significantly affect wheat endophytes and fungal community structure and rhizosphere soil. However, understanding the effects of PGPB on endophytic bacteria, endophytic fungi, rhizosphere bacteria, and rhizosphere fungi community structure in wheat may help us to better understand the complex network of interactions between hosts and microorganisms.



MATERIALS AND METHODS


Isolation of Bacteria

Wheat samples were collected from the Yellow River delta of Shandong province, China (118°49'15"E, 37°24'31"N). Briefly, to isolate the bacterium, roots (5 g, fresh weight) were thoroughly disinfected, homogenized in 0.5X Phosphate buffered Saline (PBS; 9 ml), and serially diluted to 10−7 in sterile Nutrient Agar (NA) medium with 4% NaCl concentration, culture in 30°C incubator for 48–72h (Jha et al., 2012). The bacterium was subcultured twice. Finally, the isolates were streaked onto the Nutrient Agar (NA) medium. Glycerol stock solution (30% v/v) of the isolate was prepared and stored at −80°C for further use.



Stress Tolerance Studies

The tolerance of the selected isolate towards abiotic stressors pH, and salinity was studied. Salt tolerance (2, 4, 6, 8, 10, and 12% NaCl, w/v) was tested on DF agar medium supplemented with 1-aminocyclopropane-1-carboxylate (ACC; 3 mmol l−1; Dworkin and Foster, 1958). The strain was streaked on the solid-agar medium and visualized for the growth following incubation at 30°C for 3 days. To measure pH, 100 μl of overnight grown cultures (107 CFU ml−1) was added to tryptic soya broth and pH of various ranges (5.0, 6.0, 7.0, 8.0, 9.0, and 10.0) was maintained by 2 mol l−1 NaOH and 1 mol l−1 HCl using the pH meter (pH FE20, Mettler Toledo, Switzerland). After 3 days, culture pellet was suspended in 2 ml of sterile water, and optical density (OD) was determined at 600 nm in a UV-Visible spectrometer (TU1810, Beijing Purkinje General Instrument Co. Ltd., China) to test the pH tolerance (Singh and Jha, 2017). Each culture was inoculated in triplicate sets.



Biochemical Characterization and Identification of Strain JC-K3

According to standard protocols for test strain, physiological and biochemical tests, such as Gram stain, starch agar, IMViC (indole, methyl red, Voges-Proskauer, citrate utilization test), and catalase were utilized (Prescott and Harley, 1999). As well, the BIOLOG identification syshoot (BIOLOG MicrostationTM, Biolog Inc., Hayward, CA, United States) for biochemical testing using different carbon sources was used. Inoculation of strains into 71 carbon sources and 23 chemical susceptibility assays were performed according to the BIOLOG manufacturer’s instructions.

To identify the bacterium at the molecular level, 16S rRNA gene was amplified by PCR using standard method (Singh et al., 2015). Universal primers 27F (5'-AGAGTTTGATCMTGGCTCAG-3') and 1492R (5'-TACGGYTACCTTGTTACGACT-3') were used to amplify 16S rRNA gene sequences via PCR (Lane, 1991). A sequence comparison between the obtained 16S rRNA sequences and sequences in NCBI was then performed. The pairwise evolutionary distance between 16S rRNA sequence of the test strain and related bacterial strains was calculated, and a phylogenetic tree was constructed by the Neighbor-Joining method using MEGA software (version 7.0.14; Tamura et al., 2011). Bootstrapping of 1,000 replicates was used to cluster the associated taxa.



Screening for Plant Growth Promoting Attributes

A Salkowski analysis was used to measure the IAA content in the strain after a 48 h incubation in liquid culture containing L-tryptophan (0.5 mg ml−1; Moses et al., 2015). According to the method of Singh and Jha (2017), the strain was inoculated into 15 ml Tryptic soy broth medium and cultured for 24 h. The cells were harvested by centrifugation, washed with 0.1 M Tris-HCl (pH 7.6). We added 7.5 ml DF medium (3 mmol ACC as the only nitrogen source) and cultured overnight at 30°C. The bacterial cells were placed in a shaking water bath at 200 rpm and 30°C to induce ACC deaminase for 24 h. According to the protocol of Penrose and Glick (2003), ACC deaminase activity was determined by measuring the amount of α-ketobutyric acid produced by the hydrolytic cleavage of ACC. The ACC deaminase activity of the strain was obtained by comparing the absorbance of the test sample with a standard curve of pure α-ketobutyrate (KB) and measuring the amount of KB at 540 nm. Test of phosphate solubilization was performed in National Botanical Research Institute’s Phosphate (NBRIP) medium supplemented with insoluble tricalcium phosphate and quantified as per the standard protocol (Mehta and Nautiyal, 2001). The siderophore levels in the strain were determined with chrome azurol S (Schwyn and Neilands, 1987). The glucanase activity of the strain was determined using yeast glucan as a substrate (Perez et al., 2002). The protease activity of the strain was determined by measuring the quantity of tyrosine released from casein hydrolysis in the reaction mixture (Bian et al., 2009). The cellulase activity of the strain was determined using sodium carboxymethylcellulose as a substrate (Miller, 1959). The method of Bates et al. (1973) was used in combination with spectrophotometry at 520 nm to determine proline production by the strain.



Experimental Description

Effect of the bacterial isolate JC-K3 on the growth of wheat plant (Triticum aestivum L.) under salinity stress was tested in a controlled environment of plant growth chamber. The soil used for potted plants was 0–20 cm in wheat fields in the Yellow River delta (118°41'07"E, 37°17'17”N; Dongying city, Shandong, China) in October, 2018. The soil is brought back to the greenhouse, broken, and mixed in a 0.5 cm sieve (the number of culturable bacteria and fungi in soil was 1.36 × 104 and 2.14 × 103 CFU g−1 dry weight of soil, respectively). Soil and water were mixed in 1:5 ratio; pH and electrical conductivity (EC) were measured with pH meter and conductivity meter (Mettler Toledo, Switzerland). pH 8.329; EC 752 μs cm−1; physico-chemical characteristics of soil used in pot were as follows: Organic matter 23.51 g kg−1; Total N 1.072 g kg−1; Olsen-P 0.0104 g kg−1; K+ 0.6782 g kg−1; Na+ 1.0162 g kg−1; Ca2+ 0.2386 g kg−1; and Mg2+ 0.5081 g kg−1.

Preparation of bacterial inoculum (OD 0.15) and seed treatment was performed according to Penrose and Glick (2003). Wheat was placed in 70% ethanol and 2% sodium hypochlorite solution for 3 min each for surface disinfection. After disinfection, the seeds are thoroughly washed with sterile water to remove all traces of sodium hypochlorite. The surface-sterilized seeds of wheat were kept in the bacterial suspension for 1 h. Surface sterilized seeds treated with 0.03 mol l−1 MgSO4 instead of bacterial suspension served as control (Singh and Jha, 2017). Twelve bacterized seeds were sown in each plastic pot (20 cm in height, 14 cm in diameter) filled with soil (1.2 KG) and grown with 16:8 photoperiods for 28 days after seed germination at 16–24°C.



Effect of JC-K3 on Plant Growth Under NaCl Stress Conditions

For measuring growth (root length/plant height) and biomass (fresh/dry weight), six randomly selected plants from each replicate were used. Leaf soluble sugar was extracted from boiling water and quantified via the method of Thomas (1977). The proline content was determined according to the method described by Bates et al. (1973), wherein valine was extracted with 3% sulfosalicylic acid and filtered. An aliquot of the filtrate was supplemented with 1 ml ninhydrin and glacial acetic acid reagent. The mixture was boiled for 1 h and placed on ice to stop the reaction, following which absorbance of the sample was measured at 520 nm using a UV spectrophotometer (TU1810, Beijing Purkinje General Instrument Co. Ltd., China).

The method of Moran and Porath (1980) was used to estimate the leaf chlorophyll content. A fresh leaf sample of 0.5 g was taken, extracted with 80% acetone, and centrifuged at 9,000 g for 10 min at 4°C. The absorbance of the collected supernatant at 645 and 663 nm was measured using a UV-visible spectrometer. The method for calculating the total chlorophyll content is as follows:
 [image: image]

Plants were treated according to Singh and Jha (2017). Briefly, the plants were washed in ice-cold 20 mmol l−1 CaCl2 for 8–10 min, repeated twice, and then washed with ultra pure water 5–6 times. Roots and shoots were separated and oven dried at 70°C for 48 h. One gram of plant tissue was ground in liquid N2 and digested in a mixture of 30% H2O2, 65% HNO3, and deionized water at a ratio of 1:1:1 at 120°C for 2 h, with a final volume of 12 ml. The contents of Na+ and K+ were measured via inductively coupled plasma optical emission spectroscopy (ICP, Thermo Scientific™ iCAP™ 7000 Plus, United States; Singh and Jha, 2016).



Total Bacterial DNA Extraction

Non-rhizosphere soil was removed by gentle shaking, leaving behind only the rhizosphere soil and soil that was still adhered to the roots was considered rhizosphere soil (Smalla et al., 1993). Surface sterilization of collected plant material was performed as described in Wemheuer et al. (2016). The plant material was immersed in 37% formaldehyde for 3 min and rinsed twice with sterile water. Samples were further rinsed with DNA-Exitusplus for 30 s, followed by three washes with sterile water. To confirm the success of the surface sterilization, 100 μl aliquots of the water used in the final washing step were plated on common laboratory media plates. The plates were incubated in the dark at 25°C for at least 2 weeks. The autoclaved mortar and pestle were used to grind the surface-sterilized roots, shoots, and leaves into fine powder in liquid nitrogen, respectively. Ground tissue powder aliquots were subsequently stored at −20°C until DNA extraction (Wemheuer et al., 2017).

To minimize DNA extraction bias, DNA was extracted in quadruplicate from the rhizosphere soil, root, shoot, and leaf samples (Beckers et al., 2017). Microbial DNA was extracted from two treatments using an E.Z.N.A. Soil DNA Kit (Omega Bio-tek, Norcross, GA, United States), according to the manufacturer’s protocol.

V3–V4 region of the bacterial 16S ribosomal RNA gene was amplified by PCR using the following primers: 338F, 5'-barcode-ACTCCTACGGGAGGCAGCA-3' and 806R, 5'-GGACTACHVGGGTWTCTAAT-3', where the barcode is an eight-base sequence unique to each sample. The fungal rDNA-ITS genes were amplified by PCR using primers ITS1F (5'-barcode-CTTGGTCATTTAGAGGAAGTAA-3')/2043R (5'-GCTGCGTTCTTCATCGATGC-3'). PCR was performed in triplicate in 20-μl reaction mixtures containing 4 μl of 5× FastPfu Buffer, 2 μl of 2.5 mmol dNTPs, 0.8 μl of each primer (5 μmol), 0.4 μl FastPfu Polymerase, 10 ng template DNA, and adding ddH2O to a final volume of 20 μl.



Illumina MiSeq Sequencing

Amplicons were extracted from 2% agarose gels and purified using an AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, United States), according to the manufacturer’s instructions, and quantified using QuantiFluor-ST (Promega, Madison, WI, United States). Purified amplicons were pooled in equimolar amounts and subjected to paired-end sequencing (2,250) on an Illumina MiSeq instrument according to standard protocols. The raw reads were deposited in the NCBI Sequence Read Archive database (accession number: PRJNA642335 and PRJNA643390).



Processing of Illumina MiSeq Sequencing Data

Raw fastq files were de-multiplexed and quality-filtered using QIIME (version 1.9.1) with the following criteria: (i) 300-bp reads were truncated at any site with an average quality score of less than 20 over a 50-bp sliding window, discarding truncated reads that were shorter than 50 bp; (ii) exact barcode matching, two nucleotide mismatches in primer matching, and reads containing ambiguous characters were removed; and (iii) only sequences that overlapped longer than 10 bp were assembled according to their overlap sequence. Reads that could not be assembled were discarded.

Operational taxonomic units (OTUs) were clustered with a 97% similarity cutoff using UPARSE (version 7.1, http://drive5.com/uparse/), and chimeric sequences were identified and removed using UCHIME. The taxonomy of each 16S rRNA gene sequence was analyzed using the RDP Classifier1 against the Silva (SSU123) 16S rRNA database, using a confidence threshold of 70% (Amato et al., 2013). The taxonomy of each ITS rDNA gene sequence was analyzed with the RDP Classifier against the UNITE 7.0/ITS database (Abarenkov et al., 2010) using a confidence threshold of 70%.



Statistical Analyses

Data analysis was performed using IBM SPSS 19.0. Plant parameters were in accordance with normal distribution; Student’s t test was used for parameter differences among plant parameters (p < 0.05). Sequences from chloroplasts were also removed before taxonomic classification. R v.2.15.2 (R Foundation for Statistical Computing) was used for Principal co-ordinates analysis (PCoA).




RESULTS


Isolation and Primary Characterization of Bacteria

Eight isolates were identified based on morphological differences in the colonies. According to the pH and salt tolerance of the strain, six strains could tolerate 5–10 pH stress, but only three strains could tolerate 8% NaCl (w/v), and a JC-K3 strain with higher tolerance (12% NaCl, w/v) was selected for further study. JC-K3 was inoculated on NA medium and incubated at 28°C for 24 h. The bacteria are rod-shaped, the colonies are milky white, round, slightly convex, and the edges were neat. In terms of physiological and biochemical properties, JC-K3 can hydrolyze gelatin, starch, glyceryl tributyrate, aescin, and casein but not Tween 80. It has oxidase and catalase activity, but does not have arginine dihydrolytic enzyme activity. Nitrate reduction, citric acid utilization, V-P test, and 20°C growth test were all positive. By contrast, H2S production, anaerobic growth test, and 50°C growth test were negative. JC-K3 can produce acids from carbon sources, such as glycerin, D-arabinose, L-arabinose, D-robitose, D-xylose, L-xylose and adonitol, D-galactose, D-glucose, D-fructose, D-mannose, L-xylose, inositol, mannitol, sorbitol, alpha-methyl-D-glucoside, N-acetyl glucosamine, esculin, salicin, D-cellobiose, D-lactose, D-maltose, D-melibiose, D-sucrose, D-raffinose, starch, glycogen, and D-lyxose. The salt tolerance of this strain is 12%, and the optimal salt concentration is 4% NaCl. The strain can tolerate pH 5–10.

The 16S rRNA gene sequence of JC-K3 has been submitted to NCBI for Blast analysis. Using a bootstrap analysis of 1,000 datasets, MEGA v. 5.0 was plotted. Phylogenetic tree of JC-K3 sequence and model strain sequence in MEGA v. 5.0. JC-K3 has close homology with Bacillus velezensis (Supplementary Figure S1). The 16S rRNA gene sequence of JC-K3 was deposited in the NCBI database as the accession number is: MT605169.



Plant Growth Promoting Attributes

JC-K3 produced an IAA concentration of 25.48 ± 4.17 μg ml−1 after 72 h of bacterial growth, while ACC deaminase activity was 18.10 ± 0.97 μmol (mg h)−1 after 48 h of bacterial growth. We noticed that when the strain was inoculated into the NBRIP medium, a transparent circle was formed around the colony. This indicates the solubilization activity of phosphate. When quantifying the solubility of phosphate, it can dissolve phosphorus to a concentration of 78.35 ± 1.84 mg l−1 after 72 h of bacterial growth. The appearance of the orange-halo area on CAS-agar plate is considered a positive factor for siderophore carrier. Using desferrioxamine mesylate as a standard compound, the siderophore content in the culture filtrate was 3.76 ± 0.24 μg ml−1. It is worth to note that JC-K3 also synthesized glucanase (72 h, 246.76 ± 24.37 μg ml−1), protease (72 h, 294.61 ± 15.32 μg ml−1), and cellulase (72 h, 40.36 ± 2.67 μg ml−1) as well as proline production. In addition, JC-K3 produced proline (72 h, 28.68 ± 0.42 μg ml−1; Table 1).



TABLE 1. Plant growth promoting traits of JC-K3.
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Effect of JC-K3 on Plant Growth Under NaCl Stress Conditions

Bacillus velezensis JC-K3 enhanced the shoot and root growth of wheat plants under the tested salinity stress. Compared with the control, the plant height of wheat inoculated with JC-K3 increased by 12.69% (p < 0.05; Figure 1A), and the root length increased by 27.59% (p < 0.01; Figure 1B); the fresh weight of wheat shoot increased by 13.55% (p < 0.05; Figure 1C), while the dry weight of shoot increased by 15.54% (p < 0.05; Figure 1D); the fresh weight of wheat roots inoculated with JC-K3 increased by 23.14% (p < 0.01; Figure 1E), and the dry weight of roots increased by 22.05% (p < 0.01; Figure 1F).
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FIGURE 1. Effect of inoculation of isolate JC-K3 on plant growth and biomass content; (A) Plant height, (B) Root length, (C) Shoot fresh weight, (D) Shoot dry weight, (E) Root fresh weight, and (F) Root dry weight. Each value is the average of six replicates. The error bar represents the SE, the average of six replicates. * on the bar chart of each treatment indicates the significant difference between the control group and the treatment group, *p < 0.05; **p < 0.01 (Student’s t-test). The black and white columns represent the control (Ctrl) and JC-K3 inoculated plants, respectively.


The soluble sugar content in wheat inoculated with JC-K3 strain was 6.99 ± 0.82 μg g−1 FW, which was 58.86% (p < 0.01, Figure 2A) higher than that in the control group (4.40 ± 0.61 μg g−1 FW). As can be seen from Figure 2B, the proline content in wheat inoculated with JC-K3 was significantly decreased (23.34%, p < 0.01) when compared with the control group. A significant increase in chlorophyll a content was recorded in plants inoculated with JC-K, which was an increase of 17.00% compared to the uninoculated plants (p < 0.05; Figure 2C).
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FIGURE 2. Effect of inoculation isolate JC-K3 on (A) total soluble sugar (TSS), (B) proline, and (C) total chlorophyll content. Each value is the average of six replicates. The error bar represents the SE the average of six replicates. * on the bar chart of each treatment indicates the significant difference between the control group and the treatment group, *p < 0.05; **p < 0.01 (Student’s t-test). The black and white columns represent the control (Ctrl) and JC-K3 inoculated plants, respectively.


In order to study the role of PGPB in mitigating NaCl stress, the plant ion balance was fine-tuned. Inductively coupled plasma optical emission spectroscopy (ICP) was used to fine-tune the ion balance of the plant, especially the Na+/K+ ratio. Ion analysis showed that the Na+ content in the shoots and roots of the inoculated test strain JC-K3 decreased, while the K+ content increased. Compared with the control, Na+ in wheat stalk was reduced by 18.10% (p < 0.05; Figure 3A), while Na+ in the root was reduced by 9.43% (Figure 3B). Similarly, K+ in wheat stalk increased by 16.86% (p < 0.05; Figure 3C), while K+ in the root increased by 19.51% (p < 0.01; Figure 3D) when compared with the control.
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FIGURE 3. Effect of inoculation of isolate JC-K3 on ionic uptake by plants. (A) Shoot Na+, (B) Root Na+, (C) Shoot K+, and (D) Root K+. Each value is the average of six replicates. The error bar represents the SE the average of six replicates. * on the bar chart of each treatment indicates the significant difference between the control group and the treatment group, *p < 0.05; **p < 0.01 (Student’s t-test). The black and white columns represent the control (Ctrl) and JC-K3 inoculated plants, respectively.




Effects of JC-K3 Strain on Rhizosphere Microbial and Endophyte Community Structure in Wheat

Root, shoot, leaf, and rhizosphere soil samples of the control (CK) and wheat inoculated with JC-K3 strains were used to analyze their community structure. A total of 1,236,843 16S rDNA sequences of V3 and V4 regions were obtained from 24 samples, with an average of 51,535 sequences per sample; 1,578,796 ITS sequences were obtained, with an average of 65,783 samples per sample. Root, shoot, leaf, and rhizosphere soil samples of CK wheat contained an average of 45,815, 44,742.7, 44,682, and 62,769 effective 16S rDNA sequences, including 67,791.33, 62,906, 67,970, and 71,551.67 effective ITS sequences. Roots shoot, leaf, and rhizosphere soil samples of wheat inoculated with JC-K3 contained, on average, effective 16S rDNA sequences of 41,945, 53,898.3, 58,866, and 60,563, including effective ITS sequences 66,696.33, 63,174, 54759.67, and 71416.33. As the number of sequencing increases, the microbial diversity index also gradually increases. At the final stage, the dilution curve became flat, indicating that the sequencing data for this study reached saturation and could cover most microbial communities in wheat roots, shoots, leaves, and rhizosphere soil (Supplementary Figure S2).

Diversity index analysis can be used to obtain information on species abundance, coverage, and diversity. Sobbing, Chaos, and Ace index reflect the richness of the community in the sample. As can be seen from Table 2, inoculation of the JC-K3 strain significantly increased the richness of bacterial community in shoots and leaves, and reduced the richness of fungal community in shoots and leaves compared with the control. At the same time, we found that inoculation with JC-K3 strain significantly increased the fungal community richness in wheat rhizosphere soil (p < 0.05).



TABLE 2. Diversity and richness indices of wheat root (R), shoot (Sh), leaf (L), and rhizospheric soil (S) samples under different treatments.
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The Shannon index (the larger the value, the higher the community diversity) and the Simpson Index (the larger the value, the lower the community diversity) index reflect the community diversity in the sample. As can be seen from Table 2, inoculation with JC-K3 strain significantly increased the diversity of bacterial community in shoots and leaves, and reduced the diversity of fungal community in shoots and leaves (p < 0.05) compared with the control. The results showed that the richness and diversity of bacterial and fungal communities in wheat roots decreased after inoculation with JC-K3 strain, but the difference was not significant (Table 2).



Comparison of Bacterial and Fungal Communities in JC-K3 and Controls

Venn diagrams can be used to visualize the similarity and overlap between species (such as OTUs) in environmental samples. In order to obtain the species classification information corresponding to each OTU, the RDP classifier Bayes algorithm was used to classify and analyze 97% similar OTU representative sequences. After inoculation with JC-K3, the unique and shared OTUs in wheat roots, shoot, leaves, and rhizosphere soils changed significantly (Supplementary Figure S3), while the unique and shared OTUs between the same tissues of wheat and rhizosphere soil was also observed under different treatments (Supplementary Figure S4).

The Mothur program was used to classify all bacterial sequences by genus level and compare the relative abundances of the assigned phyla and genera between the samples (Figure 4). With regard to the community information of endophytic bacteria in the roots of at the phylum level, the relative abundance of Cyanobacteria in wheat roots inoculated with JC-K3 (JC-K3-R) accounting for 88.79%, but only 83.69% in the CK. while the relative abundance of Proteobacteria in the JC-K3-R group was 10.81%, which was lower than that observed in the CK (16.15%; Supplementary Figures S5A,B). Similarly, with regard to the community of endophytic bacteria in wheat shoots at the phylum level, the relative abundance of Cyanobacteria in wheat shoots inoculated with JC-K3 decreased; while the relative abundances of Proteobacteria, Actinobacteria, and Bacteroidetes increased when compared with CK (Supplementary Figures S5C,D). Supplementary Figures S5E,F show information on the community of endophytic bacteria in wheat leaves at the phylum level. The relative abundance of endophytic bacteria in wheat leaves changed significantly before and after inoculation with JC-K3 strain. Compared with CK, the relative abundance of Proteobacteria and Cyanobacteria in wheat leaves inoculated with JC-K3 decreased, while the relative abundance of Bacteroidetes and Actinobacteria increased. Studies on the information of the rhizosphere bacteria community in wheat rhizosphere soil at the phylum level show that after inoculation with JC-K3, the relative abundance of Proteobacteria, Cyanobacteria, and Bacteroidetes in wheat rhizosphere soil increased; the relative abundance of Actinobacteria i decreased (Supplementary Figures S5G,H). Of the classifiable fungal sequences, compared with CK, the relative abundance of Ascomycota in wheat roots inoculated with JC-K3 increased, while the relative abundance of Basidiomycota, Mortierellomycota decreased (Supplementary Figures S6A,B). Compared with CK, the relative abundance of Mortierellomycota and Ascomycota in wheat shoots inoculated with JC-K3 increased, while the relative abundance of Rozellomycota and Basidiomycota decreased (Supplementary Figures S6C,D). Compared with CK, the relative abundance of Ascomycota in wheat leaves inoculated with JC-K3 increased, while the relative abundance of Mortierellomycota and Basidiomycota decreased (Supplementary Figures S6E,F). Compared with CK, the relative abundance of Rozellomycota, Mortierellomycota, and Basidiomycota in wheat rhizosphere soil inoculated with JC-K3 increased, while the relative abundance of Ascomycota decreased (Supplementary Figures S6G,H). Based on the phylum level results of PCoA, there was a significant separation of fungal communities in wheat rhizosphere soil and roots under JC-K3 and CK treatments, while there was no significant difference in bacterial communities (Figures 5A,D,E,H). There was a significant separation of bacterial communities in JC-K3-L and CK-L, while there was no significant difference in fungal communities (Figures 5C,G). PCoA also indicated differences of bacterial and fungal communities between JC-K3-Sh and CK-Sh (Figures 5B,F), and ANOSIM analysis further confirmed the significant structural reorganization (Table 3). The PCOA results at genus level were similar to those at phylum level, except that JC-K3-R and CK-R were not significantly separated at genus level (Supplementary Figures S7A,E).
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FIGURE 4. Community structure of bacterial and fungal in two groups. The stacked bar graphs represent the relative abundances of the major phyla and genera. (A) Differences in bacterial community structure at the phylum level with different treatments; (B) Differences in bacterial community structure at the genus level with different treatments; (C) Differences in fungal community structure at the phylum level under different treatments; and (D) Differences in fungal community structure at the genus level with different treatments. CK and JC-K3 represent the control and JC-K3 inoculated plants, respectively. S, soil; R, roots; Sh, shoots; and L, leaves.
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FIGURE 5. ContinuedFIGURE 5The principal co-ordinates analysis (PCoA) analysis based on Bray-Curtis distance was used to study the community composition of bacteria and fungi in plant roots, shoots, leaves, and rhizosphere soils inoculated with JC-K3 strain. (A) PCoA analysis of endophytic bacterial communities in wheat roots at phylum level; (B) PCoA analysis of endophytic bacterial community in wheat stem at phylum level; (C) PCoA analysis of endophytic bacterial community in wheat leaves at phylum level; (D) PCoA analysis of bacterial community in wheat rhizosphere at phylum level; (E) PCoA analysis of endophytic fungal communities in wheat roots at phylum level; (F) PCoA analysis of endophytic fungal communities in wheat stems at phylum level; (G) PCoA analysis of endophytic fungal communities in wheat leaves at phylum level; and (H) PCoA analysis of fungal communities in wheat rhizosphere at phylum level. CK and JC-K3 represent the control and JC-K3 inoculated plants, respectively. S, soil; R, roots; Sh, shoots; and L, leaves.




TABLE 3. Analysis of similarity (ANOSIM).
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The overall compositions of bacteria in wheat roots and rhizosphere soil were similar at the genus level, whereas the distribution in wheat shoot and leaf varied (Figure 4B). Of the classifiable bacterial sequences, almost no dominant bacterial genera were found in CK-Sh group, while Nitrospira (1.87%), Pseudomonas (2.92%), and other dominant bacterial genera were found in JC-K3-Sh group. The distribution of Flavobacterium, Rhizobium, Cellvibrio, and Pseudomonas accounting for 3.46, 4.45, 4.59, and 4.85% in the CK-L group, but only 2.44, 1.52, 2.34, and 3.44% in the JC-K3-L group, respectively (Figure 4B). Of the classifiable fungal sequences, the proportion of Penicillium was 21.34% in the JC-K3-Sh group, which was higher than that observed in the CK-Sh (0.00%) group. The proportion of Fusarium and Gibberella in the JC-K3-S group was 0.35 and 0.05%, which was lower than that in the CK-S (3.24 and 17.25%; Figure 4D).

Based on the heat map of the phylum level species and cluster tree analysis of the samples, the differences in composition of bacterial and fungal community in the roots, shoots, leaves, and rhizosphere soil of plants inoculated with and without JC-K3 strain were studied (Figure 6). The results showed that the bacterial community composition in JC-K3-Sh, JC-K3-S, JC-K3-L, and CK-S was similar, and there were differences with CK-R, JC-K3-R, and CK-Sh (Figure 6A). The proportions of Rozellomycota, Glomeromycota, Chytridiomycota, and Mucoromycota in JC-K3-R and JC-K3-Sh were significantly lower than that in CK-R and CK-Sh (Figure 6B).
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FIGURE 6. Hierarchically clustered heatmaps of the bacterial (A) and fungal (B) distributions. The heatmaps show the distribution of different communities from two groups at the phylum level. CK and JC-K3 represent the control and JC-K3 inoculated plants, respectively. S, soil; R, roots; Sh, shoots; and L, leaves.


Through the analysis of interspecies differences, it was found that at the phylum level, there were significant differences between endophytes and rhizosphere microorganisms in wheat inoculated with CK and JC-K3. As shown in Figure 7, the Student’s t-test was used to test for significant differences in bacteria and fungi in the same tissue of endophytic bacteria or wheat treated with different treatment methods. There was no significant difference in the content of endophytic bacteria in wheat roots after JC-K3 inoculation when compared with the control (Figure 7A). The contents of Cyanobacteria in the shoots of wheat were significantly decreased after inoculation with JC-K3 (p ≤ 0.001), while the contents of Proteobacteria, Actinobacteria, Chloroflexi, Bacteroidetes, Firmicutes, Gemmatimonadetes, Nitrospirae, Saccharibacteria, and Parcubacteria were significantly increased (p ≤ 0.001; Figure 7B). The contents of Actinobacteria, Chloroflexi, Acidobacteria, Gemmatimonadetes, and Nitrospirae in wheat leaves were significantly increased after inoculation with JC-K3 (p ≤ 0.001; Figure 7C). The content of Parcubacteria in rhizosphere soil decreased significantly (p ≤ 0.05; Figure 7D). After inoculation with JC-K3, there was no significant difference in the content of endophytic fungi in wheat roots and leaves (Figures 7E,G). The content of Glomeromycota in wheat shoots decreased significantly (p ≤ 0.05; Figure 7F); the content of Ascomycota in rhizosphere soil of wheat decreased significantly, and the content of Basidiomycota and Rozellomycota increased significantly (p ≤ 0.05; Figure 7H).
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FIGURE 7. The significant differences in microbial groups at the phylum level among the root, shoot, leaf, and rhizosphere soils of wheat treated with different treatments (Student’s t-test bar plot on phylum level). Compared with the control group, (A) the difference of endophytic bacteria in wheat roots at phylum level; (B) the difference of endophytic bacteria in wheat shoots at phylum level; (C) the difference of endophytic bacteria in wheat leaves at phylum level; (D) the difference of rhizosphere bacteria in wheat rhizosphere soil at phylum level; (E) the difference of endophytic fungi in wheat roots at phylum level; (F) the difference of endophytic fungi in wheat shoots at phylum level; (G) the difference of endophytic fungi in wheat leaves at phylum level; and (H) the difference of rhizosphere fungi in wheat rhizosphere soil at phylum level. CK and JC-K3 represent the control and JC-K3 inoculated plants, respectively. S, soil; R, roots; Sh, shoots; and L, leaves. The rightmost is p value, *0.01 < p ≤ 0.05, **0.001 < p ≤ 0.01, and ***p ≤ 0.001.


Through the analysis of interspecies differences at genus level, there was no significant difference in the content of endophytic bacteria in wheat roots and rhizosphere soil after JC-K3 inoculation when compared with the control (Supplementary Figures S8A,D). The contents of Nitrospira, Gaiella, Bacillus, Sphingomonas, and Lysobacter were significantly increased in the shoots and leaves of wheat after inoculation with JC-K3 (p ≤ 0.001; Supplementary Figures S8B,C), but there was no significant difference in the content of endophytic fungi (Supplementary Figures S8E,G). The content of Penicillium in wheat shoots significantly increased (p ≤ 0.001; Supplementary Figure S8F); the content of Penicillium and Cladosporium in rhizosphere soil of wheat increased significantly (p ≤ 0.001; Supplementary Figure S8H).




DISCUSSION

Bacillus velezensis originates from the rhizosphere, soil, plant interior, rivers, and other ecological environments of plants. Most Bacillus velezensis isolated from the plant rhizosphere can colonize the roots of plant and play an important role in suppressing pathogenic bacteria (Wu et al., 2015). In recent years, several Bacillus velezensis strains have been isolated at home and abroad, and their roles in plant growth, disease and insect resistance, and induction system resistance have been studied. It is believed that many Bacillus velezensis are thought to play an important role in biological control and increasing food production. Interestingly, it is known that Bacillus velezensis has high salt tolerance, but its effect on saline-alkaline soils is little known. Bacillus velezensis produces substances such as IAA and NH3, which can promote the growth of beets, carrots, cucumbers, peppers, potatoes, turnips, pumpkins, tomatoes, and radishes, and inhibit Streptomyces scabies (Meng et al., 2016). The present study demonstrates the effectiveness of Bacillus velezensis JC-K3 for improving growth of wheat plants under salt stress conditions.

In this study, we identified the PGP activity of the isolated JC-K3 and found that the strain had significant IAA, ACC deaminase, siderophore, and glucanase production capacities (Table 1). These are considered to be PGP traits because they have the ability to provide P to plants under P-limiting conditions, promote plant growth by acting as a phytohormone (IAA), provide Fe to plants through chelation and absorption (siderophores), and deplete precursor to the plant stress hormone ethylene (ACC deaminase). The results showed that JC-K3 can play a role in saline-alkali soil, effectively improve wheat biomass accumulation and osmotic regulation ability, and significantly increase Na and K absorption in wheat. Thus, our report extends the understanding of plant growth promoting properties contributed by members of genus Bacillus.

Plants in saline-alkali land have a certain ability to repair. In particular, they have also developed the ability to take advantage of the benefits provided by endophytes and rhizosphere microorganisms (Trivedi et al., 2020). Strains isolated from saline-alkali environments have significant effects on plant growth under salt stress (Ullah and Bano, 2015). A significant decrease in shoot/root lengths and fresh/dry weight was observed in uninoculated plants under salt stress, whereas inoculation with JC-K3 limited these losses significantly. It is likely that this response might be due to ACCD activity of the bacterium. Our results are in agreement with the previous report for salt tolerance in various plants induced by PGPR (Singh and Jha, 2016). Compared with uninoculated plants, after inoculation in salt-tolerant PGPB, these plants have increased accumulation of osmotic substances (such as sugar) and antioxidant enzyme activities (such as SOD, peroxidase, CAT, and ascorbic acid peroxidase) increased. Similarly, Siddikee et al. (2010) showed that after inoculation with salt-tolerant PGPB, the growth of rape seedlings increased significantly, such as a 35–43% increase in dry weight and a 29–47% increase in length. We confirmed that the JC-K3 strain has a similar effect. PGPB can directly reduce the accumulation of toxic ions such as Na and Cl by regulating the expression and/or activity of ion transporters and improve the nutritional status of macronutrients and micronutrients. These results are in agreement with by earlier studies, which suggest that certain PGPR not only delay the uptake of Na+ but also improve the efficiency of inoculation of selected ions by inoculated plants to maintain a high K+/Na+ ratio (Etesami, 2018).

In many studies, the high homology between the 16S rRNA genes of bacteria, the 16S rRNA gene of chloroplasts, the 16S rRNA genes of plant nuclei and mitochondria, and the high abundance of 16S rRNA genes of chloroplast led to non-target unexpected co-amplification of the sequence. We use optimized PCR methods to reduce co-amplification of chloroplast and mitochondrial 16S rRNA to ensure that the 16S rRNA sequence of bacteria is correctly detected (Gottel et al., 2011; Bulgarelli et al., 2012). We observed differences in the dilution curves of rhizosphere soil and endosphere samples (Supplementary Figure S2). This may be due to sporadic and uneven colonization differences in wheat roots, shoots, leaves, and rhizosphere soil (Trivedi et al., 2020). Especially in rhizosphere soil, because root exudates and mucilage-derived nutrients attract countless organisms into the rhizosphere environment, plant-associated bacteria must have to be high competitiveness to successfully colonize in the root zone (Kong et al., 2020).

At the phylum level, Actinomycetes and Proteobacteria (mainly Alpha- and Beta-proteobacteria) are followed by Bacteroidetes, Firmicutes, and Acidobacteria. The ratio of Proteobacteria to Acidobacteria in rhizosphere communities has shown an indicator of soil nutrient content, in which Proteobacteria are associated with nutrient-rich soils and Acidobacteria are associated with nutrient-poor soils (Beckers et al., 2017). Similar to Arabidopsis (Bulgarelli et al., 2012), rice (Edwards et al., 2015), and poplar (Gottel et al., 2011), the relative abundance of Acidobacteria and Actinobacteria decreases from rhizosphere soil to rhizosphere microbiota. The relative abundance of Proteobacteria increased. Meanwhile, Proteobacteria include many bacteria responsible for nitrogen fixation (Wang et al., 2015). The relative abundance of Proteobacteria in rhizosphere soil of wheat inoculated with JC-K3 was higher than that of CK (Supplementary Figures S5G,H), indicating that this strain can increase the nutrient content of rhizosphere soil. Of the classifiable bacterial sequences, there was no significant difference in the relative abundance of dominant bacterial genera in rhizosphere communities after JC-K3 inoculation when compared with the control. However, the relative abundance of fungi genera, such as Penicillium, Cladosporium, and Podospora in rhizosphere soil was significantly increased. At the same time, the relative abundance of Penicillium in shoots of wheat inoculated with JC-K3 was significantly increased. Of these genera Penicillium have been used as biocontrol agents because of their numerous secondary metabolites (Larena et al., 2018).

In wheat shoots and leaves, inoculation of JC-K3 resulted in a significant increase of Nocardioides, Nitrospira, Gaiella, Solirubrobacter, RB41, Bacillus, Sphingomonas, Marmoricola, Streptomyces, Mariniflexile, and Lysobacter. Of these bacterial genera, the N-fixing functional trait of Sphingomonas spp. is of particular interest, suggesting their possible role in the promotion of plant growth (Agnolucci et al., 2019). Actually, the inoculation of wheat seeds with a strain of Sphingomonas sp. increased root biomass accumulation and the concentration of nutrients (Jia et al., 2018). At the same time, Streptomyces spp. showed promising PGP traits, being capable of solubilizing phytates and phosphates, and producing IAA and siderophores (Battini et al., 2016). Moreover, wheat plants grown in soil contaminated by the pathogenic fungus Rhizoctonia solani, inoculated with Streptomyces sp. F5, showed lower root damage and higher grain yield, compared to control group (Barnett et al., 2019). In particular, the relative abundance of beneficial microbes, such as Pseudomonas and Rhizobium were significantly increased in the CK-Sh group. It is important to note that many strains of different Pseudomonas species have long been known as PGP bacteria, playing also a key role as biocontrol agents (Schlatter et al., 2017). Moreover, Pseudomonas protected wheat plants against oxidative stress induced by ion, through the improvement of nutrients bioavailability, lowering of ion uptake, and elicitation of plant antioxidant responses (Islam et al., 2014). Overall, these results confirm that beneficial microbes accumulate more easily in the wheat shoots, leaves, and rhizosphere following application of JC-K3 compared with the control group.

Strains isolated from saline-alkali environments are more suitable for the soil environment of the inoculated area (Morgan, 2010; Debray et al., 2021). The JC-K3 strain isolated from the Yellow River delta was applied to the saline-alkali soil of wheat plantations in the Yellow River delta, and it can reflect the actual effect of the strain. However, there are still some shortcomings in this research, for example: (1) Although “jimai21”is a wheat variety widely promoted in this region, this study did not select other wheat varieties for comparative study; (2) Considering the limitations of wheat salt tolerance, the representative soil of the Yellow River delta was selected, but the soil with higher salt concentration and lower salt concentration was not selected for the experiment. (3) To verify the positive effect of JC-K3 inoculation on wheat growth, we compared the growth of wheat inoculated with JC-K3 and uninoculated with JC-K3, but did not test other isolated strains. This is mainly due to the significant differences, alkali resistance, and PGP activity between JC-K3 and other strains. Compared with previous studies, JC-K3 strain has the potential to improve plant salt tolerance and promote wheat growth, so this paper focuses on the role of this strain.



CONCLUSION

The purpose of this study was to investigate the effect of JC-K3 strain isolated from the Yellow River Delta on wheat growth under salt stress. At the same time, the composition and diversity of endophytic bacteria and endophytic fungi in the roots, shoots, and leaves of wheat and the composition and diversity of rhizosphere bacteria and rhizosphere fungi were compared. JC-K3 strain improved wheat’s biomass accumulation ability, osmotic adjustment ability, and ion selective absorption ability. Not only that, JC-K3 significantly changed the diversity and abundance of endophytic and rhizosphere microorganisms in wheat. Although the conclusions reached in this study are limited due to the use of a single strain and plant host, the interaction between endophytic communities and plant salt tolerance needs further study. However, the results of this study provide a basis for understanding the response of wheat endophytic rhizosphere microorganisms to PGPB inoculation. At the same time, we believe that Bacillus velezensis can not only control plant diseases, but also can be used as a biological inoculant to reduce the plant salt stress damage.
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Long-term conventional shallow tillage reduced soil quality and limited the agriculture development. Intermittent deep tillage could effectively promote agricultural production, through optimizing soil structure, underground ecology system, and soil fertility. However, the microecological mechanism of intermittent deep tillage promoting agriculture production has never been reported, and the effect of tillage depth on crop growth has not been explored in detail. In this study, three levels of intermittent deep tillage (30, 40, and 50 cm) treatments were conducted in an experimental field site with over 10 years of conventional shallow tillage (20 cm). Our results indicated that intermittent deep tillage practices helped to improve plant physiological growth status, chlorophyll a, and resistance to diseases, and the crop yield and value of output were increased with the deeper tillage practices. Crop yield (18.59%) and value of output (37.03%) were highest in IDT-50. There were three mechanisms of intermittent deep tillage practices that improved crop growth: (1) Intermittent deep tillage practices increased soil nutrients and root system architecture traits, which improved the fertility and nutrient uptake of crop through root system. (2) Changing rhizosphere environments, especially for root length, root tips, pH, and available potassium contributed to dissimilarity of bacterial communities and enriched plant growth-promoting species. (3) Functions associated with stress tolerance, including signal transduction and biosynthesis of other secondary metabolites were increased significantly in intermittent deep tillage treatments. Moreover, IDT-30 only increased soil characters and root system architecture traits compared with CK, but deeper tillage could also change rhizosphere bacterial communities and functional profiles. Plant height and stem girth in IDT-40 and IDT-50 were higher compared with IDT-30, and infection rates of black shank and black root rot in IDT-50 were even lower in IDT-40. The study provided a comprehensive explanation into the effects of intermittent deep tillage in plant production and suggested an optimal depth.

Keywords: rhizosphere bacterial community, intermittent deep tillage (IDT), root system architecture (RSA), sustainable agriculture, ecosystem function


INTRODUCTION

An increasing human population combined with decreasing resources, has created enormous pressure on agricultural producers to satisfy the increasing demand for food (Shah and Wu, 2019). To deal with the challenge, greater attention has been paid to increasing crop yields on the limited amount of arable land that is available. For many years, vast inputs of fertilizers, pesticides, and other chemicals were used on agriculture to improve agricultural production (Sharma and Singhvi, 2017). However, this has caused a series of severe environmental problems including soil health decline and land degradation. For example, excessive use of nitrogen fertilizer has clearly contributed to the emission of greenhouse gas, water eutrophication, and environmental degradation (Zhang et al., 2015). Therefore, efforts to ensure future higher crop productivity should be made with environmental sustainability in mind. Modern machinery and agricultural technologies have allowed farmers to make full use of limited land resources.

Smash-ridging tillage is a new farming method, which replaces traditional plowshare with a spiral drill (Wei, 2017). This machinery is able to cultivate a 30- to 50-cm depth of soil vertically through the use of high-speed peeling at 500–600 rounds per minute. The soil is both rotated and ground at the same time and then automatically deposited as a ridge. It could finally create greater amounts of loose soil, and the expansion of soil nutrients, moisture, oxygen, and microbial community (Zhang et al., 2020). Currently, deep vertical rotary tillage based on smash-ridging tillage has been applied to over 20 kinds of crops, including rice, wheat, tomato, sugarcane, and peanut, showing increased yields of 10–30% and quality improvement up to 5% (Wei, 2017). Research over the last decade has shown that improvement of soil structure increased the use ratio of crop to nutrients and promoted plant growth (Munkholm et al., 2013).

The assumption that promoting the availability of subsoil water and nutrition to plants, thereby improving crop yield through deep tillage, has a long history. The rapid development of steam and combustion engines allowed plowing depth to reach 200 cm in 1850 and 1960 (Eggelsmann, 1979). Since the 1970s, high costs and concerns about negative effects on soil structure and beneficial soil microbes increased resistance to the popularization and application of deep tillage in agriculture (Schneider et al., 2017). With respect to soil microbes, it is important to understand that deep tillage for ameliorative purposes can be performed annually to achieve gradual topsoil deepening over long-term shallow tillage. In some cases, ameliorative deep tillage has even showed positive impacts on plant growth by promoting rhizosphere microbes (Müller and Rauhe, 1959). However, the mechanisms between soil structure and crop health are still unclear, especially for the role of microbes in the process.

Rhizosphere bacteria are key mediators connecting plants health with the soil (Trivedi et al., 2020). Plants can establish complex and mutualistic relations with distinct microorganism by modulating the root environment. Several recent studies have shown that rhizosphere microbes displayed obvious preferences for rhizosphere soil as a source of metabolites and substrates. For example, banana root exudates, especially for organic acids, could help plant growth-promoting rhizobacteria (PGPR) strain Bacillus amyloliquefaciens NJN-6 colonize the host root (Yuan et al., 2015). A mass of microbes was attracted to root systems. Their metabolic activities and complex interactions with plants affect plant growth and productivity, via nutrient acquisitions, disease resistance, and stress tolerance (Philippot et al., 2013). However, these root and plant-associated microbes may induce host plant defense response by the plant immune system. Recently, it was revealed that root- and plant-associated bacteria contained a number of genes that mimic plant and root, and secrete effector proteins, in order to evade the plant immune system and successfully colonize the plant root (Nishad et al., 2020). Interactions between members of microbiome, such as cooperation and competition, also play an important role in the assembly process of the microbial community (Shi et al., 2016). Given the pivotal importance of rhizosphere environment–microbial interaction, assembling a beneficial rhizosphere microbial community via altered rhizosphere soil characteristics might be a potential way to increase crop growth.

Intermittent deep tillage (IDT, one-time deep tillage, and conventional tillage) through smash-ridging technology could promote agricultural production through optimizing soil quality without high disturbance. We hypothesized that changes in rhizosphere soil environment associated with different tillage practices would shape different bacterial community structures and changed bacterial community function profiles. To test our hypothesis, a field study was carried out to assess the improvement of IDT practices (30, 40, and 50 cm) on soil quality and crop growth. Soil properties, rhizosphere bacterial community, and plant performance in different tillage practices were analyzed to figure out the mechanism on how IDT practices promote crop growth through rhizosphere bacterial community and explore the effects of IDT depth.



MATERIALS AND METHODS


Experimental Design

The experimental site is under conventional rotary tillage practices over 10 years and is located in Huayuan County, Hunan Province, China. The experiment had four treatments: intermittent deep tillage using a smash-ridging machine to a depth of 50 cm (IDT-50), intermittent deep tillage to a depth of 40 cm (IDT-40), intermittent deep tillage to a depth of 30 cm (IDT-30), and conventional rotary tillage with a depth of 20 cm (CK). Each treatment included three replicate fields. Before plant was transplanted, field soil was plowed and ridged according to the experimental design, with a width of 120 cm and a height of 30 cm. Solanaceae plants were then transplanted to a 100-m2 region at a planting density of 16,650 plants/hm2 on April 20, 2020. During the growth period, the agricultural management practices and fertilization regimes were similar for all plowing treatments.



Sampling and Measurement


Rhizosphere Soil Physicochemical Characters

Mature period is the key period of Solanaceae quality formation, when soil bacterial communities play important roles. After 4 months, Solanaceae entered the mature stage of growth, and soil samples from plant rhizosphere soil were collected on August 2, 2020. We randomly selected two plants in each replicate field, and gently shook off the loosely adhered soil, then collected rhizosphere soil by brushing off soils with a sterile brush, which was tightly associated with the plant roots. Soil samples were divided into two parts for the following DNA extraction and physicochemical analysis, and stored at −80°C and 4°C, respectively. Soil pH, available phosphorus (AP), available potassium (AK), alkaline hydrolysable nitrogen (AN), and organic matter (OM) were measured according to the methods described by Zhang et al. (2019).



Plant Phytochrome Content in Leaves

Crop middle leaves (the tenth leaf) from the different treatments were collected to analyze plant phytochrome content in leaves. Fresh leaf samples were lyophilized and ground into powder to investigate the differences within leaf metabolites. Untargeted metabolome profiling was performed at the China Tobacco Gene Research Center using three platforms (Liu et al., 2019; Liu P. et al., 2020), including gas chromatography-mass spectrometry (GC-MS), liquid chromatography-mass spectrometry (LC-MS/MS), and capillary electrophoresis-mass spectrometry (CE-MS).



Crop Disease Infection Rate

Crop disease infection rates, including black shank, black root rot, bacterial wilt, and hollow stalk, were calculated by the percentage of infected plants in each field. That is,
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Where Ni and Nt represent the number infected plants and the total number of plants in each field, respectively.



Crop Root System Architecture

The crop roots randomly chosen from different replicate fields were washed with sterilized water. Root system architecture (RSA) was obtained using an automatism scanner and image analyzer with WinRhizo REG system (Regents Instruments Inc., Ltd., Quebec City, Canada). The five RSA traits, including root length (RL), root projection area (RPA), root surface area (RSA), number of root tips (NRT), and number of root branches (NRB), were obtained broadly to describe the entire root system responses to different tillage practices (Luo et al., 2020).



Assessment of Crop Economic Value of Crop

The crop yield was determined by all the leaves of each treatment and then backed by local tobacco departments. Crop value of output was composed of the yield and average price (CNY, Chinese Yuan, generally referred to as RMB in China). The calculation formula of crop output value is as follows:
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Where Average price is obtained by dividing the total purchase value by the purchase weight after the local tobacco departments purchase the graded tobacco leaves (Formulated by State Tobacco Monopoly Administration of China).




DNA Extraction and Illumina Sequencing

The total DNA of the rhizosphere soil was extracted using the FastDNA SPIN Kit for Soil (MP Biomedicals, Santa Ana, CA, United States). Extracted DNA quality was assessed by NanoDrop ND-2000 spectrophotometer (ND-1000 Spectrophotometer, United States) according to 260/280- and 260/230-nm absorbance ratios. Amplification of the V3–V4 hypervariable region of the bacterial 16S rRNA gene was performed with the primers 341F (5′-CCTACGGGNGGCWGCAG-3′) and 805R (5′-GACTACHVGGGTATCTAATCC-3′). The PCR amplifications were combined and sequenced on Illumina MiSeq at LC Sciences (Hangzhou, China). The 16S rRNA gene sequences have been submitted to the NCBI SRA database, and the project number is PRJNA692565.

The sequencing data were processed on an in-house galaxy pipeline1 developed in the lab of Dr. Zhou (Institute for Environmental Genomics, University of Oklahoma). First, bases after ambiguous bases (N) were removed from the sequences, and then the sequences were trimmed based on the length. After removing chimeras and singletons, reads with 97% similarity were then assigned to the same out, and an OTU table was generated using UPARSE (Edgar, 2013). Taxonomic assignment was performed by blasting the sequences against the Ribosomal Database Project (RDP) database with a 50% minimal confidence (Wang et al., 2007). Finally, a rarefied OTU table was created at a depth of 10,000 reads per sample to eliminate the influence caused by different sequencing depths. All downstream analyses were carried out using the normalized OTU table.



Data Analyses

The phylogenetic community dissimilarity base on UniFrac distance among treatments was calculated and plot using “phyloseq” and “ggplot2” in R (version 3.6.3) (McMurdie and Holmes, 2013). Principal coordinate analysis (PCoA) was used to ordinate the samples. The community dissimilarity analyses (β-diversity) based on Bray–Curtis and Euclidean distance, the α-diversity of community, including Chao value, Shannon index, Simpson index, species richness and Pielou’s evenness, and Mantel test based on Spearman’s correlation of environmental variables with bacterial community structure were performed using the “vegan” package in R. Then compositional dissimilarities among treatments (β-diversity) were partitioned into replacement and richness difference components through the Jaccard dissimilarity index using the R package adespatial (Legendre and De Caceres, 2013). The contributions of rhizosphere soil physicochemical characteristics and root structure parameters to bacterial community variation were also done by variance partitioning canonical correspondence analysis (VPA) via vegan R package. The OTUs with relative abundances significantly different between the rhizosphere soils of deep tillage treatments and conventional tillage treatment were detected by likelihood ratio test (LRT) through R package DESeq2 (Love et al., 2014) and adjusted p-value using the false discovery rate (FDR) method. Venn diagram and heatmap analyses were conducted using the “venndiagram” and “pheatmap” package in R. A one-way ANOVA followed by Tukey’s test was used to calculate the significance of differences among treatments. All statistical analyses were performed using the R software.

Molecular ecological network based on OTU table, rhizosphere soil physicochemical characteristics, and root structure parameters was constructed to represent their co-occurrence pattern (Zhou et al., 2011; Meng et al., 2019). The network analyses were performed using an online pipeline2 according to a previous study. Only OTUs present in at least 12 out of 24 samples were used for network construction. The random matrix theory (RMT) was used to choose the similarity threshold (St) automatically before network construction. The network was visualized using Cytoscape software (version 3.8.1). To assess possible topological roles of taxa in the network, the nodes were classified into four different categories based on their within-module connectivity (Zi) value and among-module connectivity (Pi) value: module hubs (Zi ≥ 2.5), network hubs (Zi ≥ 2.5 and Pi ≥ 0.62), connectors (Pi ≥ 0.62), and peripherals (Zi < 2.5 and Pi < 0.62). To define the distribution of OTUs in four treatments, we classified all OTUs into two categories: shared OTUs in four treatments (AET) and special OTUs only existing in deep tillage treatments (AT).

The Phylogenetic Investigation of Communities by Reconstruction of Unobserved States (PICRUSt2)3 was applied to predict potential functional profiles of the bacterial community using 16S rRNA gene data (Douglas et al., 2020). First, various gene contents in each OTU in the reference phylogenetic tree were calculated, and the abundance table of the predicated gene family can be established. Then, the resulting gene content predictions of all OTUs with the relative abundance table of OTUs in the microbial community were combined, and the predicated abundances of gene families in the community were generated. Finally, the KEGG database was used to predicate functional information at different pathway levels. The Bray–Curtis distance-based PCA revealing the functional structure among treatments based on the KO table was constructed using the “vegan” package in R. The comparison of function gene at levels 1 and 3 was conducted using t-test in STAMP.

Random forest analysis to identify the major statistically significant microbial predictors was conducted with the “randomForest” package (Liaw and Wiener, 2002; Chen et al., 2020). A total of 35 OTUs, important in assigning samples, were selected in random forest modeling. The importance of each OTU in distinguishing different treatments was assessed by calculating the average decline in module accuracy when the OTU was removed from the community.




RESULTS


Yield and Statistics of Crops in Different Tillage Treatments

After deep tillage practices, the crop yield and output value were both increased (Table 1). The crop values of output were 58,609.52, 54,306.25, 48,887.20 and 42,770.56 CNY/hm2 in IDT-50, IDT-40, IDT-30, and CK, respectively. The yields of crop were 2,410.71, 2,294.64, 2,142.86, and 1,897.22 kg/hm2 in IDT-50, IDT-40, IDT-30, and CK, respectively. The average prices were 24.31, 23.67, 22.81, and 22.54 CNY in IDT-50, IDT-40, IDT-30, and CK, respectively. Thus, the crop yield and output value in IDT-50 were, respectively, 27.07 and 37.03% higher than those in CK. In IDT-40, crop yield and output value were, respectively, 20.95 and 26.97% higher than those in CK. In IDT-30, crop yield and output value were, respectively, 12.95 and 14.30% higher than those in CK.


TABLE 1. Yield, average price, and output value of crop among treatments.
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Effects of Intermittent Deep Tillage on Crop Rhizosphere Environment

Rhizosphere soil physicochemical were significantly different among different treatments. Significant decreases in pH and AN, and increase in AP, AK, and OM, were observed in IDT treatments compared with CK (Tukey’s test, p < 0.05) (Table 2). Besides, different depths of IDT caused different effects on rhizosphere soil. IDT-40 treatment caused largest increase in AK and OM, and decrease in pH and AN. AP was highest in IDT-50 and IDT-30. Root growth characteristics were also analyzed and found that RPA, RSF, RL, NRT, and NRB were all significantly increased (Tukey’s test, p < 0.05) in IDT treatments compared with CK, except for NRT, which showed a significant decrease in IDT-30 (Tukey’s test, p < 0.05) (Figure 1). RL increased regularly and significantly (Tukey’s test, p < 0.05) with IDT depth (IDT-50 > IDT-40 > IDT-30); NRT and NRB were more in IDT-50 and IDT-40 than IDT-30; RSA was larger in IDT-40 and IDT-30; RPJ was largest in IDT-40. In summary, RSA traits were increased with the increasing IDT depth, especially for RL, but NRB and NRT were increased the most when IDT depth reached 40 cm, and RPJ and RSF were even decreased when depth was over 40 cm.


TABLE 2. Plant rhizosphere soil physicochemical analysis among treatments.
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FIGURE 1. One-way ANOVA of root system architecture (RSA) traits among treatments. Different letters indicate statistically significant differences among treatments (p < 0.05). RPJ, root projection area (cm2); RSF, root surface area (cm2); RL, root length (cm); NRT, number of root tip; NRB, number of root branches.




Rhizosphere Bacterial Community Diversity

A total of 1,747,753 high-quality sequences were obtained from high-throughput sequencing and clustered into 3,822, 3,796, 3,518, and 3,768 OTUs in IDT-50, IDT-40, IDT-30, and CK, respectively. The alpha diversity of rhizosphere bacterial community, including Chao value, Simpson index, Shannon index, species richness, and Pielou’s evenness, had no significant difference in IDT treatments compared with CK (Supplementary Table 1), but the increasing depth of IDT led to significant increases in Chao value and species richness among three level IDT treatments (Tukey’s test, p < 0.05). The PCoA results showed that there were significant differences in beta diversity of rhizosphere bacterial community based on the Bray–Curtis dissimilarity matrix (Supplementary Figure 1A, ANOSIM = 0.524, p = 0.001), unweighted UniFrac distance (Supplementary Figure 1B, ANOSIM = 0.521, p = 0.001), and weighted UniFrac distance (Supplementary Figure 1C, ANOSIM = 0.326, p = 0.001). For further analysis of differences in beta diversity, significance tests were performed, including MRPP and ANOSIM calculated with Euclidean or Bray–Curtis distance (Table 3). The results showed that the beta diversity of IDT-50 and IDT-40 were significantly different from IDT-40 and CK, but that there was no significant difference between IDT-50 and IDT-40, and between IDT-30 and CK based on Euclidean distance. Additionally, the beta diversity decomposition analyses showed that the bacterial community compositional dissimilarities among four treatments were dominated by species replacement processes (contributed 88.46%), while richness difference processes only contributed 11.54% (Supplementary Figure 2).


TABLE 3. Significance tests on the effects of different tillage methods on the rhizosphere bacterial community structure.
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Likelihood ratio test results revealed that rhizosphere soil in different tillage treatments harbored distinct bacterial community compositions with unique respective sets of OTUs. Venn diagram revealed that the number of core bacterial OTUs was 2,093, which accounted for 93.02, 93.21, 94.25, and 93.74% of the rhizosphere soil sequences in IDT-50, IDT-40, IDT-30, and CK, respectively (Figure 2A). The remaining OTUs included unique species and overlap species, which were all rare species with relative abundance lower than 0.1%. LRT results showed that the relative abundance of 102 OTUs, 123 OTUs, and 16 OTUs were richer compared with CK in IDT-50, IDT-40, and IDT-30, respectively (padj < 0.05), and 68 OTUs, 57 OTUs, and 15 OTUs were lower compared with CK in IDT-50, IDT-40, and IDT-30, respectively (padj < 0.05) (Figures 2C–E). Furthermore, there were only 13, 19, and 0 unique OTUs (only detected in IDT treatments) enriched significantly in IDT-50, IDT-40, and IDT-30, respectively (Figure 2F). In other words, more than 90% of the OTUs, whose relative abundance changed significantly compared with CK, were core species in four treatments. In summary, IDT caused the species replacement of rare species and richness difference of core species in rhizosphere bacterial communities, and there were most changed OTUs at relative abundance in IDT-40.
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FIGURE 2. The effects of different tillage methods on rhizosphere microbial compositions. The overlap of taxonomical OTUs (A) and functional KOs (B) in conventional tillage treatment and intermittent deep tillage (IDT) treatments. Volcano plots (C–E) represent the community compositions in IDT-50, IDT-40, and IDT-30, respectively. The rhizosphere bacterial OTUs with relative abundances significantly (log2 fold change > | 1.5| and FDR adjusted p-value < 0.05) different between IDT (red) and CK treatments are colored in the volcano plot. (F) Statistic analysis for the OTUs with relative abundances significantly different between IDT and CK treatments.




Rhizosphere Environment Affected the Reassembled Bacterial Community

Spearman’s correlation analysis by the Mantel test found that the rhizosphere environment, including both soil physicochemical and crop root growth characteristics, had significant effects on rhizosphere bacterial community (Table 4). Furthermore, the distance-based redundancy analysis (db-RDA) was performed to assess the extent to which the rhizosphere environmental parameters explained the variance of bacterial community in the four tillage treatments. Figure 3 showed that all of these factors together explained 56.93% of community variances. After selecting the most parsimonious explanatory variables, five environmental factors including RL, NRT, RPA, pH, and AK were retained. Across all treatments, RL was the most remarkable, followed by NRT, RPA, pH, and AK.


TABLE 4. Spearman’s correlation of environmental variables with bacterial community structure as determined by the Mantel test.
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FIGURE 3. Distance-based (distance = Bray) redundancy analysis (dbRDA) (A) depicting the correlation between bacterial communities and rhizosphere environment, and (B) variance decomposition, with the percentages of variance explained by s soil physicochemical and plant root growth characteristics. AK, available potassium; RPJ, root projection area (cm2); RL, root length (cm); NRT, number of root tip.


To investigate how rhizosphere environmental factors affected bacterial community composition, an overall network based on OTU abundance, soil physicochemical, and plant root growth characteristics was constructed (Supplementary Figure 3A). Topological properties of the network are presented in Supplementary Table 2. There were 42 modules including 347 nodes and 647 edges (Supplementary Table 2). All environmental factors, except NRT, were grouped in the same module, module 2, and a subnetwork was constructed with OTUs connected to “AT” and “EF” (Figure 4A). Furthermore, as seen in Figure 4B, AT had 78.26 and 78.95% positive edges with EF and AET in the whole network. The most important environmental factor, RL, showed positive correlation with AT and most AET, except for OTU_648 (Sphaerobacter), OTU_22 (Bradyrhizobium), and OTU_165 (Conexibacter) (Figure 4C). Additionally, the three OTUs (OUT_648, OUT_22, and OUT_165) showed negative correlations with OTU_147 (Unclassified) and OTU_431 (Gp6) in the AT group. Supplementary Figure 3B also showed that NRB only had negative relationships with OTU_22 and OTU_648 in AET, which showed a negative correlation with OTU_147 in AT. The Zi–Pi graph showed the roles of OTUs played by the OTUs in the community (Figure 4D). There were seven “module hubs” and five “connectors.” Two rhizosphere environmental factors (RL and NRB) were module hubs and played important roles in the rhizosphere bacterial community.
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FIGURE 4. Random matrix theory (RMT)-based molecular ecology networks (MENs). (A) Nodes (OTUs) connected to “AT” and “EF.” Green lines represent the interactions between nodes (OTUs) that are negative, and red lines represent positive interactions. EF, rhizosphere environmental variations. (B) Numbers of edges for AT connecting to EF and AET. AET, OTUs shared in four treatments; AT, special OTUs present in deep tillage treatments. pp, positive Pearson correlation; np, negative Pearson correlation. (C) Nodes (OTUs) connected to “RL”. (D) Zi–Pi graph showing “keystone” OTUs. P, phylum; G, genus.




Relationship Between Bacterial Community and Crop Growth Traits

Crop growth traits including disease infected rate, plant height, stem girth, and the content of leaf pigment were investigated to evaluate the effects of IDT to crop growth (Table 5). Based on ANOVA, crop physiological growth status including plant height and stem girth in IDT-50 and IDT-40 were significantly higher than in CK, and plant height in IDT-30 was also higher than in CK (p < 0.05). Contents of chlorophyll a in IDT treatments were also significantly higher than in CK (p < 0.05). Disease infection rate of black root rot, bacterial wilt, and hollow stalk in IDT treatments showed significant decreases compared with those in CK (p < 0.05). Further analysis showed that the control efficiency of IDT to bacterial wilt was best, and reached 88.29, 77.42, and 70.29% in IDT-50, IDT-40, and IDT-30, respectively, and the worst control efficiencies to Hollow stalk were also reached up to 68.86, 68.81, and 50.02% in IDT-50, IDT-40, and IDT-30, respectively. In other words, the plant growth-promoting effect in IDT-50 was best among three level IDT practices, but IDT-40 also showed better performance in enhancing plant height and stem girth.


TABLE 5. Plant performance including plant physiological growth status, disease infection rate, and pigment content respond to different tillage treatments.
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Through random forest analysis, the top 35 OTUs in distinguishing between different tillage treatments were obtained by modeling. Pearson correlation showed that these OTUs influenced plant growth traits significantly (p < 0.05), expected for OTU_142 (Figure 5). Additionally, 20 OTUs showed positive effects on plant growth, which were positively related to plant characteristics including plant height, stem girth, leaf pigment, or negatively related to plant disease incidence. These OTUs are mainly distributed in the genera Aeromicrobium, Aquabacterium, Aquihabitans, Gemmatimonas, Hydrogenophaga, Gp3, Gp6, Kofleria, Mizugakiibacter, Saccharibacteria_genera_incertae_sedis, and Streptomyces (Supplementary Table 3). The 14 OTUs showing negative effects on plant growth were mainly classified into Thermoleophilum, Conexibacter, Gaiella, Sphaerobacter, and Bradyrhizobium. After LDA analysis, the 20 OTUs (expected for OTU_1201) that showed positive effects on plant growth traits in IDT treatments were enriched compared with CK at relative abundance, while other OTUs showing negative effects were decreased on the contrary (Supplementary Table 3). In addition, five OTUs, including OTU_147 (Unclassified), OTU_647 (Saccharibacteria_genera_incertae_sedis), OTU_593 (Gp3), OTU_444 (Unclassified), and OTU_431 (Gp6), were only detected in deep tillage treatments.
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FIGURE 5. Correlation and best random forest model for the relative abundance of top 35 most important taxa. For variable selection and estimating predictability, the random forest machine-learning algorithm was used. Circle size represents the p-value as a result of Pearson correlation analysis between taxa and plant growth traits including plant physiological growth status, disease morbidity, and pigment contents. Different colors represent Pearson correlations. Plant physiological growth status: PH, plant height; SG, stem girth. Disease morbidity: BS, black shank; BR, black root rot; BW, bacterial wilt; HS, hollow stalk. Leaf pigment contents: NE, neoxanthin; VI, violaxanthin; LU, lutein; CB, chlorophyll b; CA, chlorophyll a; CR, carotenoid.




Reassembled Rhizosphere Bacterial Communities Were Functionally Divergent

In order to investigate the rhizosphere functions, metagenomes of the bacterial communities were predicted using PICRUSt and then annotated by referring to KEGG databases. A total of 7,218 KEGG orthologs were assessed in the four treatments. PCoA analysis (Supplementary Figure 4A) at the KEGG ortholog level showed that there were obvious differences among function terms in the four treatments (ANOSIM R = 0.176, p = 0.005). Furthermore, ANOSIM and MRPP based on Bray–Curtis distance showed that the function terms of IDT-50 and IDT-40 differed significantly from those of IDT-30 and CK, whereas there was no obvious difference between those of IDT-50 and IDT-40 or between those of IDT-30 and CK (Table 6). A Venn diagram (Figure 2B) showed that IDT did not change the overall functions found in the rhizosphere soil bacterial community, but different level IDT treatments were enriched in particular functions.


TABLE 6. Significance tests on the effects of different tillage methods on the rhizosphere bacterial functional profiles.
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After comparisons with the KEGG database, eight categories of biological metabolic pathways (level 1) were obtained (Supplementary Figure 4). Among them, rare terms “Organismal Systems” and “Human Diseases” were significantly higher in IDT-50 and IDT-40 than in CK (t-test, p < 0.05), the abundant term “Environmental Information Processing” was higher in IDT-50, and “BRITE Hierarchies” was higher in IDT-40. However, there was no significant difference of function term at level 1 between IDT-30 and CK (t-test, p < 0.05). For further analysis, 453 categories of biological metabolic pathways (level 3) were obtained, and abundant functions (number of genes >100) in IDT treatments were selected and compared with the CK based on t-test (Figure 6). There were 25, 16, and 13 categories of biological metabolic pathways enriched in IDT-30, IDT-40, and IDT-50, respectively. In IDT-50 and IDT-40, functions about xenobiotics biodegradation and metabolism, signaling and cellular processes, metabolism of amino acid, biosynthesis of other secondary metabolites, and membrane transport were enriched. In IDT-30, the enriched functions were mainly related to xenobiotic biodegradation and metabolism, terpenoid and polyketide metabolism, lipid degradation, and amino acid metabolism. Besides, 12 enriched categories in IDT-50 were also enriched in IDT-40, and the differences in mean proportions with 95% confidence intervals were similar. For example, the difference of prokaryotic defense system (signaling and cellular processes at level 2) in proportions was 0.017% between IDT-50 and CK, and 0.020% between IDT-40 and CK; the difference of transport (signaling and cellular processes at level 2) in proportions was 0.015% between IDT-50 and CK, and 0.014% between IDT-40 and CK, but only one category (metabolism of other amino acids: cyanoamino acid metabolism) in IDT-50 and IDT-40 was also enriched in IDT-30.
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FIGURE 6. PICRUSt predicted metagenome functions at level 3. (A) Post hoc plot showing KEGG level 3 function terms that differed significantly between IDT-50 and CK. (B) Post hoc plot showing KEGG level 3 function terms that differed significantly between IDT-40 and CK. (C) Post hoc plot showing KEGG level 3 function terms that differed significantly between IDT-30 and CK.





DISCUSSION

Long-time conventional rotary tillage in shallow layer have generated increasingly serious soil degradation problem to agriculture industry (Hou et al., 2012), which increased soil bulk density in deep soil layer and decreased plant availability to soil fertility and water (Hu et al., 2021). Intermittent deep vertical rotary tillage (IDT) was tried creatively to address this issue in Chinese agriculture (Schneider et al., 2017). In this study, soil fertility and crop growth traits were all improved in three-level IDT treatments compared with those in CK. Besides, the crop yield and output value were increased with the increasing of IDT depth. The results confirmed our hypothesis and indicated that crop growth traits were closely related to IDT depth. When IDT depth reached 40 cm, crops would be stronger with the highest plant height and thickest stem girth. Deeper IDT practice to 50 cm would not bring better improvement on crop physiological growth status, but there is reduced disease morbidity. With responses of soil characters, rhizosphere bacterial community, and crop traits in the mature period of crops, the mechanism by which intermittent deep tillage promoted plant growth was tried to be revealed.


Intermittent Deep Tillage Increased Soil Fertility and Nutrition Acquisition Through Roots

Tillage practice in agriculture would affect field soil aeration and fertility directly, which was closely related to crop growth. Long-term shallow tillage with conventional rotary tillage to a 20-cm soil depth causes the plow layer to narrow, hindering the flow of air and water (Liu Z. et al., 2020). IDT practices alter soil structure including soil-specific surface area and increasing soil porosity to be more suitable for crop root growth (Helliwell et al., 2019). Moreover, our study found that RSA traits, which reflect crop nutrient uptake and competition ability, were increased with the increase in IDT depth and highest in IDT-40 (Figure 1). Previous deep tillage research to 50 cm had found that root DMA in 0–40 cm of soil layer significantly increased, but the effect was not obvious in the deep soil layer (Zhai et al., 2017). Thus, IDT-50 could further increase root length, but RSF, RPJ, NRT, and NRB would not increase. These phenomena were also found in aboveground crop growth traits, such as plant height and stem girth (Table 5). Meanwhile, soil fertility properties in crop rhizosphere soil were significantly increased significantly in rhizosphere soil under IDT treatments. Potassium and phosphorus are essential macronutrients for crop growth and development, which help to enhance the regulation of host crop to the environment and improve the resistance of crops to cold, drought, and diseases (Prajapati and Modi, 2012; Malhotra et al., 2018). Thus, a decrease in disease morbidity and increase in bacterial functional gene stress tolerance in deep tillage treatments might be closely related with increase in AP and AK in soil. Potassium is also beneficial for plant to take up nitrogen (Divito and Sadras, 2014), which is an important component of chlorophyll (Piekkielek and Fox, 1992). Therefore, the increase in AK in soil indirectly promotes the synthesis of chlorophyll in crops. However, rhizosphere soil physicochemical characters were not related regularly with IDT depth. For example, AK was highest in IDT-40 and IDT-30, but AP was highest in IDT-40 and IDT-50. Overall, IDT practices could help to improve soil fertility and nutrient uptake ability through the roots, and deeper IDT would further increase the RSA traits.



Intermittent Deep Tillage Affected Bacterial Community Assembly Through Rhizosphere Environment

Tillage management is an indispensable practice in agricultural production, but one can also induce alterations in the soil microbial community (Govaerts et al., 2008). Microbes play an important role in the soil ecosystem and are a bioindicator of cropland soil quality (Onet et al., 2019). In the present study, bacterial community diversity of the plant rhizosphere was significantly altered with the different tillage methods, but the responses were quite different. IDT treatment did not change bacterial community diversity compared with conventional tillage, but increasing IDT depths increased species richness. A previous study found that vertical profiles of microbial communities were present in cropland soil (Eilers et al., 2012), which meant different community compositions caused by different soil depths. Tillage management allows microbes from deeper soil layers, different from the microbes present in the conventional tillage layer, to colonize the upper layer through the turning and mixing of soil horizons (Schneider et al., 2017). Meanwhile, the environment of the plant rhizosphere presents a selective pressure on the microbial community (Trivedi et al., 2020), with niche filtering having a great effect on the survival of bacteria (Shi et al., 2016). Thus, most species from deeper soil layers were filtered with only few species able to survive in the crop rhizosphere. Thus, differences in community beta-diversity were observed not only between different tillage methods but also between different IDT treatments in our study. Microbial community beta-diversity can be decomposed into the process of species replacement and species richness differences (Legendre and De Caceres, 2013). Our results showed that crop rhizosphere community compositional dissimilarities were dominated by species replacement and became less divergent when the relative abundance of species was considered. This meant that the presence/absence of bacterial species played a more important role in bacterial community variation than changes in the relative abundance. Several studies have found that niche difference and interspecific competition determine the presence/absence and relative abundance of bacterial species and affect the bacterial community (Liao et al., 2016; Li et al., 2019). In summary, IDT introduced some species into surface layer soil that then survived in the new environment after fierce competition with resident species, causing significant dissimilarity in the bacterial community. Therefore, there is a great need to increase our understanding on how different tillage practices affect interactions between bacterial species and drive the assembly of the rhizosphere bacterial community.

Plants recruit microbes from soil and endophytic communities to the rhizosphere to establish complex and mutualistic relations with distinct microorganism through modulation of the root environment (Yu L. et al., 2019; de Vries et al., 2020; Ren et al., 2020; Wan et al., 2020). In this study, rhizosphere environmental factors, especially RL, NRT, RPJ, and pH, affected the assembly process of the rhizosphere bacterial community in our study. Consistent with our result, studies in forests and paddy fields (Chen et al., 2019; Yu K. et al., 2019; Merino-Martín et al., 2020) have found that rhizosphere bacterial communities are strongly related to plant root structure. A stronger root system could transport more oxygen, water, and nutrients into the soil, improve soil aeration, and maintain high root oxidation, which contributes to more suitable conditions for microbial activity and growth (Merino-Martín et al., 2020). Furthermore, crop roots form a large and complex network with microbes, which could help explain how various rhizosphere environmental factors affect interactions between bacterial species and drive the functional shifts within the bacterial community. RSA traits, including RL and NRB, work as a strong environmental filter during rhizosphere bacterial community assembly (Shi et al., 2016; Saleem et al., 2018; Merino-Martín et al., 2020). Then root exudates would be changed accompanied with root system architecture (Saleem et al., 2018), and root exudates may aid the growth and colonization of species from deep soil layers within the plant rhizosphere. Recent studies have shown that root exudates, such as arabinogalactan proteins (AGPs), benzoxazinoids, peroxidases, and glycosyl hydrolase family 17, are able to attract potentially beneficial microbes and repel plant root pathogens (Cannesan et al., 2012; Neal et al., 2012; Huang et al., 2014). They also help to explain why the enriched beneficial taxa are located in the key positions of the network and strongly affected the other nodes (Jiao et al., 2019). Overall, network analysis provided information for us to postulate that rhizosphere environmental factors, especially for crop root traits, exert great influence on the network structure of the rhizosphere bacterial community, which ultimately caused changes in community composition.



Intermittent Deep Tillage Promoted Crop Growth Through Rhizosphere Soil Bacterial Community

Deep tillage practice changed rhizosphere bacterial community through species replacement processes of rare species and richness difference processes of core species (Shen et al., 2020), which eventually revealed the mechanism of plant growth promotion through rhizosphere bacteria. We detected that replacing species that were detected in IDT treatments significantly affected crop growth, including plant height, stem girth, disease morbidity, and contents of leaf pigment. In addition, core species that showed positive effects on crop growth were enriched in IDT treatments, while species that showed negative effects on crop growth were decreased. For example, enriched species, such as OUT_143, OTU_85, OTU_483, and OTU_188, were classified into Gp6, Aeromicrobium, Aquabacterium, and Gemmatimonas. Studies found that Aeromicrobium increased tolerance of host plant to abiotic stress, and improved growth, yield, and biomass (Martin and Dombrowski, 2015); Aquabacterium and Gemmatimonas were found to be phosphate-solubilizing bacteria in Taro and maize rhizosphere (Yang et al., 2017; Aloo et al., 2020); Acidobacteria Gp6 was usually present in higher abundance in the nutrient-enriched soil (Sul et al., 2013). Replacing species OTU_431 classified into Gp6 also promoted plant growth and decreased disease morbidity. However, decreased species OTU_160, OTU_296, and OTU_78 classified into Thermoleophilum were resistant to radiation and are found primarily in extreme environment (Yakimov et al., 2003). Therefore, the enriched taxa and replacing taxa, which showed plant growth-promoting effects, largely led to the functional frame of rhizosphere bacterial community. Interestingly, regular changes in relative abundance of species with close correlations with crop growth are almost present in IDT-40 and IDT-50. It meant that IDT practice promoted crop growth through regulating rhizosphere bacterial community when the depth reached 40 cm.

The effects of different tillage practices on rhizosphere bacterial communities were reflected in the different functional profiles of the reassembled communities. Considering the close relationship of the rhizosphere bacterial community and plant growth (Gu et al., 2019), this may suggest that the distinctive soil-dependent microbial community were quite different in their functional patterns. Consistent with rhizosphere bacterial community structure, the functional structure was quite different when IDT depth reached 40 cm compared with CK, and there was no significant difference between IDT-40 and IDT-50. A previous study found that the most important functions of rhizosphere bacterial community were to improve host stress tolerance (Ren et al., 2020). Although plants recruit different microorganisms to support their functional requirements as they grow in soil, these microbes might belong to different taxa due to different filtering effects from environments (Ren et al., 2020). Thus, the species replacement processes of rare taxon caused by deep tillage had fewer effects on the presence/absence of function genes observed in rhizosphere soil, but significantly affected their abundances. With increasing tillage depth, more functions associated with signal transduction and biosynthesis of other secondary metabolites were enriched, which could enhance the stress tolerance of the host plant. Some signal molecules released by rhizosphere microbes could induce the expression of defense proteins within the plant (Jain et al., 2020). Rhizosphere microbes may introduce prokaryotic defense system via some signal protein to protect the host plant from diverse pathogens (Singh et al., 2013). Thus, plants presented stronger resistance to pathogens and decreased the potential to be infected, especially in IDT-50. Consequently, it can be argued that deep tillage enriched for microbes was associated with stress tolerance while maintaining the original functional composition, so that plants could better cope with the environmental stress and enhance growth. However, the results might be a prediction based on PICRUSt, and more convincing results through metagenomic analysis and metabolome analysis were required to verify the conclusion.




CONCLUSION

Our study clearly demonstrated that IDT practices broke the restriction of field soil degradation under long-term conventional tillage and facilitated crop growth. IDT depth also played important roles in shaping rhizosphere soil bacterial community, soil characters, and RSA. Three mechanisms on how IDT practices and its depth regulated crop growth were suggested: (1) IDT practices improved soil fertility and nutrient acquisition through the roots, and deeper IDT significantly increased RL. (2) IDT-40 and IDT-50 helped to enrich crop growth-promoting bacteria. (3) Functions associated with stress tolerance in rhizosphere bacterial communities were increased in IDT-40 and IDT-50. Thus, the application of IDT practices in agriculture is a potential approach to increase plant physiological growth status and resistance to diseases, and 50 cm might be an appropriate IDT depth. However, additional investigations with IDT practices in various agricultural regions are required to verify the accuracy of the optimal IDT depth at 50 cm.
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Compost is frequently served as the first reservoir for plants to recruit rhizosphere microbiome when used as growing substrate in the seedling nursery. In the present study, recruitment of rhizosphere microbiome from two composts by tomato, pepper, or maize was addressed by shotgun metagenomics and 16S rRNA amplicon sequencing. The 16S rRNA amplicon sequencing analysis showed that 41% of variation in the rhizosphere bacterial community was explained by compost, in contrast to 23% by plant species. Proteobacterial genera were commonly recruited by all three plant species with specific selections for Ralstonia by tomato and Enterobacteria by maize. These findings were confirmed by analysis of 16S rRNA retrieved from the shotgun metagenomics library. Approximately 70% of functional gene clusters differed more than sevenfold in abundance between rhizosphere and compost. Functional groups associated with the sensing and up-taking of C3 and C4 carboxylic acids, amino acids, monosaccharide, production of antimicrobial substances, and antibiotic resistance were over-represented in the rhizosphere. In summary, compost and plant species synergistically shaped the composition of the rhizosphere microbiome and selected for functional traits associated with the competition on root exudates.
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INTRODUCTION

Organic waste from intensive animal farms and agriculture is a massive reservoir of nutrient elements. For example, the animal manure produced annually in China contains as much as 78 million tons of NPK, which were 10 million tons more than the consumption of plant nutrients (Bai et al., 2016; Hu et al., 2017; Shen et al., 2018). Organic waste recycling can effectively reduce the use of chemical fertilizers and environmental pollution. Composting is a convenient method for recycling organic waste and it is widely applied globally (Wang et al., 2020). Frequently, compost is used as organic fertilizer to replenish nutrients, organic matters to arable soil, or as growing substrate. Several studies have demonstrated that compost fertilization can improve not only soil fertility (Ding et al., 2019; Singh et al., 2020; Wu et al., 2020) but also several ecological services in agroecosystems including mitigation of nitrate leaching (Kramer et al., 2006; Han et al., 2017; Picariello et al., 2020) and maintenance of plant health (Kalbani et al., 2016). It has been demonstrated that compost is suppressive to several soil-borne diseases such as Fusarium, Verticillium, or Phytophthora (Lang et al., 2012; Wu et al., 2017; Bellini et al., 2020). Beneficial microorganisms in composts may contribute to the suppressiveness as proved largely by two lineages of evidence: (1) several bacteria (Pseudomonas, Bacillus, Enterobacter) or fungi (Trichoderma, Gliocladium, Penicillium) in compost are antagonists against pathogens causing soil-borne diseases (Mehta et al., 2014); (2) the ability of compost to suppress plant diseases was often reduced significantly or even lost after sterilization (Hadar, 2011).

Rhizosphere, a narrow region around plant roots, harbors an enormous diversity of microorganisms that may contribute to the well-being of crops. Engineering rhizosphere microbiome is proposed as an avenue to sustainable and productive agroecosystems (Ahkami et al., 2017). Previously, several studies have demonstrated that biotic and abiotic factors, such as soil type, plant species and development, and fertilization regimes, played essential roles in the recruitment of rhizosphere microbiome (George et al., 2017; Xu et al., 2017). Rhizosphere bacteria may provide first line of defense against pathogens causing soil-borne diseases via several mechanisms such as producing antimicrobial substances (Sulistyani et al., 2021), competing for niches (Bauer et al., 2018), triggering plant immune systems (Teixeira et al., 2019), mineralizing of organic materials (Richard et al., 2017), solubilizing recalcitrant phosphorus, or nitrogen fixation (Alori et al., 2017).

Compost fertilization can drive the assembly of the rhizosphere microbiome in several crops, such as maize (Qiao et al., 2019), cucumber (Huang et al., 2017), pepper (Li et al., 2019a), and rice (Liu et al., 2021), and such alternation may attribute to soil physicochemical changes by compost (Liang et al., 2018). In seedling nursery, compost is frequently used as growing substrate, which may provide first reservoir for plant to recruit its microbiome (Anastasis et al., 2017). Recently, it was shown that the microbiome initially colonized in the rhizosphere of tomato predetermined the survive of plant from bacterial wilt disease (Wei et al., 2019). The succession of microbial community is very dynamic during composting. The thermophilic stage of composting (> 55°C) often lasts for more than 5 days, serving as a habitat filter to select for thermophilic bacteria, but against several mesophilic bacteria (Meng et al., 2019). Although some mesophilic microorganisms may re-grow at the maturation stage (Antunes et al., 2016), the composition of the bacterial community in compost significantly differed from those in soil, with a dominance of phyla such as Firmicutes and Actinobacteria (Cerda et al., 2018). Recently, a survey of microbiome in 116 compost samples collected from 16 provinces in China revealed that none of the 26 OTUs in the compost core microbiome are associated with plant disease suppression (Wang et al., 2020). Proteobacterial and Actinobacterial isolates from a disease suppressive compost were still able to proliferate in the rhizosphere of tomato (Anastasis et al., 2017). In general, it is still not well understood which taxonomic and functional diversity could be recruited into plant rhizosphere from compost.

In the present study, the shotgun metagenomics and 16S rRNA amplicon sequencing were applied simultaneously to examine the taxonomic and functional diversity recruited by pepper (Capsicum annuum L.), tomato (Solanum lycopersicum L.), and maize (Zea mays L.) from two composts. The acquired knowledge may deepen our understanding on microbial ecology in the rhizosphere.



MATERIALS AND METHODS


Compost

Two composts were made from cow manure (DZ) or a mixture of chicken and cow manure (QZ), respectively. The aerobic fermentation was performed in a window for 25–30 days with a thermophilic period (> 55°C) over 5 days. The nitrogen and organic matter contents were measured according to the methods described in the Chinese national standards (NY525-2012). The 1:10 (w/v) water suspension of compost was used to measure pH with a pH meter (PHS-3C, China). Phosphorus and potassium were analyzed according to standard protocols. The physicochemical properties of composts are given in Table 1.


TABLE 1. Physicochemical properties of cow manure compost (DZ) and chicken and cow co-compost (QZ).
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The Experimental Setup

The experiment was set up as follows: pepper (C. annuum L. Zhongliangxin), tomato (S. lycopersicum, Baiguofengqiang), and maize (Zea mays L. Nongda86) seeds were sown in pots (12 cm in diameter and 15 cm in depth) filled with 600 g of sterilized sand and 120 g of composts. After germination, the seedling was cultivated for 40 days in a climate chamber (Hangzhou Lvbo Instrument Co., Ltd LB-1000D-LED) at 30°C, 70% relative humidity, and 12-h light (15,000 l×) period. Each treatment contained three independent replicates from three pots. Rhizosphere samples were taken as previously described and the pellet was kept at –20°C for DNA extraction.



TC-DNA Extraction, 16S rRNA Amplicon Sequencing, and Shotgun Metagenomics

Total microbial community DNA was extracted using a FastDNA spin Kit for soil (MP Biomedicals, Santa Ana, Carlsbad, CA, United States). The 16S rRNA gene fragments were amplified with the universal primer 515F (5′-GTGCCAGCMGCCGCGGTAA-3′) and 806R (5′-GGACTACVSGGGTATCTAAT-3′) fused with a 12-bp unique barcode (Lucas et al., 2015). The PCR products were gel-purified, and equal molar quantities for each sample were mixed for high-throughput sequencing using the platform of Illumina NovaSeq PE250. An equal amount of total microbial community DNA from three replicates of each treatment was pooled for shotgun metagenomics analysis. Library preparation and sequencing were performed according to the standard protocol of Illumina company. The data presented in the study are deposited in the NCBI SRA with the BioProject number PRJNA789701.



Bioinformatics Analysis

The analysis of 16S rRNA amplicons sequencing was performed according to previous descriptions (Wang et al., 2020). Briefly, sequences without ambiguous base “N” and a length > 200 bp were assigned to different samples based on barcodes and primer sequences, which were also trimmed out. Chimera sequences were removed cooperatively using the ChimeraSlayer and a standalone BLASTN analysis against the SILVA database (version 138). Sequences were grouped into different operational taxonomic units (OTUs) (> 97% sequence identity) using the software Vsearch (Rognes et al., 2016). Representative sequences of each OTU were classified using the RDP MultiClassifier at > 50% confidence. Alpha-diversity indices, principal coordinates analysis, identification of discriminative genera, and variation partition were performed according to Li et al. (2019a).

Fragments of 16S rRNA sequences were extracted from the shotgun metagenomic library using Bwotie2, and the retrieved sequence was further validated by a standalone BLASTN against the SILVA database (version 138). Classification of the retrieved 16S rRNA was also performed with RDP MultiClassifier. Based on the classification, a taxonomic reporter was created with each row represent taxa and the read numbers for each sample. To analyze the functional diversity, sequences were mapped to different gene clusters in the Uniref90 database using the software DIAMOND. Gene clusters were assigned to different taxa based on the taxonomy from the National Center for Biotechnology Information (NCBI).1 The assignment of genes to ortholog was cross-linked based on Kyoto Encyclopedia of Genes and Genomes (KEGG) databases. A data frame was constructed in which each row represents a gene cluster (uniref90) with its taxonomy and ortholog and the number of reads for each sample. The number of genes was further adjusted by the number of reads in the library and the gene length into the number of reads per kilobase per billion reads (RPKB). The abundance of different functional groups was summarized by mapping the ortholog into the BRITE database from KEGG. Statistical analysis, UPGMA cluster, and heatmap analysis were performed with the software R. These tools have been implemented into a galaxy instance.2




RESULTS


Rhizosphere Bacterial Community Recruited From Compost Were Synergistically Shaped by Plant Species and Compost as Revealed by 16S rRNA PCR Amplicon Sequencing

A total of 24 rhizosphere samples from maize, pepper, and tomato cultivated in two composts were analyzed by Illumina sequencing of PCR-amplified 16S rRNA gene fragments. Proteobacteria (21.8–40.8%), Bacteroidetes (13.9–22.9%), Firmicutes (5.4–18.5%), and Actinobacteria (3.3–18.5%) were abundant in the community (Figure 1A). As expected, the relative abundances of Proteobacteria in the rhizosphere were 17.0–87.1% higher than those in composts (Figure 1A). An opposite trend was observed for Actinobacteria, of which relative abundances were 71.5–77.8% lower in the rhizosphere than those in compost (Figure 1A). No effect of compost or plant species on the richness of rhizosphere bacterial communities was observed (Figure 1B). Principal coordinates analysis indicated that bacterial communities were separated between rhizosphere and compost or between different composts (Figure 1C). Permutation analysis revealed that the effects of compost (QZ vs. DZ d-value = 17.7%) on rhizosphere bacterial community were stronger than that by different plants (maize vs. tomato: d-value = 10.0%, maize vs. pepper d-value = 10.2%, and pepper vs. tomato d-value = 9.5%). Variation partition analysis confirmed that compost could explain 41% of variation in the rhizosphere bacterial community compared with 23% variation by plant species. These results demonstrated that compost and plant were major factors shaping the rhizosphere bacterial communities recruited from composts.
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FIGURE 1. Microbial relative abundance of different phylum (A) and their richness (B) in the rhizosphere of maize (M), pepper (P), and tomato (T) seedlings cultivated in cow manure compost (DZ) and chicken and cow manure co-compost (QZ) by 16S rRNA PCR amplicon sequencing. Principal coordinates analysis (PCoA) showing beta-diversity between rhizosphere and compost or between different composts (C). Genera enriched at different rhizosphere under two compost treatments (D). Numbers on the box indicate relative abundance expressed as a percentage. Significant difference is indicated by a different color. A box with two colors indicates no significant difference from other treatments containing one of the two colors. Significant differences are indicated by different letters.


Abundant genera which were significantly (p < 0.05) enriched in the rhizosphere were identified by multiple comparisons. Among them, 12 out of 25 were affiliated with Proteobacteria, followed by Bacteroidetes (Arenibacter, Flavobacterium, Mangrovimonas, Muricauda, and Algoriphagus), Firmicutes (Bacillus and Cerasibacillus), Acidobacteria (Gp4 and Gp6), Verrucomicrobia (Haloferula and Luteolibacter), and Planctomycetes (Blastopirellula) (Figure 1D). Interestingly, most genera were explicitly selected by different plant species (Figure 1D). For example, Muricauda, Flavobacteria, Salinimonas, and Luteibacteria were only significantly enriched in the rhizosphere of pepper (Figure 1D). Noviherbaspirillum, Ralstonia, and Stenotrophomonas were enriched in the rhizosphere of tomato. Algoriphague and Enterobacteria tended to be enriched in the rhizosphere of maize (Figure 1D). In contrast, Devosia were commonly enriched in the rhizosphere of all plants grown in two different composts (Figure 1D). In addition, Bacillus and Acidobacteria Gp4 were also enriched in all rhizosphere samples except for the maize grown in the cow manure compost (Figure 1D). Lysobacter was only enriched in the rhizosphere of plants grown in the compost from cow manure (Figure 1D).



Effects of Compost and Plant Species on the Rhizosphere Bacterial Community Were Partially Confirmed by the Analysis of 16S rRNA Sequences Retrieved From the Metagenomic Library

The analysis of 16S rRNA sequences retrieved from the metagenomic library again revealed that Proteobacteria (23.4–50.9%), Firmicutes (3.9–20.9%), Bacteroidetes (8.3–15.4%), and Actinobacteria (7.4–24.6%) were the most detected phyla (Figure 2A). However, the relative abundance of Proteobacteria and Actinobacteria by the metagenomic profiling were significantly lower than those by the 16S rRNA amplicon sequencing (Figure 2B). In contrast, opposite trends were observed for Bacteroidetes, Chloroflexi, Planctomycetes, Verrucomicrobia, Acidobacteria, and Deinococcus-Thermus (Figure 2B). The dissimilarity in bacterial community composition between two methods increased from 12.6–20.2% at the phylum level to 40.4–50.6% at the genus level (Figure 2C), indicating more discrepancies between the two profiling methods at the finer taxonomic levels. Nevertheless, the UPGMA clustering analysis still confirmed that compost was a major factor shaping bacterial taxonomic composition in the rhizosphere (Figure 2D).
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FIGURE 2. Microbial community by the 16S rRNA sequences retrieved from shotgun metagenomics revealed relative abundance of different phylum in the rhizosphere of maize (M), pepper (P), and tomato (T) seedlings cultivated in cow manure compost (DZ) and chicken and cow manure co-compost (QZ) (A), the discrepancy of 16S rRNA PCR amplicon sequencing on dominant phylum (B) and community composition at different taxonomic level (C), separation on community composition by the UPGMA clustering analysis (D), and dominant enriched genera in the rhizosphere. Numbers on the box indicate the level of enrichment by log2 of relative abundance of each taxon between rhizosphere and compost (E).


The most dominant five genera in each treatment were selected for further analysis and a total of 29 genera were acquired (Figure 2E). Relative abundance of Ralstonia and Haloferula were strongly (> 7-fold) elevated in all rhizosphere (Figure 2E). Relative abundance of Sphingobium, Enterobacter, Rheinheimera, Salmonella, Rhizobium, Labrenzia, and Algoriphagus were strongly (> 7-fold) increased in the rhizosphere of plants grown in the DZ compost (Figure 2E). These genera were only occasionally enriched at a large magnitude in the rhizosphere of plants grown in the QZ compost (Figure 2E). Again, Ralstonia was most enriched (221-fold in QZ and 5,403-fold in DZ) in the rhizosphere of tomato (Figure 2E). Also, the strongest enrichment of Enterobacter (2,520-folds in QZ and 273 folds in DZ) was also detected in the rhizosphere of maize (Figure 2E). Devosia and Paenibacillus were also commonly but at a less magnitude (> 1-fold) enriched in all rhizosphere (Figure 2E). Othaekwangia and Muricauda were slightly (> 1-fold) enriched in all rhizosphere of plants grown in the QZ compost (Figure 2E). Bacillus was only slightly enriched in the rhizosphere of pepper of tomato grown in the QZ compost (Figure 2E). Nocardiopsis and Cellvibrio tended to be enriched in the rhizosphere of plants grown in the DZ compost, but decreased in the QZ compost treatment (Figure 2E). Relative abundances of Planomicrobium, Georgenia, Thermobifida, Isoptericola, and Actinomadura were 53.3–98.9% lower in the rhizosphere than those in composts (Figure 2E).



An Utmost Re-assemblage of Functional Diversity in the Rhizosphere

The diversity of functional genes detected was extremely high for both compost and rhizosphere samples, with a total of 15,206,729 different gene clusters. For each treatment, the number of detected gene clusters ranged between 4.54 and 6.30 million (M) (Figure 3A). The majority of gene clusters were affiliated with Proteobacteria (1.83–3.08 M), Actinobacteria (0.82–1.69 M), Bacteroidetes (0.46–0.84 M), Firmicutes (0.26–0.50 M), and Planctomycetes (0.22–0.31 M) (Figure 3A). The relative abundance of gene clusters affiliated with Proteobacteria was lower in compost than in corresponding rhizosphere samples. It increased from 38.2% in DZ compost to 57.9, 61.6, and 67.8%, 34.1% in QZ compost to 57.9, 54.9, and 52.9% in the rhizosphere of maize, pepper, and tomato, respectively (Figure 3B). An opposite trend was observed for gene clusters affiliated with Actinobacteria (Figure 3B). These results agree with the findings of the two profiling methods. Again, the composition of gene clusters was different between rhizosphere and compost. The similarity on gene cluster composition between compost and rhizosphere samples (25.7–54.2%) was much lower than those (54.8–82.3%) based on profiling methods (Figure 3C). Correspondingly, 67.9–72.4% gene clusters differed more than sevenfold in abundance between rhizosphere and compost, indicating an utmost re-assemblage of rhizosphere microbial communities in terms of functional diversity.
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FIGURE 3. Microbial community as revealed by functional gene clusters using shotgun metagenomics. The amounts expressed in million (A) and relative abundance (B) of functional gene clusters affiliated to different phyla, difference in functional gene clusters between rhizosphere (C) and compost and the top 5 genera most enriched in the rhizosphere as indicated by log2 of fold increase in gene abundance (D).


Divergent responses to plant rhizosphere were common among different genera. In general, proteobacterial genera tended to harbor more gene clusters enriched in the rhizosphere, in contrast to genera affiliated to Actinobacteria, Bacteroidetes, or Firmicutes (Supplementary Figure 1). In general, fractions of functional gene clusters within different genera were positively correlated with the magnitudes of enrichment (Supplementary Figure 1). Few genera were high in the fraction of enriched gene clusters but low in the magnitude of enrichment, indicating rare species within these genera were enriched in the rhizosphere (Supplementary Figure 1), while a high magnitude of enrichment but a low fraction of enriched gene cluster indicates that dominant species within the genera were enriched in the rhizosphere (Supplementary Figure 1). The top 5 genera with the highest fraction of gene clusters enriched in the rhizosphere of each treatment were selected for a heatmap analysis (Figure 3D). Both compost and plant synergistically selected genera with the highest fraction of enriched gene cluster. In general, the plant selection was stronger for the DZ compost than the QZ compost, as evidenced by a higher ratio of enriched genes to diminished genes (Figure 3D). Three proteobacterial genera (Enterobacter, Lelliottia, and Leclercia) were among the top 5 genera with the highest fraction of gene cluster enriched in the rhizosphere of maize grown in both composts and tomato grown in the DZ compost (Figure 3D). Vampirovibrio, known as bacterivore, was also ranked as the top 5 genera in the rhizosphere of tomato grown in the DZ compost (Figure 3D). The divergent response was detected for Cerasibacillus with the highest fraction of gene clusters enriched in the rhizosphere of pepper treated by the DZ compost. Functional genes affiliated to Ralstonia were most enriched in the rhizosphere of tomato and functional genes of Enterobacter and Lelliotia and Salmonella were enriched in the rhizosphere of maize. Functional genes associated with Vampirovibrio were most enriched in the rhizosphere of pepper treated by the DZ compost (Figure 3D).



Functional Properties Selected for or Against the Plant Rhizosphere

To understand the functional properties of rhizosphere microbiome, subgroups within transporters, two component systems, protein kinases, antimicrobial resistance, toxins, polyketide synthesis, motility, and secretion system were compared between rhizosphere and composts (Figure 4). A high abundance of sequences matching two-component systems associated with the transport or the metabolisms of C3 and C4 carboxylic acids (TctED, DctBD, DcuSR, CitAB, DcuSR), the response to physicochemical or antibiotics stress (EvgSA, BasSR, AdeSR, ParSR), the production of pathogenic effectors or antibiotics (NisKR, SsrAB, TrcSR, PhcSRQ) or nitrate respiration (narQP) were detected in the rhizosphere (Figure 4A). Genes associated with transporters of amino acids (histidine, arginine, lysine or glutamine, glutamate/aspartate), monosaccharide (D-allose, L-arabinose), molybdate/tungstate, siderophore ferric enterobactin, quorum-sensing molecular AI-2, or vitamin B12 were also over-represented in the rhizosphere (Figure 4B). The association of genes related to polyketide biosynthesis with rhizosphere largely depended on compost or plant species (Figure 4C). Genes encoding for hydrolase and oxygenase were less representative in the rhizosphere (Figure 4C). Genes related with the biosynthesis of polyene macrolide polyketide, myxovirescin, and rhizoxin hybrid PKS-NRPS were more abundant in the rhizosphere of plants fertilized by the QZ compost (Figure 4C). Genes in the pathway for biosynthesis of pikromycin, pimaricinolide, and bleomycin polyketide were over-represented in the rhizosphere of the plant by DZ compost (Figure 4C). Functional groups associated with antimicrobial resistance, biosynthesis of bacterial toxins and polyketide synthesis, motility, or secretion system tend to be over-represented in the rhizosphere (Figure 4D). Genes related with PKG, MLCK, and CAMK2 family kinase were often more abundant in the rhizosphere (Figure 4D). Genes associated with bacterial toxins such as zona occludens toxin and HCN were more abundant in the rhizosphere of plants by DZ compost, while a high abundance of sequences related with ADP-ribosyltransferase toxin ArtA/B, and Exoenzyme S/T in the rhizosphere of maize and pepper by the QZ compost (Figure 4D). Genes associated with multidrug resistance (efflux pump MexCD-OprJ, AdeABC) were over-representative in the rhizosphere, while there was a high abundance of sequence of Class B Beta-Lactamase in the rhizosphere of plant by DZ compost (Figure 4D). Genes associated with the fimbrial proteins of pilus system also tend to be abundant in the rhizosphere (Figure 4D).
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FIGURE 4. Functional properties selected for and against different plants. Two-component systems (A), transporter (B), polyketide synthesis (C), and other subgroups associated with antimicrobial resistance, production of toxins and protein kinases, motility, and secretion system (D). Different color indicates RPKB values and number in box indicates log2 of the ratios on subgroup abundance between rhizosphere and compost.





DISCUSSION

Compost is widely used as organic fertilizer or growing substrate, which may provide the first reservoirs of microbiome recruited by plant seedlings (Anastasis et al., 2017). However, it has been rarely studied the rhizosphere microbial community directly recruited from compost via an advanced metagenomics approach. Herein, both 16S rRNA amplicon sequencing and shotgun metagenomics were applied to study the rhizosphere microbiome, and this approach allows us to cross-validate taxonomic changes between rhizosphere and compost. Both metagenomics profiling analyses indicated that microbial composition was clearly separated between compost and rhizosphere. Compost exerted a more substantial effect than those by plant species. These findings are similar to those studies with different soil type, which strongly affects the community of rhizosphere microbiota than the host species (Uroz et al., 2010; Bulgarelli et al., 2012; Lundberg et al., 2012). It is worth noting that rhizosphere microbial communities were only analyzed at the seeding stages in the present study. Rhizosphere microbial community is dynamic over different development stages, and the most substantial effects of plant were often observed at the later stages (Li et al., 2019b). The microbial richness, as indicated by the Chao1 index, was comparable between rhizosphere and composts. It seemed that microbial diversity in the rhizosphere was not a subset of the compost microbiome. It is possibly due to the limitation of Chao1 on measuring the richness of complex microbial communities such as soil, sediment, or rhizosphere, as this index indicated more the distribution of species abundance rather than species richness as the calculated index are related with sequencing depth.


Bacterial Taxa Recruited in the Rhizosphere and Its Implication

Rhizosphere microbiome provides beneficial effects on the host plant by chemical compounds that can stimulate plant growth and tolerance to stress (Hashem et al., 2019). Both metagenomics profiling indicated that Proteobacteria were enriched in the rhizosphere as observed by others (Carcer et al., 2007; Alzubaidy et al., 2016; Dong et al., 2019). Some of these enriched genera, such as Pseudomonas (Silby et al., 2011; Wang et al., 2021) and Burkholderia (Xu et al., 2020), served as bioagents. Members of the Bacteroidetes, especially those belonging to the Flavobacterium (Figure 1D), were often highly abundant in the rhizosphere of a wide array of plants (Bulgarelli et al., 2012; Bodenhausen et al., 2013; Schlaeppi et al., 2014), and Flavobacteria are well known to have been associated with the suppression of R. solanacearum (Peterson et al., 2006; Kolton et al., 2014; Kwak et al., 2018). In general, the genus Bacillus is prevalent in both soil and plant rhizosphere (Hashem et al., 2019), which were involved in the suppression of several plant diseases (Elshaghabee et al., 2017) via the synthesis of many secondary metabolites, hormones, cell wall–degrading enzymes, and antioxidants (Hashem et al., 2019).

Here, the selection by the plant was likely to be uneven within different proteobacterial genera (Deng et al., 2018). Here, Ralstonia and Enterobacteria were enriched up to 5,400- and 2,400-fold in the rhizosphere of tomato or maize, respectively. Strong enrichment of Enterobacteria in the rhizosphere of maize was also reported in other studies (Mukhtar et al., 2019). Ralstonia is known to harbor a pathogen R. solanacearum, which caused the most destructive disease in tomatoes worldwide (Wang et al., 2019). It has been demonstrated that R. solanacearum could harness several mechanisms, including sensing exudates from tomato roots, and chemotaxis to approach and proliferate in the rhizosphere roots (Wen et al., 2020). Other Ralstonia bacteria, which are close relatives of R. solanacearum, may also harness similar mechanisms to colonize the rhizosphere of tomato. Vampirovibrio, known as a predator of Cyanobacterium (Soo et al., 2015), was enriched greatly in the rhizosphere, indicating that the increased abundance of bacteria in the rhizosphere may also attract predator bacteria, some of which can invade cells of gram-negative bacteria. The consumption of some rhizosphere bacteria by predators might also benefit the plant with nutrients as bacterial growth on substrates with low C:N ratio (e.g., bacteria) tend to release additional ammonia or other nutrients. Nevertheless, further studies are still needed to illustrate whether plant do bacteria farming in its rhizosphere.

It is also worth to point out that the discrepancy between two metagenomic profiling methods was also evident, especially under finer taxonomic levels. It has been known that PCR amplification may cause biases as the “universal” primers do not cover all bacteria (Kanagawa, 2003). In addition, degenerate primers can distort the microbial community structure due to inefficient primer–template interactions (Naqib et al., 2019). Thus, changes revealed by PCR-based amplicon sequencing are possibly needed to be cross-validated by other approaches.



Comparison of Functional Gene Diversity Indicated That Plant Selection in the Rhizosphere Might Be Underestimated by 16S rRNA Amplicon Sequencing

It was widely recognized that microbial composition in the rhizosphere was dramatically different from that in bulk soils (Praeg and Illmer, 2020). To our surprise, ca. 70% of functional genes differed at least sevenfold in abundance between rhizosphere and compost, suggesting an utmost re-assemblage of the microbiome in the rhizosphere in terms of functional diversity. The other lineage of evidence that the similarity between compost and rhizosphere was also much lower in functional gene composition than taxonomic composition. These findings agree with studies on comparative genomes, in which the composition of functional genes varied greatly for closely related species (Loper et al., 2012). In agreement with the analysis on the taxonomic composition, genera affiliated with Proteobacteria tend to be more abundant in the rhizosphere (Fierer, 2017). However, divergence in responses to plant rhizosphere might be also common among bacterial species as indicated in Supplementary Figure 1. These findings disagree with the assumption that the rhizosphere microbial community recruited from different environment settings may be varied in taxonomic composition but similar in functions. In contrast, our results indicated an utmost selection in the rhizosphere by plants, highlighting the importance of rare populations.



Functional Traits Indicated Fierce Competition for Root Exudates Within Microorganisms in the Rhizosphere

Shotgun metagenomics also provides an opportunity to explore the functional diversity recruited by plants (Sharpton, 2014). The acquired knowledge deepened our understanding on the microbial mechanisms associated with the adaptation or competition in plant rhizosphere. Plant regulates the abundance and activities via root exudates, a complex mixture of low molecular weight organic acids, amino acids, or polysaccharides such as mucilage (Canarini et al., 2019). Herein, functional populations related with two-component systems for C3, C4 carboxylic acids and transporter for amino acids and oligosaccharides were more abundant in the rhizosphere. These results suggested that microorganisms with the ability to sense and uptake these substances with small molecular weight might be competent in the rhizosphere. Indeed, wide taxa of rhizosphere bacteria such as Pseudomonas and Bacillus can sense carboxylic acids and amino acids, which may stimulate bacterial mobility (Taguchi et al., 1997; Alvarez-Ortega and Harwood, 2007; Sampedro et al., 2015; Feng et al., 2021). An increase of functional traits associated with amino acid competition indicated a fascinating relationship between plant and rhizosphere microorganisms in terms of N-exchanging. It has been recognized that legume plants exchange Rhizobia bacteria with small molecular carbons and amino acids for ammonia (Lodwig et al., 2003). However, it is still unknown whether such a mechanism can be extended to the rhizosphere. Rhizosphere, a narrow region containing a large amount of rhizodeposition, is not only a place of banquet but also an arena for microorganisms living there. Microorganisms can employ several types of machinery suppressing others to compete for nutrients and niches (Bauer et al., 2018). Herein, functional populations associated with the biosynthesis of antimicrobial substances such as polyketides, HCN, or toxin were over-representative in the rhizosphere, indicating that abilities to produce antimicrobial substances are also advantageous for surviving in the rhizosphere. The production of HCN or polyketides may also contribute to plant health by suppressing several phytopathogens such as Fusarium moniliforme, F. graminearum, P. syringae pv. coronafaciens, Erwinia carotovora pv. carotovora (Rijavec and Lapanje, 2016), and Caenorhabditis elegans (Nandi et al., 2015). Indeed, arms race between antimicrobial substance production and antibiotic resistance in microorganisms possibly lasted for billions of years (Davies and Davies, 2010). Here, functional populations associated with antibiotic resistance machineries, such as multidrug efflux pump and Class B Beta-Lactamase, were enriched in the rhizosphere. These results suggested that some rhizosphere bacteria may harness these antibiotic resistance machinery to overcome constraints of antimicrobial substances exposed by other microorganisms (Davies and Davies, 2010).

Taken together, the metagenomic analysis suggested that the rhizosphere microbiome may employ several mechanisms such as those associated with the sensing and up-taking of root exudates, and production of antimicrobial substance or toxins or resistance antibiotics to enable them to successfully colonize the rhizosphere as illustrated in Figure 5.


[image: image]

FIGURE 5. Mechanisms of plant–microbe and microbe–microbe interactions in the rhizosphere. Plants can release root exudates into soil to manipulate soil microbial community assembly; they can recruit and are affected by special microorganisms. Microbial community is also affected by intense microorganism–microorganism interactions mediated via the strain-specific production and quorum-sensing or two-component systems.





CONCLUSION

Our results indicated that compost and plant species synergistically determined the recruitment of rhizosphere microbiome with functional properties, which may relate to competition for carboxylic and amino acids.
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As a natural organic compound secreted by arbuscular mycorrhizal fungi (AMF), glomalin-related soil protein (GRSP) is an important part in soil, affecting the bioavailability of polycyclic aromatic hydrocarbons (PAHs) in it. Previous research have demonstrated that GRSP could enhance the availability of PAHs in the soil and favor their accumulation in plant roots. However, a scarcity of research exists on the different molecular weights of GRSP interacting with PAHs due to their complexation and heterogeneity. In this research, the extracted GRSP in soil was divided into three molecular weight (Mw) fractions of GRSP (<3,000, 3,000–10,000, and >10,000 Da), whose characteristics and binding capacity of PAHs were conducted by using UV–visible absorption, quenching fluorometry and, Fourier transform infrared spectroscopy. The results showed that the GRSP was composed of abundant compounds, it has a wide distribution of molecular weight, and the >10,000 Da Mw fraction was dominant. For three Mw fractions of GRSP, they have some difference in spectral features, for example, the >10,000 Da fraction showed higher dissolved organic carbon (DOC) contents, more phenolic hydroxyl groups, and stronger UV adsorption capacity than the low and middle Mw fractions. In addition, the interaction between GRSP and phenanthrene is related to the characteristics of the Mw fractions, especially the phenolic hydroxyl group, which has a significantly positive correlation with a binding coefficient of KA (k = 0.992, p < 0.01). Simultaneously, hydrophobic, NH-π, and H-bound also played roles in the complexation of phenanthrene with GRSP. These findings suggested that different GRSPMw fractions could influence the fate, availability, and toxicity of PAHs in soil by their interaction.

Keywords: glomalin-related soil protein (GRSP), molecular weight, spectroscopic characterization, phenanthrene, association coefficient


INTRODUCTION

The terrigenous organic matter plays a vital role in controlling the ibogeochemical processes of contaminants, such as heavy metals and organic contaminants (Wang et al., 2020). Enormous reports have indicated that soil organic matter (SOM), like dissolved organic matter (DOM), can increase the solubility of toxic pollutants, enhance their transfer and accessibility in soil, exacerbate the environmental risks of pollutants, etc (Hur et al., 2014; Lin et al., 2018). However, a great proportion of environmental functions for pollutants in terrestrial organisms, such as fungi and their secretions with symbiotic plants, remains unclear.

As a secretion of arbuscular mycorrhizal fungi (AMF) in soil, the enormous amount of GRSP in the soil is desirable not only to quantify AMF potential for carbon sequestration but also to improve water-stable aggregates in soil and influence soil fertility (Wright and Upadhyaya, 1996, 1998; Borie et al., 2006; Nichols and Wright, 2006), and so it may remedy soil contamination by complexing with potentially toxic elements, such as heavy metal or organic pollutants in soil (Wang et al., 2020; Tian et al., 2021). To explore the environmental function of GRSP, it was divided into total glomalin-related soil protein (T-GRSP), easily extractable glomalin-related soil protein (EE-GRSP), immunoreactive total glomalin-related soil protein, and immunoreactive easily extractable glomalin-related soil protein (Rillig, 2004). Chi et al. (2018) found that exogenous EE-GRSP could improve the drought tolerance of trifoliate. Gao et al. (2017) found that EE-GRSP and T-GRSP could influence the sorption processes of organic pollutants, like PAHs, in soil and enhance the accumulation of PAHs in roots (Chen et al., 2018). However, many studies have reported that soil-derived GRSP contains some heat-stable proteins, lipids, and humic substances of non-AM fungi (Schindler et al., 2007; Gillespie et al., 2011), which restricted the research on GRSP. Furthermore, some researchers observed that GRSPs have a wide molecular size distribution (Wright and Upadhyaya, 1996, 1998; Bolliger et al., 2008; Gillespie et al., 2011). Nevertheless, there is a scarcity of reports on the different molecular weights of GRSP, which may have different functional groups.

As various carcinogenic and mutagenic, persistent, organic, and health-threatening pollutants (Wang et al., 2017), the environmental behavior (e.g., transportation and bioavailability) of polycyclic aromatic hydrocarbon (PAHs) in soil is primarily affected by SOM. Extensive studies have reported that sediments, organic carbon, humic acids, and suspended particles can strongly bind with PAHs (Pan et al., 2007; Wu and Sun, 2012; Hur et al., 2014). At the same time, in our previous studies, we showed that the GRSP could influence the sorption processes of organic pollutants, like PAHs, in soil (Gao et al., 2017; Chen et al., 2019). However, there is no evidence to indicate the binding process between PAHs and GRSP.

In this study, GRSP was firstly divided into components of different molecular weight (Mw), according to Lin et al. (2018), such as <3,000, 3,000–10,000, >10,000 Da, and GRSP bulk fraction, aimed at elucidating the impact of the chemical composition of GRSP on its binding for PAHs by studying phenanthrene (as a model of PAHs) binding onto different Mw fractions of a field-extracted GRSP sample. Spectroscopy and mass spectrometry instruments, such as UV–visible spectroscopy, GC/MS, and Fourier transform infrared (FTIR), were applied to analyze the composition and structure of GRSP. Fluorescence quenching experiments of phenanthrene by different Mw fractions were conducted. We also explored the relationship between different Mw fractions of GRSP and phenanthrene to illustrate the underlying roles and mechanisms of GRSP on PAHs. The findings herein would broaden our knowledge of the transport and fate of PAHs in soils and the unique contents of GRSP.



MATERIALS AND METHODS


Test Chemicals

Phenanthrene (solid powder) with purity of >98% was acquired from Sigma-Aldrich Fluka (United States). Stock solutions of the phenanthrene standard were prepared by dissolving 1 mg/ml in methanol, which was stored in a volumetric flask at −4°C in the dark and used for the preparation of fluorescence quenching experiments. A fresh stock solution was prepared monthly. All organic reagents (HPLC grade) and inorganic reagents (analytical grade) were obtained from Nanjing Chemical Reagents Company (Nanjing, China). Sterile ultrapure water (18 MΩ × cm) was used throughout the experiments.

In a previous study, we found that the concentration of GRSP in forest soil is apparently higher than that in other land utilization types (Que et al., 2015). Therefore, T-GRSP was extracted in forest soil from Purple Mountain in Nanjing, Jiangsu Province, China. The properties of the forest soil are listed in Supplementary Table 1. The GRSP extractions were determined based on the method described by Wright and Upadhyaya (1996), with minor modifications (Figure 1), and the detailed steps of preparation are introduced in the Supplementary Material.
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FIGURE 1. Sequential extraction of glomalin-related soil protein with a different molecular weight in soil.




Fractionation and Characterization of Glomalin-Related Soil Protein

A part of the prepared GRSP solution, obtained through the thermal sodium citrate method, was divided into three size fractions by ultrafiltration centrifugal tubes (Merk America) containing ultrafiltration membranes with nominal molecular weight cutoffs of 10,000 and 3,000 Da, which were expressed as <3,000 Da (F1), 3,000–10,000 Da (F2), and >10,000 Da (F3), and the unfractionated GRSP was expressed as FU (Supplementary Figure 1); this method referred to Lin et al. (2018). The ultrafiltration procedure details are shown in the Supplementary Material. Next, the GRSP concentrations were detected by Bradford assay using bovine serum albumin as the standard (Wright and Upadhyaya, 1998; Table 1) and stored at 4°C before use. Gel permeation chromatography (GPC; Waters 1525, United States) was used to analyze the molecular weight sizes of the GRSP fractions that were characterized (Supplementary Figure 2).


TABLE 1. The characteristics of GRSP and its different MW fractions.

[image: Table 1]
The multi N/C 3100 (Jena, Germany) was used to quantify the DOC concentrations of GRSP fractions. The specific ultraviolet absorbance (SUVA) of compounds were determined by a UV–visible spectrometer (UV7200, Shimadzu, Japan) with 1 cm cuvette in order to calculate the SUVA254, SUVA260, and SUVA280 values. The elements of GRSPs were analyzed by Elementar Vario EL cube, which was made in Germany. At the same time, we attempted to break the ester and ether bonds of GRSP by using the method from Chen et al. (2021) to analyze the molecular composition. The pyrolysis method details are shown in the Supplementary Material.



Fluorescence Quenching Experiments

Phenanthrene was used as a model PAH for this study because of its wide distribution in polluted soils. A fluorescence quenching technique was adopted to determine the interaction between phenanthrene and fractions of GRSP. This method has already been used in most studies examining variations in the KOC values of different DOM samples (Wu and Sun, 2012; Zhao et al., 2019) and been proven for reliability.

Then, 5 ml of phenanthrene solution (less than 0.1% methanol) was spiked into each GRSP solution (0 to 1 mg/L). The added phenanthrene concentration in each glass bottle was 0.5 mg/L, which was within the solubility of phenanthrene. The samples were equilibrated in bottles on a horizontal shaker (200 rpm, 25°C, 30 min). After reaching equilibrium, the fluorescence intensities were recorded on a fluorescence spectrophotometer (F97 pro, Shanghai Kehuai Instrument Co., Ltd., China) with a quartzose cuvette (1 cm, rectangular) at the excitation (Ex)/emission (Em) wavelengths of 292/365 nm. Ultrapure water was used as a blank.

The obtained data was used to calculate the quenching constant (Ksv), the associated constant (KA), the number of binding sites (n) with the Stern–Volmer equation (Ferrie et al., 2017), and the site binding equation, respectively (Bai et al., 2017).

The Stern–Volmer equation is listed as Eq. (1):

[image: image]

Where F0 is the original phenanthrene fluorescence intensity, and F is fluorescence degrees after the addition of quencher agents (GRSP). In this study, GRSPs do not possess intrinsic fluorescence at fluorescent regions of phenanthrene; therefore, we did not remove the background effects. [GRSP] is the concentration of GRSP.

The site binding equation is shown as Eq. (2):

[image: image]



Fourier Transform-Infrared Measurement

The phenanthrene–GRSP mixtures at high concentrations were prepared in order to acquire better infrared spectra before freeze-drying. The obtained particles and GRSP particles were ground and formed into tablets with the spectrographic grade of KCl, respectively. All spectra were measured with a Nicolet Nexus 870 FT-IR spectrometer (Thermo Fisher Scientific Co., Ltd., United States) at 400–4,000 cm–1.



Statistical Analyses

Pearson correlation analysis (SPSS, United States) was used to select related properties of the GRSP fractions and their Ksv and logKA. All the statistics were executed using Microsoft Excel (Microsoft, Redmond, Washington, DC, United States), while Origin software (OriginLab, Northampton, MA, United States) was used to make the figures.




RESULTS


Fractionation of Glomalin-Related Soil Protein

The distribution of GRSP molecular weight was obtained by GPC. As shown in Supplementary Figure 2 and Supplementary Table 2, the GRSP had a wide molecular weight distribution because of its broad distribution and higher polydispersity (PDI = 2.40). The distribution of measured apparent molecular weights ranged from 923 to 88,311 Da. According to the main peak of the GPC graph and standard curves (Supplementary Figure 2A), the average apparent molecular weight was calculated and summarized in Supplementary Figure 2C. The apparent molecular weight (Mw), numerical molecular average weight (Mn), and peak molecular weight (Mp) were 19,247, 8,018, and 16,933 Da, respectively. Furthermore, the molecular weight fractions of the dark-colored GRSP sample (FU) were divided into light-yellow-colored F1 fraction (<3,000 Da), faint-yellow-colored F2 fraction (3,000–10,000 Da), and dark-brown-colored F3 fraction (>10,000 Da) (Supplementary Figure 1). F3 is the main component of GRSP (Supplementary Figure 2B), which has a proportion of 63%. F1 and F2 accounted for 10 and 27%, respectively.

The GRSP cracking information is offered in Supplementary Table 3. The KOH–MeOH, at 100°C for 3 h, can break the chemical bond (e.g., ester bond and ether bond) of SOM and release molecular from heterogeneous SOM (Nebbioso and Piccolo, 2011; Chen et al., 2021). As shown in Supplementary Table 3, most fatty acids, esters, and phenols/lignin monomers were divided by GC/MS/MS, suggesting that GRSP is a high molecular weight aggregate formed by the bonding of numerous small organic molecules. Here, we gained fewer protein/peptide signals (only eight amino compounds in 48 main products) and more abundant signals for carbohydrates depended on this method.



Comparison of Characteristics for Different Molecular Fractions of Glomalin-Related Soil Protein


Elements

The elemental analysis results verified that there are significant differences in element composition among GRSP components with different molecular weights (Table 1). The C and O contents in F3 were lower than F1 and F2, and the H contents were the same in the three fractions of GRSP, whereas the N contents were larger with an increase in molecular weight, the percentage of which increased from 0.06% to 1.09%. On the side, atomic ratios could reflect some structure information on GRSP. For F3, a higher O/C showed that there are more oxygenic groups (like carboxylic acids), and its structure has scattered porosity. A larger C/N ratio of F1 meant that it has higher stability than the other fractions.



Potentiometric Titration

In order to evaluate the complexation of GRSP, it is necessary to understand the dissociation characteristics of acidic functional groups (Wu and Sun, 2012). For this study, equivalent NaOH represented a charge density. As shown in Table 1 and Supplementary Figure 3, the pKa values of the carboxyl and phenolic hydroxyl groups in GRSP were about 5.03 and 8.37, respectively. With an increase in molecular weight, the carboxylic acid concentration decreased from 8.44 to 5.31 mol/kg; the concentration of phenolic hydroxyl groups increased from 0.63 to 0.94 mol/kg, except the F2 fraction whose phenolic hydroxyl group content was only 0.35 mol/kg. Similarly, the differences of total acidity from F1 to F3 were apparent, such that, with an increase in molecular weight, the total acidity was decreased.



UV–Visible Spectrum

The values of SUVA254, SUVA260, ΔlogK (tonal coefficient, which meant the logarithm difference value between 400 and 600 nm), and E4/E6 (E465/E665) are always presented as an index to estimate the aromatic concentration in DOM, hydrophobic property, and oxidation level of DOM (Weishaar et al., 2003). In the present study, these values of the GRSP fractions, with respect to the different molecular weights, were compared (Figure 2). With increases in molecular weights, the SUVA254, SUVA260, and SUVA280 values significantly increased from 0.39, 0.35, and 0.03 to 4.67, 4.44, and 0.36, respectively (Figures 2A–C), indicating the evidently complex changes of GRSP structures. The aromatic ring condensation, aromatization, and molecular weight of GRSP were reflected, as shown in Figure 2D. The E4/E6 value of F2 was lower than the other GRSP fractions, which resulted in lower aromaticity. Figure 2E showed that a sizeable molecular weight has higher ΔlogK, suggesting that the high molecular weight of GRSP has a low content of carboxyl and phenolic hydroxyl groups and a low degree of oxidation. In addition, the UV–visible spectra of GRSP Mw have been drawn and are shown in Figure 2F. Every GRSP fraction has an intense light absorption capacity from 220 to 400 nm, and the absorption of GRSPs has an exponential decrease. In a range from 220 to 650 nm, a higher molecular GRSP has stronger UV absorption than a low molecular weight.
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FIGURE 2. UV–visible spectra of glomalin-related soil protein (GRSP)MW solution. The SUVA254 of GRSPMW solution (A), SUVA260 (B), and SUVA280 (C) express the degree of aromatization and hydrophobicity of GRSPMW, respectively; E4/E6 means the ratio of UV being 465 and 665 nm (D), which characterized the degree of decay and molecular weight of humus; ΔlogK is the tonal coefficient, the logarithm difference between the absorbance at 400 and 600 nm (E). (F) Absorbance of GRSPMW from 220 to 800 nm. FU, F1–F3 represents different molecular fractions from GRSPbulk: <3,000, 3,000–10,000 and 10,000 Da, respectively.





The Binding Properties of Glomalin-Related Soil Protein on Phenanthrene

The binding ability of phenanthrene to components of GRSP with different molecular weights was significantly different. The fluorescence quenching curves of phenanthrene and GRSP with different concentrations have a good linear relationship, in which r2 was from 0.9836 to 0.9991 (Figure 3). As shown in Figure 3, the GRSP binding constant KA was close to the quenching constant Ksv, suggesting that the quenching processes were static. The quenching constant between GRSP > 10,000 Da and phenanthrene was higher than the others. The KGRSP > 10,000 (site binding constant between phenanthrene and GRSP > 10,000) was 1.00 × 105 L/kg, which was twice as large as KGRSP < 3,000 and KGRSP3,000–10,000. The site binding values of GRSP < 3,000 and GRSP3,000–10,000 were 5.59 × 104 and 4.32 × 104 L/kg, respectively. In addition, for every GRSP fraction, the binding site number n was near 1.00, indicating that the binding of GRSP and phenanthrene belongs to a monomolecular binding nature.


[image: image]

FIGURE 3. Phenanthrene-glomalin-related soil protein (GRSP) binding probed by GRSP-caused fluorescence quenching. The quenching constant (Ksv), binding constant (KA), and number of binding sites (n) for the binding of phenanthrene with GRSP were calculated from the Stern–Volmer plot and site-binding plot, respectively.


The thermodynamic experiment presented that the binding processes were stronger at higher temperatures. The corresponding values of ΔH0, ΔS0, and ΔG0 were obtained in Supplementary Table 4. A positive ΔH0 for GRSP–phenanthrene complexes showed that the binding reaction was endothermic. Meanwhile, a positive ΔS0 suggested that the conformation arrangement of phenanthrene and GRSP would be unordered (Xu et al., 2013). The negative ΔG0 indicates that the binding processes between phenanthrene and GRSP were spontaneous. | ΔG0F1| > | ΔG0F2| > | ΔG0F3| at the same temperature condition, which verified that the GRSP > 10,000 Da fraction had the largest binding capability with phenanthrene.

Different pH and ionic strengths could induce alterations of the GRSP interaction with phenanthrene. The association constant of GRSP–phenanthrene fluctuated when the pH values ranged from 3.0 to 11.0 at ionic strength 2 mmol/L (Supplementary Figure 5). For the GRSP < 3,000–phenanthrene system, the KA was decreased from 0.065 to 0.047 L/mg with increased pH. At pH from 5 to 11, a higher binding capacity of GRSP3,000–10,000 was obtained. However, for GRSP and GRSP > 10,000 fractions, the alterations of pH seem to have less influence on the binding between GRSP and phenanthrene. Moreover, the high ionic strengths and cationic type could result in weak binding in the GRSP–phenanthrene systems, as shown in Supplementary Figure 4 and Supplementary Table 5. Otherwise, the F2–phenanthrene system did not affect the binding ability with the increase of cationic valence.



The Interaction Mechanism Between Glomalin-Related Soil Protein and Phenanthrene

For this study, we found that the binding of GRSP and phenanthrene had a significant correlation between phenol hydroxyl, S (Table 2). Among these parameters, the phenolic hydroxyl groups had a significantly high positive correlation with Ksv, with K values of 0.994. Table 2 shows that with more phenolic hydroxyl, a higher binding capacity between phenanthrene and GRSP occurred, wherein the K value was 0.992 (p-value < 0.01).


TABLE 2. Bivariate correlations between GRSPs characteristics and Ksv/KA.

[image: Table 2]
The fractions of GRSP responsible for phenanthrene interaction and the corresponding binding capacity were determined based on FTIR analyses (Figure 4). The alteration in peak frequency of the FTIR spectra of phenanthrene-loaded GRSP fractions manifested that active functional groups (e.g., C = O, C–N, O–H, and –COO-) were involved in phenanthrene sequestration (Figure 4). Notably, the offset of functional groups (O–H stretching, C = O stretching associated with proteins, and C = O symmetric stretching) was larger when GRSPs adsorbed phenanthrene. In addition, the spectra of phenanthrene-sequestrated GRSPMw were significantly different, particularly for low molecular weight GRSP, while the variations of the characteristic peak were not significant.
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FIGURE 4. The FTIR analysis of interactions between phenanthrene and molecular weight glomalin-related soil protein (GRSP). (A1–D1) means the functional groups of GRSP < 3,000 Da, GRSP3,000–10,000 Da, GRSP > 10,000 Da, and GRSPbulk. (A2–D2) means the changes after the interaction between GRSP and phenanthrene.





DISCUSSION


Characteristics of Glomalin-Related Soil Protein

Environmental factors, including land use, soil characteristics, and climatic conditions, have effects on the GRSP contents and compositions (Schindler et al., 2007; Zhang et al., 2015; Kumar et al., 2018). Therefore, the chemical structure of GRSP extracted in soil is mysterious and generally complex.

Under repeated autoclaving of soil in citrate buffer, GRSP extracted in soil contained various proteins, humic acids, and other compounds (Driver et al., 2005; Gillespie et al., 2011). The gross of GRSP can be characterized by GPC and GC/MS at the atomic and molecular scales. This information is beneficial toward determining the classes of compounds released by extraction procedures to provide assessments of the bulk composition of GRSP. For GPC analysis, the GRSP in forest soil ranged from 0.92 to 88.31 kDa, and the average molecular weight was at 17.0 kDa. Among them, >10 kDa molecular weights were major parts, accounting for 67% in GRSP bulk. However, some researchers also observed that some GRSPs in soil or AMF fungal hyphae have a higher molecular weight, in the bands between 55 and 65 kDa, between 60 and 90 kDa, or between 90 and 100 kDa, by using the SDS-PAGE method (Wright and Upadhyaya, 1996, 1998; Bolliger et al., 2008; Gillespie et al., 2011). These suggested that soil characterizations or varying extractant procedures cause different GRSP components in the soil to be released further.

For this study, the amount of GRSP fractions extracted from the forest soil was much lower than the range of GRSPs and its protein content previously reported for tropical and mineral soils, which operationally defined that glomalin reportedly contains 28–45% C, 0.9–7.3% N, and 0.03–0.1% P (Schindler et al., 2007; Sousa et al., 2012; Wang et al., 2014). However, the O contents of GRSP in this study were consistent with those reported by Schindler et al. (2007). This phenomenon could be associated with the C and N contents of forest soil.

As shown in the UV spectrometry, the high absorbance of GRSPbulk and GRSP > 10,000 Da is near 220 nm, which initiated the peptide bond. From 200 to 300 nm, the absorbance of GRSP lower than the Mw decreased. This range is the absorption band generated by the conjugated double bond π-π transition and is the characteristic absorption band of the aromatic ring and aromatic heterocyclic compound (Wang et al., 2014). So far, there are few studies on GRSP characteristics depending on the UV or fluorescent spectrometry. However, these values could show more structural information on GRSP. In brief, the aromaticity and hydrophobicity of the GRSP fractions with different molecular weights (Mw) were significantly different. High-Mw GRSP fractions had strong hydrophobicity, which easily bound with hydrophobic organic pollutants, thus forming complexes. Furthermore, ΔlogK is inversely proportional to the content of the carboxyl group in DOM composition and is directly proportional to the molecular weight. These results obtained are consistent with potentiometric titration.

Studies have reported that there are abundant functional groups in GRSPs, such as O–H, N–H, C = O, – COO-, and C–N (Wang et al., 2014; Zhang et al., 2017). This was similar with our results (Figure 4). However, for fractions of GRSPs with different Mw values, their composition characteristics were not determined. In the present study, the composition characteristics of the three GRSP fractions with different molecular weights that we tested have some differences, especially between the >10,000 and 3,000-10,000, and <3,000 Da fractions (Figure 4), for instance, the absorption peaks of GRSP > 10,000 Da at 1,600–500 cm–1 were weaker in intensity and narrower than the other fractions (Figure 4). GRSP is an integral part of dissolved soil organic matter, and its structural characteristics are similar to DOM (Schindler et al., 2007). Those at 4,000–3,000 cm–1 were associated with hydrocarbons, those at 1,800–1,200 cm–1 were associated with proteins, those at 1,200–1,000 cm–1 were associated with polysaccharides, and those at 1,000–800 cm–1 were related to nucleic acids (Yin et al., 2015). These infrared spectra suggested that the functional group GRSPbulk is related to macromolecular substances, and the results in our study were in accordance with recent studies which reported the GRSPs to be a mixture of compounds (e.g., proteins, humic acids) (Schindler et al., 2007; Gillespie et al., 2011; Holátko et al., 2021). Furthermore, the GC/MS results also suggested that GRSPs were a complex mixture including organic acids and phenols in the soil (Supplementary Table 3).



The Association Between Glomalin-Related Soil Protein and Phenanthrene

In the early 1970s, the experimental determination of binding coefficients (KDOC) of hydrophobic organic compounds (HOCs) has become a subject of intense interest (Krop et al., 2001). The present study showed a higher binding capacity between GRSP and phenanthrene, whose KA value reached 2.48 × 105 L/kg; the binding site number was 1.03. The binding coefficients in our study are beyond the ranges reported in other prior studies related to SOM binding with PAHs, for example, with the fluorescence quenching technique to follow anthracene binding to various humic materials, KOC values varied from 1 × 104 to 6 × 104 L/kg (Gauthier et al., 1986). Hur et al. (2014) found a high adsorption affinity from phenanthrene interaction with terrestrial DOM in sediment surfaces; the KOC values ranged from 3.6 × 103 to 2.5 × 104 L/kg. Compared with other SOM materials, Yang et al. (2011) determined that the ranges of KDOC values between phenanthrene and dissolved humic acids were between 1.3 × 104 and 2.5 × 104 L/kg. DOM of higher ages have a strong binding capacity with phenanthrene; its KOC value was 1.02 × 105 L/kg (Xi et al., 2012). Our observed KA values were higher than those values reported. The phenomenon indicated that the chemical and structural nature of GRSP greatly differed from terrestrial DOM. At the same time, a linear relationship between GRSP and phenanthrene was obtained by using the Stern–Volmer equation at different GRSP concentrations (0–1 mg GRSP/L). On the contrary, Chen et al. (2019) obtained the distribution coefficients between GRSP and phenanthrene using the Freundlich equation, which was consistent with our results. At the same time, Chen et al. (2019) suggested that a higher concentration could inhibit the interaction between phenanthrene and GRSP. This phenomenon may result from conformational and structural changes at higher GRSP concentrations and with different assessment methods. Additionally, as a complex and heterogeneous mixture, the GRSP interaction with HOCs is closely related to the molecular weight distribution of GRSP. In our study, with the fluorescence quenching technique, to follow phenanthrene binding to GRSP materials of different Mw values, the KA values varied from 4.37 × 104 to 1.00 × 105 L/kg, and those with higher Mw fractions (>10,000 Da) have strong binding affinities; the binding coefficient is 1.00 × 105 L/kg. The result is similar to that of Lin et al. (2018). The KDOC of pyrene in DOM fractions of different molecular weights was ordered as high-Mw fractions > middle-Mw fractions > low-Mw fractions. The KDOC of pyrene in the high-Mw-fraction DOM solution was up to 1.84 × 105 L/kg.



The Mechanism on the Binding Affinity Between Glomalin-Related Soil Protein and Phenanthrene

Recent studies have indicated that DOMs can bind numerous HOCs, such as PAHs, antibiotics, and pesticides (Wu and Sun, 2012; Zhao et al., 2019). Usually, the interaction between DOM and HOCs is mainly attributed to hydrophobic interactions, Van der Waals force, and H-bonding. In parallel, the π-π conjugate stacking effect and the electrostatic effect should be considered (He et al., 2009). However, the phenanthrene binding mechanisms with GRSP fractions of different Mw remain largely unknown. According to the changes of ΔS0 and ΔH0 in the bonding process (Supplementary Table 4), the force between phenanthrene and GRSP seems to be mainly a hydrophobic interaction because ΔS0 > 0 and ΔH0 > 0. The entropy change caused the complex formation due to | ΔH| < | TΔS|, which is in agreement with the results on the interaction of fluoroquinolones (FQs) with humic acid (HA) (Zhao et al., 2019).

Almost all studies on the binding between DOM and HOCs showed that their interaction is an ideal monomolecular binding mode (Pan et al., 2007; Zhao et al., 2019); this finding conformed with our study. The binding mode between phenanthrene and GRSP was monomolecular, and the n values were 0.777–1.140 with the Mw changes. In our investigation, from FT-IR spectra, we found that the absorption intensity of infrared absorptions was weakened and narrower at 3,700–3,400 cm–1 (-OH stretching), 1,700–1,600 cm–1 (amide I, C = O, and –COO- stretches), and 1,500–1,300 cm–1 (amide II, – COO-, and C = O stretching) when phenanthrene was loaded with GRSP (Figure 4). The functional groups at 1,800–1,200 cm–1 are associated with proteins, according to Yin et al. (2015), indicating that GRSP-bound phenanthrene was linked with proteins. Moreover, the peaks at 1,606.7 and 1,402.7 cm–1 drifted in the long-wavelength direction, while the peak at 3,409.4 cm–1 drifted in the short-wavelength direction (Figure 4D). Zhao et al. (2019) proved that H-bonding was involved in the FQs–HA complex due to the peak of –OH of FQs shifting to a low wave number in HA systems. That is to say, in the present study, the binding of phenanthrene to GRSPs might be associated with proteins and H-bonding.

On the other hand, there had been some difference in the Mw fraction of GRSPs bound with phenanthrene, for example, the variation of FTIR spectrogram of the high-Mw fraction (>10,000 Da) complexed with phenanthrene was in accord with the GRSPbulk bond to phenanthrene because the GRSP > 10,000 Da fraction is a dominant group form of GRSP bulk, while for the <3,000 and 3,000–10,000 Da fractions, the prominent peaks moved slightly (Figures 4A,B), indicating that the interaction between GRSP and phenanthrene is weak. Meanwhile, the hydrophobic forces dominate the interaction process. The above-mentioned results proved that the characteristics of HOCs–GRSP complex have similar features with HOCs–DOM complex. DOM not only acts as H electron donor interacting with the π-base of HOCs but also reacts with itself or other H electron donors as π-base.



Environmental Implications

In the current study, we found that changes in environmental conditions, such as ion cations and pH values, can affect the phenanthrene interaction with GRSP, especially metal cations. The GRSP complexation with phenanthrene was inhibited with higher metal cations, such as Cu, Fe, and Al, because GRSP may preferentially adsorb large amounts of heavy metals. On the side, the GRSP might agglomerate and sink at high-valence metal cations, weaken the binding capacity, and advance the transfer of PAHs (Gonzalez-Chavez et al., 2004; Vodnik et al., 2008; Wang et al., 2020).

The complexation of contaminants, such as heavy metal, organic pollutants, and nanomaterials, by GRSP strongly alters their fate, i.e., mobility, bioavailability, and toxicity in the environment (Gao et al., 2017; Chen et al., 2018; Wang et al., 2020). On the one hand, GRSP could interact with DOM, enhance PAH dissolution in soil, and further affect the transport of PAHs in the ecosystem (Gao et al., 2017). Meanwhile, it also could improve root PAH accumulation, increasing the weakly and strongly adsorbed fractions of PAHs in roots (Chen et al., 2018). Furthermore, Wang et al. (2021) indicated that GRSP could sequestrate Cu and Cd, form a stable complexation, and promote water quality. However, there are scarce studies concerning the effects of exposure to HOCs associated with GRSP of various molecular weights on both the ecosystem and humans. Rosenstock et al. (2005) found that bacteria preferred DOM in the size fraction <3,000 Da and the non-humic components if available. Moreover, the DOM-associated PAHs were partly bioavailable to organisms, and their bioavailability has effects on the molecular weight of DOM (Lin et al., 2018). The middle-Mw-fraction DOM enhances the bio-absorption of pyrene in water flea through transmembrane transport, although weakening their binding capacity. Moreover, HOCs associated with low-Mw fractions (<3,500 Da) could interact with the plasma membrane of plant cells and be taken up by the plant (Nardi et al., 2002). Hence, for different-Mw GRSP fractions, they could have a similar environmental behavior to DOM, causing the alteration of the fate of organic pollutants and heavy metals in soil, which could bring some risks for the ecological system. Consequently, it is necessary to assess the risk and bioavailability of GRSPMw fraction-bound PAHs in environmental systems in the future.




CONCLUSION

Forest soil-extracted GRSPs had a mixture containing protein, polysaccharides, and humic substances, prioritizing 10,000-Da compounds. Different-Mw GRSP fractions have some individuality in the distribution of elements and UV–visible characteristics. H-bound, NH-π reaction, and hydrophobic effect were predominant binding mechanisms for phenanthrene with different-Mw GRSP fractions, particularly the >10,000-Da fraction. Among them, the binding capacity was ordered as follows: F2 < F1 < F3. At the same time, the pH and ion cations in the aquatic system affected the complexation of phenanthrene to GRSP. As an important component of organic matter in soil, GRSPs could sequester PAHs and form complexes; however, they might alter the environmental fate of HOCs in the soil, causing ecological risks due to their different mobility. Our findings provide new insights pertaining to the role of GRSPs in phenanthrene sequestration and the characteristics of GRSP in the spectrum.
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Large-scale intensive cultivation has made continuous cropping soil sickness more serious for Panax notoginseng in Yunnan. Autotoxic substances can promote the occurrence of continuous cropping soil sickness. Phenolic acids exert a strong autotoxic effect on P. notoginseng. Based on UPLC-MS/MS, the levels of six phenolic acids with the strongest autotoxicity of P. notoginseng rhizospheric soil were tested. Based on Illumina MiSeq high-throughput sequencing technology, the variation in the microbial diversity in the rhizospheric soil was used as an index to explore the interactions between phenolic acids and the soil microorganisms of the P. notoginseng rhizosphere. (1) Continuous P. notoginseng cropping significantly changed the microbial community structure. Continuous cropping increased bacterial Chao1 index and Shannon index and decreased fungal Shannon index. After P. notoginseng disease, bacterial Shannon index reduced and fungal Chao1 index decreased. (2) Phenolic acid significantly changed the bacterial community structure. VA significantly reduced the bacterial Shannon index. Exogenous p-HA, FA, SA, and VA significantly increased the fungal Chao1 index and p-HA showed the most significant effect. Para-HA affected bacterial specificity, and VA affected fungal specificity. (3) VA was positively correlated with most fungi and bacteria. Para-HA was positively correlated with Lelliottia and Flavobacterium. Para-HA was also positively correlated with plant pathogens (Fusarium and Ilyonectria). Para-HA and VA were able to promote the growth of primary pathogenic bacteria. Thus, p-HA and VA are the main phenolic acid-autotoxin substances in P. notoginseng under continuous cropping. (4) A correlation analysis of soil environmental factors associated with fungal and bacterial communities showed that AK, TN, OM, and HN were most strongly correlated with soil microorganisms. (5) The microorganisms in the rhizosphere of 3-year-old soil planted with P. notoginseng exhibited obvious effects on the degradation of the four phenolic acids. The effect of soil microorganisms on phenolic acids was first-order kinetic degradation with a high degradation rate and a half-life of less than 4.5 h. The results showed that phenolic acids could promote the growth of pathogenic bacteria. And the interaction between rhizospheric soil microorganisms and phenolic acids was the main cause of the disturbance of P. notoginseng rhizosphere microflora.
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INTRODUCTION

Sanqi [Panax notoginseng (Burkill) F. H. Chen] is a perennial medicinal plant in the genus Panax. The dried rhizomes of P. notoginseng can relieve blood stasis and stop bleeding, promote blood circulation and relieve pain. These rhizomes are primarily used to treat hemorrhagic disease, bruising injuries, blood stasis, swelling, and pain (Macdermot, 1950; Commission, 2015; Xu et al., 2018). Wenshan Prefecture in Yunnan Province is an area that is famous for the production of genuine P. notoginseng; it has a warm and rainy climate that is very suitable for growing P. notoginseng. The growth cycle of P. notoginseng is generally 3 years or more, and the cultivation process requires large amounts of fertilizers and pesticides, which lead to the deterioration of the physical and chemical properties of the soil, an imbalance of nutrients and microbial communities, and allelopathy and autotoxicity; collectively, these ailments are commonly known as the continuous cropping soil sickness of P. notoginseng (Tan et al., 2017). Due to the increasing demand for P. notoginseng in recent years, large-scale intensive planting has made continuous cropping soil sickness increasingly serious, which strongly affects the quality and yield of P. notoginseng (Yang et al., 2016; Qiao et al., 2020).

There are many factors that lead to continuous cropping soil sickness, including root exudates that induce changes in rhizospheric soil microorganisms, allelopathic interactions of soilborne pathogens, imbalances of rhizospheric microflora aggravated soil acidification, aggravation of soil fungal diseases caused by increases in rhizospheric pathogens and declines in beneficial bacteria, and the development of viral diseases (Wu and Lin, 2020). Alteration of soil microbial community structure is one of the important reasons for continuous cropping soil sickness. The numbers of microorganisms and physiological groups as well as the levels of soil enzyme activities and nutrients in soil planted in P. notoginseng across different planting and fallow years were studied. The structure of the soil microbial community and the soil nutrient balance were found to have changed after P. notoginseng cultivation. It was assumed that the changes in the biological community were not conducive to P. notoginseng growth (Zhang et al., 2019). Other studies have also found that an increase in the number of P. notoginseng planting years will cause an imbalance in the rhizospheric microbiota, increase the abundance of pathogenic fungal genera in the rhizosphere, decrease the abundance of some beneficial fungal genera, weaken the growth tendency of P. notoginseng, and significantly increase the incidence of disease (Tang et al., 2020). Long-term continuous cropping has been found to reduce the soil microbial diversity of the cotton (Gossypium spp.) rhizosphere and resulted in continuous cropping soil sickness, which led to a reduced cotton yield (Gu et al., 2012). Continuous cropping of maize (Zea mays Linn.) destroys the balance of the soil microflora, reducing the number of beneficial microbes and increasing populations of soil fungi, which causes serious disease and reduces the main soil nutrients (Xing et al., 2011). Continuous cucumber cropping significantly affects the abundance and community structure of soil fungi and increases the incidence of soil diseases (Li Y. et al., 2020). Therefore, changes in the rhizospheric soil microbial community can affect the growth of host plants.

Studies have shown that during the continuous cropping process, plants primarily communicate with the soil through root exudates, which can directly or indirectly change the soil microbial community, thus promoting the occurrence of continuous cropping soil sickness (Wu and Lin, 2020). For example, exudates of false starwort (Pseudostellaria heterophylla) roots have been found to mediate changes in soil microbial community structure and functional diversity, which affected the growth of the plants (Wu et al., 2016). Peanut (Arachis hypogaea Linn.) root exudates selectively inhibit or stimulate certain bacterial and fungal groups, promote changes in the soil microbial community and inhibit the growth of peanut plants (Li Y. et al., 2014). In conclusion, interactions between chemical substances secreted by plant roots and rhizospheric soil microorganisms cause changes in the rhizospheric soil microbial community, which is the primary reason for continuous cropping soil sickness (Yang et al., 2012; Dong et al., 2016; Qian et al., 2016; Tan et al., 2017; Feng et al., 2020).

Chemicals in rhizospheric soil influence microbial community composition. Allelochemicals can reduce soil microbial diversity, significantly affect the genetic structure and carbon metabolism capacity of microbial communities, and lead to imbalances in soil microbial ecosystems (Li X. et al., 2014). Some researchers have simulated the selective effects of allelochemicals secreted by plant roots on different microorganisms in the rhizosphere, and have found that root exudates can selectively inhibit the growth of beneficial microorganisms and promote the proliferation of pathogenic microorganisms in the soil (Wu et al., 2016). Metabolites of P. notoginseng are detected in rhizospheric soil allelochemicals and primarily include p-hydroxybenzoic acid, vanillic acid, syringic acid, p-coumaric acid, ferulic acid, and benzoic acid. Allelopathy testing has confirmed their order from strong to weak: p-coumaric acid, benzoic acid, vanillic acid, ferulic acid, p-hydroxybenzoic acid, and syringic acid (Wu et al., 2014). In a study on the influence of exogenous p-hydroxybenzoic acid on the soil microbial community of the cucumber rhizosphere, p-hydroxybenzoic acid decreased the Shannon–Wiener index of the rhizospheric bacterial community and increased the Shannon–Wiener index of the rhizospheric fungal community (Zhou et al., 2012). Different concentrations of cinnamic acid, phthalic acid, p-hydroxybenzoic acid and their mixtures have been found to decrease the quantities of peanut rhizospheric soil bacteria and actinomycetes, microbial biomass carbon and nitrogen content, and respiration intensity, increase the quantity of fungi, and promote the occurrence of soil sickness in peanut (Liu et al., 2018). Studies have also shown that phenolic acids such as gallic acid, salicylic acid, hydrocinnamic acid, and benzoic acid can increase fungal richness, change fungal community structure and increase pathogen loads (Li et al., 2018). Previous studies have confirmed that phenolic acids can significantly affect the biomass, diversity and community structure of soil microorganisms (Qu and Wang, 2008).

Several studies have shown that the accumulation of phenolic acids secreted by plant roots can mediate changes in the structure and functional diversity of soil microbial communities and indirectly affect the growth and development of host plants (Wu et al., 2016, 2017). Therefore, it has been speculated that interactions between phenolic acids secreted by P. notoginseng roots and rhizospheric soil microorganisms may disrupt the root microecological balance and promote the occurrence of continuous cropping soil sickness. However, there are still no reports on this topic. An increasing number of studies have shown that disturbances of the microflora mediated by root exudates play a key role in continuous cropping soil sickness (Wu et al., 2016). However, studies on continuous cropping soil sickness of P. notoginseng primarily focus on the isolation, identification and biological testing of allelochemicals, and the regulation of soil microorganisms by phenolic acids during P. notoginseng planting remains relatively unclear. On this basis, the interactions between phenolic acids secreted by P. notoginseng roots and soil microorganisms were studied here.

The innovative aspect of this study lies in its application of results from both field investigations and laboratory experiments to determine the interactions between phenolic acids and P. notoginseng rhizospheric soil microorganisms. To simulate P. notoginseng continuous cropping, autotoxic substances were added exogenously to regulate rhizospheric soil microorganisms. In addition, microorganisms exhibit detoxification functions and can degrade autotoxins in soil. This study systematically and comprehensively revealed the interactions between autotoxins and the rhizospheric soil microbial-plant cycle. Here, healthy and diseased rhizospheric soils under P. notoginseng cultivation for different numbers of years in Wenshan Prefecture, Yunnan Province were selected. UPLC-MS/MS and Illumina MiSeq high-throughput sequencing technology were used to determine the contents of benzoic acid (BA), p-hydroxybenzoic acid (p-HA), ferulic acid (FA), syringic acid (SA), vanillic acid (VA), and p-coumaric acid (p-CA) and microbial community structure in different soils (Wu et al., 2014). Interactions between phenolic acid autotoxic substances and soil microorganisms from the P. notoginseng root system were explored to provide a basis for solving these obstacles to continuous cropping. The study was designed to test these hypotheses: (1) The concentration of phenolic acids in P. notoginseng rhizospheric soil is related to the health status and number of years of P. notoginseng planting. (2) Continuous cropping could significantly change the composition of the soil microbial community in the P. notoginseng rhizosphere. (3) Exogenous phenolic acids can change the composition of the soil microbial community. Phenolic acids are strongly associated with soil microorganisms and can promote the growth of plant pathogens. (4) Soil microorganisms can degrade phenolic acids and rapidly decrease their concentrations. Finally, the interaction between soil microorganisms and phenolic acids reached a dynamic balance. If balance is disturbed, disease can occur in host plants.



MATERIALS AND METHODS


Site Description and Soil Sampling

In this study, rhizospheric soil planted with P. notoginseng for different numbers of years was collected to determine the phenolic acid contents of the soil. We analyzed the physical and chemical properties of soil samples and explored the interactions between phenolic acids and rhizospheric soil microorganisms. Soil samples were collected in Wenshan Prefecture, Yunnan Province (103.58′ N, 23.87′ E) in November 2020, and the sampling site was located near Pingyuan Street, Yanshan County. This area has a subtropical continental monsoon climate, with an annual average temperature of 25°C and an annual precipitation of 1,308 mm.

At the P. notoginseng cultivation site, control soil (CK), 1-year-old healthy rhizospheric soil (1Y), 2-year-old healthy rhizospheric soil (H-2Y), 2-year-old diseased rhizospheric soil (S-2Y), 3-year-old healthy rhizospheric soil (H-3Y), and 3-year-old diseased rhizospheric soil (S-3Y) were collected. Soil collected under the same conditions from 3 to 5 cm below the surface layer where nothing was planted was used as the control soil. Healthy rhizospheric soil refers to the soil attached to the root tubers of P. notoginseng plants that have been continuously planted for 2 or 3 years without disease or insect pests. The diseased soil was rhizospheric soil that from plants showing root rot from the same experimental plot (Tan et al., 2017). In this study, a total of six types of soils (CK, 1Y, H-2Y, S-2Y, H-3Y, and S-3Y) were collected. Three greenhouses were selected for each soil (the soil in each greenhouse was managed in the same way) for repeated collection using the five-point sampling method. The soil attached to the rhizosphere of P. notoginseng plants was shaken off into self-sealed bags, marked and brought back to the laboratory (Riley and Barber, 1970). Three biological replicates were performed for each type of soil sample. There were a total of 18 replicates among 6 types of soil sample. A portion of the soil was used for physicochemical property analysis and phenolic acid degradation experiments, while the remainder was stored at −80°C for subsequent soil microbial community diversity analysis.



Soil Physical and Chemical Properties

Control soil (CK), 1-year-old healthy rhizospheric soil (1Y), 2-year-old healthy (H-2Y) and diseased rhizospheric soil (S-2Y), and 3-year healthy (H-3Y) and diseased rhizospheric soil (S-3Y) were selected, and analysis of each sample was repeated five times to determine its physical and chemical properties. Soil pH was measured in a 1:2.5 soil-water (W/V) suspension with a pH 700 pH meter (United States, Uutech) (Qiu et al., 2012). The carbon dioxide content was quantitatively determined by potassium dichromate oxidation and external heating methods, and the organic matter (OM) content of each sample was calculated by carbon nitridation (Nelson and Sommers, 1996). The total nitrogen (TN) was determined using an elemental analyzer (Vario EL III, Germany) (Bremner, 1960). After each sample was infused with sodium hydroxide, the frit was dissolved in water and dilute sulfuric acid, the anti-chromogenic agents molybdenum and antimony were added to the solution, and the total phosphorus (TP) content in the soil was quantitatively determined with an ultraviolet spectrophotometer (L5) (GB/T9837-1988). The soil organic matter was removed by heating and oxidation with nitric acid and perchloric acid. After the silicate was digested with hydrofluoric acid, the remaining residue was dissolved with hydrochloric acid, and the total potassium (TK) in the soil was determined using a ZEENIT700P graphite furnace atomic absorption spectrometer (GB/T9836-1988). The hydrolytic nitrogen (HN) in the soil was determined by the alkaline hydrolysis diffusion method (Shen et al., 2011). The available phosphorus (AP) in the soil was extracted with sodium bicarbonate, and its content was determined by the molybdenum antimony anti-colorimetric method (Gyaneshwar et al., 2002). Extraction was performed with neutral ammonium acetate solution and soil available potassium (AK) was determined by flame photometry (Mclean and Watson, 1985). In this study, each sample was analyzed three times.



Determination of the Phenolic Acids Concentration in the Soil

Three g each of the control soil (CK), 1-year-old healthy rhizospheric soil (1Y), 2-year-old healthy rhizospheric soil (H-2Y), 2-year-old diseased rhizospheric soil (S-2Y), 3-year-old healthy rhizospheric soil (H-3Y), and 3-year-old diseased rhizospheric soil (S-3Y) were weighed and placed in separate 50 ml centrifuge tubes; then, 20 ml of chromatographic methanol was added to each tube, and phenolic acids were extracted ultrasonically for 40 min and centrifuged at 4,500 r/min for 10 min. After centrifugation, the residue remaining in each tube was incubated with 20 ml of methanol for ultrasonic extraction for 40 min and centrifugation at 4,500 r/min for 10 min (Dong et al., 2018). Each supernatant was combined twice and concentrated by rotary evaporation in a water bath at a temperature of 50°C until it was solvent-free. Then, 5 ml of methanol was added to each dried rotary steaming flask, and the solution was transferred to a 10 ml round-bottom flask after all the substances were dissolved. Each solution was concentrated to dry by rotary steaming (Zhong et al., 2020). The HLB columns were each washed with 2 ml methanol and then activated with 2 ml 1 M formic acid. Two milliliters of each extract (in a methanol:water:formic acid volumetric ratio of 15:4:1) was added to a rotary steaming flask, the supernatant was absorbed through the HLB column, and the eluent was collected. The HLB column was rinsed with 1 ml of extract, and the eluent was collected. The two eluents from each sample were combined for steam drying; then, 200 μl of extract was added and filtered through a 0.22 μm micron filter membrane. Quantitative analysis was performed using an UPLC-MS/MS (Tsushima 8050) in MRM mode (Jia et al., 2020). Each sample was analyzed three times.



Degradation of Phenolic Acids by Rhizospheric Soil Microorganisms

Generally, two and 3-year-old P. notoginseng showed the highest incidence of root rot. P. notoginseng planted in the field is generally harvested in 3 years. Considering the number of continuous cropping years and field practices used in P. notoginseng cultivation, 3-year-old healthy P. notoginseng rhizospheric soil was selected for the degradation experiment. Six samples of 36 g of 3-year-old healthy rhizospheric soil from around P. notoginseng plants was measured and placed in separate 250 ml tapered flasks with stoppers. Maximum values from results of the field investigation in this study and previous reports were adopted for the experimental setting. BA (5 μg/g), p-HA (5 μg/g), FA (5 μg/g), SA (5 μg/g), VA (10 μg/g), and p-CA (30 μg/g) (Wu et al., 2014) were each added to a separate conical flask containing a healthy soil sample and incubated in a thermostatic chamber at 25°C, and the conical flasks were aerated for 1 hour every 24 h. The soil moisture content was maintained at 70%. Three g of soil was randomly weighed from each conical flask at 0, 6, 12, 24, 48, and 72 h (Guo et al., 2011). The concentration of phenolic acids in each soil sample was quantitatively analyzed according to the first-order kinetic equations LnC(t)=LnC(t0)-Kt and t1/2=Ln2/K. The half-life of each autotoxic substance (t1/2) was calculated, where C is the concentration, T is the time, and K is the degradation rate (Xia et al., 2015). The method for determining soil phenolic acid concentrations was the same as that described above. Each phenolic acid sample was examined five times to explore the degradation ability of the soil microorganisms.

Total soil DNA was extracted from the rhizospheric soil 72 h after culture from 5 replicates and sequenced for analysis (Luo et al., 2020). The effects of the six phenolic acids on the soil microorganisms of P. notoginseng rhizospheres were studied.



DNA Extraction, PCR Amplification and Illumina MiSeq Sequencing

Total DNA from the soil microorganisms was extracted by using the DNeasy PowerSoil® Kit from QIAGEN, Germany. Three parallel samples were prepared for each sample and amplified by PCR (instrument model ETC811, Dongsheng Scientific Instruments Co., Ltd.). The diluted genomic DNA was used as a template and amplified with specific primers containing barcodes according to the selected sequencing region. The amplified products were subjected to gel electrophoresis, recovered and quantified using a QuantiFluor™ fluorometer. The bacterial genome (16S rDNA V3-V4 gene region) primers were 341F: CCTACGGGNGGCWGCAG and 806R: GGACTACHVGGGTA TCTAAT (Neefs et al., 1991). The fungal genome (ITS2 gene region) primers were ITS3-KYO2: GATGAAGAACGYA GYRAA and ITS4: TCCTCCGCTTATTGATATGC (Toju et al., 2012). Water was used as a negative control for the PCR procedure in each sample, and no bands were amplified from the negative controls. The purified amplification products were mixed in equal amounts, a sequencing connector was added to construct the sequencing libraries, and the Illumina PE250 library was sequenced on the machine. To ensure the reliability and validity of the data, FASTP was used to filter reads from the original dataset generated by the Illumina MiSeq platform. FASTP filtered out low-quality reads: (1) reads with over 10% of nucleotides (N) unknown were removed, and (2) reads for which less than 50% of bases showed quality scores (Q-values) > 20 were removed. FLASH was used to splice double-ended reads into tags and then filter low-quality tags to obtain clean tags (Magoc and Salzberg, 2011; Chen et al., 2018). The clean tags were clustered into operational taxonomic units (OTUs) of ≥ 97% similarity using the UPARSE (version 9.2.64) pipeline. All chimeric tags were removed using the UCHIME algorithm, and effective tags were finally obtained for further analysis. The tag sequence with the highest abundance was selected as the representative sequence within each cluster. All singleton sequencing data were removed from the sequencing data. OTUs were obtained by clustering with 97% sequence similarity (Table 1). The sequencing data were compared with SILVA (16S) and UNITE (ITS) database to obtain biotaxonomic information.


TABLE 1. Sequencing results for bacteria and fungi in P. notoginseng rhizospheric soil.
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Data Analysis

We used QIIME software for alpha diversity index analysis (Kuczynski et al., 2012). Based on the intersample distance index, PCoA analysis was performed using the R language vegan package (Liu and Li, 2021). The degree and direction (positive or negative) of correlation between each environmental factor and each species were evaluated by Pearson analysis. FUNGuild was used to annotate fungal functions based on OTU (97%) abundance table information.

SPSS 21.0 software (SPSS Inc., United States) was used to analyze the data, and the homogeneity of variance was tested before the statistical analysis. Statistical analysis was performed using a one-way analysis of variance (ANOVA) and Duncan’s multi-interval test (P < 0.05). Sequencing data were provided by Guangzhou Gene Denovo Biotechnology Co., Ltd. Drawings and data analysis were completed by the first author of this study. Raw sequences were uploaded to the NCBI BioProject database (Accession: PRJNA757903).




RESULTS


Analysis of Soil Physical and Chemical Properties

In the analysis of soil physical and chemical properties, the pH of the rhizospheric soil from planted P. notoginseng ranged from 5.18 to 6.29. The pH of the S-2Y rhizospheric soil around P. notoginseng plants was significantly higher than that of the control soil. Values of OM, TN, HN, and AP in healthy rhizospheric soil were significantly higher than those in the control soil. All the physical and chemical indexes of sick rhizospheric soil except pH were significantly higher than those of the control group. The AK content of healthy soil was significantly higher than that in sick rhizospheric soil (Table 2).


TABLE 2. Physical and chemical properties of different cultivated soils.
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Determination and Analysis of Phenolic Acids in Rhizospheric Soil

The phenolic acids detected in P. notoginseng rhizospheric soil primarily included benzoic acid (BA), p-hydroxybenzoic acid (p-HA), ferulic acid (FA), syringic acid (SA), vanillic acid (VA), and p-coumaric acid (p-CA). The concentration of p-HA in the 2-year-old diseased rhizospheric soil (S-2Y) of P. notoginseng was significantly higher than that of the 3 years of rhizospheric soil (H-3Y and S-3Y). The concentration of SA in the 2-year-old diseased rhizospheric soil (S-2Y) of P. notoginseng was significantly higher than that of 1-year-old healthy rhizospheric soil (1Y), 2-year-old healthy rhizospheric soil (H-2Y) and 3-year-old diseased rhizospheric soil (S-3Y). The concentrations of p-HA (555.66 ± 121.95), FA (117.34 ± 9.86), and SA (58.28 ± 1.40) were highest in S-2Y among all the measured samples (Figure 1).
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FIGURE 1. Phenolic acid concentrations. Red represents control soil, yellow represents 1-year-old P. notoginseng rhizospheric soil (H-1Y), blue represents 2-year-old healthy rhizospheric soil (H-2Y), green represents 3-year-old healthy rhizospheric soil (H-3Y), black represents 2-year-old diseased rhizospheric soil (S-2Y), and purple represents 3-year-old diseased rhizospheric soil (S-3Y). BA is benzoic acid, p-HA is p-hydroxybenzoic acid, FA is ferulic acid, SA is syringic acid, VA is vanillic acid, and p-CA is p-coumaric acid; * indicates a significant difference LSD-test, (p < 0.05).




Alpha Diversity Analysis

During the greenhouse experiment, bacterial Chao1 index in the rhizospheric soil from planted P. notoginseng were significantly higher than values for the control soil The Shannon index of bacteria in healthy P. notoginseng rhizosphere soil was significantly higher than that in control group. The Chao1 index of 3-year-old diseased P. notoginseng rhizospheric soil (S-3Y) was significantly lower than that of 2-year-old healthy P. notoginseng rhizospheric soil (H-2Y). The difference between Chao1 index and Shannon index may be caused by the uneven distribution of species. All the data indicated that continuous cropping led to an overall increase in bacterial Chao1 index and Shannon index, and the occurrence of disease reduced bacterial Shannon index. The exogenous addition of VA in the laboratory significantly reduced the bacterial Shannon index (Figure 2A).
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FIGURE 2. Changes in the rhizosphere soil microbial community associated with P. notoginseng. The bacterial Chao1 index and Shannon index (A) and fungal Chao1 index and Shannon index (B) are represented as the means ± SE (n = 3). CK1 is natural soil that has not been planted with P. notoginseng, and CK2 is the 3-year-old healthy rhizospheric soil from P. notoginseng cultivated for 72 h without exogenous phenolic acid addition. Different letters indicate significant differences (P < 0.05). Lowercase letters indicate the significant differences of Chao1 index, and uppercase letters indicate the significant differences of Shannon index. Above the dotted line are data from the indoor experiment, and below the dotted line are data from the greenhouse planting experiment.


Compared with the control soil, the rhizospheric soil planted with P. notoginseng significantly reduced fungal Shannon index in the greenhouse experiment. The fungal Chao1 index of diseased rhizospheric soil (S-2Y and S-3Y) was significantly lower than that of healthy rhizospheric soil (H-2Y and H-1Y) and control soil. The result showed that the fungal Chao1 index was significantly decreased after P. notoginseng disease. The Chao1 index for fungi in the rhizospheric soil decreased with increasing number of cultivation years, the 3-year-old healthy rhizosphere soil (H-3Y) decreased most significantly. Exogenous p-HA, FA, SA, and VA significantly increased the Chao1 index of the fungi compared with the control soil, and p-HA showed the most significant effect. Exogenous phenolic acid had no effect on Shannon index of fungal community, but significantly increased Chao1 index. The results indicated that the addition of exogenous phenolic acid could significantly improve the category richness of fungal species, but did not have a good effect on the evenness. Therefore, exogenous phenolic acids did not obvious change the fungal Shannon index (Figure 2B).



Beta Diversity Analysis

The continuous cropping of P. notoginseng significantly [by permutational multivariate analysis of variance (PERMANOVA), P < 0.05] altered the community structure of the soil bacteria and fungi (Figures 3A,B). Exogenous phenolic acids significantly (PERMANOVA, P < 0.05) changed the soil bacterial community structure but had no significant (PERMANOVA, P > 0.05) effect on the fungi (Figures 3C,D).
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FIGURE 3. Principal co-ordinate analysis (PCoA). Greenhouse bacterial groups (A), laboratory bacterial group (B), greenhouse fungal groups (C), laboratory fungal group (D). Each point represents a sample. The closer the points are to each other on the plane, the more similar the bacterial community structure of the samples.




Microbiological Specificity Analysis

The specificity of microorganisms in rhizospheric soil decreased after P. notoginseng was planted. The species specificity of diseased P. notoginseng rhizosphere soil was lower than that of healthy soil and control soil (Supplementary Tables 1, 2). Exogenously added phenolic acids changed the species specificity. There were 13 kinds of specific bacteria in VA treatment group, which was much higher than that in control group CK2 (Supplementary Table 1). There were 22 specific fungi in p-HA treatment group, fungal species specificity was increased compared with the control group. The result indicated that p-HA could improve the species specificity of fungi (Supplementary Table 2).



Characteristics of the Rhizospheric Soil Microbial Communities and the Effects of Phenolic Acids

The abundance of microorganisms in the rhizospheric soil was closely related to the number of years of P. notoginseng cultivation. The abundance of Gemmatimonas and Haliangium significant increased, while Lachnospirae-NK4a136-Group and Ruminiclostridium-9 significant decreased in continuously cropped healthy P. notoginseng rhizospheric soil. In rhizospheric sick soil of 2-year-old (S-2Y), the abundance of Lelliottia and Flavobacterium increased significantly (Figure 4A). Flavobacterium is a specific species in the rhizosphere soil of healthy 3-year-old P. notoginseng (Supplementary Table 1). In rhizospheric sick soil of 3-year-old (S-3Y) the abundance of Gemmatimonas increased significantly compared with control soil (Figure 4A). The interaction between allelopathic autotoxins and root microorganisms is the main cause of continuous cropping obstacles (Feng et al., 2020). In terms of bacterial community structure, VA significantly increased the abundance of Ruminiclostridium-9 and Lachnospirae-NK4A136-Group and significantly reduced the abundance of Haliangium. Para-HA, BA, FA, SA significantly increased the abundance of ADurbBin063-1 and Candidatus-Udaeobacter (Figure 4A).
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FIGURE 4. Heat map of bacterial abundances in P. notoginseng rhizospheric soil varying in number of planting years and treated with exogenous phenolic acids (A). Heat map of fungal abundances in P. notoginseng rhizospheric soil varying in number of planting years and treated with exogenous phenolic acids (B). Column normalization was performed for both graphs (A,B). The bacterial sequencing data were compared with SILVA database to obtain bacterial taxa. Fungal sequencing data were compared with UNITE database to obtain fungal taxa. We selected the top 20 species with relative abundance above 0.1% in at least one sample for heat map analysis. CK1 is the natural soil that has not been planted with P. notoginseng, and CK2 is the healthy 3-year-old rhizospheric soil without exogenous phenolic acid addition. The closer the color is to red, the higher the microbial abundance. And the closer the color is to green, the lower the microbial abundance. [* indicates a significant difference from the control group* indicates P < 0.05; ** indicates P < 0.01 (LSD-test)].


Continuous cropping in healthy P. notoginseng caused the abundance of Mortierella, Purpureocillium, and Setophoma increased significantly, while Penicillium decreased significantly. After P. notoginseng was infected, the abundance of Ilyonectria increased significantly. In rhizospheric sick soil of 2-year-old (S-2Y), the abundance of Fusarium increased significantly. In rhizospheric sick soil of 2-year-old (S-3Y), the abundance of Plectosphaerella increased significantly (Figure 5B). Para-HA and VA significant increased the abundance of Ilyonectria. Para-HA and p-CA significantly increased the abundance of Conlarium. SA significantly reduced the abundance of Exophiala and Fusicolla (Figure 4B).
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FIGURE 5. Correlations of phenolic acids with bacteria (A) and fungi (B). The colors in the figure indicate the strength of the correlation. The closer the color is to red, the stronger the positive correlation, while the closer the color is to green, the stronger the negative correlation. * indicates a significant correlation [* indicates P < 0.05; ** indicates P < 0.01; and *** indicates P < 0.001 (Tukey’s test)].





FUNGUILD ANALYSIS OF FUNGI

FUNGuild predicted the pathogenicity of 15 species in the top 20 fungi. The genera Fusarium, Ilyonectria, Cylindrocarpon, and Rhodotorula are predicted to be plant pathogens (Table 3).


TABLE 3. Fungi FUNGuild.
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Analysis of Correlations of Phenolic Acids and Rhizospheric Soil Microorganisms

There was an obvious correlation between phenolic acids and microbial abundance in P. notoginseng rhizospheric soil. An analysis of correlations between phenolic acids and bacteria showed that p-HA was significantly positively correlated with Lelliottia and Flavobacterium. Para-CA was significantly positively correlated with Mycobacterium and Sphingomonas. FA and VA were positively correlated with most bacteria (Figure 5A).

The analysis of correlations between phenolic acids and fungi showed that VA was positively correlated with most fungi, and the other 5 phenolic acids were negatively correlated with most fungi. VA was significantly positively correlated with Codinaea. Para-HA was significantly positively correlated with Fusarium and was significantly negatively correlated with Mortierella and Purpureocillium. Para-HA, BA, FA, and SA were positively correlated with Ilyonectria (Figure 5B).



Degradation of Phenolic Acids by Soil Microorganisms

Six phenolic acids were degraded in total, but the degradation effects of FA and SA were not obvious, so only the degradation curves of p-HA, BA, p-CA, and VA are shown. The degradation of the four phenolic acids by rhizospheric soil microorganisms was clear; degradation was rapid during the first 6 h and tended to slow after 6 h (Figure 6). According to the first-order kinetic equation, the half-lives of p-HA, BA, p-CA, and VA were 2.60, 2.05, 2.28, and 4.41 h, respectively. It follows that the rate of degradation of BA by soil microorganisms was the fastest, and that of VA was the slowest.
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FIGURE 6. Kinetic degradation curve of phenolic acids. The horizontal column represents the degradation time, and the vertical axis represents the phenolic acid content. The black curve is p-HA, the red curve is BA, the blue curve is p-CA, and the green curve is VA.




Analysis of Correlations of Soil Environmental Factors and Bacterial/Fungal Communities

According to the results of detrended correspondence analysis (DCA), the response of the bacterial community to soil environmental factors was unimodal, while the response of the fungal community was linear. Bacterial communities were examined by canonical correspondence analysis (CCA), and fungal communities were studied by redundancy analysis (RDA). The top 20 dominant species, whose genus names shown in the heat map Figure 4, were selected for the mapping analysis. The blue dots represent these micro flora. AK, TN, HN, and OM exhibited the greatest influence on the bacterial and fungal community (Figures 7A,B). The projection of species on the arrow indicates a positive correlation between abundance of species and environmental factors, while the projection on the backward extension of the arrow indicates a negative correlation. Therefore, TP and AP were positively correlated with the most bacteria. The correlation between soil environmental factors and most fungi was not obvious. In conclusion, AK, TN, HN, and OM exert the greatest influence on rhizospheric soil microorganisms.
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FIGURE 7. Canonical correspondence analysis of the bacterial community with soil environmental factors (A) and redundancy analysis of soil environmental factors with the fungal community (B). OM is organic matter, TN is total nitrogen, TP is total phosphorus, TK is total potassium, HN is hydrolysable nitrogen, AP is available phosphorus, and AK is available potassium. The top 20 dominant species, whose genus names shown in the heat map Figure 4, were selected for the mapping analysis. The blue dots represent these micro flora.





DISCUSSION


Soil Physical and Chemical Properties Are Related to Microbial Community Structure

The massive use of mineral fertilizers, especially under intensive cultivation systems, appears to exacerbate declines in soil quality by inducing acidification and salinization (Cesarano et al., 2017). Although the degradation of soil quality does not directly cause soil disease in plants, the composition and abundance of soil microorganisms are controlled by soil properties (Paterson et al., 2007). The effects of AK, OM, TN, and HN on the bacterial community were the greatest. Studies have shown that total nitrogen and organic matter had significant effects on bacterial community (Li C. et al., 2020) and the excessive application of nitrogen potash will cause soil salt accumulation and decrease the C/N ratio, resulting in changes to the plant rhizospheric soil bacterial community (He et al., 2017). Also AK, OM, TN, and HN showed the greatest effects on the fungal community. Previous studies showed that the most important factors affecting soil fungal community were organic carbon, available nitrogen, total nitrogen, and C/N ratio (Zhao et al., 2021). This conclusion is similar to the result of this study. Soil microorganisms can sense changes in soil properties caused by nitrogen fertilizer and respond in different ways (Zhao et al., 2014). Nitrogen fertilizer application has been found to reduce the abundances of microorganisms in the rhizospheric soil of plants and reduced the diversity and richness of the community (Shen et al., 2021). In conclusion, soil physical and chemical properties play an important role in the assembly of microbial communities (Tayyab et al., 2019).



Phenolic Acids Associated With Soil Sickness

There are many factors affecting continuous cropping obstacles, such as the accumulation of soil-borne pathogens and parasites, changes in soil microbial community composition, and root exudates (Cesarano et al., 2017). Allelopathic autotoxic substances in the root exudates of P. notoginseng can affect plants by destroying the plant cell structure, affecting plant photosynthesis, and promoting the occurrence of continuous cropping soil sickness (Zhang et al., 2018). In particular, phenolic acids secreted by plant roots can inhibit the germination of seeds and reduce the immunity and stress resistance of plants (Feng et al., 2020). Phenolic acid autotoxins can affect plant growth by inhibiting photosynthesis. The literature indicates that ferulic acid can reduce the chlorophyll content in P. notoginseng seedlings, reduce the photosynthetic rate and inhibit plant growth (Shen et al., 2016). The FA concentration increased with increasing number of P. notoginseng planting years, and reached a maximum value for S-2Y. Para-HA and SA acid contents were highest for S-2Y. Among the collected samples, the S-2Y rhizospheric soil sickness was the most serious. Therefore, FA, p-HA, and SA may be related to soil sickness in P. notoginseng.



Effects of Panax notoginseng Continuous Cropping on Soil Microorganisms

Long-term continuous cropping changes the soil microbial diversity (Sun et al., 2014; Zhao et al., 2014). P. notoginseng continuous cropping increased bacterial Chao1 index and Shannon index and decreased fungal Shannon index. After P. notoginseng disease, bacterial Shannon index reduced and fungal Chao1 index increased. Beta-diversity analysis also showed that continuous cropping significantly changed the microbial community structure. In addition, the specificity of the microbial community was also changed by continuous cropping and was decreased after disease. Abundances of some microbial taxa associated with P. notoginseng also changed after continuous cropping. The results showed that continuous P. notoginseng cropping changed the soil microbial community and resulted in continuous cropping soil sickness. A large number of studies have shown that continuous cropping leads to the accumulation of organic and phenolic acids and affects the microbial community structure in rhizospheric soil (Blagodatskaya and Kuzyakov, 2013).



Effects of Phenolic Acids on Soil Microorganisms

The number and species of rhizospheric soil microorganisms are important factors affecting plant growth, development and health (Berendsen et al., 2012; Yang et al., 2017). Phenolic acids exert direct effects on crops but can also indirectly affect microbial biomass, community structure and biodiversity (Qu and Wang, 2008; Zhou and Wu, 2012). Phenolic acids reduce the uniformity of fungi, which is beneficial to the enrichment of some fungi, but this is not beneficial for plants. Because most plant diseases are caused by fungi, the accumulation of rhizospheric fungi may exacerbate continuous cropping soil sickness (Zhang et al., 2020). Beta-diversity analysis showed that phenolic acids could significantly change bacterial community structure. VA in significantly reduced the bacterial Shannon index. Exogenous p-HA, FA, SA, and VA significantly increased the fungal Chao1 index and p-HA showed the most significant effect. There is growing evidence that plants can alter the soil microbiota by secreting bioactive molecules into the rhizosphere and that the microbiome can also be modified by root exudates to form host-specific microbial communities (Luo et al., 2020). VA affected bacterial specificity, and p-HA affected fungal specificity. Thus, VA and p-HA affect both microbial diversity and microbial specificity, and it is a matter of time until a specific community that is dependent on these two phenolic acids will form. Phenolic acids can change the soil microbial community structure and cause negative feedback between plants and microorganisms, which can cause toxic effects on host plants and aggravate continuous cropping obstacles. Phenolic acids can change soil microbial community structure and cause soil microbial imbalance, resulting in toxic effects on host plants, thus inducing continuous cropping soil sickness (Zhou et al., 2018; Jin et al., 2020).

The phenolic acids in P. notoginseng rhizospheric soil are clearly correlated with microbial community distribution (Yang et al., 2020). VA is positively correlated with most fungi and bacteria, indicating that VA can promote the growth of rhizospheric microbes (Wu et al., 2016). Para-HA was positively correlated with an increase in bacteria (Lelliottia and Flavobacterium) after P. notoginseng disease. This result indicates that p-HA was able to promote the growth of these two bacteria. The main sign of continuous cropping soil sickness in P. notoginseng is root rot, which is caused by fungi such as Fusarium and Cylindrocarpon destructans (Guo et al., 2009; Wen et al., 2020). FUNGuild also predicted that Ilyonectria was a plant pathogen. Para-HA was positively correlated with Fusarium and Ilyonectria. In conclusion, p-HA and VA are the main autotoxic phenolic acids in P. notoginseng continuous cropping.



Soil Microorganisms Degrade Phenolic Acids

Previous studies have found that the rhizospheric environment and root exudates of plants interact with each other. On the one hand, changes in the rhizosphere affect the types and quantities of exudates; on the other hand, rhizosphere exudates also cause changes in the rhizosphere (Zhang et al., 2007). The half-life periods of p-HA, BA and p-CA were all less than 3 h, while the half-life of VA was less than 4.5 h. Thus, soil microorganisms can degrade phenolic acids rapidly. It is inferred that if the microbial community of P. notoginseng roots changes, the phenolic acid content of the P. notoginseng rhizospheric soil will increase or decrease accordingly.



Suggestions for Solving Panax notoginseng Continuous Cropping Soil Sickness

Continuous cropping soil sickness in P. notoginseng urgently needs to be solved. Rhizospheric microecology involves a special interaction between crop-soil microorganisms and the environment. Crop root exudates and soil microorganisms interact in the soil, which jointly affects the growth and development of crops. Coordinating the relationships among these factors is the key to solving the problems associated with continuous cropping (Fu and Jia, 2012). This study creatively combined field investigation with laboratory experiments to determine the main phenolic acid autotoxins (p-HA and VA). Exogenously supplied phenolic acids were able to affect the diversity and abundance of soil microbes. There were strong correlations between phenolic acids and rhizospheric soil microorganisms. Soil microorganisms can also degrade phenolic acids quickly. It is a dynamic equilibrium. Therefore, maintaining a balance between phenolic acids and soil microorganisms can alleviate continuous cropping obstacles. Crop rotation and fallowing can also be used to balance the interaction between soil autotoxic substances and microorganisms before cultivation. Fallowing and crop rotation could maintain the dynamic balance between phenolic acids and soil microorganisms. Soil diseases can also be alleviated by adding beneficial microorganisms that can degrade phenolic acids to the soil.
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Continuous cropping obstacles have increasingly become an important phenomenon affecting crop yield and quality. Its harm includes the deterioration of soil basic physical and chemical properties, changes of soil microbial community structure, accumulation of autotoxins, weakness of plant growth, and aggravation of diseases and pests. In this review, the evolutionary trend of soil microbial structure driven by continuous cropping was generalized, while drivers of these changes summed up as destruction of soil microbial living environment and competition within the community. We introduced a microorganism proliferation and working model with three basics and a vector, and four corresponding effective measures to reshape the structure were comprehensively expounded. According to the model, we also put forward three optimization strategies of the existing measures. In which, synthetic microbiology provides a new solution for improving soil community structure. Meanwhile, to ensure the survival and reproduction of soil microorganisms, it is necessary to consider their living space and carbon sources in soil fully. This review provided a comprehensive perspective for understanding the evolutionary trend of the soil microbial community under continuous cropping conditions and a summary of reshaping measures and their optimization direction.

Keywords: soil ecosystem, continuous cropping obstacles, microbial community structure, management measures, evolutions


INTRODUCTION

Although China has more than 5.28 million square kilometers of agricultural land, its population has already reached 1.41 billion, needing more safe food. Therefore, scientists and farmers are seeking safety, quality, and high yields while exploiting the land’s capacity to produce more food (Wang et al., 2018a). However, limited by various geographical factors, farmers seldom adopt a rotation system, but rather more continuous planting. Finally, continuous cropping obstacles have formed, bringing about various ecological and environmental problems.

Continuous cropping obstacles refer to the phenomenon that the same crop or its related species are continuously planted on the same plot, and even under normal management conditions, the yield and quality of products are still reduced, and the diseases and insect pests become serious (Yan et al., 2012; Xi et al., 2019; Chen et al., 2020; Wang et al., 2020c). Continuous cropping obstacles are also known as “avoid land,” “replanting disease,” “hate land problem,” and “repeat crop”(Zhou and Wu, 2012; Wang et al., 2015). Continuous cropping can lead to the decrease of soil available nutrients contents (Li et al., 2019), the imbalance of nutrient elements proportion (Yu et al., 2017), the decline of soil enzyme activity, the deterioration of physical and chemical properties (Du et al., 2017), the changes of microbial population, and the aggravation of diseases and pests (Zhang et al., 2017; Zeng et al., 2020; Figure 1). The decline of crop yield and quality is the final result and manifestation of the above hazards and also indicates the decrease of farmers’ income (Zhang, 2015; Chen et al., 2018c), which makes the alleviation or removal of continuous cropping obstacles become a major problem in the process of planting, and also a most challenging problem to solve.

[image: Figure 1]

FIGURE 1. Interactions between the soil microbial community and the manifestation of continuous cropping obstacles. Continuous cropping results in deterioration of soil physical and chemical properties, which further affects the survival, proliferation, and working of soil microorganisms, and destroys soil microbial community structure. When it comes to plants, it is the abnormal growth state, the aggravation of diseases and insect pests, and the weakened and preferred absorption of nutrients. At the same time, the autotoxins secreted by plants affect the soil microorganisms in turn.


Microorganisms are another kind of material and energy carrier besides plants and animals in the soil (Maier et al., 2018; Macik et al., 2020). Their existence can efficiently transform all kinds of energy (Victoria et al., 2013; Venkatesh and Pradeep, 2016) and effectively impact the soil structure and quality (Jangir et al., 2019; De Corato, 2020). Microorganisms also play an important role in crop growth and health (Schippers et al., 1987; Judith and Donald, 2020) and become an essential indicator to measure soil health (Syrie et al., 2017; Johannes et al., 2020). Long-term continuous cropping of the same plant or the same family plants causes changes in the quantity, diversity, and richness of soil microorganisms (Li and Liu, 2019; Liu et al., 2020a,c), and the occurrence of continuous cropping obstacles is closely related to the imbalance of soil microbial community structure (Zhang et al., 2019; Liu et al., 2021b).

In this review, the evolutionary trend of soil microbial community structure driven by continuous cropping and drivers of the evolution were generalized. Meanwhile, we raise a microorganism proliferation and working model and management measures to overcome the continuous cropping obstacles. Finally, improvements to existing measures were also proposed. We hope this review provides a comprehensive landscape for comprehending the soil microbial community under continuous cropping conditions and supports the final mitigation of continuous cropping obstacles.



EVOLUTIONS OF THE ASSEMBLY OF SOIL MICROBIAL COMMUNITY DROVE BY CONTINUOUS CROPPING

Soil microbial community structure affects plant health and can also be used as an indicator of soil health (Zhou and Wu, 2012; Dong et al., 2016). High-throughput sequencing analysis showed that long-term continuous cropping could reduce soil bacterial biomass and increase fungal biomass (Dong et al., 2016; Liu et al., 2016, 2020a), while longer-term continuous cropping could increase the bacterial diversity to suppress soil-borne diseases by forming bacteriostatic soil (Shen et al., 2018; Zhang et al., 2020). Studies have shown that the higher the ratio of bacterial to fungal in soil, the better condition of the soil ecosystem, the more stable the structure of bacteria, and the stronger the resistance of soil to disease (Liu et al., 2015a,b). After continuous cropping, the dominant microorganism in soil changed from bacteria to fungi, while the number and diversity of fungi was negatively correlated with the soil health status (Han et al., 2010). Among the proliferative fungi in the soil, some fungi can directly kill plant cells or produce metabolic toxins (Zhu et al., 2014; Manici et al., 2017). These fungi also directly affect the health of the whole plant by destroying root growth and physiological activities (Yim et al., 2013; Emmett et al., 2014). Continuous cropping of common buckwheat significantly increased the number of rhizosphere fungi, decreased soil nutrient content, enzyme activity, feedback for agronomic traits, and root index decreased significantly (Wang et al., 2020c). After planting apple seedlings in continuous cropping fields, the root system showed necrosis of epidermal cells, root tip rot, lateral root development retarded, and functional root hairs decreased due to the action of fungi in soil (Mazzola and Manici, 2012; Yim et al., 2013; Emmett et al., 2014; Weiβ et al., 2017).

With the increase in continuous cropping years, the diversity and richness of the rhizosphere microbial community changed greatly, the number of functional strains (Wang et al., 2018b), such as aerobic bacteria and nitrogen-fixing bacteria, decreased significantly, and the diversity index of soil fungi and bacteria declined, which destroy the balance of original soil microbial community structure and effected plant growth (Larkin, 2008; Mikkel et al., 2015). Some bacteria, which belong to plant growth promoting rhizobacteria (PGPR), can secrete antibiotics to inhibit pathogenic microorganisms. Still, continuous cropping reduces bacteria-secreted antibiotics (Zhang et al., 2020) and the inhibition of pathogenic bacteria (Tan et al., 2017) and then causes an increase in plant diseases incidence. Meanwhile, the secondary metabolites secreted by harmful microorganisms recruit microorganisms that are beneficial to themselves, further damaging the soil microecology, evolving in a direction conducive to the survival of those, and aggravating the obstacles of continuous cropping (Chen et al., 2018a; Pascale et al., 2019; Bakker et al., 2020).



DRIVERS OF CHANGES IN SOIL MICROBIAL COMMUNITY STRUCTURE UNDER CONTINUOUS CROPPING

The ability of soil microorganisms to survive, proliferate, and work in an environment requires certain specific foundations. To sum up, there are three basics and one vector. We constructed them into a microorganism proliferation and working model (Figure 2). The first basic is carbon sources, the essential nutrient for microbial life activities. The second is the living environment, including living space and living conditions. The last one is other nutritional and functional substances, which are other substances necessary for the survival and working of microorganisms. These three basics exist in a common vector, the soil. The deterioration of any one of the three basics will lead to the retardation of proliferation or working of microorganisms. According to this model, we analyzed the drivers of microbial evolution trends under continuous cropping.

[image: Figure 2]

FIGURE 2. Three basics and a vector for proliferating and working of soil microorganisms.



Changes in Soil Physical and Chemical Properties Rebuild the Living Environment of Microorganisms

The changes of soil physical and chemical properties directly or indirectly lead to the formation of continuous cropping obstacles and rebuild the living environment of microorganisms. Studies have shown that continuous cropping and excessive use of chemical fertilizers and pesticides lead to a decline in soil pH (Serpil, 2012; Hvězdová et al., 2018), which accelerates the colonization of pathogenic microorganisms and aggravates plant diseases (Joseph et al., 2018). At the same time, the absorption of nutrient elements by single crops is biased, resulting in the imbalance of soil nutrients, which accelerates the evolution of microbial communities (Pan et al., 2014; Wang et al., 2017). Excessive use of chemical fertilizers and pesticides also leads to salinization and hardening (Liu et al., 2015b; Shen et al., 2016), which will further increase soil osmotic potential, decrease buffer capacity, reduce aggregate structure, and decline the water holding capacity and permeability (Serpil, 2012; Hvězdová et al., 2018). Meanwhile, soil catalase and other harmful enzymes accumulated with the increase of continuous cropping years, further destroying the living conditions of soil microorganisms (He et al., 2008; Huang et al., 2012). These changes will eventually lead to variations in the living environment of microorganisms, and some particular microorganisms will be recruited or selected to adapt to the new rigorous environment and gradually change the soil microbial community.



Autotoxins Lead to a Decrease in Probiotics

Although plant root exudates varied in types and functions, autotoxins are another factor leading to the change of soil microbial structure in continuous cropping obstacles. Many plants can release some substances through aboveground volatilization, leaf leaching, eluviation, root secreting, and plant stubble decaying, which can inhibit the growth of this season crop or the next season crop of the same species or the same family of plants (Rial et al., 2014; Hisashi et al., 2017). This phenomenon is called autotoxicity or allelopathy inhibition (Friedman, 2017). These released substances are mainly secondary metabolites, known as autotoxins, primarily phenolic acids (Zhang et al., 2007; Rial et al., 2014). The autotoxins in tobacco that have been detected and verified included benzoic acid, p-hydroxybenzoic acid, vanillic acid, vanillina, etc., among which benzoic acid has the most significant allelopathy effect (Wu, 2010). With the addition of continuous planting years, the accumulation volume of autotoxins increases with soil acidification (Wang et al., 2008; Wu et al., 2015). The inhibition effect on probiotics, related to element circulation and soil texture improvement, becomes more and more intense (Kumar et al., 2017; Furtak and Gajda, 2018). At the same time, the accumulation of autotoxins provides carbon sources for pathogenic microorganisms, and the growth-promoting effects on pathogens begin to appear (Zhao et al., 2015; Chen et al., 2018b; Jia et al., 2018). Finally, pathogens occupy more favorable ecological niches, disrupting the balance of small underground ecosystems.



Competition Between Pathogenic Microorganisms and Probiotics

The competition between pathogenic microorganisms and probiotics is another reason for the change of soil microbial community structure (Griffin et al., 2004; Stéphane et al., 2013). Specifically, it is the competition between them for living space and resources (Amin et al., 2020; Gu et al., 2020). Under the ground, space and resources are common to both. The one that can reproduce quickly will take up more space and resources and occupy a reasonable ecological niche, especially for scarce resources, such as siderophores (Gu et al., 2020). Accordingly, when the quantity of probiotics is artificially added to counter pathogens, the living environment should be improved at the same time, and the reproduction of probiotics will be accelerated (Jin, 2010). However, there are still some factors in the soil that affect their competition, such as predators and plants. Predation behaviors reduce the survival of one of them, and the competition between them becomes more fierce (Rasit et al., 2021). To ensure the balance between them, plants recruit probiotics and fight against pathogens by secreting their products, intensifying their competition and even breaking the balance (Sassone-Corsi and Raffatellu, 2015; Liu et al., 2021a). With the increase of continuous cropping years, all kinds of resources and space in the soil are gradually occupied by pathogens, probiotics lose their ecological niche, and crop growth status becomes worse and worse (Pervaiz et al., 2020). However, if farmers continue to choose continuous cropping, likely, probiotics will gradually accumulate due to the recruitment of plants, and the living space and resources of pathogens will be squeezed continuously, eventually forming bacteriostatic soil.




IMPROVEMENT MEASURES OF SOIL MICROBIAL COMMUNITY STRUCTURE UNDER CONTINUOUS CROPPING

In recent years, the mitigation of continuous cropping obstacles has become a hot issue to be solved urgently in production (Liu et al., 2020a,c; Zeng et al., 2020; Ding et al., 2021). One of these methods that can mitigate continuous cropping obstacles is improving or recombining microbial community structure underground (Larkin, 2008; Han et al., 2010; Liu et al., 2015a, 2021a; Chen et al., 2018c; Zhang et al., 2020). Special cultivation control measures can solve some problems of soil community structure caused by continuous cropping, but most of them have no feasible reduction techniques. At present, there are several ways or measures to improve the microbial community structure of continuous cropping soil (Figure 3).
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FIGURE 3. Improvement measures of soil microbial community structure under continuous cropping. The solid line indicates the measures currently used in agricultural production, and the dotted line indicates the measure that will be involved in the mitigation of continuous cropping obstacles in the future.



Changing the Current Cropping System

The soil ecological damage caused by planting the same or the same family of plants for many years could be changed by altering the existing planting system to carry out reasonable rotation cropping or intercropping, and the change of planting system can alter the structure of microflora (Larkin, 2008; Du et al., 2017; Gao et al., 2017; Zeng et al., 2020). Changes or increases in crop species lead to changes in root secretions in soil (Galazka et al., 2017; Li et al., 2020). Thus, microorganisms that use the new secretions as a carbon source are increased or recruited, rebuilding the microbial community. Three kinds of crops, sweet potato, peanut, and wheat, were cropped rotationally, and the results showed that the number of culturable bacteria in sweet potato, peanut rotation cropping field was increased compared with that in continuous cropping soil, the quantities of fungi and actinomycetes were decreased, and the contents of nutrient elements in the soil were changed (Fan, 2019). At the same time, the quantities of culturable bacteria and fungi in the wheat field showed an increased tendency, but a decreased trend of actinomycetes. However, the sweet potato–tobacco intercropping increased the dominant microflora at the phylum level and changed the microflora structure. The soil microecological system in the root zone became more and more benign. The intercropping between peanut and tobacco can also optimize the soil microecological structure in the peanut continuous cropping field (Gao et al., 2019). It is worth noting that regardless of whether crop rotation or intercropping cropping patterns are used, the choice of crops is critical, especially not to choose crops with co-morbidities (Chongtham et al., 2017; Ouda et al., 2018). To sum up, selecting suitable crops for rotation cropping or intercropping is very important for mitigating soil community structure and improving plant growth and yield quality.



Scientific and Rational Fertilization

Scientific and reasonable fertilization strategy is the necessary measure to maintain the balance of soil nutrient elements and the living space of microorganisms, because continuous cropping amplifies the preference of the assimilation of elements, changes the physical and chemical properties of the soil, and destroys the living space and nutrients of soil microorganisms (Serpil, 2012; Liu et al., 2015a; Chen et al., 2018c; Li et al., 2019; Macik et al., 2020). A rational choice of fertilization strategy based on soil conditions is the only option to stabilize soil physicochemical properties and maintain soil microbial nutrients (Zhao et al., 2014). But in production, farmers generally only pay attention to the application of fertilizers rich in macroelements, such as nitrogen, phosphorus and potassium fertilizer, ignoring the trace elements fertilizer and organic fertilizer (Michalojc and Buczkowska, 2009; Shen et al., 2016; Kicinska and Wikar, 2021). This disrupts the buffering capacity and ionic balance of the soil, lowers the pH value, reduces the effectiveness of certain nutrients, and leads to the lack of essential plant nutrients, such as Ca, Mg, B, Mo (Zhenli et al., 2005; Amir et al., 2019; Macik et al., 2020). Ultimately, a variety of physiological and soil-borne diseases to crop plants happened. The reasonable addition of microelement fertilizers to the soil can alleviate nutrient deficiencies caused by preferential absorption of crops, help maintain stable soil physical and chemical properties and microbial communities, and enhance plant health and immune resistance.

Farmers also can use the competitive relationship between probiotics and pathogens, through the application of bacterial fertilizer, to increase the quantity of probiotics, but have better to create an appropriate living environment for the survival of probiotics at the same time, to promote their rapid reproduction (Zhang et al., 2012; Liu et al., 2015a; Chen et al., 2018c; Li et al., 2019; Sadikshya et al., 2020). The combined application of organic fertilizer, microbial fertilizer, and chemical fertilizer can not only increase the contents of various nutrient elements and soil organic matter and improve the physical and chemical properties of soil to a certain extent, but also optimize the soil microbial population and structure, and increase the biomass of probiotics in soil (Miransari, 2013; Dubey et al., 2020, 2021). At the same time, combined application of fertilizers can balance the chemical composition of plants, increase the total content of inclusions and improve the quality of harvests (Dubey et al., 2019, 2020). In conclusion, the compound application of all kinds of fertilizer has obvious effects on alleviating continuous cropping obstacles. In addition, specific plans for the application ratio of organic fertilizer, microbial fertilizer, and chemical fertilizer should be made according to local soil characteristics.



Adsorption and Degradation of Autotoxins

Reasonable planting system and fertilizer collocation are the first choice to degrade autotoxins, which is simple and labor-saving. And reducing the content of autotoxins in the root zone is another method to improve microbial community structure (Zhang et al., 2016; He et al., 2021). Physical adsorption and biodegradation can also be used to reduce autotoxicity and improve soil microbial community structure (Mao et al., 2010; Wu et al., 2015; Xie and Dai, 2015; Xia et al., 2019). The quickest way to overcome the deterioration of the microbial community caused by the accumulation of autotoxins is by using adsorbents to remove autotoxins from the root zone (Asao et al., 2004; Palansooriya et al., 2020). Biochar has been primarily used in agriculture in recent years, which is a solid product produced by pyrolysis of organic biomass at high temperatures in an anoxic environment (Elmer and Pignatello, 2011; Xia et al., 2019; Sadikshya et al., 2020). Because of its large porosity and specific surface area, biochar can provide space for microorganisms to survive and proliferate while adsorbing harmful substances in the soil, so it is widely used for soil improvement (Fang et al., 2020; Wang et al., 2020a). The application of biochar reduced the content of autotoxins in the field, weakened the effects of autotoxins on plants’ growth, and increased the biomass, growth rate, and sporulation of probiotics (Wang et al., 2020b; Ma et al., 2021).

The degradation of autotoxins depends mainly on soil microorganisms, also known as autotoxins biodegradation (Mao et al., 2010; Xie and Dai, 2015; Wang et al., 2021). The bacteria isolated from soil had a certain ability to decompose the autotoxins secreted by plant roots, especially when fed back to the soil from which the bacteria isolated (Shen et al., 2020; Wang et al., 2021). Therefore, using beneficial microorganisms can also solve or alleviate autotoxicity. Meanwhile, exogenous microbial inoculation can also promote the breeding of many beneficial microbial communities in the rhizosphere of crops, inhibit the growth of harmful microorganisms and reduce the accumulation of pathogenic bacteria (Xie et al., 2020). However, biological control also has problems, such as high cost and unclear impact on the other organism.



Controlling the Biomass of Pathogens

The controls of pathogenic microorganisms in continuous cropping soil are the most direct improvement method for soil microorganisms. In recent years, chemical control and biological control have mainly been used in production (Liu et al., 2018; Goring, 2019; Dilzahan et al., 2020; Bindumadhavi and Gopi, 2021). The pathogens that cause continuous cropping diseases are mainly hidden in soil or crop residues over the winter. Thus, it can be reduced by fumigation treatment with chemical agents (Bindumadhavi and Gopi, 2021). Taking soil-borne diseases controls in the tobacco field as an example, researchers found that under the condition of inoculation and common field, the control effect of chloropicrin fumigation on the black shin and root knot nematode disease reached 68.00% ~ 84.29, 80.66% ~ 92.49, 75.16% ~ 88.15, and 53.60% ~ 65.70%, respectively (Wang et al., 2010). Three extracts from medicinal crops were used to control the tobacco black shank, and the results showed whether used alone or in combination, the antifungal effect was obvious (He et al., 2017). In actual production, because of the broad-spectrum of chemical controls, the controls of soil-borne diseases are more in favor of biological control. Biological controls can reduce the number of pathogenic organisms through probiotics (Liu et al., 2018) or promote soil microorganisms gathering around plant roots to form a sticky layer, which effectively prevents the spread of pathogens later, and reduces the invasion of those to plant roots (Ren et al., 2015; Wu et al., 2019). Many types of bacteria are used for biological control, such as Bacillus sp. and Pseudomonas sp. for tobacco cultivation (Ma et al., 2017). For example, three strains of endophytic bacteria 001, 009 and 011, isolated from tobacco stems, had a good control effect on tobacco bacterial wilt. Among them, strain 001 was Bacillus subtilis, and strain 009 and strain 011 were Bacillus brevis. The average control effect of the three strains on tobacco bacterial wilt was 82.5, 100 and 84.5%, respectively (Yin et al., 2004). A new organic fertilizer with Pseudomonas aeruginosa NXHG29 could more effectively decrease the disease incidence of tobacco bacterial wilt and tobacco black shank (Ma et al., 2018). Biocontrol bacteria XE01 and X23 could reduce the incidence and severity of tobacco bacterial wilt (Zhou et al., 2016), and endophytic bacteria LSN02 and LLGJ04 were used to control soil-borne diseases of tobacco with results showed that root irrigation by endophytic bacteria was effective and had a significant effect on the control of black shack (Liu et al., 2019). Arbuscular mycorrhizal fungi (AMF) are also widely used probiotics. After applying Panax quinquefolius in a continuous cropping field, soil microbial community structure was improved, with functional strains increased and pathogenic microorganisms decreased (Liu et al., 2020b). The plate confrontation test showed that AMF could inhibit the growth of Verticillium dahliae and improve the resistance to Verticillium Wilt in cotton fields (Zhang et al., 2018).




PROSPECTS FOR THE RECONSTITUTION OF SOIL MICROBIAL STRUCTURE

The healthy growth of crops is inseparable from a healthy soil ecology. In which, the healthy soil microbial community structure is fundamental. The structure should generally be a bacteria-dominated community without microorganisms harmful to crop growth. Reasonable microbial population, high diversity and stable structure are also essential. Besides, sufficient and various nutrition, adequate living space and suitable living conditions are the premise of a stable community structure. The above measures are the targeted measures to reshape the soil microbial community structure commonly used in agricultural production at present.

However, the basis for the effectiveness of microorganisms is their ability to survive and proliferate in the soil, which requires carbon sources, living space and conditions, and other nutrients and functional substances (Figure 2). To fundamentally solve this problem, it is necessary to use more in-depth means or measures, such as synthetic microbiology, to reshape soil microbial community structure (Du et al., 2020). Researchers have changed from using a single microbe for restoration to using a complex microbiome for reconstruction, which is the source of the formation of synthetic microbiology. With sequencing technology development, more and more high-throughput synthetic microbial communities will be applied to the functional study of soil microbial community structure. Results showed that a simplified synthetic community composed of three high-abundance bacteria and one low-abundance bacteria could control the root rot of Astragalus mongolicus (Li et al., 2021). It is inferred that synthetic microbial communities based on major components, functions, and phylogenetic relationships will be generated soon to improve the microbial community structure under continuous cropping obstacles (Du et al., 2021).

The existence of organisms cannot be separated from a reasonable and comfortable living space, so are the microorganisms in the soil. Appropriate living space is needed for both the probiotics in continuous cropping soil and the probiotics added artificially. Most common microbial fertilizers in the market do not fully consider the amount of biomass of active microorganisms after the application, leading to a large amount of bacterial fertilizer used for each season, but the effect is down to expectations. To ensure the survival of exogenous probiotics, their living space must be fully considered. In the present application research, biochar provides reasonable space for probiotics to live, which is determined by the diversity of biochar space structure and the structural properties of the existence of voids. Subsequent production of biological fertilizer can use a combination of biochar and probiotics to increase the survival medium of microorganisms (Elmer and Pignatello, 2011; Fang et al., 2020; Sadikshya et al., 2020; Wang et al., 2020a,b; Ma et al., 2021).

The survival of microorganisms also requires carbon sources. In the reshaping process of soil microbial community structure, adding carbon sources available to probiotics but unavailable to pathogens is an effective measure to control the direction of reshaping. Although continuous cropping recruited probiotics to resist pathogens, the use of specific carbon sources helped speed up the process of reshaping and control the reshaping direction (Yang et al., 2019; Du et al., 2021). In the production and application of agricultural microbial preparations, carbon sources should be added according to the metabolic characteristics of probiotics to improve the effectiveness of the preparations.



CONCLUDING REMARKS

Continuous cropping leads to a change in soil from bacterial type to fungal and reduces the probiotics biomass in soil. The drivers of these changes are the deterioration of soil physicochemical properties, the accumulation of autotoxins, the reduction of beneficial bacteria, and the multiplication of pathogens, further leading to the destruction of the microbial living environment and the increase of competition within the community. Nevertheless, more rigorous experiments should be designed to verify the specific reasons for the changes in soil microbial community structure induced by continuous cropping. We also put forward a microorganism proliferation and working model with soil as a vector. In view of the above drivers and the model, methods adopted in the production include changing the planting system, scientific and rational fertilization, adsorption and degradation of autotoxins, controls of pathogens colonization, and increases in probiotic biomass. Recently, scientists have begun to use complex microbial products, especially synthetic microbiology products, or in combination with other measures, to increase probiotics’ survival, improve soil community structure and relieve continuous cropping obstacles. This is also a direction of application in the future for a period of time. In conclusion, the mitigation measures for the deterioration of microbial community structure driven by continuous cropping can be concluded as the timely reconstruction of soil microbial community structure after continuous cropping, while maintaining the living space and conditions suitable.
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One of the major mechanisms underlying plant growth-promoting rhizobacteria (PGPR) is the lowering of ethylene level in plants by deamination of 1-aminocyclopropane-1-carboxylic acid (ACC) in the environment. In the present study, using ACC as the sole nitrogen source, we screened seven ACC deaminase-producing bacterial strains from rhizosphere soils of tea plants. The strain with the highest ACC deaminase activity was identified as Serratia marcescens strain JW-CZ2. Inoculation of this strain significantly increased shoot height and stem diameter of tea seedlings, displaying significant promotive effects. Besides, S. marcescens strain JW-CZ2 displayed high ACC deaminase activities in wide ranges of ACC concentration, pH, and temperature, suggesting the applicable potential of JW-CZ2 as a biofertilizer. Genome sequencing indicated that clusters of orthologous groups of proteins (COG) annotation and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways of JW-CZ2 mainly included amino acid transport and metabolism, transcription, carbohydrate transport and metabolism, inorganic ion transport and metabolism, and membrane transport. Moreover, genes in relation to phosphate solubilization, indole acetic acid (IAA) production, and siderophore were observed in the genome of JW-CZ2, and further experimental evidence demonstrated JW-CZ2 could promote solubilization of inorganic phosphate, inhibit growth of pathogenic fungi, and produce IAA and siderophore. These aspects might be major reasons underlying the plant growth-promoting function of JW-CZ2. Overall, this study provides a new S. marcescens strain, which has applicable potential as a promising biofertilizer.

Keywords: plant growth promoting rhizobacteria, tea plant, ACC deaminase, genome sequencing, Serratia marcescens


INTRODUCTION

The tea plant (Camellia sinensis L. O. Kuntze) is an evergreen perennial shrub and is broadly cultivated in the tropical and subtropical regions across the world (Wang et al., 2016). The young leaves of the tea plant are processed to prepare tea for drinking. China is the source of indigenous tea plants and the birthplace of cultivated tea plantation (Liu et al., 2019). However, the productivity of tea is decreasing in recent years. The underlying reasons include nutrient deficiency and abiotic stresses. The annual plucking of new shoots easily induces nutrient deficiency of soils (Upadhyaya and Panda, 2013). To supplement this, more chemical fertilizers are applied, which causes nutrient imbalance and soil pollution and finally negatively affects tea plantations. Thus, alternative environmentally friendly fertilizer or technology is required.

In the rhizosphere of plants, a broad spectrum of bacteria reveal promotive effects on plant growth, yield, and resistance to environmental stresses, which are named plant growth-promoting rhizobacteria (PGPR) (Numan et al., 2018). As reported, PGPR could promote plant growth and increase the tolerance to stresses in plants. In addition, the application of PGPR generally does not cause environmental pollution, contributing significantly to sustainable agriculture (Figueiredo et al., 2016; Ramakrishna et al., 2019). Thus, PGPR are more environmental friendly and an ideal alternative to replace chemical fertilizers.

Various mechanisms underlying the promotion of PGPR for plant growth have been reported, depending on the species of the plant and the bacterium, including enhancement of nitrogen fixation (James and Baldani, 2012), phosphate solubilization (Calvo et al., 2017), induction of siderophore (Ramakrishna et al., 2019), production of indole acetic acid (IAA) (Pérez-Flores et al., 2017), competitive exclusion of pathogens (Ahemad and Kibret, 2014), stimulation of mycorrhizae development, and removal of phytotoxic substances (Bashan and de-Bashan, 2010). More specifically, ethylene is a ubiquitous plant hormone and plays multiple roles in the regulation of plant growth and development. Under adverse environment, the production of ethylene was stimulated to increase plant resistance but restrain the growth and the final biomass of plants (Tiwari et al., 2018). Some PGPR revealed a high activity of 1-aminocyclopropane-1-carboxylic acid (ACC) deaminase, which can hydrolyze ACC to α-ketobutyrate (α-KB) and ammonia and then further utilize them as a carbon and nitrogen source (Penrose and Glick, 2003; Tiwari et al., 2018; Gupta and Pandey, 2019; Nascimento et al., 2019). This kind of PGPR is called ACC deaminase-producing bacterium (ADB), which has been reported in Agrobacterium, Arthrobacter, Azotobacter, Azospirillum, Bacillus, Burkholderia, Caulobacter, Chromobacterium, Erwinia, Flavobacterium, Micrococcous, Pseudomonas, and Serratia (Bhattacharyya and Jha, 2012). Since ACC is an immediate precursor of ethylene, reduction of ACC could inhibit the production of ethylene and finally alleviate the inhibitory effects of ethylene on plant growth (Li et al., 2000; Glick, 2014; Gupta and Pandey, 2019). Moreover, utilization of ADB revealed enhancive effects on the growth of many crops and reduced susceptibility to diseases caused by plant pathogens under either stressful or normal conditions, displaying applicable and commercial values of PGPR as biofertilizer on crop plantation. For example, field application of Bacillus PSB12, PSB5, and Enterobacter 77-NS5 significantly increased dry weight and length of root and shoot, as well as seed weight in wheat (Mukhtar et al., 2017). Inoculation of Sinoorhizobium meliloti, Bacillus flexus and Bacillus megaterium separately or together in P-deficient soils improved plant height, shoot and root dry weight, as well as P nutrition in maize (Ibarra-Galeana et al., 2017). Fertilization of Bacillus subtilis increased growth and salt tolerance in Arabidopsis (Cabrefiga et al., 2007; Han et al., 2014), Bacillus amyloliquefaciens could effectively prevent bottom rot in lettuce (Chowdhury et al., 2013), and Pseudomonas fluorescens A506 could control fire blight in pome fruits by competing with the pathogen Erwinia amylovora (Cabrefiga et al., 2007).

Generally, the promotive effects of PGPR on plant growth are affected by plant species, cultivar, genotype, and soil type (Lucy et al., 2004). However, some reports also indicated that PGPR strains isolated from one plant species could excellently promote growth of another plant species (Aggangan and Anarna, 2019; Mayer et al., 2019; Gou et al., 2020). Theoretically, native PGPR strains may be more adaptative to the local environment than non-native strains, and thus may show better promotive functions on local target plants (Fischer et al., 2007). In the rhizosphere soil of tea plants, abundant microbial resources have been identified (Chahboune et al., 2011; Zhao et al., 2012; Wang and Han, 2019). However, up to date, investigations of ADB from rhizosphere of tea plants are still limited. In the present study, we collected rhizosphere soils from seven tea plantation gardens in the Anhui province, China. From these samples, ADB were screened and their ACC deaminase activities were compared. The strain with the highest activity was then applied on tea plants to evaluate their effects on tea growth. Afterward, the effects of culture conditions on ACC deaminase activity were assayed to evaluate its applicability on fields. To further explore the mechanisms underlying its plant growth-promoting functions, the whole genome of this strain was sequenced, and the predicted potential mechanisms were further validated by experimental evidence. Overall, these results may contribute a novel plant growth-promoting bacterial strain to tea plantation and enrich our understandings in the mechanisms underlying the promotion of PGPR on plant growth.



MATERIALS AND METHODS


Isolation of 1-Aminocyclopropane-1-Carboxylic Acid Deaminase-Producing Bacteria From Rhizosphere Soil of Tea Plant

The rhizosphere soil samples of tea plants were collected from seven different tea gardens in Anhui Province, the south of Yangtze river region, China (Supplementary Table 1). ADB were enriched and then isolated as described in Penrose and Glick (2003) with modifications. Briefly, 1 g of rhizosphere soil was suspended in 50 ml of sterile Dworkin and Foster (DF) salts minimal medium (Dworkin and Foster, 1958) and then cultured in a shaker at 200 rpm and 28°C. After 24 h, 1 ml of the liquid was transferred to a 250-ml flask containing 50 ml of sterile DF salts minimal medium, in which 3.0 mM ACC was supplied instead of (NH4)2SO4 as the sole nitrogen source. After being further cultured for 24 h, the medium was diluted, spread on DF salts minimal medium agar plates, and cultured for 48 h at 28°C. The bacterial colonies were picked and stored in 20% glycerol (v/v) solution at –80°C for further experiments.



Analysis of 1-Aminocyclopropane-1-Carboxylic Acid Deaminase Activity

Selected bacterial strains were cultured in tryptic soybean broth (TSB) medium at 28°C and 200 rpm for 12 h (approximately 3 × 108–5 × 108 CFU/ml) and washed twice with sterile DF salts minimal medium. The harvested cells were transferred to the DF salt minimal medium containing 3 mM ACC [instead of (NH4)2SO4] and cultured at 28°C and 200 rpm for 24 h to induce the production of ACC deaminase. The bacterial culture was collected to determine the ACC deaminase activity by measuring the production of α-KB (the cleavage product of ACC) according Penrose and Glick (2003). Total protein concentrations were determined using a Bradford protein assay kit (Tiangen, Beijing, China). The ACC deaminase activity was expressed as the amount of α-KB produced per milligram of total protein per hour. The bacterial strain displaying the highest ACC deaminase activity was named JW-CZ2 and subjected to further investigations.



Identification of JW-CZ2 by 16S Sequencing

Genomic DNA of JW-CZ2 was extracted using a Genomic DNA Extraction Kit (Sangon Biotech, Shanghai, China) following the manufacturer’s protocol. The universal forward primer (5′-CAGAGTTTGATCCTGGCT-3′) and reverse primer (5′-AGGAGGTGATCCAGCCGCA-3′) were used to amplify the 16S rDNA gene. PCR cycling was performed under the following conditions: 95°C for 5 min, 35 cycles of 94°C for 30 s, 60°C for 30 s, and 72°C for 90 s, with the final extension at 72°C for 8 min. The PCR product was sequenced by the Shanghai Sangon Biotech Co. Ltd. (Shanghai, China), and the data were deposited in the GenBank with the access number KP903465.

The 16S sequence was blasted against the GenBank database using the NCBI-BLASTn tool for species identification. Next, a phylogenic tree was constructed using the neighbor-joining method using MEGA 11 software with 1,000 bootstraps.



Determination of Growth-Promoting Effects of JW-CZ2 on Tea Plants

C. sinensis seeds were obtained from a farm located in Henan Province, China. The seeds were surface-sterilized in 70% ethanol for 5 min, washed three times using sterile water, immersed in 0.5% NaClO solution for 10 min, and further washed five times in sterile water. One seed was sown in each plot (6 cm diameter, 12 cm height) filled with 500 g of acid-washed and autoclaved vermiculite (granule diameter 0.1–0.5 mm). The seeds were germinated, and then the seedlings were cultured in a plant growth chamber at 25 ± 2°C and 60–80% relative humidity. The photoperiod was 14 h:10 h with the light intensity of 4,000 lx. During the culture period, the seedlings were irrigated with sterile distilled water appropriately. After cultivation for 90 days, seedlings of similar shoot height and stem diameter were selected for inoculation of JW-CZ2.

JW-CZ2 strain was cultured in Luria–Bertani (LB) medium at 30°C and 200 rpm for 48 h. After centrifugation at 6,757 rpm for 10 min at 4°C, the cell pellets were washed and re-suspended in sterile saline with a bacterial density of approximately 3–5 × 108 CFU/ml. For each seedling, 5 ml of bacterial suspension was inoculated using the root-drenching method (Ge et al., 2004), and the control seedlings received an equal volume of sterile saline. The treatment and the control group were repeated eight times independently. Afterward, plants were cultured in the growth chamber under the same condition for 180 days. Finally, seedlings were collected carefully from the pots and washed with tap water to remove soil particles. The shoot length and stem diameter were measured. After drying at 60°C until constant dry weight, the dry weights were determined.



Effect of JW-CZ2 on Growth of Plant Pathogens

Six plant pathogens were selected for the tests, including Fusarium oxysporum f. sp. cubense (stored in Nanjing Agricultural University, China), Diaporthe biconispora, Rhizoctonia solani, Fusarium oxysporum, Phomopsis macrospore, and Sphaeropsis sapinea (stored in the Laboratory of Forest Pathology, Nanjing Forestry University, China). The growth-inhibition effects of JW-CZ2 on these pathogens were determined using the plate-confrontation method (Xie and Wu, 2021). First, a 5 mm hole was punched on the center of potato dextrose agar (PDA) agar plates using a sterile perforator. Second, the pathogens were inoculated in these holes, and JW-CZ2 was inoculated as streaks at 3 cm from the center of the plate. After being cultured at 28°C until the pathogens covered the whole dish in the control group, the width of inhibition zone in the experimental groups was measured using a vernier caliper. The width of inhibition zone is defined as the distance between the edge of the pathogen colony and the edge of the JW-CZ2 colony (mm). Each treatment was repeated four times.



Effects of Inducing Factors on 1-Aminocyclopropane-1-Carboxylic Acid Deaminase Activity in JW-CZ2

To test the effects of single inducing factors on ACC deaminase activity, JW-CZ2 was cultured in 250 ml flasks containing 50 ml media. (1) JW-CZ2 was inoculated into DF salt minimal medium containing different ACC concentrations (0, 0.3, 3, 30, 300, and 3,000 μM) and then cultured at 28°C for 24 h; (2) JW-CZ2 was inoculated into DF salt minimal medium containing 3 mM ACC and then cultured at 20°C, 25°C, 28°C, 30°C, and 35°C for 24 h; (3) JW-CZ2 was inoculated into DF salt minimal medium containing 3 mM ACC at pH 6.5, 7.0, 7.5, 8.0, and 8.5 and then cultured at 28°C for 24 h; (4) JW-CZ2 was inoculated into DF salt minimal medium containing 3 mM ACC and then cultured at 28°C for 4, 8, 12, 16, 20, 24, 28, 36, and 40 h. At each time point or in each treatment, an aliquot was sampled from each flask to determine the ACC activity as described above. All experiments were performed in triplicates.



Whole Genome Sequencing of JW-CZ2 and Genome Annotation

To further explore the mechanisms underlying the tea plant growth-promoting effects of JW-CZ2, the whole genome of JW-CZ2 was sequenced. Briefly, the genomic DNA of JW-CZ2 was isolated using the Wizard genomic DNA purification kit (Promega, Madison, WI). DNA quality and concentration were evaluated using the NanoDrop (Thermo Fisher Scientific, Wilmington, DE) and Qubit assay (Thermo Fisher Scientific, Wilmington, DE). The sequencing library was prepared using the SMRTbell Express Template Prep Kit 2.0 and then sequenced on a PacBio RS II sequencer following the manufacturer’s protocol (Pacific Biosciences, Menlo Park, CA, United States). Two single-molecule real-time (SMRT) cells were performed with a 120-min movie time per SMRT cell (Eid et al., 2009; Faino et al., 2015). SMRT Analysis portal version 2.1 was used for read filtering and adapter trimming with the default parameters, and 400 Mb of postfiltered data (approximately 80 × coverage) with an average read length of 7 kb were used for genome assembly. The genome was then de novo assembled using the Hierarchical Genome Assembly Process V3 (HGAP) incorporated in the SMRT Analysis package version 2.1 (Chin et al., 2013).

The gene structure of JW-CZ2 genome was predicted using the Glimmer Version 3.02 software, and the rRNA sequences were obtained using RNAmmer Version 1.2. To predict the biological functions, all genes were annotated by blasting against Non-Redundant (NR), Swiss-Prot, COG (clusters of orthologous groups of proteins), and KEGG (Kyoto Encyclopedia of Genes and Genomes) databases using the RAST annotation system (Tatusov et al., 2000; Moriya et al., 2007; Aziz et al., 2008; Overbeek et al., 2014; Brettin et al., 2015) with the-value cutoff of 1E–5.



Determination of Phosphate Solubilization Ability of JW-CZ2

JW-CZ2 was inoculated in National Botanical Research Institute’s Phosphate (NBRIP) medium containing 0.5% Ca3(PO4)2, FePO4, or Mg3(PO4)2 as sole phosphate source. After incubation at 28°C and 180 rpm for 72 h, the culture liquid was centrifuged at 10,000 rpm at 4°C for 10 min, and the concentrations of soluble phosphate in the supernatant were determined using the molybdenum blue method following Watanabe and Olsen (1965).



Determination of Indole Acetic Acid Production in JW-CZ2

JW-CZ2 was inoculated in King’s broth with or without 100 mg/L tryptophan and then cultured at 28°C and 200 rpm for 3 days. Each assay included 50 ml of culture media and was repeated three times. Next, the OD600 values of culture media were determined to evaluate cell densities. After centrifugation at 11,261 rpm for 10 min, 50 μl of supernatant was used to colorimetrically determine the production of IAA using the Salkowsky’s reagent (2% of 0.5 M FeCl3 in 35% HClO4 solution) (Benizri et al., 1998; Rahman et al., 2010). The data were normalized by setting OD600 as 1.



Determination of Siderophore Production in JW-CZ2

To determine the production of siderophore, 1 μl of bacterial culture grown overnight in King’s broth was spotted on Chrome Azurol S agar plates (Ames-Gottfred et al., 1989). After incubation for 48 h at 28°C, the appearance of plates was observed by eye. The formation of an orange halo around bacterial colonies is a sign of siderophore production (Ali et al., 2014).



Data Analyses

All data were analyzed using the SPSS 19.0 software for Windows (IBM Corporation, United States). Results are expressed as mean values ± standard deviation (SD). Effects of JW-CZ2 on the growth parameters of tea plants were compared between treatment and control using the Student’s t-test. The statistical significance between treatments and control in other experiments was assessed by one-way analysis of variance and Turkey’s test. p < 0.05 was considered statistically significant.




RESULTS AND DISCUSSION


Isolation and Identification of Bacteria With 1-Aminocyclopropane-1-Carboxylic Acid Deaminase Activity

Since ACC deaminase was first isolated from Pseudomonas sp. strain ACP in 1978 (Honma and Shimomura, 1978), the production of ACC deaminase became a key trait for screening PGPR that facilitate plant growth under normal and/or adverse environmental conditions (Glick, 1995; Chandra et al., 2018; Gupta and Pandey, 2019). In this study, from the rhizosphere soils of tea plants, seven bacterial strains displayed significant ACC deaminase activity, which were named JW-WH8, JW-CZ2, JW-XC1, JW-LA10, JW-AQ7, JW-HS2, and JW-HS3. Among them, JW-CZ2 revealed the highest ACC deaminase activity (1,077.94 nmol α-KB mg–1 h–1), followed by JW-XC1 (922.65 nmol α-KB mg–1 h–1) and JW-AQ10 (813.70 nmol α-KB mg–1 h–1) (Figure 1). The strain JW-CZ2 was isolated from Qingyang County, Chizhou City, Anhui Province, China. The higher the ACC deaminase activity displays, the more valuable the strain is. Thus, we chose JW-CZ2 for further investigations.
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FIGURE 1. ACC deaminase activities of seven isolates from rhizosphere soil of C. sinensis. Data represent mean and SD (n = 3). Different letters indicate statistically significant differences (p < 0.05).


Blasting against the GenBank database showed that the 1,503 bp partial 16S rDNA gene of JW-CZ2 was highly consistent to that of Serratia marcescens (KY379045) with an identity percentage of 99.93%. The phylogenetic tree also revealed that JW-CZ2 was clustered with two other S. marcescens strains (Figure 2). Thus, these results indicated that JW-CZ2 was a S. marcescens strain.
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FIGURE 2. Phylogenetic tree based on the 16S rRNA sequences of J W-CZ2 and other bacterial strains. The GenBank accession numbers for nucleotide sequence data are shown at the beginning of each species.




Growth-Promoting Effects of Serratia marcescens JW-CZ2 on Tea Plants

In the present study, JW-CZ2 displayed a high ACC deaminase activity. Inoculation with JW-CZ2 for 180 days significantly increased shoot height, stem diameter, and dry weight of tea plants, with increasing rates of 53.44, 11.37, and 29.34%, respectively, in comparison to the control, indicating significant growth-promoting effects of S. marcescens JW-CZ2 on tea plants (Table 1). Similarly, Dhar Purkayastha et al. (2018) isolated S. marcescens strain ETR17 from the tea gardens in West Bengal and Assam, which also displayed promotive effects on tea plants. Forty-five days after inoculation, shoot length and root length increased approximately 20 and 32% compared to the control, respectively, which were lower than those of JW-CZ2 in the present study. Moreover, Chakraborty et al. (2013) reported the promotive effects of S. marcescens on tea plant growth with an increasing rate of approximately 50% for seedling height. Although other strains of S. marcescens have been reported, JW-CZ2 is a native strain to the Yangtze River region and might show better adaptability to the local environment. Taking these results together, S. marcescens is a plant growth-promoting bacterium (PGPB) to tea plants and displayed applicable values for tea plantation.


TABLE 1. Effects of inoculation with S. marcescens JW-CZ2 on growth parameters of tea seedlings.
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Effects of Culture Conditions on 1-Aminocyclopropane-1-Carboxylic Acid Deaminase Activity in JW-CZ2

The major mechanism underlying the promotion of PGPR with ACC deaminase activity on plant growth is the repression of ethylene production in plants (Penrose and Glick, 2003). ACC deaminase is an inducible enzyme. To further explore the applicable potential of JW-CZ2 as a biofertilizer, the effects of inducing time, ACC concentration, pH, and temperature on ACC deaminase activity were investigated (Figure 3).
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FIGURE 3. Effects of inducing time (A), ACC concentration (B), pH (C), and inducing temperature (D) on ACC deaminase activity in S. marcescens JW-CZ2. Data indicate mean and standard deviation (n = 3). Different letters indicate significant differences (p < 0.05).


In the absence of ACC, ACC deaminase activity was almost not detected in the JW-CZ2. However, after addition of 3 mM ACC, ACC deaminase activity increased from 4 to 36 h and then started to decrease at 40 h. The highest activity was 1,240.38 nmol α-KB mg–1 h–1, which was observed at 36 h (Figure 3A). With increasing ACC concentrations from 0.3 to 3,000 μM in culture media, ACC activity increased greatly and significantly, suggesting that JW-CZ2 could adapt to various concentrations of ACC (Figure 3B). JW-CZ2 showed significant ACC deaminase activity from pH 6.5 to 8.5 and with the highest ACC activity at pH 7.5 (Figure 3C). From 20 to 35°C, JW-CZ2 functioned well to produce ACC deaminase, and the maximum activity was observed at 28°C (Figure 3D). Similarly, in vitro expressed ACC deaminase from Enterobacter cloacae and Enterobacter cancerogenus also revealed activity at pH ranging from 5.5 to 8.5 and temperature ranging from 4 to 50°C, with the highest ACC activity at pH 7.5 and at 28°C (Jha et al., 2012). The bacterial strain XG32 revealed the highest ACC activity at 25°C, pH from 7.0 to 8.0, and inducing time of 24 h (Shen et al., 2008). Overall, these data indicated that JW-CZ2 could grow well and produce ACC deaminase activity at conditions with a broad range of ACC concentration, pH, and temperature, which increased the applicable potential of JW-CZ2 in fields as a biofertilizer.



Genome Sequencing of Serratia marcescens JW-CZ2

The genome of JW-CZ2 consisted of 4,925,622 bp with Guanine-Cytosine (GC) content of 59.82%. The DNA coding sequences were 4,268,136 bp in total, which contained approximately 4,670 coding sequences (CDS), including 4,547 proteins, 96 tRNA genes, and 22 rRNA genes. Among the CDS, 4,197 (89.83%) were successfully annotated to at least one database, while 475 (10.17%) were unknown (Table 2). On the other hand, Khan et al. (2017) reported that the genome of S. marcescens RSC-14 was 5.12 Mbp in length and included 4,593 CDS, 22 rRNA, and 88 tRNA genes. Obviously, the strain JW-CZ2 identified in the present study was different from RSC-14.


TABLE 2. Statistics of S. marcescens JW-CZ2 genome sequencing.
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Blasting against the COG database revealed that 4,274 of the 4,670 predicted CDS (91.52%) could match to at least one COG category. Among them, the top four were metabolism of amino acid transport and metabolism (9.54%), transcription (9.52%), carbohydrate transport and metabolism (7.81%), and inorganic ion transport and metabolism (7.37%). In addition, 27.94% of the predicted CDS were still functionally unknown (Figure 4).
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FIGURE 4. Clustering of orthologous genes (COG) of predicted genes in JW-CZ2 genome.


Characterization of KEGG pathways showed that 2,937 genes (62.89% of all CDS) were involved in at least one pathway (Figure 5). Among them, the top four pathways were carbohydrate metabolism, membrane transport, amino acid metabolism, and global and overview maps, in total representing 23.62% of the predicted CDS. In addition, metabolism of cofactors and vitamins, energy metabolism, and signal transduction included 4.11, 3.34, and 3.28% of CDS, respectively.
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FIGURE 5. Classification of KEGG pathways of predicted genes in S. marcescens JW-CZ2 genome.




Genes Related to Plant Growth-Promoting Properties

The protein sequence of ACC deaminase (GenBank access number: WP_195315725.1) was used to blast against the genome of JW-CZ2, and the most similar sequence was D-cysteine desulfhydrase (SC_2041, Table 3). Todorovic and Glick (2008) reported that ACC deaminase and D-cysteine desulfhydrase could interconvert after directed mutagenesis. Thus, we speculated that D-cysteine desulfhydrase in JW-CZ2 might function as an ACC deaminase.


TABLE 3. Major genes related to plant growth-promoting effects of JW-CZ2.
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As reported, genes in relation to phosphate solubilization and IAA production were observed in the genome of S. marcescens RSC-14, which were believed to be major reasons for the plant growth-promoting function of RSC-14 (Khan et al., 2017). In the genome of JW-CZ2, similar results were found. Gluconic acid is an important molecule contributing to dissolving inorganic phosphate (Bagchi et al., 1997; Holguin and Glick, 2001). Gluconic acid synthesis requires pyrroloquinoline quinone (PQQ) as cofactor, which is produced by PQQ biosynthesis proteins (Vessey, 2003). In the present study, four genes encoding PQQ biosynthesis proteins B, C, D, and E (pqqB, pqqC, pqqD, and pqqE) were found in the genome of JW-CZ2 (Table 3). In addition, phosphate transporters are specific proteins responsible for inorganic phosphate uptake (Hoffer et al., 2001). In the present study, six genes encoding four phosphate transporters (pstB, pstA, pstC, and pstS) were observed in the JW-CZ2 genome (Table 3), suggesting an enhancive functional basis of phosphate uptake in JW-CZ2. These results predicted that JW-CZ2 might display a strong capacity of phosphate solubilization and transportation, which might be reasons to explain its plant growth-promoting function. In addition, two genes encoding indolepyruvate decarboxylase (ipdC) were observed in the genome of JW-CZ2 (Table 3), which are key genes for IAA biosynthesis, converting indole-3-pyruvate to indole-3-ethanol (Brandl and Lindow, 1996). These results suggested that JW-CZ2 might be able to synthesize IAA to stimulate plant growth.

Another S. marcescens strain was reported to produce siderophore, which is a typical plant growth-promoting trait (Baruah and Handique, 2014). Ferrochelatase (hemH) is an enzyme to sequestrate iron (Cornelis et al., 2011), and bacterioferritin (bfr) incorporates iron to form siderophore (Expert et al., 2008). In the present study, both hemH and bfr were observed in the JW-CZ2 genome, suggesting its potential to produce siderophore. In comparison, genes associated with siderophore was not reported in the genome of S. marcescens RSC-14 (Overbeek et al., 2014).



Validation of Mechanisms Underlying the Promotion of Serratia marcescens JW-CZ2 on Tea Plant Growth

Based on the genome sequencing, we speculated that the capacity of phosphate solubilization and production of IAA and siderophore might be potential mechanisms underlying the promotion of S. marcescens JW-CZ2 on tea plant growth. In the present study, after addition of Ca3(PO4)2, FePO4, and Mg3(PO4)2 in the culture media for 72 h, 806.06 ± 24.15, 42.89 ± 3.27, and 48.84 ± 2.96 mg/L soluble phosphate was detected in the culture media (Table 4), demonstrating the phosphate solubilization capacity of JW-CZ2, which was consistent with the prediction from genome sequencing of both S. marcescens JW-CZ2 in the present study and S. marcescens RSC-14 in Khan et al. (2017) and experimental evidence for S. marcescens PH1 and PH2 in Mohamed et al. (2018). In comparison, the phosphate solubilization capacity of JW-CZ2 was higher than that of Bacillus sp. TRSB16, which could solubilize 239 mg/L phosphate in the presence of Ca3(PO4)2 (Banerjee, 2010), but lower than that of S. marcescens GPS-5 mutants [higher than 1,500 mg/L phosphate in the presence of Ca3(PO4)2; Tripura et al., 2007]. P is a limiting element for plants. The phosphate solubilization capacity of S. marcescens JW-CZ2 could convert insoluble inorganic P to soluble status, which should increase P availability and promote plant growth.


TABLE 4. Phosphate solubilization by the JW-CZ2 strain.
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After culture in the presence of tryptophan for 3 days, 7.27 ± 0.24 μg/ml IAA was detected in the culture media. In addition, on the Chrome Azurol S agar plate, JW-CZ2 formed an orange halo around the colonies, indicating the production of siderophore (Figure 6). These results were consistent with the genome sequencing of JW-CZ2. Partially similarly, IAA production was observed in S. marcescens AEP5, AEN38, and AEP66 strains, while siderophore was detected in S. marcescens AEP85 strain (Aktan and Soylu, 2020). IAA is a phytohormone and promotes plant growth at certain concentrations. Bacterial siderophore is an important mechanism for iron uptake in plants (Yehuda et al., 1996), which could convert biologically unavailable Fe element to available form adsorbed by plants (Katiyar and Goel, 2004). Thus, production of IAA and siderophore might also contribute to the tea plant-promoting effects of S. marcescens JW-CZ2.
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FIGURE 6. IAA (A) and siderophore production (B) by JW-CZ2.




Inhibitory Effects of Serratia marcescens JW-CZ2 on Plant Pathogens

As shown in Table 5 and Figure 7, JW-CZ2 showed significant inhibitory effects on all the six tested plant pathogens, and the inhibitory effect was the most significant on P. macrospore and S. sapinea, with width of inhibition zones of 3.22 ± 0.81 and 3.17 ± 0.98 mm, respectively. P. macrospore is an important pathogenic fungus and displayed significant inhibition to tea plant growth (Ponmurugan and Baby, 2007). S. sapinea causes tip blight and death in Pinus radiata (Corrêa et al., 2012). These results indicated that inhibition by JW-CZ2 of plant pathogenic fungi might be a potential reason to explain its plant growth-promoting effects.


TABLE 5. The inhibitory effect of S. marcescens strain JW-CZ2 on six different plant pathogens.
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FIGURE 7. The results of confrontation culture between S. marcescens JW-CZ and six different plant pathogens.





CONCLUSION

From rhizosphere soils of tea plants, we identified S. marcescens strain JW-CZ2 which displayed high ACC deaminase activities at various ACC concentrations, pH, and temperature. Application of this strain significantly promoted the growth of tea seedlings. Genome sequencing and experimental evidences indicated that JW-CZ2 could produce IAA and siderophore, enhance the solubilization of inorganic phosphate, and inhibit the growth of pathogenic fungi, which all contributed to its promotive functions of plant growth. Overall, S. marcescens JW-CZ2 is a promising tea plant growth-promoting bacterium.
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Soil contamination by heavy metals, particularly mercury (Hg), is a problem that can seriously affect the environment, animals, and human health. Hg has the capacity to biomagnify in the food chain. That fact can lead to pathologies, of those which affect the central nervous system being the most severe. It is convenient to know the biological environmental indicators that alert of the effects of Hg contamination as well as the biological mechanisms that can help in its remediation. To contribute to this knowledge, this study conducted comparative analysis by the use of Shotgun metagenomics of the microbial communities in rhizospheric soils and bulk soil of the mining region of Almadén (Ciudad Real, Spain), one of the most affected areas by Hg in the world The sequences obtained was analyzed with MetaPhlAn2 tool and SUPER-FOCUS. The most abundant taxa in the taxonomic analysis in bulk soil were those of Actinobateria and Alphaproteobacteria. On the contrary, in the rhizospheric soil microorganisms belonging to the phylum Proteobacteria were abundant, evidencing that roots have a selective effect on the rhizospheric communities. In order to analyze possible indicators of biological contamination, a functional potential analysis was performed. The results point to a co-selection of the mechanisms of resistance to Hg and the mechanisms of resistance to antibiotics or other toxic compounds in environments contaminated by Hg. Likewise, the finding of antibiotic resistance mechanisms typical of the human clinic, such as resistance to beta-lactams and glycopeptics (vancomycin), suggests that these environments can behave as reservoirs. The sequences involved in Hg resistance (operon mer and efflux pumps) have a similar abundance in both soil types. However, the response to abiotic stress (salinity, desiccation, and contaminants) is more prevalent in rhizospheric soil. Finally, sequences involved in nitrogen fixation and metabolism and plant growth promotion (PGP genes) were identified, with higher relative abundances in rhizospheric soils. These findings can be the starting point for the targeted search for microorganisms suitable for further use in bioremediation processes in Hg-contaminated environments.

Keywords: PGPR, antibiotics, bioremediation, shotgun metagenomics, co-selection


INTRODUCTION

Mercury (Hg) is a highly toxic element that severely affects ecosystems (Hsu-Kim et al., 2018; Liu et al., 2018). It has the capacity to enter and biomagnify in the food chain and therefore affects human health even at low concentrations (Bjørklund et al., 2019). The accumulation of Hg can lead to pathologies, with those affecting the central nervous system being the most serious, such as Minamata syndrome (Gil-Hernández et al., 2020; Marumoto et al., 2020). The presence of Hg in various ecosystems is widely described. Exceptionally, environments with extremely high concentrations of this heavy metal have been described, such as those detected in the Almadén mercury mining region (> 8889 μg/g) (US Environmental Protection Agency, 2011).

The presence of Hg in soils conditions the development of organisms that inhabit it, with bacterial communities being one of the most vulnerable groups. Some of the bacterial species capable of resisting the presence of this pollutant could be suitable in processes of remediating affected soils, this is why there is a growing scientific interest in knowing the composition of these Hg-tolerant edaphic communities (Zhao et al., 2021). There are several references to the usefulness of these techniques in soil samples (Li et al., 2018; Westmann et al., 2018; Castillo Villamizar et al., 2019; Nelkner et al., 2019) and, in particular, in soils contaminated with different toxins (Garrido-Sanz et al., 2018; Kumar et al., 2018; Thomas et al., 2019).

Metagenomics consist of the complete study of genetic material extracted from a sample. Various metagenomic methods based on either DNA amplification and sequencing or DNA fragmentation and alignment are currently available (Giagnoni et al., 2018). One of the main metagenomic techniques, based on sequencing, is the creation of genetic libraries. The bioinformatic analysis of the data obtained allows us to reconstruct the metabolism of the organisms that make up the community and to predict their potential functional roles in the ecosystem through the so-called “environmental gene labels” (Youngblut et al., 2020). This field has also been called environmental genomics, ecogenomics or community genomics (Riesenfeld et al., 2004; Cordier et al., 2021). Methods based on functional analysis of DNA libraries from the entire microbial community of a particular medium can be a great source for the discovery of new genes (Handelsman, 2004; Douglas et al., 2020; Moon et al., 2020), study of unculturable microorganisms (Handelsman, 2004; Tyson et al., 2004; Cycil et al., 2020) and creation of genomic libraries (Enagbonma et al., 2020). This approach has also been used successfully in the study of antibiotic resistance in complex communities (de Abreu et al., 2020). One of the most widely used methods of study in metagenomics, and used in this work, is the “Shotgun metagenomics” technique. It consists of purifying the sample’s DNA and randomly fragmenting it into many small sequences that align into consensus sequences. These sequences are processed through analysis programs that allow taxonomic and functional identification of the sample’s DNA. SUPER-FOCUS is a bioinformatic tool which use the non-annotated sequences to predict potential functional activity, this allows study the whole metagenome as one unit and reveling the functional potential profile of the whole community (Chacón-Vargas et al., 2020; Collins et al., 2021).

To this end, this study aims to: (1) Find the taxonomic proportion and composition of the microbiological community of the soils of Almadén. (2) It seeks to provide an interpretation of the ecological behavior of the community, analyzing its functional potential information with SUPER-FOCUS.



MATERIALS AND METHODS


Study and Sampling Area

The samples analyzed came from the mining district of Almadén, Ciudad Real (Spain), and were collected during the spring season Specifically, the slope “S” of Cerro Buitrones was sampled from the so-called “Plot 6” (38°46′25.1″N 4°51′03.9″W), described by other authors in previous studies (Millán et al., 2007). The concentration of Hg in this plot was 1710 mg/kg total Hg, 0.609 mg/kg soluble Hg and 7.3 mg/kg exchangeable Hg. Soil samples for the metagenomic study were obtained from the rhizosphere and bulk soil, together with plants described by Robas et al. (2021a): Rumex induratus Boiss. and Reut., Rumex bucephalophorus L., Avena sativa L., Medicago sativa L. and Vicia benghalensis L. (Robas et al., 2021a).


Production of Soil

To obtain samples of rhizospheric soil (RS), the root of each plant specimen was gently shaken in order to remove soil fractions that were not tightly adhering to the root. The part of the soil attached to the root was then carefully separated to make up 2 g per plant. The five rhizospheric fractions were then combined into a single sample, in order to obtain10 g of soil that was homogenized for further metagenomic study. The 10 g of bulk soil (BS) was obtained in the same way, by sampling 2 g of soil near each plant, avoiding the rhizospheric fraction. Each sample was divided into 3 technical replicates for the metagenomic analysis.



Isolation of DNA

The DNA was purified by the “DNeasy Power Soil Pro Kit” (Qiagen, United States) following the manufacturer’s instructions. An enzyme lysis step with lysozyme was included in order to obtain the highest and best amount of total bacterial DNA. Purified DNA was quantified using PicoGreenTM (Thermo Fisher Scientific, United States) from 40 pg. The genetic libraries were constructed using mechanical fragmentation and adaptors ligation by TruSeq (Illumina ®, United States) methodology. The metagenome sequences obtained were assembled using metaSPAdes tool (Nurk et al., 2017).




Metagenomic and Bioinformatics Analysis

DNA isolated from BS and RS samples was used for metagenomic analysis. These samples were processed and sequenced with Shotgun using Illumina ® MiSeq desktop using the 2 × 250 bp paired-end reagent V2 Kits (Illumina ®, United States) technology with a standard quantification pattern. Bioinformatic analysis and quality control were performed using the Fast QC tool (Andrews, 2017). Q-score was used to predict the probability of an error in base-calling. Over 75% of bases > Q30 averaged across the entire run was considered acceptable. Raw sequence reads underwent quality trimming using Trimmomatic to remove adaptor contaminants and low-quality reads (Li et al., 2010).


Taxonomic Analysis

The MetaPhlAn2 (Metagenomic Phylogenetic Analysis v2) tool was used for taxonomic analysis (Segata et al., 2012; Truong et al., 2015). This is a computational tool for profiling the composition of microbial communities from metagenomic shotgun sequencing data. MetaPhlAn relies on unique clade-specific marker genes identified from ∼17,000 reference genomes (∼13,500 bacterial and archaeal, ∼3,500 viral, and ∼110 eukaryotic) to make taxonomic predictions. It was used bowtie2 –bt2_ps “very-sensitive” preset parameters, –tax_lev “a” for prediction of all taxonomic levels, “–min_cu_len 2000” for minimum total nucleotide length for the markers in the clade, and “–stat_q 0,1” for quantile value.



Functional Analysis

The SUPER–FOCUS tool (SUbsystems Profile by databasE Reduction) was used for the functional potential analysis of the data obtained by Shotgun metagenomics. FOCUS uses a reference database to identify subsystems (predicted protein groups with similar potential function) (Silva et al., 2016). This tool reports functional annotation using CD-HIT and with the SEED database, we reduced the references of the data set (Overbeek et al., 2004; Aziz et al., 2012). SUPER-FOCUS identifies the taxonomic profile of the data and creates a database with the subsystems for predicted organism. Metagenomic data was aligned against the database using RAPSearch2 (Zhao et al., 2012). Sequences with e-values ≤ 1e-5, a minimum identity of 60%, and an alignment length ≥ 15 amino acids were retained. This database categorizes information into three levels of detail: “level I” (large functional potential groups), “level II” (families of potential functional activities) and “level III” and SEED (specific potential functional role and the protein to which the sequences belong) (Silva et al., 2016).



Statistical Analysis

For the statistical analysis, SPSS v.27.0 program (Version 27.0 IBM Corp, Armonk, NY, United States) was used. In order to evaluate the quality of the technical replicates in each soil a Pearson correlation (r) of the percent genus abundances was done. Simpson and Shannon diversity index were also calculated with the relative abundances obtained from the taxonomical analysis to assess the ecological richness between BS and RS.





RESULTS

In the metagenomic DNA extraction and sequencing of RS and BS samples, were generated a total of 15,939,287 and 15,826,564 raw reads across the three technical replicates respectively, maintaining the 98.1% (RS) and 95.3% (BS) of the sequences after QC. The sequences were aligned and analyzed in two steps, taxonomical identification and functional annotation of the sequences. Species abundance between technical replicates was highly correlated (all comparisons r > 0.99 with Pearson correlation test). Processing a larger number of samples would allow obtaining statistically more complete information and reducing the limitation of the results in subsequent studies. The following results are presented divide by taxonomic identification and functional potential analysis.


Taxonomic Identification

Taxonomic profile and relative abundances of the microbial community in RS and RF was analyzed using MetaPhlAn2. The identification of organisms is based on the assignment of the gene pool to a taxon. Comparing the BS and RS samples, a difference in abundance between viruses and bacteria was observed with an apparent 21 and 79% relative abundance respectively in RS and a 2 and 98% relative abundance respectively in BS.

Figure 1 shows the relative abundances of different bacterial groups. Examining the results obtained in BS, shows that the most abundant group is Actinobacteria. However, the best represented taxon in RS is Alpharoteobacteria. Acidobacteria and Cyanobacteria only appear in BS, and Betaproteobacteria and Gammaproteobacteria are only represented in RS.
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FIGURE 1. Comparative of the Relative abundances by taxonomic level of Class in BS (Pink - Bulk Soil) and RS (Green - Rhizospheric Soil). Data in the figure show how the relative abundances of the diferent classes are further grouped according to their presence in RS or BS.


Figure 2 shows the results of the relative abundances for the species taxon. Both samples seem to have a high diversity levels [Simpson’s diversity (D) and Shannon’s diversity (H)], being RS diversity levels (DRS = 0.14, HRS = 9.18) higher than BS (DBS = 0.4, HBS = 4.3). In RS, 73.42% of the genetic material was identified, leaving 26.58% unidentified (Figure 2 and Supplementary Table 1). Similarly, in BS 38.87% were identified. 61.13% of this DNA belongs to the various taxa (Figure 2 and Supplementary Table 1).
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FIGURE 2. Comparative of the population relative abundances by taxonomic level of species in RS and BS. A pool of species could not be identifided with the sequences present in the metagenome in both soil.


The relative abundance of Kribbella sp. stands out in both samples, having a greater representation in RS. Similarly, the high representation of Pseudomonas sp. and Mesorhizobium sp. in RS (Figure 2) stands out. Likewise, the presence of strains of the genera Actinoplanes sp., Microcoleus sp. and Propionibacterium sp. seems to be especially abundant in BS (Figure 2).

Viral DNAs have been identified as Cyclovirus NGChicken15/NGA/2009, with 18.88% representation in RS. Less abundant in both samples was the mosaic Dasheen virus.



Potential Functional Analysis

The functional analysis with SUPER-FOCUS present three levels (I-III) and predicted proteins (SEED) with the non-annotated metagenome sequences that allows pool the sequences by potential functional activity clusters. The two metagenomes obtained were assembled using MetaSpades. A total of 813,375 and 676,195 contigs were obtained, respectively.


Functional Level I: Large Functional Potential Groups

In the analysis of level I (more general group of potential functional activity), the sequences pooled on the same potential functional activity were ordered according to their relative abundance. In this way, the functional potential content of the samples was ranked, reflecting the abundance of the different subsystems.

Were found 35 functional potential groups (Supplementary Table 2). The most abundant subsystems are those which seem to be related to basal metabolism and basic functions for the survival of bacteria, such as the carbon cycle, amino acid synthesis, and functional activities involved in breathing, among others, while subsystems encompassing more specific characteristics (such as virulence or photosynthesis) are less represented.

It is interesting that the functional potential cluster endowment of “stress response” presents 4.45% RS and 4.36% BS abundances. This functional potential group is among the 10 most abundant, which indicates the high environmental pressure suffered by bacteria in soils contaminated with Hg.



Functional Level II: Families of Potential Functional Activities

At this level (Figure 3), the potential functional activities were collected in a more concrete way, ordering them according to their relative abundances by families of same potential functional activities. Were found at this level 192 functional potential clusters (Supplementary Table 3).
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FIGURE 3. Comparison of the relative abundances of the 30 most abundant functional types in BS (pink bars) and RS (green bars) in level II, all the information at that level could be found in Supplementary Table 3. All the values are expressed in percentages.


Some potential functional activities are especially relevant and could allow for explaining the biological behavior of the Hg-tolerant edaphic communities. The following activities stand out (Figure 3): “Resistance to antibiotics and toxic compounds” (3.03% RS and 2.96% BS), “ABC type conveyors” (1.88% RS and 1.85% BS) and “oxidative stress” (1.26% RS and 1.13% BS).



Functional Level III and SEED: Specific Potential Functional Role and the Protein to Which Sequences Belong

The third level identifies the potential functional role to which the sequences under study belong, revealing the potential function within the metabolism of the bacteria. On level III, 1,186 functional potential groups were found and 24,441 functional potential annotations on SEED were done (Supplementary Tables 4, 5).

The 35 most abundant subsystems belong to a division of the subfamilies found in levels I and II. Furthermore, most of the subfamilies of biological interest in this study seems to be represented with lower relative abundance percentages.

At this level, there are several subsystems that group the resistance to heavy metals and to Hg, in particular. Among them we find various predicted proteins of the mer operon, Hg-reductases and ABC-type transporters associated with resistance to heavy metals.

Noteworthy is the large number of subsystems could be linked to resistance to various antibiotics, including beta-lactamases, predicted proteins regulating the BlaR1 family, various proteins of multiple resistance systems, multiple resistance systems linked to the MexAB-OprM and MexEF-OprN complex, fluoroquinolone resistance, vancomycin resistance, mdtABCD flow pump cluster and bacitracin stress response.

There are also subsystems involved in the biological cycle of nitrogen (N). Particularly important are those linked to the nitrogenase complex for atmospheric N fixation. Likewise, the potential functional activities responsible for the promotion of plant growth are represented as “production of auxins,” “metabolism of ethylene,” “siderophore production,” and “phosphate solubilization.” With a major relative abundance in RS.





DISCUSSION


Taxonomic Discussion

In the soils analyzed, representatives of six taxonomic phylum appear: Acidobacteria, Actinobacteria, Cyanobacteria, Alphaproteobacteria, Betaproteobacteria, and Gammaproteobacteria, whose analysis and discussion of the findings are described below. The results obtained show how the taxonomical diversity varies between bulk soil and rhizospheric soil, being positive selected by the plant root those that have a potential benefit to the plant, like proteobacteria group (Figure 1 and Table 1) (Moulin et al., 2001; Zai et al., 2021).


TABLE 1. General table of bacterial taxonomic identification, together with their relative abundances in BS and RS.
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Acidobacteria

Acidobacteria are a phylum within the bacteria domain of species ubiquitous in the soil (Kalam et al., 2020). In the present study, the sample was identified up to the family taxon Acidobacteriaceae (Table 1) (Foesel et al., 2016). In the same way as in our results, the predilection of this bacterial group for the bulk soil has also been described in comparison with the rhizosphere (Kielak et al., 2016; Conradie and Jacobs, 2020). Several authors have also discussed the potential of this bacterial class for the degradation of various pollutants (Feng et al., 2021; Gonçalves and Santana, 2021) and its potential biotechnological application in Hg degradation (Vishnivetskaya et al., 2011; McDaniel et al., 2020).



Actinobacteria

Actinobacteria are a phylum and class of Gram-positive bacteria and are the group with the highest representation in BS and the second most represented in RS. This taxon is particularly interesting because of its wide biotechnological potential. Most antibiotics and many of the compounds used in the production of medicines come from the species in this class (Hopwood, 2007). There are recent studies of the relationship of these bacteria with resistance to various heavy substances (Yun et al., 2020), among which are the mer genes of resistance to Hg (Christakis et al., 2021). In this manuscript, representatives have been found in seven of the orders pertaining to this class (Table 1).

Two families and two species of the Propionibacteriales order were identified. Propionibacterium acnes is first described as Hg resistant as well as its presence in rhizospheric soils.

Kribbella sp. is linked to both types of soil. Its resistance to Hg is not included in the scientific literature, although some authors have described strains of this genus resistant to other heavy metal divalent cations like Cu, Ni, and Cd (Chanda et al., 2017; Rosenfeld et al., 2018). Other authors describe the capacity of produce siderophores by some species (Acquah et al., 2020). The presence of this bacteria in a Hg-contaminated soil and the data found on the bibliography suggests postulating that species as a good target to look for strains with possible biotechnological potential for use in soil bioremediation.

Within the Geodermatophilales order, the Geodermatophilaceae family present in both types of soils was identified (Table 1). Although bacteria associated with the rhizosphere of some plant species have been described in the literature (Montero-Calasanz et al., 2017), it was found with a greater abundance in BS in the present study. There are references to some species in this family as resistant to heavy metals (Kou et al., 2018), although no evidence of their description as resistant to Hg has been found.

In the order of Microccocales, two families and two species were detected (Table 1), Agromyces sp. and Cellulomonas sp. Neither of these two species is cited as resistant to Hg, a fact that is first described in this study. Its resistance to other heavy metals is described (Corretto et al., 2017; Brookshier et al., 2018). The presence of Agromyces sp. associated with Arabidopsis halleri roots in the extraction of heavy metals by phytoextraction is not known (Muehe et al., 2015); the role of Cellulomonas sp. in plant rhizome as a producer of IAA is known (Zhao et al., 2018). The findings on these two bacteria are postulated by organisms with a possible biotechnological potential to look for strains for use in soil bioremediation in this study, despite their low representation in the data obtained (Table 1).

In the Micromonosporal order, a single species Actinoplanes sp. was detected, only in BS, being described as good PGPR (Table 1) (Gkarmiri et al., 2017; Yamamoto et al., 2018). Works such as that of Wang et al. (2019) have demonstrated the tolerance to various heavy metals by Actinoplanes sp.; no resistance references to Hg were found. The resistance to Hg of these species it’s first described in this study.

The genus Streptomyces (Actinomicetales) is one of the most studied due to its high biotechnological and industrial potential, since a large quantity of antibiotics currently used clinically are derived from these bacteria (Hopwood, 2007). Its resistance to Hg has been referenced for more than 20 years (Ravel et al., 1998). Streptomyces chartreusis has been described as good PGPR (Table 1) (Senges et al., 2018; Vurukonda et al., 2018; Wang et al., 2019). This is the first time S. chartreusis has been referred to in a soil contaminated with Hg. The potential PGPR and its remediation capability noted in the literature, along with its presence in the study soil, suggests S. chartreusis as a good target for search strains that could be used in the remediation of this environment.



Cyanobacteria

Cyanobacteria (bacteria domain) include bacteria capable of performing oxygenic photosynthesis. It’s a phylum that have an extensive ecological distribution, as well it’s needed to take in account that the plots sampled are located in rainwater leaching areas and close to water sources, so it understandable to find this phylum on the sample (Mehetre et al., 2022). The species Microcoleus sp. was detected (Table 1). Microcoleus sp. has not been described as resistant to Hg. Godoy-Lozano et al. (2018) shows the high potential of this species to degrade various heavy metals. The data collected in the literature and their presence in these soils are indicative of their potential as research targets for its possible use in the bioremediation of Hg.



Alphaproteobacteria

Mesorhizobium sp. and Mesorhizobium loti (Phyllobacteriaceae) have been studied for their ability to form nodules in plant roots and fix N (Garrido-Oter et al., 2018). They are of great interest for their close relationship with the plant root and have been described as resistant to various heavy metals, such as Cd or Pb (Fan et al., 2018), highlighting their strong potential for use in soil remediation.

Afipia sp., Rhodopseudomonas sp. and Rhodopseudomonas palustris (Bradyrhizobiaceae): Afipia sp. arouses interest for its potential use in remediation of soils contaminated with Hg (Petrus et al., 2015). Rhodopseudomonas sp. and Rhodopseudomonas palustris are described as PGPR (Wong et al., 2014; Hsu et al., 2021). Some authors (Batool and Rehman, 2017; Xiao et al., 2021) relate the PGPR capacity of Rhodopseudomonas sp. and R. palustris to their ability to remediate Hg-contaminated soils.

Calubacter sp. and Caulobacter vibrioides (Caulobacterales) have been described as resistant to various heavy metals because they host divalent cation ATPase transporters on their membranes (Hu et al., 2005). As for C. vibrioides, it has solubilizing activity of selenium used in processes of detoxification of Hg (Wang et al., 2016). As well, this bacterias appear in the bibliography described as nitrogen fixers (Gutiérrez-García et al., 2019). For these reasons, these bacteria have a biotechnological interest for use in future bioremediation pathways.



Betaproteobacteria

For this Class, only one specie could be identified. Variovorax sp. (Burkholderiales) has been characterized by Belimov et al. (2015), noted for its activity as PGPR and its resistance to various heavy metals, although not appearing in the literature as resistant to Hg. Having found this species in RS with high concentration of Hg postulates it as a good candidate to further studies to find strains from this species with potential use in bioremediation.



Gammaproteobacteria

Gammaproteobacteria are a diverse class of Gram-negative bacteria with a wide biological distribution. Pseudomonas sp. have a high biotechnological interest and have been studied for their characteristics as PGPR (Yasmeen et al., 2021). The bioremediation capacity of Hg is well known (González et al., 2021; Imron et al., 2021; Robas et al., 2021a). Therefore, a study of its potential use in the remediation of contaminated soils and look for non-phytopathogenic specific strains is of interest.



Viruses

Two viral families were identified in the metagenome, Circoviridae and Potyviridae. The first is a family that is distributed in the environment infecting mainly vertebrates (Delwart and Li, 2012). Only the species Cyclovirus NGChicken15/NGA/2009was identified, it is a virus typically pathogenic from farm birds. It is interesting and remarkable that of the 21% of the relative taxonomic abundance of viruses in the RS sample, 18.88% belong to a single virus that is very far from its natural host. Due to the ubiquity of this virus and its presence in our sample only in RS we suspect that it could be a virus very similar to NGchicken15 that is infecting the plant or any of the bacteria in the rhizosphere such as prophage.

From the family Potyviridae was identified the species Dasheen mosaic virus, very common species pathogenic of vegetables (Francki et al., 2012) with a similar relative abundance in both soils (1.66% RS and 2.19% BS) It is not strange to find this species both in the fraction of SL and RF given that the samples were collected at a time of high growth and therefore of a greater transmissibility of this virus to plants and to the soils.




Functional Analysis

Functional potential bioinformatic analysis allows the identification of potential metabolic activities and processes. In this way, it is possible to sort the potential functions of the microbial community according to their abundance. However, minority activities should be taken into account as long as they allow the biological behavior of these communities to be interpreted. In this sense, most of the functional potential clusters identified, and sequences associated to a protein belong to basal metabolism. However, the mechanisms of Hg resistance, those involved in oxidative stress, N metabolism and PGPR activity are more important from an ecological and functional potential point of view. In addition, sequences associated to a protein have been found whose presence in soils can only be interpreted as indicating biological contamination (Li et al., 2020; Stange and Tiehm, 2020). Since there is no antibiotic pressure on the analyzed soils, the mechanisms of resistance commonly described in clinical studies should not be detected in environmental samples. For this reason, in the area of “One Health” they deserve to be analyzed and interpreted as bioindicators of biological pollution. Microbial soil communities can act as reservoirs from which information can be transferred horizontally to potential pathogens, becoming a threat to human, animal and environmental health (Wang et al., 2021).


Antibiotic Resistance

Soils, especially those under high environmental pressure, act as a natural reservoir of resistance to existing antibiotics or provide the potential to host bacteria of clinical importance (Yan et al., 2020; Liao et al., 2021). Several studies show the existence of a co-choice between the presence of various toxic compounds in the environment and the selection of antibiotic resistance naturally, together with co-resistance to heavy metals and antibiotics (Yan et al., 2020; Mazhar et al., 2021; Robas et al., 2021b).

At level II this functional cluster were more represented in RS than in BS. At level III of the metagenome study, several specific role clusters for resistance to rare antibiotics in the natural environment have been identified (Supplementary Table 12), such as β-lactamases and mechanisms associated with resistance to beta-lactams and predicted proteins associated with gene responses to these antibiotics BlaR1 and MecR1 (Silveira et al., 2018).

Likewise, the presence of various transporters dependent on ATP of Pb, Cb, Cu, and Hg in the group of functional activities regulating the beta-lactams BlaR1 was found, and a direct relationship between the presence of these heavy metals and β-lactam resistance. Among the predicted proteins related with β-lactam resistance genes isolated in this study, some belonging to classes A, C, and D were identified.

Class A includes several subsystems, all fundamentally linked to ampicillin resistance, that are rarely used clinically owing to numerous described resistances that exist for this antibiotic (Kaye et al., 2000; Rice et al., 2001). CTX-M-16 was found, which gives greater catalytic power than other cefotaximes (Bonnet et al., 2001). The finding in the present work of resistance mechanisms to these antibiotics was evidence of the selection of resistance mechanisms of clinical origin, especially when occurring in semi-synthetic compounds that do not occur in nature.

The AmpC-type β-lactamases are of great clinical importance because they are hydrolyzed penicillins, cefamycins, oxyminocephalosporins and monobactams, although they are not active against fourth-generation carbapenemic cephalosporins (Jacoby, 2009; Aguirre et al., 2020). The relevance of these genes is provided by their high transmissibility, since many are found in plasmids (Ku et al., 2019; Rensing et al., 2019).

The MexAB-OprM and MexEF-OprN complexes are a protein assembly of membrane transporters that provide multi-resistance to antibiotics, identified primarily in Pseudomonas sp. and are highly linked to multi-resistance in P. aeruginosa (Ma et al., 2021). As shown in Table 1, there is high probability that these genes that could confer multi-resistance can be associated with the Pseudomonas identified in this manuscript. In the analysis of the sequences, were predicted proteins from the MexT regulator was found, which is inactivated by some Hg resistance genes, making the strains carrying the MexEF-OprN complex sensitive to carbapenems (Köhler et al., 1999).

At level III, sequences related to RND transporters have been found in multi-resistance efflux pumps functional potential cluster. Among these, there is a large representation of MexAB-OprM and MexEF-OprN, along with MexCD-OprJ antibiotic transporters, related not only to antibiotic resistance but also mediate processes of quorum sensing (Alcalde-Rico et al., 2018). Other antibiotic resistance predicted proteins found were those from AcrAB-TolC, a system responsible for the expulsion of antibiotics, such as penicillin G, cloxacillin, naphthyllin, macrolides, novobiocin, linezolid, and fusidic acid derivatives; this system is commonly associated with E. coli (Anes et al., 2015; Byrd et al., 2021). Proteins from MdtABC genes have also been predicted in SEED, related TolC, which give resistance to novobiocin, quinolones and phosphomycin, among others (Anes et al., 2015). CmeABC membrane transporters were also found, related to Campylobacter jejuni’s resistance to a wide variety of antibiotics (Lin et al., 2002; Yan et al., 2006), although authors such as Stopnisek et al. (2016) have reported the presence of these genes in other species within the Rhizobiales order.

Some proteins directly related to antibiotic multi-resistance mechanisms have been predicted with the metagenome sequences in Gram-positive bacteria cluster. The MdtRP operon of Bacillus sp. confers resistance to several antibiotics such as novobiocin, streptomycin and actinomycin, and is regulated by the MarR repressor (Gupta et al., 2019; Warmbold et al., 2020).

Another of the functional subsystems identified in level III and SEED is related to tripartite protein expulsion systems in Gram-negative bacteria. Similar to the already noted MexAB-OprM or AcrAB-TolC, they belong to membrane transporters RND (Daury et al., 2016). No specific identification of any of these sequences was achieved beyond identifying them as antibiotic ejection systems within the RND group and related to tripartite proteins such as MdtABC, and ejection proteins from genes such as TolC or OprN. This highlights a variety of resistance systems that bacteria can possess in a hostile environment, and which are still unknown.

An important functional cluster related to fluoroquinolone resistance has been found. These are synthesis compounds, not found naturally in environmental samples. Hooper (2000) describes how fluoroquinolone resistances are acquired by mutations in the genes of Topoisomerases II and IV, predicted proteins present in the metagenome sequences of the samples analyzed at level III and SEED. Similarly, pumps from Lde genes were found, which are specific to fluoroquinolones (Godreuil et al., 2003).

A functional cluster and predicted proteins related with vancomycin resistance were also found. The proteins predicted VanA, VanB, VanH, VanR, VanS, VanW, VanX and VanZ, all of which were directly related to vancomycin resistance (Qureshi et al., 2014; Stogios and Savchenko, 2020) and VanZ, which in turn gave teicoplanin resistance (Qureshi et al., 2014) and VanW whose role in resistance mechanisms is still unknown. These genes are usually grouped by their function and level of resistance, thus taking the VanAB, VanHAX, and VanRS groups (Bugg et al., 1991; Arthur et al., 1992). The presence of some sequences that predict proteins, such as those related with VanAB genes, appearing in plasmids has been studied (Ishihara et al., 2013; Qureshi et al., 2014; Sivertsen et al., 2016), giving this resistance greater potential to be transmitted to other species. Several proteins related with that regulation of the activity of this resistance were also found, such as VanRS and a histidin-kinase system that activates the resistance system (Arthur and Quintiliani, 2001; Qureshi et al., 2014; Stogios and Savchenko, 2020).

Another group of resistance functional potential cluster was that corresponding to bacitracin resistance. The predicted proteins in SEED correspond to ABC flow pumps associated with the Bacillus genus such as BceAB, BceR, YvcPR, YxdM, YclH, YknY, BseL and LiaRS (Mascher et al., 2004; Kingston et al., 2014). Some of these genes have also been reported in other Gram-positives, such as some species of Enterococcus and Clostridium (Charlebois et al., 2012; Zhou et al., 2019).



Hg Resistance and Oxidative Stress Response

The mechanisms of resistance to Hg are widely described in the microbial world. For this reason, it is not uncommon to detect various predicted proteins associated with genes from operon mer (MerC, MerE, and MerT) (Gionfriddo et al., 2020) and mercuroreductases in the samples analyzed (Supplementary Table 6). In the same way, some resistance and transport mechanisms for divalent cations (Co, Zn, and Cd primarily) (Supplementary Table 6) were found, revealing the probably participation of that mechanisms in the resistance to Hg of the microorganisms. Likewise, ABC-type transporters (ATP-binding cassette), capable of providing resistance to bacteria against various toxins (Acar et al., 2020; Thomas and Tampé, 2020), account for almost 50% of membrane transporters in level II. At SEED level it can be found some ABC and RND efflux systems related with resistance with divalent cations and heavy metals (Supplementary Table 6). These transporters are widely distributed throughout the metagenome and primarily associated with resistance systems, acting as efflux pumps for different toxic compounds (Supplementary Table 3).

Environmental factors are known to cause oxidative stress to the colonizing microorganisms of contaminated soils. In order to colonize these environments, bacteria need effective biological mechanisms. Stress response genes give microorganism methods of adaptability to host situations and environments that may affect their normal development (Chakraborty and Kenney, 2018; Dweba et al., 2018; Kokou et al., 2018). These potential functional activities are found with a high relative abundance (Supplementary Table 7), as the soil is a “nutritional desert” and has the abiotic stress of high Hg concentration. These factors are in a similar proportion in both samples; it seems that BS and RS exert a different environmental pressure on organisms in terms of stress. Various ABC transport mechanisms have been developed, which function as part of the stress response machine in a hostile environment (Teichmann et al., 2018; Van Goethem et al., 2018). As well some sequences related with the carbon starvation, like proteins of Slp (Alexander and St John, 1994) and Sspa (Yin et al., 2021) were found. And functional potential clusters related with weather conditions (Cold and heat shock, desiccation stress and osmotic stress) (Supplementary Table 7).



N Metabolism and PGPR

N is a limiting macronutrient for the proliferation of microorganisms and the growth of plants. Therefore, the enzymes involved in the synthesis of nitrogen compounds usable by plants are relevant. In the present study, in level I was found a functional potential cluster that involves the N metabolism (Supplementary Table 8). Several sequences have been associated with proteins related to the assimilation of nitrate and nitrite as the Nar (NarA, NarD, NarE, NarK, NarL, and NarP) (Fukuda et al., 2015). Among the N metabolism, proteins from Nir denitrification genes were identified. Some of these sequences, related with genes such as NirT and Nos, are involved in N monoxide denitrification and formation (Bergaust et al., 2012; Belbahri et al., 2017). At level III, was alsa found a cluster related with the nitrogen fixation, fundamentally from the operon Nif were identified, which codes for the nitrogenase complex, fundamental in the fixation of atmospheric N in the soil (Di Cesare et al., 2018; Dasgupta et al., 2021; Supplementary Table 8).

Plant growth-promoting bacteria are characterized by their ability to produce and/or adapt to a hostile environment, such as auxin production, phosphate solubilization, ACC degradation, and siderophore production. Several sequences clustered in potential functional activities involved in the synthesis of auxins, an important factor promoting the growth of plants, have been identified (Mishra et al., 2021). Specifically, 3-indolacetic acid (IAA) is related to a large number of processes that improve plant quality. Some proteins from the principal biosynthetic routes of IAA, indole-3-pyruvate and indole-3-acetamide were predicted (Nascimento et al., 2021), such as proteins IorA and IorB (Supplementary Table 9). Likewise, IAA has the capacity to improve the tolerance of plants to adverse conditions and stress by heavy metals (Ma et al., 2011; Nazli et al., 2021). Some authors (Ma et al., 2011; Zainab et al., 2020) have established a relationship between rhizospheric bacteria producing IAA and significant improvement together with greater speed in phytoextraction of heavy substances and recovery of contaminated soils.

Plants and microorganisms compete for phosphorus present in the environment; therefore, the solubilization of phosphorus by microorganisms contributes to the promotion of plant growth (Pereira et al., 2020). A large number of proteins genes have been predicted for acid phosphatases, phytases, gluconate dehydrogenases, ketogluconate dehydrogenases, and glucose-1-dehydrogenase (Supplementary Table 10), which are encompassed in the context of phosphate solubilization (Suleman et al., 2018).

The predicted proteins of the AcdS genes of the ACC deaminase (1-aminocyclopropane-1-carboxylate desaminase) found in our metagenome interfere with the synthesis of ethylene in the plant by degradation of a metabolic precursor, thereby reducing stress in the tissues (Glick, 2014; del Carmen Orozco-Mosqueda et al., 2020). Ethylene is a marker of plant stress and senescence, so this enzyme helps plants withstand stressful environments, such as soils contaminated with heavy metals.

A wide variety of siderophore functional potential clusters were also identified (Supplementary Table 11), it can be found at level II a functional potential cluster related with siderophores (Supplementary Table 3). Siderophores act as metal chelators favoring, among other potential functions, the absorption of iron and its entry into the food chain. Plants that are able to use bacterial siderophores as a source of iron (Wang et al., 1993) increase their chances of survival and adaptation to contaminated environments.





CONCLUSION

Several conclusions can be drawn from this study.

In the taxonomic analyze, the most abundant microbial genome analyzed belongs to the bacteria domain. The prevalent taxa are those of Actinobateria and Alphaproteobacteria. Betaproteobacteria and Gammaproteobacteria seems to be intimately linked to rhizospheric soil (RS). Likewise, Cyanobacteria and Acidobacteria only have representation in bulk soil (BS). Similarly, the genome belonging to the Domain Eukarya involved in the potential functional activity of microbial activity was detected. The viral genomes present in the sample are interpreted as prophages.

On the functional potential profiling, the presence of antibiotic resistance mechanisms and other toxic compounds could confirm previous studies pointing to their co-selection in Hg-contaminated environments. The finding of resistance mechanisms proper to human clinical, evidence of biological contamination, suggests that these environments may behave as reservoirs. Although, the presence of Hg resistance functional clusters and involved in the response to oxidative stress are present as a minority; however, their biological significance justifies the behavior of the microbial community. The abundance of PGP and N-fixation functional activities detected in the metagenome sequences may be an opportunity for further selection of both effective bioremediation strains and genes for promoting biotechnological use in the production of GMOs.
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The increasing antibiotic resistance genes (ARGs) in fertilizer-amended soils can potentially enter food chains through their transfer in a soil–vegetable system, thus, posing threats to human health. As nitrogen is an essential nutrient in agricultural production, the effect of nitrogen (in the forms NH4+-N and NO3−-N) on the distribution of ARGs (blaTEM-1, sul1, cmlA, str, and tetO) and a mobile genetic element (MGE; tnpA-4) in a soil–Chinese cabbage system was investigated. Not all the tested genes could transfer from soil to vegetable. For transferable ones (blaTEM-1, sul1, and tnpA-4), nitrogen application influenced their abundances in soil and vegetable but did not impact their distribution patterns (i.e., preference to either leaf or root tissues). For ARGs in soil, effects of nitrogen on their abundances varied over time, and the positive effect of NH4+-N was more significant than that of NO3−-N. The ARG accumulation to vegetables was affected by nitrogen application, and the nitrogen form was no longer a key influencing factor. In most cases, ARGs were found to prefer being enriched in roots, and nitrogen application may slightly affect their migration from root to leaf. The calculated estimated human intake values indicated that both children and adults could intake 106–107 copies of ARGs per day from Chinese cabbage consumption, and nitrogen application affected ARG intake to varying degrees. These results provided a new understanding of ARG distribution in vegetables under the agronomic measures such as nitrogen application, which may offer knowledge for healthy vegetable cultivation in future.
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INTRODUCTION

Antibiotics play a vital role in protecting human health and promoting the development of animal husbandry. However, the overuse and abuse of antibiotics have caused increases in resistant bacteria and antibiotic resistance genes (ARGs) in the environments (Zhu et al., 2017a; Guo et al., 2018; Zeng et al., 2019; Sun et al., 2020a; Yue et al., 2021). ARGs have been widely regarded as an emerging contaminant (Pruden et al., 2006), which would remain, transfer, and spread in different environmental media. Soil is known as an ARG reservoir, and ARGs in soil have been found to be transferred to vegetable endophytes (Yang et al., 2018), which might then enter into the human body during vegetable consumption, thus, threatening human health (Zhu et al., 2017b).

It is worth noting that some agricultural management measures could regulate ARG distribution in a soil–vegetable system. Under the application of organic fertilizers (such as manure), ARGs in the soil and the fertilizers would migrate into the plant, thus facilitating the ARG contamination (He et al., 2016). For example, Zhou et al. (2019) reported that the total ARG abundances in phyllosphere of rice was enhanced by ~20% and ~40% after a short term (within 1 month) of fertilization of pig manure collected from farms using reduced and standard antibiotic practices, respectively. Chen et al. (2018) discovered that a long term (over 10 years) of chicken manure application to soil caused a 2,638-fold ARG enrichment in the phyllosphere of maize. For inorganic fertilizers, even though they do not contain exogenous ARGs as the organic fertilizers, they could still alter ARG abundance in soil through changing the bacterial community composition (Forsberg et al., 2014). It was reported that addition of 100–200 mg kg−1 nitrogen fertilizer (ammonium and nitrate nitrogen) significantly increased the relative abundance of ARGs in soil (Sun et al., 2020b). As one of the typical inorganic fertilizers, nitrogen is an essential nutrient for plant growth, and applied widely and heavily in agricultural production (74 kg year−1 hectare−1 in the world; Cui et al., 2018). However, until now, studies have merely focused on their regulation on ARGs in the soil, and instead ignored their influence on the distribution and abundances of ARGs in soil–vegetable system.

The transfer of ARGs in soil–vegetable systems is a complex process. Bacteria have been reported could drive the transmission of ARGs from soil to plants via internal pathways (Cerqueira et al., 2019a; Zhang et al., 2019). Numerous evidences manifest that the rhizosphere is a hotspot for the spatial transmission of antibiotic resistant bacteria (ARB) from soil to vegetable and also for the horizontal transfer of ARGs from soil microbiome to vegetable endophytes (Wang et al., 2015; Yang et al., 2018). For the spatial transmission of ARB, the bacterium in the soil could secrete cell wall degrading enzymes to break through root barrier and enter the plant. They may also enter plant through natural wounds on the root surface or following the root infection (Chi et al., 2005; Liu et al., 2017; Wang et al., 2021). For gene exchanges between soil and endophytic bacteria, ARGs on mobile genetic elements (MGEs) may transfer inside of plant when soil bacteria and vegetable endophytes closely contact with each other in the rhizosphere (Barlow, 2009).

To this end, this study examined the impact of nitrogen (NH4+-N and NO3−-N) on the distribution of ARGs in the soil–Chinese cabbage (Brassica chinensis L.) system. The ARG abundances in soil, vegetable roots and vegetable leaves were determined by real-time quantitative polymerase chain reaction (RT-qPCR). Bioaccumulation factor (BAF) and transfer factor (TF) was determined to examine the enrichment and transferable ability of ARGs in Chinese cabbage. We further estimated the daily intake of ARGs (EIARGs) to determine the exposure of ARGs to human after consumption of Chinese cabbage. This study may provide new insight to the distribution of ARGs in the soil–vegetable system under nitrogen application and improve our understanding on antibiotic resistance risks in agricultural production.



MATERIALS AND METHODS


Experimental Design

Soil used in the pot experiment was collected from a dairy farm (31°53′6′′N, 119°15′30′′E) in Jurong, Jiangsu Province, China. The soil is a typical yellow-brown earth with the pH value of 6.6 and the moisture content of 27.5%, which contains 21.8 g kg−1 of organic matter. Other physicochemical properties of the soil were described in Supplementary Table S1. The soil samples were used for pot experiments after passing through a 2-mm sieve. Seven treatments were set up according to the nitrogen application level in the pots: no nitrogen (CK), 25 mg kg−1 ammonium nitrogen (LA), 100 mg kg−1 ammonium nitrogen (MA), 200 mg kg−1 ammonium nitrogen (HA), 25 mg kg−1 nitrate nitrogen (LN), 100 mg kg−1 nitrate nitrogen (MN), and 200 mg kg−1 nitrate nitrogen (HN) were added to the potting soil, respectively. The NH4Cl and NaNO3 were applied representing the ammonium nitrogen and nitrate nitrogen, respectively. Chinese cabbage seeds were soaked overnight and planted in the soil mixed with amendments. Deionization water was sprayed into the soil to keep the soil water content at 70% of the field water holding capacity. The potted vegetables were managed in the greenhouse and the soil water content was controlled by daily watering. The pots were arranged in the greenhouse with a temperature of 25 ± 2°C in daylight (12 h) and 15 ± 2°C at night (12 h) and humidity of 60 ± 5%. All treatments were conducted in triplicate. Photos of vegetable growth at 15 days (seedling period), 35 days (growing period), and 60 days (maturing period) under different treatments were shown in Supplementary Figure S1.



Soil and Vegetable Sampling

Soil was sampled at 15, 35, and 60 days. A medicine spoon sterilized with 70% ethanol was used to collect the soil from each pot. The soil samples were stored at −80°C before the procedures of DNA extraction and chemical analysis. The vegetable samples were harvested at 15, 35, and 60 days, washed with running sterile water to remove their surface attaching soil and debris, and then divided into roots and leaves. All vegetable samples were stored at −80°C.



Extraction of DNA From Soil and Vegetables

For soil samples, the DNA was extracted by a DNeasy Power Soil kit (Qiagen, Germany). For vegetable samples, DNA was extracted according to the method in a previous study (Chen et al., 2018), with some modifications. Around 0.5 g of the surface-disinfected vegetable sample was put into a sterile mortar. After that, the liquid nitrogen was added to the mortar, followed by an immediate trituration to vegetable samples. Then, the sample was suspended with 10 ml of sterile phosphate buffered saline (PBS). The DNA was extracted from the sample suspensions by applying the FastDNA Spin Kit for Soil (MP Biomedicals, LLC, Solon, OH, United States). The concentrations of DNA extracted from soil and vegetables were measured by Nanodrop 2000 spectrophotometer (Thermo, Waltham, MA, United States).



Detection and Quantification of Target Genes

Five ARGs and a MGE were selected as the target genes: β-lactam resistance gene (blaTEM-1), chloramphenicol resistance gene (cmlA), aminoglycoside resistance gene (str), sulfonamide resistance gene (sul1), tetracycline resistance gene (tetO), and IS6 transposase (tnpA-4). The six genes had relatively higher abundances in the collected soil samples (according to the pre-test study) and were in frequent detection in the farmland soil as reported in previous studies (Knapp et al., 2010; Luo et al., 2010; Chen et al., 2019; Sun et al., 2019). Their background abundances in soil samples were shown in Supplementary Table S2. The abundance of 16S rRNA gene was also determined to quantitatively estimate the abundance of bacteria. The ARG abundances in soil and vegetable samples were determined through QuantStudio 3 Real-Time PCR System with AceQ qPCR SYBR Green Master Mix (Applied Biosystems, Foster City, CA, United States). The reaction mixture (20 μl) consisted of 10 μl of SYBR Green Master Mix (Vazyme, Nanjing, China), 0.8 μl of each primer at 10 mM (Supplementary Table S3), 1 μl of DNA template, and 7.4 μl of sterile double-distilled water (Supplementary Table S4). The reaction conditions are described in Supplementary Table S5.



Calculation of Bioaccumulation Factors and Transfer Factors

Bioaccumulation factor (BAF) was used to quantify the ARG enrichment capacity of roots and leaves of Chinese cabbage. Transfer factor (TF) was used to examine the transfer ability of ARGs from Chinese cabbage roots to leaves.
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where RAcabbage is the relative abundance of ARGs in Chinese cabbage roots or leaves, RAleaf is the relative abundance of ARGs in Chinese cabbage leaves, RAroot is the relative abundance of ARGs in Chinese cabbage roots, RAsoil is the relative abundance of ARGs in soil.



Calculation of Estimated Daily Intake

The estimated daily intake of ARGs (EIARGs) was used to determine the copy number of ARGs consumed by eating Chinese cabbage. The daily consumption of vegetables is about 276 and 228 g (of which 15% were Chinese cabbage) for adult and child, respectively (Wang et al., 2018; Mei et al., 2021).
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where GCN/g is gene copy number of ARGs per gram of Chinese cabbage, Wintake is the weight of vegetable daily intake, Rcabbage is the rate of Chinese cabbage in raw vegetables.



Data Analysis

The quantitative data of soil and vegetable ARGs were exported by QuantStudio Design & Analysis Software. Statistical analyses were performed using Microsoft Excel 2019 and IBM SPSS statistics 25. Differences in the gene abundances were assessed using Duncan multiple comparisons (p < 0.05). Data visualization were performed using Origin 2019.




RESULTS AND DISCUSSIONS


Not All the ARGs Can Be Transferred From Soil to Vegetables

All the tested genes including the five ARGs (blaTEM-1, cmlA, str, sul1, and tetO) and the MGE (tnpA-4) could be detected in the soil. Among them, only two types of ARGs (blaTEM-1 and sul1) and the tnpA-4 gene could be detected in Chinese cabbage (Figure 1), whose abundances in soil were relatively higher. This suggests that some ARGs in soil could not be transferred into vegetables. A previous study also found that only 60% of ARGs in soil were plant-transferable, and the ARG abundances decreased gradually from soil to plant (Cerqueira et al., 2019b; Xiao et al., 2021). ARGs in soil could transfer to vegetable through two major ways and the rhizosphere is a hotspot for their transfer (Van Elsas et al., 2003; Wang et al., 2015; Yang et al., 2018). Through rhizosphere some soil bacteria that carrying ARGs (i.e., ARB) could get into the vegetable and thus bring the ARGs from soil to the inside of vegetables. After entering vegetables, some ARB could grow well and the abundance of their carrying ARGs would thus increase. However, some other ARB cannot compete with the native plant endophytes and their growth would be largely suppressed, which might thus inhibit the propagation of their harboring ARGs (Xu et al., 2021). This might be a reason for the unsuccessful transfer of some ARGs (e.g., cmlA, str, and tetO in this study). In addition, rhizosphere is also regarded as a hotspot for gene exchange between the soil and plant microbiome (Chen et al., 2017). That is, soil bacteria harbored ARGs could transfer to vegetable endophytes by horizontal gene transfer (HGT) in the vegetable rhizosphere. In this study, the tnpA-4 gene (a MGE) had high abundances in both soil and vegetable samples, indicating that HGT also contributed to the transmission of ARGs from soil to vegetables (Heuer et al., 2011).
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FIGURE 1. The absolute abundance of ARGs in the soil, roots, and leaves at three growth periods (15, 35, and 60 days) with no nitrogen application (CK). Error bars represent standard deviations of triplicate samples. Different lowercase letters above the bars indicated significant differences among growth periods at p < 0.05.




The Abundances of ARGs and the MGE in Soil and Vegetable

Nitrogen application greatly influenced the abundances of ARGs and the MGE in soil. But the influencing effect varied over time. For sul1, at 35 days, nitrogen obviously inhibited its abundance, which was only 53%–84% of that under the control treatment. However, at 60 days, the abundances of sul1 with nitrogen application (particularly NH4+-N) was increased 16%–77% than the control treatment (Figure 2). On the contrary, for tnpA-4, its abundance reached the highest under MA, HA, LN, and MN treatments at 35 days, which increased by 202%–360% as compared with the control treatment. However, with cultivation time going (at 60 days), tnpA-4 abundances in these treatments significantly decreased to the level similar to the control treatment (Figure 2). Previous study reported that microbial community in soil would give a quick response to the change of their growing environment (such as the change of nitrogen concentration; Geisseler and Scow, 2014), thus resulting in a better or worse growth of some population. But this alteration of microbial community was not stable at this stage (e.g., <40 days; Stark et al., 2007; Fierer et al., 2012). A period of 60 days was sufficient to stabilize the soil microbial community structure (Stark et al., 2007). This may offer an explanation for the changing influencing effect over time, and also illustrated that the results at 60 days might obtain more reference values in the practical agricultural activities. Furthermore, we particularly compared the differences in the effects on ARG abundances in soil between the NH4+-N and NO3−-N at 60 days. Obviously, NH4+-N had a more significant positive effect on soil ARGs than NO3−-N (Figure 2). It is known that NH4+-N is typically used as a primary nitrogen source for soil bacteria (Rahman et al., 2018). Therefore, soil bacteria including those with abundances positively correlated to the ARG abundances (e.g., Nitrosospira and Nitrosomonas), usually grow better under the NH4+-N exposure than under that of NO3−-N (Sun et al., 2020b, 2021). The better propagation of these soil bacteria would correspondingly increase the abundances of associated ARGs. Therefore, the promoting effect of NH4+-N on ARG abundance was stronger than NO3−-N.
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FIGURE 2. The absolute abundance of ARGs (blaTEM-1, sull, and tnpA-4) in the soil at three periods (15, 35, and 60 days) with nitrogen treatments: 25 mg kg−1 NH4+-N (LA), 100 mg kg−1 NH4+-N (MA), 200 mg kg−1 NH4+-N (HA), 25 mg kg−1 NO3−-N (LN), 100 mg kg−1 NO3−-N (MN), and 200 mg kg−1 NO3−-N (HN). Errors bars represent standard deviations of triplicate samples. Different lowercase letters above indicated significant among treatments at p < 0.05.


Nitrogen application also impact the ARG and MGE accumulation to vegetables. In the early growing stage of Chinese cabbage (15 days), application of NH4+-N and NO3−-N generally decreased blaTEM-1 abundance but increased sul1 and tnpA-4 abundances in roots as compared to the control treatment. However, with Chinese cabbage growing (60 day), in general, the nitrogen treatment enhanced the accumulation of blaTEM-1 and sul1 to roots but inhibited that of tnpA-4. As shown in Figure 3, blaTEM-1 abundances increased from 15 to 60 days under NH4+-N and NO3−-N treatments. But under control treatment, the blaTEM-1 abundances decreased by 16% from 15 to 60 days. On the contrary, for tnpA-4, although at 15 days their abundances in nitrogen treatments were higher than that in control group, with vegetable growing to 60 days, the abundance in control group turned to be higher than those under the nitrogen treatments, suggesting tnpA-4 accumulation in roots were inhibited by nitrogen. This trend showed a similar pattern to that of the abundances of blaTEM-1, sul1 and tnpA-4 in soil under the nitrogen application (i.e., blaTEM-1 and sul1 abundances were increased and tnpA abundance was decreased at 60 days; Figure 2). Cerqueira et al. (2019a) also discovered that the abundance of ARGs in the roots of legume plants was highly associated with that in the soil. For ARGs in leaves, as compared the ARG abundances at 15 days with those at 60 days, generally, nitrogen application promoted blaTEM-1 accumulation, and had no obvious effect on sul1 and tnpA-4 accumulation. For example, under the control treatment, the abundance of blaTEM-1 at 15 days in the leaves was very closed to that at 60 days, which means the accumulation of this gene to the vegetable leave is limited. However, under the treatment of nitrogen, the abundance of blaTEM-1 increased up to 80.44-fold higher from 15 to 60 days, indicating a stronger accumulation of this gene into Chinese cabbage leaves under nitrogen application. Similar to that on soil ARGs, we also compared the differences in the influencing degrees of NH4+-N and NO3−-N on ARG abundances in vegetables at 60 days. It was found that the differences in the regulating effects between NH4+-N and NO3−-N appeared lack of regularity, suggesting the nitrogen forms were no longer a crucial influencing factor on ARG abundances in vegetables. It is known that most vegetables prefer to utilize NO3−-N than NH4+-N (Zhang et al., 2016) and thus would adsorb more NO3−-N from soil compared to NH4+-N. The higher level of NO3−-N in vegetable might offset the stronger regulation of NH4+-N on the soil-derived ARB inside the Chinese cabbage, which might make the nitrogen forms no longer a crucial influencing factor.
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FIGURE 3. The absolute abundance of ARGs (blaTEM-1, sull, and tnpA-4) in Chinese cabbage (roots and leaves) at three periods (15, 35, and 60 days) under different treatments: no nitrogen (CK), 25 mg kg−1 NH4+-N (LA), 100 mg kg−1 NH4+-N (MA), 200 mg kg−1 NH4+-N (HA), 25 mg kg−1 NO3−-N (LN), 100 mg kg−1 NO3−-N (MN), and 200 mg kg−1 (HN). Errors bars represent standard deviations of triplicate samples. Different lowercase letters above the bars indicated significant differences among treatments at p < 0.05.


Overall, the bacterial community composition and HGT majorly control the ARG distribution in various environmental niches (Barlow, 2009; Forsberg et al., 2014). According to a previous study, nitrogen application could alter the bacterial community structure (Fierer et al., 2012), which might be a mechanism accounting for the regulation of nitrogen on ARGs in soil and vegetable in this study. Besides that, the MGE tnpA-4 abundances were also influenced by nitrogen application to certain extents, implying the HGT process affected by nitrogen application should be another mechanism.



Distribution Patterns of ARGs and the MGE in Soil–Vegetable System

Although nitrogen application influenced the ARG and MGE abundances in vegetables to various degrees, it could not influence their distribution patterns (i.e., preference to either leaf or root tissues) in Chinese cabbage. As shown in Figure 1, different ARGs had different distribution patterns in vegetables under control treatment. For example, as the vegetables grew by 60 days, a large amount of blaTEM-1 accumulated in the leaves, and its abundance was 3.38 times higher than that in the roots. But for tnpA-4 and sul1, they were enriched in the roots. Particularly for tnpA-4, its abundance in roots was even 121.87 times higher than that in leaves. It is reported that the reason for the accumulation of tnpA-4 in roots might be that this gene normally acts as a MGE (Cerqueira et al., 2019b), and the rhizosphere is the hotspot of HGT (Zhang et al., 2019). Previous studies have shown that the selective enrichment of foreign ARB in plant tissues may be the cause of different preferences of ARGs. For example, Bacteroidetes in rhizosphere could migrate to plant roots but rarely could further migrate to the leaves (Guo et al., 2021). Interestingly, after nitrogen application, be it in NH4+-N or NO3−-N forms, or even at low or high levels, could not alter the distribution patterns of these ARGs. As shown in Figure 3, for the LA, MA, HA, LN, MN, and HN treatments, blaTEM-1 always preferred being in the leaves than in the roots. Previous studies also indicated a similar preference for blaTEM-1 in plant leaves (Cerqueira et al., 2019a). TnpA-4 and sul1 were still enriched in vegetable roots (Figure 3). For each ARG, their endophyte host commonly has a relatively fixed ecological niche (Karmakar et al., 2019), which might not be easily changed by external factors such as nitrogen application.



Bioaccumulation Factors and Transfer Factors

In our study, BAF was analyzed to determine the ARG enrichment capacity in different vegetable parts. The TF was also calculated to examine the transfer capacity of ARGs from roots to leaves. In Figure 4A, the blue colors in the root column were darker than those in the leaf column, illustrating the ARG enrichment capacities in roots were higher than those in leaves for both the control and nitrogen treatments (except for blaTEM-1 gene at 60 days). This was in accordance with previous studies reported that rhizosphere is the main point of ARG migration from soil to plant (Van Elsas et al., 2003). Microbes played as an important carrier for ARGs to migrate into plants (Cordovez et al., 2019). They first move along the rhizosphere to the root surface and then colonize inside the root (Edwards et al., 2015). Therefore, root plays an indispensable role in the transfer of ARGs in the soil–vegetable system. However, for the blaTEM-1 gene at 60 days, which was a special case, their enrichment capacities in leaves were higher than roots. As shown in Figure 4B, without or with nitrogen application (except for HA), the TFs of blaTEM-1 gene at 60 days were significantly higher than those of sul1 and tnpA-4. For example, for the control treatment, the TF of the blaTEM-1 gene was close to 6.70, much higher than those for sul1 and tnpA-4. This indicated that blaTEM-1 had a higher transfer capacity (i.e., TFs) in Chinese cabbage, which made them easier to accumulate in leaves. Moreover, we found nitrogen application influenced the ARG transfer capacity in vegetable, but the influencing effect lacked regularity. For instance, the transportability of blaTEM-1 was enhanced in LA and HN treatments, but those of sul1 were enhanced in HA treatment, while tnpA-4 was in MA and HN treatments. The influencing effect might not be intense, as the distribution patterns of ARGs in vegetables could not be altered by nitrogen application as described above.
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FIGURE 4. (A) Heatmap shows the bioaccumulation factors (BAF) of ARGs in the roots and leaves of Chinese cabbage. The color of white to blue represents the BAF values of the corresponding ARGs in different treatments and times. (B) The transfer factors (TF) of ARGs from roots to leaves at 60 days. (C) The estimated daily intake (EI) of ARGs by eating matured Chinese cabbage leaves (at 60 days). Different lowercase letters above the bars indicated significant differences among treatments at p < 0.05.




Estimated Daily Intake of ARGs in Human

We calculated the estimated daily intakes (EIs) of ARGs from the consumption of Chinese cabbage based on the study of Mei et al. (2021). The study investigated the ARG intake from eating the raw carrots, and reported that children and adults would intake 2.7 × 107 and 3.2 × 107 copies of ARGs per day, respectively. In this study, it was calculated that children and adults may intake up to 3.99 × 107 and 4.83 × 107 copies of blaTEM-1, 3.09 × 106 and 3.74 × 106 copies of tnpA-4, and 1.44 × 106 and 1.75 × 106 copies of sul1 per day by consuming Chinese cabbage leaves under control treatment, respectively. The highest EI values of blaTEM-1 may be attributed to the highest transfer capacity of this gene from root to leaf in Chinese cabbage (Figure 4B). Until now, there was no solid evidence demonstrating that consuming foods harboring ARGs would lead to an increase of ARGs in human body. However, HGT is recognized as a common event in human oral bacteria (Mira, 2008), and plasmids (a common vector of ARGs) was proven could get from mouth to gut of mammalian and persisted in gut for hours (Wilcks et al., 2004). These potentially indicated that vegetable-carrying ARGs particularly for those on MGEs had a probability to enter human body, which might transfer to the pathogens and thus threatened human health. Martínez et al. (2015) also pointed out that ARGs would pose a substantial risk for the dissemination of resistance if they reside on MGEs. In this study, we found NO3−-N application increased EI tnpA-4 (i.e., the MGE) by 110%–160% (Figure 4C), which might increase the potential of ARG transfer from vegetables to human pathogens, enlarging health risks. Besides tnpA-4, application of NH4+-N increased EIblaTEM-1 by 30%–60% (Figure 4C) but reduced EIsul1 by 50%–60% (Figure 4C). This manifests that nitrogen application may differentially affect the intake of ARGs in human. Therefore, in future agricultural practice, it is suggested that nitrogen application should carefully refer to the ARG types in soil.




CONCLUSION

The results in this study provided a new understanding on ARG distribution in soil-vegetable system under the agronomic measures of nitrogen application. For those genes that could transfer from soil to vegetables (blaTEM-1, sul1, and tnpA-4), nitrogen application could not change their distribution patterns in vegetables but could regulate their abundance. Under most circumstances, ARGs preferred being enriched in the roots of Chinese cabbage. When human consumed the Chinese cabbage leaves, the effect of nitrogen application on ARG intake varies with ARG types. These results are helpful in understanding the distribution and transfer of ARGs in the soil-vegetable system and provide data support for the health risk assessment of ARGs in future.
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Soil microorganisms play crucial roles in soil fertility, e.g., through decomposing organic matter, cycling nutrients or through beneficial interactions with plants. Actinomycetes are a major component of soil inhabitants; they are prolific producers of specialized metabolites, among which many antibiotics. Here we report the isolation and characterization of 175 Actinomycetes from rhizosphere and bulk soil samples collected in 18 locations in Sudan. We evaluated the strains’ metabolic potential for plant protection by testing their ability to inhibit the mycelial growth of the oomycete Phytophthora infestans, which is one of the most devastating plant pathogens worldwide. Most strains significantly reduced the oomycete’s growth in direct confrontational in vitro assays. A significant proportion of the tested strains (15%) were able to inhibit P. infestans to more than 80%, 23% to 50%–80%, while the remaining 62% had inhibition percentages lesser than 50%. Different morphologies of P. infestans mycelial growth and sporangia formation were observed upon co-inoculation with some of the Actinomycetes isolates, such as the production of fewer, thinner hyphae without sporangia leading to a faint growth morphology, or on the contrary, of clusters of thick-walled hyphae leading to a bushy, or “frozen” morphology. These morphologies were caused by strains differing in activity levels but phylogenetically closely related with each other. To evaluate whether the isolated Actinomycetes could also inhibit the pathogen’s growth in planta, the most active strains were tested for their ability to restrict disease progress in leaf disc and full plant assays. Five of the active strains showed highly significant protection of potato leaves against the pathogen in leaf disc assays, as well as substantial reduction of disease progress in full plants assays. Using cell-free filtrates instead of the bacterial spores also led to full protection against disease on leaf discs, which highlights the strong crop protective potential of the secreted metabolites that could be applied as leaf spray. This study demonstrates the strong anti-oomycete activity of soil- and rhizosphere-borne Actinomycetes and highlights their significant potential for the development of sustainable solutions based on either cell suspensions or cell-free filtrates to safeguard potatoes from their most damaging pathogen.
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INTRODUCTION

The Gram positive Actinomycetes are filamentous bacteria belonging to the phylum Actinobacteria, which represents one of the most diverse groups of microorganisms in nature (van Bergeijk et al., 2020). Actinomycetes are known to be very prolific producers of specialized metabolites and they have been mainly exploited, so-far, because of their capability to produce antibiotics, as well as many anticancer, anthelmintic, and antifungal compounds. Hence, they are considered to have a major importance for biotechnology, medicine, and agriculture (Barka et al., 2016). Although few examples of plant pathogenic Actinomycetes exist, such as Streptomyces scabies causing common scab of potato (Keinath and Loria, 1989), many more Actinomycetes have been reported to inhibit the development of a broad range of phytopathogenic fungi (Berg et al., 2001). Among these, different species of Streptomyces and Nocardiopsis showed activity in vitro and in planta against fungal and bacterial pathogens of tomato and carrot (Djebaili et al., 2021), while Streptomyces coelicolor was reported to be very potent at controlling onion bacterial rot and at reducing the disease incidence throughout onions’ storage time (Abdallah et al., 2013). Furthermore, Chen et al. (2016) showed that both cells and culture filtrate of Streptomyces plicatus inhibited mycelial growth and zoospore germination of the pepper pathogen Phytophthora capsici. As a consequence of their remarkable metabolic activity, some Streptomyces strains are already included in commercial preparations marketed for the biological control of fungal and bacterial diseases. These preparations contain either cell suspensions, usually for soil treatments (e.g., S. lydicus WYEC108, the active ingredient of Actinovate, and S. griseoviridis K61, the active ingredient of Mycostop), or purified metabolites to be used as foliar sprays (e.g., polyoxin D, streptomycin, and kasugamycin; Rey and Dumas, 2017).

Among the many organisms endangering crop health worldwide, the oomycete P. infestans causing late blight in potato is a particularly devastating one, with global economic losses estimated at about 9 billion euros per year (Haverkort et al., 2009). As many other diseases, potato late blight is controlled by multiple applications of synthetic pesticides in conventional agricultural management, and by copper-based products in organic potato production, which both have negative side effects on environmental and human health (De Vrieze et al., 2018). Therefore, sustainable approaches for late blight management are needed in order to minimize crop losses as well as to decrease the environmental problems posed by fungicide applications (Majeed et al., 2017). In view of their above-mentioned prolific production of bioactive metabolites, Actinomycetes appear as promising candidates to contribute to sustainable solutions for late blight control. Indeed, earlier studies have reported inhibition of P. infestans mycelial growth by different Streptomyces strains or their metabolites (Sinha et al., 2014; Bermejo et al., 2020; Feng et al., 2021). However, in vitro inhibition activities on P. infestans are no warranty for the ability of the strains to restrict disease progress on plant material such as leaf discs or full plants, which in turn do not warrant efficacy in the field (Guyer et al., 2015; Hashemi et al., 2021). To the best of our knowledge, only two studies reported protective potential of Actinomycetes against P. infestans in full plant assays, the first on tomato and chili (Loliam et al., 2012), and the second on potato tubers (Feng et al., 2022). This latter study demonstrated substantial reduction of P. infestans growth in both in vitro and tuber inoculation assays and a small but significant tuber disease index reduction also under field conditions with one of the treatments consisting of a mixture of eight different strains. This very recent study brings promising first evidence of potato tuber protection against late blight disease by Actinomycete strains, although their ability to limit disease progress on leaves remains to be investigated. Therefore, this study aimed at evaluating the antagonistic activity of ca. 170 Actinomycetes isolated from soil and rhizosphere samples collected in different locations in Sudan, against P. infestans using in vitro assays as a first screening and in planta assays with selected candidate strains and their cell-free filtrates as a second step on the long road toward the development of sustainable control of potato late blight.



MATERIALS AND METHODS


Collection and Preparation of Soil Samples

Soil samples were collected from various locations in Sudan including Port Sudan, Erkowit (Red sea State), Khartoum, Khartoum North, Omdurman (Khartoum State), Er Roseires Dam (Sennar State), Wad Albaseer, Al Bageir (Gezira State), and different areas in Dongola (Northern State). Soils were sampled from diverse habitats (plant rhizosphere, agricultural soil, and river sediments). Soil samples were mixed with CaCO3 (1:10 w/w; Sigma-Aldrich) and dried at 45°C for 1 h to favor Actinomycetes over fungi and other bacteria (El-Nakeeb and Lechevalier, 1963).



Isolation of Actinomycetes

Isolation of Actinomycetes was performed by serial dilution and spread plate technique (Kumar et al., 2012). One gram of each soil sample was suspended in 9 ml of sterile distilled water and allowed to settle for 30 min (El-Nakeeb and Lechevalier, 1963). The dilution was carried out up to 10−6 by transferring 1 ml from the top of the soil suspension into 9 ml sterile distilled water in a sterile tube. Aliquots (0.5 ml) of the dilutions 10−4, 10−5, 10−6 were inoculated on Starch Casein Nitrate Agar (SCNA). SCNA medium was prepared by dissolving, in 1 L distilled water, 18 g agar (Carl Roth GmbH), 10 g starch (Sigma), 2 g NaCl (Acros organics), 2 g KNO3 (Carl Roth GmbH), 2 g K2HPO4 (Siegfried Zofingen), 0.05 g MgSO4.7H2O (Carl Roth GmbH), 0.01 g FeSO4.7H2O (Fluka), 0.02 g CaCO3 (Sigma-Aldrich), and 0.3 g casein (AppliChem). The medium was then autoclaved for 15 min at 121°C and 15 psi. To minimize the fungal growth, 10 ml/l of fungistatin (Delta Pharma) were added to the sterilized medium under aseptic conditions. The plates were gently rotated and were then incubated at 30°C for 10 days. Based on the colony morphology, the Actinomycetes cultures were selected and repeatedly sub-cultured on SCNA for purification. A Gram stain was performed for the pure cultures and each culture of Gram-positive filamentous bacteria was preserved in a slanted way in a glass vial containing SCNA medium and stored at 4°C until further studies. In addition, a glycerol stock of each isolate was prepared by inoculating the mycelium in 80% SCNB and 20% glycerol (Sigma) and maintained at −20°C for long-term preservation of the isolates.



Morphological and Physiological Characterization of Actinomycetes

Morphological and physiological features of the isolated Actinomycetes were determined following the International Streptomyces Project (ISP) methods described by (Shirling and Gottlieb, 1966) and briefly detailed below.


Aerial Mass Color and Reverse Side Pigments (Color of Substrate Mycelium)

The Actinomycetes isolates were cultured in yeast extract malt extract agar medium (ISP medium No. 2), prepared by dissolving 10 g malt extract (LobaChemie), 4 g yeast extract (LobaChemie), 4 g dextrose (Carl Roth GmbH), and 20 g agar (Carl Roth GmbH) in 1 L distilled water. Aerial mycelium color was recorded after the strains had reached abundant sporulation. In cases where the aerial mycelium color fell between two colors series, both colors were recorded. The color of the substrate mycelium was determined by observing the reverse (bottom) side of mycelium growth on the ISP 2 medium.
 

Melanoid and Diffusible Soluble Pigments

The isolates were cultured in Tyrosine Agar medium (ISP 7) and incubated for 5 days at 30°C. ISP 7 was prepared by dissolving 15 ml glycerol (Sigma), 1 g L-asparagine (Fluka), 0.5 g L-tyrosine (Sigma), 0.5 g K2HPO4 (Siegfried Zofingen), 0.5 g MgSO4.7H2O (Carl Roth GmbH), 0.5 g NaCl (Acros organics), 0.01 g FeSO4.7H2O (Fluka), 20 g agar (Carl Roth GmbH), and 1 ml of trace salt solution in 1 L of distilled water. The trace salt solution was prepared by dissolving 0.1 g FeSO4.7H2O (Fluka), 0.1 g MnCl2.4H2O, 0.01 g ZnSO4.7H2O (Merck) in 100 ml distilled water. Each isolate producing a brown diffusible pigment into the medium was recorded as a melanoid pigment producer. On the other hand, the ability to produce soluble pigments other than melanoids was noted for each isolate and the pigment color was determined.



Spore Chain Morphology

The spore-bearing hyphae characteristics were determined by direct microscopic examination of the spore-bearing hyphae of well sporulating cultures. This was done by inserting a sterile cover slip, at an angle of 45°, into ISP two plates, after which the Actinomycetes isolates were inoculated to the contact line of the immersed cover slip and the plates were incubated at 28°C for 21 days. The cover slip was then removed and placed on a glass slide and examined under a binocular microscope. The spore-bearing hyphae of each isolate was noted as straight or Rectus (R), flexible or Flexibilis (F), Retinaculum-Apertum (RA), Monoverticillus (MV), and spiral or Spira (S).



Carbon Source Utilization

Actinomycetes isolates were tested for their abilities to utilize nine sugars as sole carbon source using ISP 9 medium. This medium consists of mineral salt agar as a basal medium. The basal mineral salt agar was prepared by dissolving 2.64 g (NH4)2SO4 (Carl Roth GmbH), 2.38  g KH2PO4 (Carl Roth GmbH), 5.65 g K2HPO4.3H2O (Merck), 1  g MgSO4.7H2O (Carl Roth GmbH), 15 g agar (Carl Roth GmbH), and 1 ml Pridham and Gottlieb trace salts solution prepared by dissolving 0.64 g CuSO4.5H2O (Fluka), 0.11 g FeSO4.7H2O (Fluka), 0.79 g MnCl2.4H2O (Carl Roth GmbH) and 0.15 g ZnSO4.7H2O (Merck) in 100 ml distilled water. The medium was cooled, after autoclaving, to 60°C and each sterilized carbon source was added aseptically to the basal mineral salt agar giving a final concentration of 1%. L-arabinose (Fluka), D-xylose (Fluka), D-mannitol (Sigma-Aldrich), D-fructose (Fluka), rhamnose (Carl Roth GmbH), raffinose (Merck), sucrose and glucose (Carl Roth GmbH) were filter sterilized using 0.2 μm sterile filters. Cellulose (Schleicher & Schuell) and meso-inositol (Fluka), which are not sufficiently soluble to be sterilized with this method, were sterilized by the ether sterilization method (Shirling and Gottlieb, 1966). In this method, the dry carbon source was weighted and spread as a shallow layer in a pre-sterilized Erlenmeyer flask fitted with a loose cotton plug. Sufficient acetone-free ethyl ether (C2H5)20 (Fluka) was then added to cover the carbohydrate. The ether was allowed to evaporate at room temperature under a ventilated fume hood for 2 days, and then sterile distilled water was aseptically added to make a 10% w/v solution of the carbon source. Plates were examined after 13 days. The growth of each isolate was compared with the growth on the two control plates: the growth on the basal medium alone, without any carbon source (negative control), and the growth on the basal medium supplemented with glucose (positive control). Results were taken as follows: Strongly positive utilization (++) when the isolate growth on the medium supplemented with the tested carbon source was equal or better than the positive control; positive utilization (+) when the growth was better than the negative control, but less than the positive control; and doubtful utilization (±) when the growth was slightly better than the negative control. Carbon source utilization was recorded as negative when the growth was not better than the negative control.




Identification of the Isolated Strains


DNA Extraction

DNA was extracted from the Actinomycetes using heat shock: for each strain, mycelium was transferred to a sterile 1.5 ml tube, ground using a sterile tip, and suspended thoroughly in 1 ml distilled water. The samples were heated at 95°C in the heating block for 20 min and were then suddenly transferred into ice for 10 min. The samples were then reheated in the heating block at 95°C for 10 min and the so obtained cell lysate was stored at −20°C.



Amplification of the 16S rDNA Gene

Polymerase chain reaction (PCR) was performed to amplify the fragment of 16S rDNA gene, using the universal primers: 27F (5′-AGA GTT TGA TCC TGG CTC AG-3′) and 1492R (5’-CGG TTA CCT TGT TAC GAC TT-3′) purchased from Microsynth. PCR amplification was performed in 25 μl of reaction mixture which contained 5 μl of cell lysate of each isolate, 0.5 μl of each primer (25 μM), 12.5 μl of Accustart II PCR toughmix (Quantabio), 0.5 μl of track loading dye (Quantabio), and 6 μl of sterile distilled water. The thermal cycler was programmed with the following conditions: an initial denaturation step at 94°C for 3 min, then 35 cycles of three steps made up of a denaturation step at 94°C during 30 s, an annealing step at 56°C during 30 s and an extension step at 72°C during 1 min 40 s, followed by a final extension step at 72°C during 10 min.



Agarose Gel Electrophoresis

The PCR products were examined by standard gel electrophoresis using 1% agarose gel. The gel was prepared by dissolving 0.6 g agarose in 60 ml of 1X TAE buffer (40 M Tris-acetate, and 1 mM EDTA, pH 8.0). The gel was stained with three μl of green safe gel stain (Canvax) and was then immersed in 1X TAE buffer. Three ml of each PCR product were loaded into the wells. A one Kbp-DNA ladder was used as a molecular weight marker. One hundred volts of electric current was passed through the gel for 35 min. The gel was removed, visualized in a transillumination cabinet, and images were captured using a gel documentation system. The appearance of the target band specified for the primer set (1.5 Kbp) on the agarose gel was considered as an indication of a positive amplification product.



Partial Sequencing of 16S rDNA Gene and Phylogenetic Analysis

PCR products were purified using a centrifugation protocol according to E.Z.NA. Cycle Pure Kit (Omega, bio-tek. United States) and following the manufacturer’s protocol, except that sterile distilled water was used to elute the DNA instead of the provided elution buffer. Twelve μl of each purified PCR product were mixed with three μl of the forward primer (27F) and sent to Microsynth Company for sequencing (Switzerland). The partial 16S rDNA gene sequences were compared with available databases using nucleotide BLAST search in NCBI GenBank. The sequences were deposited in GenBank (ON041455-ON041629). A phylogenetic tree based on the sequences of 172 isolates was constructed using the following parameters in the Geneious software: a global alignment with free end gaps was performed, with a similarity index of 65%. A neighbor-joining tree was then constructed using the Tamura-Nei genetic distance model.




Screening of Actinomycetes Activity Against Phytophthora infestans

To explore the strains’ potential to inhibit P. infestans mycelial growth, full plate dual assays were performed on V8 plates. This type of assays enables the exchange of both volatile and diffusible compounds between the two organisms (Bruisson et al., 2019). V8 medium was prepared by adding 100 ml V8 juice (Campbell Soup Company’s), 1 g of CaCO3 and 15 g of agar (Carl Roth GmbH) in 1 L distilled water (Miller, 1955). Actinomycetes spore suspensions were prepared by culturing the strains on V8 plates. After the strains had reached abundant sporulation, distilled water was added to the plate and the aerial mycelium was then scraped using a sterile loop to liberate the spores into the water. The suspended spores were poured to a sterile 50 ml tube and then mixed vigorously to break the spore chains and obtain a homogeneous suspension (Shepherd et al., 2010). This suspension was filtered using fiberglass wool and then centrifuged at 5’000 rpm for 10 min. The supernatant was removed and the spores were suspended in 1 ml of sterile distilled water. Optical density (OD) was measured at 600 nm to measure the spores’ concentration and was adjusted to one with sterile distilled water. Three drops of 10 μl of the strains’ spore suspension (OD600 = 1) were inoculated at the border of a V8 plate, together with a plug of 5 mm of a 2-week-old P. infestans plate at the center of the plate [Rec01, a polyspore isolate of mating type A2 originally isolated by H. Krebs, Agroscope and described for its distribution, virulence and pathogenicity in (De Vrieze et al., 2019)]. Control plates were inoculated only with a plug of P. infestans. The plates were parafilmed and incubated at 21°C. Pictures were taken after P. infestans covered the entire control plates. The area covered by the mycelium was measured using the image analysing software Image J (Schneider et al., 2012) and compared with that of the control. Growth inhibition percentage was calculated for each strain as described previously (Bruisson et al., 2019). A two-tailed Student’s t-test was performed to analyze the results statistically. Moreover, the mycelium growth of P. infestans of each treatment showing abnormal phenotype was observed microscopically using bright field binocular microscope (Leica).



Screening of Siderophore Production

Siderophore production of the strains was determined using a V8-based chrome azurol S (CAS) medium. The coloration solution (blue dye) was prepared by mixing two solutions: the first solution was prepared by dissolving 60.5 mg CAS (Kodak) in 50 ml distilled water, while 72.9 mg of HDTMA (C19H24BrN; Sigma-Aldrich) were dissolved in 40 ml distilled water to prepare solution two. Ten ml of iron solution were added to solution two before mixing with solution one. The iron solution was prepared by dissolving 27 mg FeCl3.6H2O (Merck), and 1 ml HCl (1 M) in 99 ml distilled water (Louden et al., 2011). 450 ml of V8 medium was prepared and supplemented with 15.12 g 1,4-piperazinediethansulfonic acid (Sigma), after which the pH was adjusted to 6.8 using NaOH. V8 medium and the blue dye were autoclaved separately, cooled down to 50° C and then 50 ml of the blue dye were added to the V8 medium under continuous mixing. One drop of 10 μl of each strain’ spore suspension (OD600 = 1) was inoculated on a CAS-V8 plate and incubated at 28°C for 7 days. Strains showing a halo zone of yellow-orange color around the colony were considered positive for siderophore production.



Leaf Disc Assay

A leaf disc experiment was performed for Actinomycetes strains which were able to inhibit the mycelial growth of P. infestans to more than 90% on full plate assays. For each treatment, 15 leaf discs were cut from the third and fourth leaves of 15 potato plants grown in the greenhouse (aged ~5 weeks, Bintje cultivar) to reduce the plant variability. The leaf discs were placed on 0.7% water agar plates and the plates were put in the fridge for 1 day prior to the infection to let the leaf discs recover from the wound. P. infestans zoospores were harvested using a cold shock method described earlier (De Vrieze et al., 2018). Zoospores (40,000 zoospores/ml) and Actinomycetes spores (OD600 = 2) were mixed in a 1:1 ratio to have a final concentration of 20’000 zoospores/ml and OD600 = 1 Actinomycetes spore suspension. The abaxial surface of each leaf disc was inoculated with 10 μl of the mixture (Anand et al., 2020). Two controls were used: an infected control, in which the leaf discs were infected with zoospores without adding the bacteria, and a non-infected control, in which the leaf discs where neither infected with zoospores nor inoculated with bacteria. A similar protocol was used to test the activity of cell-free filtrate (CFF) from selected strains. The CFF was prepared by inoculating 1 ml of bacterial spore suspension (OD600 = 1) in 100 ml V8 broth medium and incubating the strains’ liquid cultures under shaking (180 rpm) for 7 days at 28° C, followed by sterile filtration of the spent medium using 0.2 μm sterile filters. The CFF was mixed in a 1:1 mixture as described above for the bacterial spore suspension. Filtered V8 broth medium was added as a third control on this CFF activity assay. The plates were then incubated in a humid chamber (polystyrene box with wet papers on the bottom) at 21°C for 5 days, after which pictures were taken, and the area covered by the mycelium on each leaf disc was measured using ImageJ following a macroinstruction developed in (Guyer et al., 2015). A two-tailed Student’s t-test was performed to analyze the results statistically.



Full Plant Assay

To examine the ability of five selected strains to control late blight infection in more natural conditions, a full plant infection assay was carried out with greenhouse-grown potato plants (aged ~5 weeks, Bintje cultivar). Each strain’s spore suspension (OD600 = 0.5 in sterile water) was sprayed as a foliar treatment on three replicate potato plants until full coverage of the plant was reached, corresponding to a volume of ~10–15 ml/plant. The plants were incubated for 3 days in the greenhouse, after which they were moved to an infection room (at 19°C and >80% humidity) and sprayed with a P. infestans zoospore solution (50’000 zoospores/ml) until full coverage of the plant was reached. Two controls were used: an infected, non-treated control (sprayed with sterile water instead of bacterial suspension), and a non-infected, non-treated control (sprayed with sterile water instead of zoospore and bacterial suspension). The percentages of infected leaves were recorded 7 days after infection. Each infected leaf was given a score ranging from 1 to 5 as follows: score 1 for an infected leaf with a lesion diameter smaller than 1 cm, score 2 for a lesion diameter larger than 1 cm, score 3 for a dead leaflet, score 4 for more than one dead leaflet and score 5 was given for each dead leaf (Supplementary Figure S1). A global infection score was then calculated for each plant by multiplying the infected leaf percentages by their scores. This experiment was replicated twice independently, and the disease progress was monitored 14 days post infection. One-way analysis of variance (ANOVA) test with Tukey’s honestly significant difference test (Tukey’s HSD) was performed to determine whether there were statistically significant differences between the treatments.




RESULTS


Isolation, Characterization, and Identification of Actinomycetes

Eighteen soil samples were collected from various locations in Sudan. 175 Actinomycetes isolates were recovered, 41 were isolated from the Red Sea State, 41 from the Khartoum State, 47 from the Sennar State, 30 from the Gezira State and 15 from the Northern State (Supplementary Table S1). All the isolates were considered as Actinomycetes based on their filamentous growth (Supplementary Figure S2). The presence of Actinomycetes in all soil samples collected from different geographical regions indicated their wide distribution in different locations and habitats. The aerial mycelium color, reverse side pigment and spore chain morphology of each strain were recorded, as well as the ability to produce melanoid and other diffusible soluble pigments (Supplementary Table S2). The morphology of the spore bearing hyphae was flexibilis (flexible) for 96 isolates, retinaculum-apertum (open loops, hooks, or extended spirals of wide diameter) for 65 isolates, monoverticillus (primary verticals or whorls distributed on a long axis or branch) for seven strains, rectus (straight) for six isolates and spira (simple spiral) for one isolate. Ninety-eight strains (56% of the collection) were able to produce melanoid pigments on ISP7 medium, and they came from the 18 different soil samples. Interestingly, from the 20 strains isolated from the rhizosphere of Acacia oerfota, all but one (B184, which produced a violet pigment) produced melanoid pigments on ISP7 medium, while the proportion was lower in the rhizosphere of other plants. Moreover, 17 strains produced yellow (B7, B15, B57, B122, B139, B142 and B144), red (B50, B51, B52, B53, B93, B106, B130), green (B14 and B58) and yellowish red (B43) soluble pigments on ISP7 medium. Those strains were isolated from nine different soil samples. Actinomycetes isolates were tested for their abilities to use different carbohydrates as sole carbon source. More than 80% of the isolates were able to utilize arabinose (84%), raffinose (83%), mannitol (82%), and sucrose (82%). Xylose and fructose were utilized by 77% of the tested isolates, whereas cellulose and rhamnose were utilized by 67% and 57% of the isolates, respectively. Inositol was utilized by only 51% of the isolates (Supplementary Table S3). The isolated Actinomycetes strains were identified to the genus level by partial 16S rDNA sequencing. Among them, a vast majority (166) belonged to the genus Streptomyces, seven to the genus Nocardiopsis, one was identified as Saccharothrix espanaensis (B95), and one as Actinoalloteichus cyanogriseus (B184). Among the seven Nocardiopsis spp., there were six strains belonging to the species Nocardiopsis dassonvillei (B56, B67, B69, B101, B114, B123), which is known to contain opportunistic human pathogens (Bennur et al., 2015). Each Nocardiopsis strain was isolated from a different soil sample, except for B121 (N. flavescens) and B123 (N. dassonvillei), which were both isolated from the rhizosphere of Dalbergia melanoxylon located in Sennar State (Supplementary Table S1). Among the vast majority of Streptomyces isolates, different subclades were found as shown in Figure 1. One subclade was exclusively composed of isolates from the rhizosphere of Acacia oerfota in Er Roseires. These strains clustered with S. globosus, S. antibioticus, and S. achromogenes. In addition, all the members of Citrullus colocynthis (21 members) and Khaya senegalensis except B151 (18 members) rhizospheres clustered together in the same subclade with S. enissocaesilis, S. fungicidicus, S. radiopugnans, S. rochei, and S. mutabilis. In most cases, the strains which shared the same morphology clustered together in the same subclade despite the difference in their sample origin, suggesting their widespread distribution across the sampled sites. This was observed for the red Streptomyces strains (B50, B51, B52, B53 and B93), which clustered with S. levis and S. pseudogriseolus, the orange Streptomyces strains (B25, B37, B38, B99, and B131), which clustered with S. thermolilacinus, the yellow Streptomyces strains (B15, B18, B22 and B122), which clustered with S. griseomycini and the white Streptomyces strains (B7 and B19), which clustered with S. albus.

[image: Figure 1]

FIGURE 1. Phylogenetic tree of the isolated Actinomycetes. The tree was constructed using the Geneious software and based on ca. 1,150 bp of the 16S rDNA gene sequence. Isolates from the same soil sample are shown in the same color. The colored circles ranging from green to red indicate the strains’ inhibition activity against the mycelial growth of Phytophthora infestans, the black asterisks indicate the strains which produce melanoid pigments when growing on V8 (see next section) and the orange asterisks indicate the strains which produce siderophores. Reference sequences from different species within Actinoalloteichus, Saccharothrix, Nocardiopsis (N.), and Streptomyces (S.) genera corresponding to the following accession numbers were included: Actinoalloteichus cyanogriseus (HG917901.1), Saccharothrix espanaensis (AB248288.1), Nocardiopsis dassonvillei (MN108027.2), N. flavescens (KU973976.1), S. achromogenes (LC535408.1), S. akiyoshiensis (KU324432.1), S. albus (MW217110.1), S. antibioticus (EU841627.1) S. diastaticus (MN422355.1), S. enissocaesilis (FJ532468.1), S. flavoviridis (KJ685808.1), S. fungicidicus (MF120518.1), S. gancidicus (NR_041179.1), S. globosus (HM230830.1), S. griseoloalbus (MT669308.1), S. griseomycini (KX352780.1), S. griseorubens (KY783422.1), S. levis (KC848662.1), S. luteogriseus (LC072712.1), S. maritimus (MT279914.1), S. mutabilis (MT355865.1), S. pactum (EU570680.1), S. pluripotens (KX129895.1), S. pseudogriseolus (KT588653.1) S. radiopugnans (MT669290.1), S. rochei (MT568582.1), S. tempisquensis (KF954543.1), S. thermolilacinus (MN181426.1), S. toxytricini (KY007175.1) and S. werraensis (MK825539.2).




Effect of Actinomycetes on Phytophthora infestans Mycelial Growth

Most strains significantly reduced the mycelial growth of P. infestans in in vitro dual assays, although to a varying degree. As shown in Figure 2, an activity gradient was observed, with growth inhibition percentages ranging from 6% to 98%. Out of the 168 strains tested, 18 were able to inhibit P. infestans to more than 90%, seven to 80%–90%, 11 to 70%–80%, 13 to 60%–70%, 15 to 50%–60%, while 104 strains had inhibition percentages below 50% (Supplementary Table S4). Interestingly, a group of 15 strains clustering together with S. pluripotens, S. tempisquensis, S. globosus, S. antibioticus and S. achromogenes and all coming from the same environment (Acacia oerfota rhizosphere in Sennar state) displayed very high activity against P. infestans (Figure 1 and Supplementary Figure S3). These strains (labeled with a black asterisk in Figure 1) all produced melanoid pigments on the V8 medium used for the P. infestans mycelium inhibition assay, while the other strains which produced such pigments on ISP7 medium (Supplementary Table S2) did not do so when grown on V8. Eleven of these strains (B110, B170, B172, B175, B177, B178, B179, B180, B181, B182, and B183) induced more than 90% inhibition of mycelium growth, while the other four caused an inhibition of 88% (B111), 83% (B173), 73% (B171) and 62% (B96; Supplementary Figure S3). Among the many isolates belonging to the Streptomyces genus, the active inhibitors of P. infestans growth were widely distributed within the phylogenetic tree, except for the melanoid pigment producers on V8 medium mentioned above, which clustered together. Interestingly, the two most active strains, B5 and B108, which inhibited 98% of P. infestans mycelial growth, did not produce melanoid pigments (Supplementary Table S2), suggesting that anti-Phytophthora activity was not always associated with this property. Regarding the few isolates not belonging to the Streptomyces genus, the inhibition activity of strain B184 (A. cyanogriseus) could not be evaluated because of its inability to grow on V8, while the S. espanaensis strain (B95) and the Nocardiopsis flavescens (B121) strain were almost inactive against P. infestans (12% vs. 15% inhibition percentages, respectively). A siderophore production assay was performed in order to evaluate the putative contribution of siderophores in the overall activity against P. infestans, as competition for iron is an important determinant of biocontrol activity. Siderophore producers showed an orange halo around their colony on V8-based CAS medium (Supplementary Figure S4). From the entire collection, only nine strains were able to produce siderophores (labeled with an orange asterisk in Figure 1), six of them were isolated from the rhizosphere of Azadirachta indica collected from Al Bageir, Gezira State (B132, B134, B140, B144, B145, and B150), two were isolated from the rhizosphere of Acacia oerfota collected from Er Roseires, Sennar State (B113 and B174), and one was isolated from the Nile river sediments collected from Khartoum State (B9). The siderophore producers exhibited different inhibition activities on P. infestans mycelial growth, ranging from more than 70% inhibition (B145 and B174) to ca. 65% (B113, B144), ca. 25%–30% (B9, B132, B134, B140), and to as low as 14% (B150). This lack of correlation between siderophore production and anti-Phytophthora activity suggests the involvement of other bioactive compounds in the inhibition of the oomycete.
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FIGURE 2. Inhibition of Phytophthora infestans mycelial growth by Actinomycetes strains. (A) Bar chart showing P. infestans mycelium growth when co-cultured with the different isolates, as percentage of the control growth. Bars are averages of six replicates from two independent experiments with standard error, green, yellow, and orange bars represent statistically significant differences in comparison to the control (Student’s t-test; p < 0.001, p < 0.01, and p < 0.05, respectively), while red bars represent non-significant differences to the control. The growth of the control (red bar at the bottom of the chart) was set to 100%. (B) Representative plates of different strains showing various P. infestans growth percentages compared to the control (100% growth percentage).




Actinomycetes Are Causing Different Phytophthora infestans Morphologies

Different morphologies of P. infestans mycelial growth were observed upon co-inoculation with some of the Actinomycetes isolates, regardless of the extent of growth inhibition. In one of the observed morphologies, P. infestans was growing under the agar and no sporangia were observed microscopically (Figure 3, blue circles and Supplementary Figure S5). This morphology was caused by one Streptomyces strain (B66), as well as by all the N. dassonvillei strains (data not shown). A second morphology was observed upon co-cultivation with five Streptomyces strains (B50, B51, B52, B53, B93), which clustered together with S. pseudogriseolus (Figure 3A). In the presence of these strains, the growth of P. infestans seemed weak compared to the control, with much lesser dense mycelium that still carried sporangia (Figure 3, pink circles and Supplementary Figure S5). Seven Streptomyces strains (B5, B23, B25, B37, B38, B99, and B131), five of which clustered together with S. thermolilacinus, caused a “frozen” P. infestans mycelium morphology, with hyphal clumps and fewer sporangia (Figure 3, brown circles and Supplementary Figure S5). Finally, two Streptomyces strains (B129 and B148) induced a mixed morphology between the first (growth under the agar) and the third (“frozen”) in two different zones of the oomycete colony (Figure 3, green circles and Supplementary Figure S5). Those two strains were both isolated from the rhizosphere of Balanites aegyptiaca but from two different locations.
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FIGURE 3. Different morphologies of Phytophthora infestans caused by Actinomycetes. (A) Phylogenetic tree showing the clusters of the strains, which caused the four described morphologies. (B) Representative plates showing the four different morphologies. (C) Microscopic pictures showing the altered mycelium and sporangia morphologies caused by the Actinomycetes strains.




Leaf Disc and in planta Assays

To assess whether the strains showing highest in vitro activities against P. infestans would also be able to restrict the pathogen development on its host plant, a leaf disc experiment was carried out for the 18 Streptomyces strains which showed in vitro inhibition potential higher than 90%. A large majority of these isolates were also able to significantly reduce P. infestans progression on leaf discs (Figure 4 and Supplementary Figure S6) compared to the non-treated, infected control (Ctrl i). Six strains (B175, B178, B180, B181, B182, and B183) induced full (B178, B182) or highly significant (B175, B180, B181 and B183) protection of the leaf discs against infection by P. infestans. It should be noted that these six strains showing strongest leaf disc protection all belonged to the clade of melanoid pigment producers, while four of the five strains active in vitro but inactive in planta (B5, B66, B129, B148) belonged to different clades. When the cell-free filtrate (CFF) of the five most protective strains was used instead of the spores (Figure 5 and Supplementary Figure S7), it was in almost all cases as efficient as the spores themselves, with the exception of one strain (B181), which completely inhibited the disease in one replicate plate but not on the second one (Figure 5 and Supplementary Figure S7).
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FIGURE 4. Leaf disc assay of Streptomyces strains against Phytophthora infestans. (A) Bar chart showing average mycelium growth area percentage (measured by Image J). Bars are averages of 15 leaf discs from two independent experiments with standard errors. Asterisks represent statistically significant differences in comparison to the non-treated, infected control (***p < 0.001, **p < 0.01, and *p < 0.05). (B) Representative pictures of the leaf discs from the non-treated, infected (Ctrl i) and non-infected controls (Ctrl n-i), as well as from strains showing different levels of disease inhibition. Pictures were taken 5 days after infection.
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FIGURE 5. Leaf disc assay of Streptomyces’ cell-free filtrates against Phytophthora infestans. (A) Bar chart showing average mycelium growth area percentage (measured by Image J). Bars are averages of 20 leaf discs from two independent experiments with standard errors. Asterisks represent statistically significant differences in comparison to the non-treated, infected control (***p < 0.001 and *p < 0.05). (B) Representative pictures of the leaf discs from the non-treated, infected (Ctrl i) and non-infected controls (Ctrl n-i), as well as from 50% of strains’ cell-free filtrate showing different levels of disease inhibition. Pictures were taken 5 days after infection.


As a last step to come closer to natural conditions, we tested the protective effects of the five best strains by spraying their cell suspensions on fully grown potato plants prior to infecting them. Although the infection rate in the non-treated, infected control strongly varied between the three replicate plants in the two independent experiments, a clear tendency toward higher protection of the treated plants was observed (Figure 6 and Supplementary Figure S8). From the two best inhibitors on leaf discs, B182 performed very well in the two independent experiments, while B178 efficiently protected two plants in the first experiment but only one plant in the second one. Interestingly, the few leaves showing infection in B182-treated plants were young leaves appearing only after the bacterial treatment. It therefore seems likely that direct inhibition of P. infestans rather than induced resistance was the cause of protection, which is corroborated by the full leaf disc protection observed upon treatment with B182 spores or CFF (Figures 4, 5).
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FIGURE 6. Results of a full plant infection assay on greenhouse-grown potato plants treated with Streptomyces spores and infected with Phytophthora infestans zoospores. The infection assay was carried out on three plants per treatment in two independent experiments. Infection was assessed 14 days after infection and scores were calculated according to the procedure detailed in section “Materials and Methods” and illustrated in Supplementary Figure S1. Letters indicate significant differences between treatments according to ANOVA followed by Tukey’s honestly significant difference (HSD) tests (p < 0.05).





DISCUSSION

Soils are one of the most diverse environments when considering microbes (Torsvik and Øvreås, 2002). In the rhizosphere, mutualistic relationships with plants are established, plants providing microbes with organic carbon, while microbes help plants to grow and to tolerate abiotic and biotic stresses. In terms of biotic stress alleviation, microbes can control plant diseases through different mechanisms such as competitive rhizosphere colonization, induction of systemic resistance, or production of antimicrobial metabolites (Reddy, 2014). Since Actinomycetes are known to produce a wide range of specialized metabolites, we anticipated that they could represent interesting biocontrol agents to fight plant diseases. We therefore isolated a new collection of 175 Actinomycete strains from 18 soil samples collected from various locations in Sudan. Taxonomic identification of the strains, based on 16S rDNA sequencing, revealed one A. cyanogriseus, one S. espanaensis, seven Nocardiopsis strains and a vast majority of strains (166) belonging to the genus Streptomyces. The dominance of the Streptomyces over the other Actinomycetes might be due to their easy isolation on selective media. El-Tarabily and Sivasithamparam (2006) reviewed the Non-Streptomycete Actinomycetes (NSA) and discussed their potential as biocontrol agents and plant growth promoters. They highlighted the need for targeted isolation methods to selectively isolate NSA, as these might not be growing or might be outcompeted on traditionally used media. It was difficult to identify the isolated Streptomyces to the species level with their 16S rDNA sequences, as the Streptomyces genus contains more than 500 species (Labeda, 2011) which cannot be properly resolved on the sole basis of the relatively conserved 16S rRNA encoding gene. Other identification tools such as MLST (multilocus sequence typing) or polyphasic taxonomy would be needed to identify our isolated Streptomyces to the species level (Guo et al., 2008; Yan et al., 2018; van der Aart et al., 2019). Nevertheless, different clades within the Streptomyces genus could be identified, which grouped strains that also shared some phenotypic features such as melanoid pigment production or induction of specific phenotypes in mycelial growth of P. infestans (Figures 1, 3).

In view of their prolific synthesis of specialized metabolites, Actinomycetes have been repeatedly described to inhibit the growth and development of various plant pathogenic organisms (Abdallah et al., 2013; Chen et al., 2016; Djebaili et al., 2021). Among the many pathogens threatening plant growth and health, the oomycete P. infestans is one of the most important ones (Kamoun et al., 2015). As a first step in our attempt to characterize the biological control potential of our newly assembled rhizosphere- and soil-borne Actinomycete collection, we exposed the oomycete to the different isolates in in vitro confrontational dual assays. Most isolates significantly reduced the mycelial growth of P. infestans, some of them to an extent close to full inhibition (98%). Almost all active strains belonged to the Streptomyces genus, while isolates affiliated with the species N. flavescens and S. espanaensis showed very little activity against P. infestans mycelial growth. This contrasts with a recent study reporting anti-Phytophthora activity of a Saccharothrix texasensis strain isolated from the potato rhizosphere (Feng et al., 2021). Moreover, all strains belonging to the species N. dassonvillei also strongly inhibited P. infestans mycelial growth, but their opportunistic human pathogen status precludes their use as biocontrol agents and they were therefore not investigated any further in the present study. Regarding the Streptomyces strains, we observed that all those able to produce melanoid pigments on V8 showed high anti-Phytophthora activity. Further studies are needed to investigate whether the active compound(s) is/are produced by the melanoid pigment pathway or whether the strains’ activity is linked to unrelated molecules commonly produced by this group of phylogenetically related strains.

Beyond the observed growth inhibition, this study reported for the first time the ability of Streptomyces spp. to affect the morphology and growth behavior of P. infestans hyphae, a property which was not linked to the extent of mycelial growth inhibition but generally encompassed reduced sporangia formation, which might be of relevance for crop protection, as asexually formed sporangia and their released zoospores are the major source of disease spread during late blight epidemics (Leesutthiphonchai et al., 2018). The association of each of the four observed morphologies with groups of phylogenetically closely related strains could help to identify the active compounds involved in inducing such change in P. infestans growth behavior, e.g., by comparative metabolomics on the cell-free filtrates of these strains and on that of closely related strains not inducing the specific morphology. Moreover, other experiments with specific setups could help us to assess the contribution of volatile organic compounds to the overall activity of the Actinomycetes we observed in this study. Indeed, in addition to soluble compounds, Actinomycetes are famous for producing a volatile odorous terpene named geosmin, which is responsible for the earthy smell of soil (Schöller et al., 2002), and which has been recently shown to be involved in spore dispersal by bacterivorous insects (Becher et al., 2020). Beyond geosmin, Actinomycetes have been reported to produce complex bouquets of volatiles with antimicrobial properties of relevance for crop protection, especially against post-harvest diseases (Li et al., 2010; Wang et al., 2013; Boukaew et al., 2018; Lyu et al., 2020), and these compounds might therefore also contribute to the inhibition of P. infestans mycelial growth observed in our experiments, especially since earlier studies revealed the sensitivity of this oomycete to bacterial volatiles (De Vrieze et al., 2015; Hunziker et al., 2015; Chinchilla et al., 2019; Anand et al., 2020). Independently of the chemical properties (volatile vs. non-volatile) of the metabolites, our anti-Phytophthora activity survey of over 160 new Streptomyces isolates spanning diverse subclades of this genus and of the specific phenotypes they induced will provide a solid basis for the identification of new antimicrobial compounds of potential relevance for sustainable crop protection. Although members of this clade have been intensively studied for their production of specialized metabolites, comparative genomics studies recently identified a vast reservoir of biosynthetic gene clusters for potentially new natural products (Doroghazi and Metcalf, 2013; van Bergeijk et al., 2020).

In terms of crop protection against diseases, the in vitro assays of a pathogen’s mycelium growth, while it provides a valuable high-throughput screening method, is not always correlated to efficacy in planta (Guyer et al., 2015; De Vrieze et al., 2018). To assess whether the strong inhibiting activity observed in vitro for some strains would also translate into inhibition of plant disease on leaf material, we performed a leaf disc assay with the 18 best strains. Six of them, all belonging to the afore-mentioned cluster of melanoid pigment producers, led to a highly significant reduction of the disease symptoms, two of which even conferring full protection. When the five strains inducing highest disease inhibition on leaf discs were tested in full plant assays, their protective potential was confirmed, although the generally low infection even in control plants does not warrant similar protection under field conditions where disease pressure can be very high. Among the strains which were highly efficient in reducing P. infestans mycelial growth in vitro, many (including the best inhibitors B5 and B108) did not trigger reduction of disease symptoms when inoculated on leaf discs. This could be due to their antagonistic activity being specifically targeting mycelial growth but not other development stages, such as zoospore germination or in planta infection. In an earlier study focusing on potato-associated Pseudomonas, we also observed a discrepancy between the ability to inhibit mycelial growth in vitro and disease spread on leaf discs (De Vrieze et al., 2020). In addition, as our strains were isolated from soil and rhizosphere samples, this lack of efficacy on leaf discs could suggest their inability to grow properly in the phyllosphere environment which offers very different growth conditions for microbes (Vorholt, 2012). In such cases, one solution to still harness the anti-oomycete potential of the strains would be to use their metabolites. When we compared the disease-inhibiting efficacy of the spore suspensions with that of the respective cell-free filtrates, we found similar reduction of disease spread on leaf discs (Figures 4, 5). This suggests that combining leaf applications of Actinomycete culture extracts with soil drenching of the biocontrol agents to lower tuber infection (Feng et al., 2022) might be a valid strategy to efficiently control diseases such as potato late blight infecting both above- and below-ground plant parts.

In summary, our study not only confirmed the extended in vitro inhibitory potential of Actinomycetes on a disease-causing agent of highest economical relevance such as P. infestans, but also highlighted the protective potential of these strains and their culture extracts in leaf disc experiments, with a first and promising assessment of their performance in whole plant infection assays. More specifically, we identified a subclade in the Streptomyces genus (phylogenetically related to the species S. globosus, S. achromogenes and S. antibioticus) enriched in strains which produced melanoid pigments and were particularly efficient inhibitors of P. infestans in both in vitro and leaf disc assays. Beyond this specific clade, other subclades in the genus contained strains which led to distinctive inhibitory morphologies indicative of impaired hyphae and sporangia formation of putative relevance for disease control. The occurrence in our newly assembled strain collection of isolates genetically closely related but not causing these morphologies will favor the identification of the responsible active compounds by future comparative metabolomic analyses. Although the observed P. infestans inhibition rates by some of our newly described Streptomyces strains are impressive (98% of in vitro inhibition and full disease prevention in leaf discs and full plants), the road to an efficient biocontrol solution in the field is still very long. The next step on the path toward implementing these strains into crop protective measures would be to test their efficacy at a larger scale in greenhouse conditions as well as in field trials involving different potato cultivars and modes of application (spores vs. cell-free filtrates, soil drench vs. foliar application). Moreover, combination of different strains rather than the use of single isolates has been proposed as a promising strategy in earlier studies and was recently shown to be the only efficient solution for tuber protection under field conditions (Feng et al., 2022). Finally, elucidating the chemical nature of at least some of the compounds underlying the observed anti-Phytophthora activity both in terms of in vitro mycelial growth and of in planta disease spread inhibition will be the focus of our future studies and could potentially also lead to new bioderived molecules of interest for sustainable crop protection.
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Specific in Microorganisms RB Functions References
Rhizo-Sus Brevibacterium epidermidis 0.08% No-fixing, P-solubilizing, producing IAA, increasing length and Karagoz et al., 2012
dry weight of plant roots
Rhodococcus erythropolis 0.01% Against plant soft rot pathogen Latour et al., 2013
Proteus mirabilis 0.002% No-fixing, P- and K-solubilizing, producing IAA and phytase Motamedi et al., 2016;
Dhiman et al., 2019
Gryllotalpicola sp. 0.01% Associated with wood-feeding insects and pine wilt disease Fang et al., 2015; Guo
etal., 2020
Rhizo-Res Acinetobacter woffii 0.003% P-solubilizing, producing IAA and exopolysaccharide Das and Sarkar, 2018
Staphylococcus sciuri 0.001% Antagonism against strawberry anthracnose by producing Alijani et al., 2019
volatile compounds
Burkholderia sp. 0.12% Np-fixing, formatting nodulation in the root of legume plants Moulin et al., 2001;

(Burkholderia tuberum, Burkholderia phymatum)
P-solubilizing, antagonism against several pathogenic fungi
(Burkholderia cepacia)

Reducing plant heavy metal toxicity (Burkholderia sp. J62,
Burkholderia sp. SCMS54)

Vandamme et al., 2003
Zhao et al., 2014

Jiang et al., 2008;
Dourado et al., 2013

Wilt pathogenic bacteria of carnation (Burkholderia caryophyili)

Causing blight of rice (Burkholderia glumae)

Ragupathi and
Veeraraghavan, 2019
Ham et al., 2011

RB indicates the relative abundance of bacteria in the rhizosphere of C. oleifera or C. yuhsienensis.
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Specific in

Rhizo-Sus
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Microorganisms

RB

Functions

References

Verticillium leptobactrum 1.83%  Suppressing growth of root knot nematodes’ eggs and Regaieg et al., 2011; Hajii et al.,
second-stage juveniles 2017

Oidiodendron maius 0.36%  Increasing plant N uptake Weietal., 2016

Candida intermedia 0.28%  Producing volatile organic compounds to control fruit rot of Huang et al., 2011;
strawberry, reducing anthracnose incidence in avocado fruits by Campos-Martinez et al., 2016
restraining mycelia growth of Colletotrichum gloeosporioides

Chrysosporium pseudomerdarium 0.03% Producing gibberellins to increase plant shoot length and Hamayun et al., 2009; Wagas
chlorophyll content etal., 2014

Lecanicillium fusisporum 0.03%  Antagonism against wheat disease Septoria tritici blotch Latz et al., 2020

Ustilaginoidea virens 0.50%  Causing false smut on rice Brooks et al., 2009

Cyphellophora sessilis 0.01%  Causing Sooty blotch and flyspeck on apple Batzer et al., 2015

Cenococcum geophilum 0.09%  Producing melanin to improve plant resistant to water stress Jany et al., 2003

Metarhizium anisopliae 0.03% Protecting wheat from Sitophilus oryzae Batta, 2004

Monocillium bulbillosum 0.01% Parasitizing the eggs of Heterodera filipjevi to protect plant Ashrafi et al., 2017

Veronaeopsis simplex 0.01%  Suppressing Fusarium wilt disease Khastini et al., 2012

Schizophyllum commune 0.01%  Causing brown germ and seed rot of oil palm Dikin et al., 2006

RB indicates the relative abundance of bacteria in the rhizosphere of C. oleifera or C. yuhsienensis.
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Anhydrase activity (nmol CO,
produced/min/mg protein)

Treatments 2 h exposure 24 h exposure

Fahraeus solution 504 £+ 26 c 534 + 35 ¢}
Bean exudates 673 £ 45 b 808 + 39 B
Maize exudates 640 + 42 b 788 £ 25 B
Milpa exudates 794 £+ 56 a 1,016+ 44 A

Different letters between treatments show statistically significant differences, at a
p-value < 0.05, according to ANOVA and a Tukey’s honestly significant difference
test. Lowercase and uppercase letters were used to show the differences at 2 and
24 h of exposure to root exudates, respectively. Numbers are the mean of three
repetitions + standard deviation.
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TJA
Uninoculated
control

(%)

91.00 +4.58
ABC
95.00 + 5.00
AB
97.33+4.51A

90.00 + 4.58
BC
91.33 £4.73
ABC
88.00 + 4.36
BCD
84.33 £4.04
CcD

81.33+4.16D

Vigor index

2111.00 +81.28 D
2093.33 + 95.00 D
2886.00 + 68.17 A
2453.67 +68.13
BC
2527.33 +79.43B
2355.00 £ 80.01 C

1760.67 £+ 72.01 E

1304.00 + 50.48 F

Root length
(cm)

68.92 £3.85A
61.20+3.73B
69.92 + 3.08 A
45.79+217D
56.56 + 2.80 B
51.31 £2.54C
49.48 £ 2.61

CcD
37.48 £ 1.54E

Root surface
area
(cm?)

10.16 £ 0.63 A
9.31 £0.39B
10.25 £ 043 A
7.04+0.32D
9.76 +£ 0.37 AB
797 £041C
799+£035C

6.39+0.35D

Root
diameter
(mm)

0.54 +£0.03C

0.67 +£0.03B

0.77 £0.30A

0.41+0.02E

0.47 £0.02D

0.26 £ 0.01 F

0.22 £ 001F

0.12+0.01 G

Root volume
(em®)

0.19+0.010B
0.19 +0.009 B
0.25 £ 0.013 A
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0.17 £0.009 C
0.09 £+ 0.004 E
0.13 + 0.006 D

0.07 + 0.003 F

Area of
projection
(cm?)

3.23+0.19AB
297 £0.13B
326 +0.23A
2.24+0.13D
3.11£0.20AB
254+0.14C
255+0.08C

2.03+0.05D

Number of
root tips

54.67 +£3.06 B
53.00+2.65B
7467 £2.52A
40.00 +2.00 D
4867 £2.52C
51.33 £2.08
BC

43.67 £2.31D

26.00+1.00E

Number of
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A

110 £ 5.57.00
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cb
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No. of
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5.97 £ 0.38E

4.67 £0.28F

Effect of PSB inoculation on root morphology parameters. Seeds were inoculated with PSB in water agar medium in a plate assay and incubated at room temperature for 7 days. All values are an average of six biological
replicates. + represents standard deviation. Means followed by the same letter differ non-significantly at p = 0.05 according to LSD.
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A
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AB
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AB

Area of
projection
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B
17.66 £ 0.47
A
17.15+£0.90
A

11.81 £0.90
B
18.67 £ 0.53
A
16.41 £0.87
A

12.73 £0.69
B
18.35 £ 0.90
A
17.52 £ 0.86
A

Number of
root tips

387 +19.64
C

827 + 30.96
A

686 + 33.43
AB

406 +20.50
C

795 + 39.53
A

687 +34.18
AB

379 +£19.97
C

706 +35.22
AB

590 +29.77
B

Number of
forks

1934 £ 154
D
3207 £160
AB
3129 £+ 960
ABC

2358 £ 118
BCD
3828 & 191
A
3113 £ 960
ABC

2171 £108
CD
3036 £+ 152
ABC
3001 £ 130
ABC

No. of
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0.32 £0.02
CD
0.48 £0.01
AB
0.41 £0.02
BC

0.26 + 0.01
D

0.54 +£0.03
A

0.45 +£0.08
AB

0.29 £ 0.02
D

0.50 + 0.02
AB
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Effect of PSB inoculations on root morphology parameters. Seeds were inoculated with PSB in Hoagland solution in hydroponics and harvested at the 45t day. Al values
are an average of six biological replicates. + represents standard deviation. Means followed by the same letter differ non-significantly at p = 0.05 according to LSD. Variety
1: Faisalabad-08, Variety 2: Fakhr-e-Sarhad, Variety 3: Benazir-13.
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Treatments Soil sites  Fresh weight(g plant=1) Dry weight Shoot length Root length (cm) Plant P content
(g plant™1) (cm) (%)
Province1
Inoculated (IN) Site 1 2.13 £0.10 DEFG 0.72 + 0.02 CDEF 23.67 £1.10 26.00 £ 1.30BC 1.23+0.04 E
DEFG
Site 2 3.14 £ 0.20BC 0.89 £ 0.17 ABC 26.47 £1.30C 27.33 £ 1.50 AB 191+ 006 C
Site 3 3.48 +£ 1.00 AB 0.92 +£ 0.20 AB 28.67 £1.50B 2750+ 1.50 B 2.07 £ 0.10B
Site 4 2.30 £ 0.10 DEF 0.73 £ 0.10 DEFG 24.83 + 1.70 CDE 2533+1.50C 1.16 £ 0.05 EF
Site 5 2.62 + 0.1 CDE 0.77 £ 0.10 BCDE 25.17 + 1.00 CDE 21.33 +£1.00D 1.13+0.04 EF
Site 6 2.35+ 0.10 DEF 0.78 £ 0.02 BCD 25.33 +£1.50CD 26.2 +£1.00BC 1.66 + 0.05D
Site 7 3.89+0.10A 1.06+0.10A 32.00 £ 0.50 A 2950+ 1.20A 463+ 0.20A
Site 8 2.92 +£0.20 BCD 0.87 £ 0.04 ABC 25.50 + 1.50 CD 26.17 £1.00BC 1.82+020C
Site 9 2.13 + 0.2 DEFG 0.66 +£ 0.10 DEFG ~ 24.00 + 1.30 DEF 21.67 +£1.80D 1.13 £ 0.06 EF
Uninoculated Site 1 1.29 +£0.01 HI 0.43 £ 0.04 HI 21.83 +£1.00 GHI 18.07 + 0.50 EF 0.72 £ 0.03 GHI
Controls (UC)
Site 2 1.78 £ 0.02 FGH 0.55 + 0.04 FGH 21.50 £ 1.30 HI 1417 £ 0.80 H 0.44 £0.03J
Site 3 2.01 £+ 0.50 EFGH 0.46 £+ 0.10 GHI 23.17 +£1.60 21.16 + 1.60 DEF 1.12+ 0.03 EF
EFGH
Site 4 1.85 + 0.05 EFGH 0.32+0.051 18.67 £ 0.50 K 19.50 + 0.30 EF 0.75 £ 0.02GH
Site 5 1.34 £ 0.04 HI 0.57 + 0.01 EFGH 21.00 £ 1.00 J 16.33 +£0.06 GH 0.62 £ 0.03 HI
Site 6 1.04 £0.03 | 0.42 £ 0.03 HI 21.00 +1.00 IJ 20.67 + 1.50 DEF 0.76 £ 0.06 G
Site 7 2.10 + 0.10 DEFG 0.37 £ 0.08HI 17.67 £1.00K 18.07 £+ 1.00 FG 0.44+0.03J
Site 8 0.98 £ 0.10 GHI 0.33 £ 0.03HI 19.17 £ 1.20 K 19.53 + 0.60 EF 0.59 +£0.591
Site 9 1.90 + 0.50 EFGH 0.43 £ 0.03 HI 22.00 £ 2.00 FGHI ~ 21.00 + 1.20 DEF 1.04 + 0.03F
Province 2
IN Site 1 414 +£021A 091 £0.02A 27.50 £ 1.30 A 2747 £2.0A 1.36 £ 0.01 A
Site 2 1.80 £ 0.06 B 0.62+0.02B 2410+ 1.156B 26.83+1.7A 1.19+0.06B
Site 3 1.68 +£0.02 BC 043+0.03C 23.00+1.00B 23.13+1.8B 1.04+0.05C
uc Site 1 1.13+0.06 D 0.42 £0.03D 23.00+1.00B 21.83+20C 1.03+0.01C
Site 2 1.41 +£0.05 CD 0.33+0.03C 19.67 £0.76 C 16.67+1.6B 0.45 £ 0.04 E
Site 3 1.13+0.06 D 0.24 +£0.03E 18.83+£0.76 C 1790+1.0C 0.95 +0.05 D
Province 3
IN Site 1 159 +£0.10B 0.71+0.01B 26.00 £ 0.60B 17.67 £0.60D 1.16+0.03C
Site 2 1.53+0.10B 046 +£0.01C 2533+ 1.50B 20.00+1.50C 1.16+0.05C
Site 3 1.89+0.30A 0.80 £ 0.02 A 29.00 £ 1.00 A 33.00 +1.00 A 226 +0.15A
Site 4 1.96 £ 0.03 A 0.77 £0.01 A 31.00 +£ 1.00 A 29.00+1.00B 1.39 £0.10B
uc Site 1 0.75+0.20D 0.35 +£0.03D 2267 £0.80C 14.67 £0.80 F 1.01 £0.02D
Site 2 1.10+0.10C 0.35 £0.03D 20.00 £0.90 D 156.67 + 0.60 EF 1.13 £ 0.06 CD
Site 3 1.10+0.10C 0.30 £0.03D 19.00+1.20D 17.00 + 1.00 DE 0.64 £0.04 E
Site 4 0.62+0.10D 0.14 +£0.03E 19.37 £0.80 D 16.83 & 0.80 DE 0.52 + 0.03E

Effect of bacterial inoculation on various wheat growth parameters at 45 days after sowing in pot experiment under greenhouse conditions Values are an average of 6
biological replicates. + Represent the standard deviations (SD).
Means with significant difference (P < 0.05) among treatments of each province is represented by different letter.

For Province 1; Sitel1: Dera Ghazi Khan, Site2: Faisalabad, Site3: Jhang, Site4: Rahim Yar Khan, Site5: Multan, Site6: Sheikhupura, Site7: Gujranwala, Site8: Sialkot,
Site9: Rawalpindi. For Province 2; Site1: Dir, Site2: Swat, Site3: Peshawar and Province 3; Site1: Hyderabad, Site 2: Tandojam, Site3: Sanghar and Site4: Larkana.
Province 1: Punjab, Province 2: Khyber Pakhtunkhwa and Province 3: Sindh. IN, Inoculated; UN, Un-inoculated Control.
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Treatments 35DAS' 120 DAS?

Plant weight ~ Shoot length  Root length PlantP  Soil available ~Phosphatase Viable No.oftillers  Shootlength  Plantbiomass Grainyield (g ~ Seed P  Soil available ~Phosphatase
(cm) (cm) content P (tillers plant~1) (cm) plant=1) content P
(g plant=1) (%) (mg g~ soil) activity (CFU g-'soil) (g plant=") (%) (mg g~ soil) activity
(mmol g~ soil (mmol g~ soil
h-1) h-1)

Cons-1 (80%) 1.84£0.09 35.33+1.77 11.33+058 4.56+0.23 6.30+0.31 11.47 £0.57 9.68x10" 10.66+0.556 78.20+3.90 10.01£0.51 595+0.31 413+0.21 6.42+0.32 2410+ 1.21

A A A A A A A A A A A A A
Control 80% 0.52+0.03 19.67+0.99 08.73+0.34 1.00+0.05 0.87 +0.04 6.60+0.33 2.58x10" 4.67+0.23 71.43+354 3.97+024C 2.44+0.13 220+ 0.11 122 +£0.06 13.23+0.96
[¢] B C o] B B [¢] A B C B C
Control 100% 0.81+0.04 19.97+1.00 0867 +0.42 210+0.11 1.24 006 6.87+0.34 4.34x10" 883044 77.78+3.90 7.74+0.40B 547 +0.26 3.54 +0.18 1.36+0.07 15.92 +0.81
B B B B B B B A A B B B

1.2 Effect of bacterial inoculation on wheat growth and yield parameters, P uptake and soil nutrients at 35 days after sowing (DAS) and at 120 DAS in a pot experiment at Faisalabad grown wheat during winter season
2018-19. Control 80% and Control 100% represent non-inoculated controls supplemented with 80% of the recommended dose of P fertilizer and full recommended dose of P fertilizer, respectively. PSB (1 x 109 CFU
mi~) were seed-inoculated before sowing. Inoculated pots were supplemented with 80% of recommended dose of DAP fertilizer. Means are the average of six biological replicates arranged in CRD. Means followed by
the same letter differ non-significantly at p = 0.05 according to LSD. + Represents the standard deviations (SD). Six plants were grown in earthen pots (diameter: 12 in, height: 14 in) containing 12 kg soil.
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Phosphate- 10rganic acids produced (ng mi~7) Plant growth-promoting traits

solubilizing
bacteria . . . . . - 2 3a: 4: 5 .
Acetic Citric Gluconic Malic Oxalic Succinic 1AA Siderophore Zinc Gibberellic
acid acid acid acid acid acid Production Production  Solubilization acid (g mi~1)
(ngmi~") (sh
Enterobacter sp. 156+78 105+05 112+565 30+15C 10+£05C 68+34B 37.8+19 +++ 32+0.2 52+03F
ZW9 o] C C
Enterobacter sp. 144+72 180+09 130+£6.0 71+35B 8+05D 62+30C 31.7+1.6 +++ 3.4+02 170+ 08B
ZW32 D B A
Ochrobactrum sp.  182+9.0 82.0+4.0 117+55 82+4.0A 16+08A 72+3.0A 48.0+24 ++++ 40402 325+ 16A
SSR A A B
Enterobacter sp. 161+80 11.0+05 256+12E 5.0+02 50+ 03 135+05 85+£04 +++ 30+0.2 134+ 06C
D1 BC C E E D
Pantoea sp. S1 169+65 160+08 33+1.6D 49+03 112+05 75+03E 87+04 ++ 32+0.2 165+ 0.88B
B B E B
Bacillus sp. TAYB 64+ 3.0E 125+06 32+ 16D 235+12 1.0+005 47+02F 48+0.2 + 29+0.1 11.5+05D
C D G
Pseudomonas sp. 20+1.0F 11.5+05 20+10F 05+0.02 3.0+01F 40+02F 39+02 + 28 +0.1 9.8+ 04E
TUA c F

" Organic acids produced by phosphate-solubilizing bacteria in NBRIP broth medium at 7! day were analyzed on High Performance Liquid Chromatography (HPLC).
2Indole acetic acid (IAA) was quantified by HPLC.

3 Siderophore-producing activity of PSB was qualitatively studied by using universal CAS assay. + represents level of siderophore production.

4Zinc solubilization detected by plate assay; Sl, solubilization index.

5Gibberellic acid was quantified by HPLC. All values are an average of six biological replicates. + represents standard deviation. Means followed by the same letter differ
non-significantly at p = 0.01 according to LSD.
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Pathogens

D. biconispora

S. sapinea

F. oxysporum f. sp. cubense
P. macrospore

F. oxysporum

R. solani

Inhibition zone width (mm)

2.51+£0.87
3.17 £0.98
2.97 £0.86
3.22 £ 0.81
1.73+0.65
2.08 £0.71
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Ca3(P04)2 FePO4 Mga(P04)2

806.06 £ 24.15 42.89 + 3.27 48.84 + 2.96

Data indicate soluble phosphate concentration in media (mg/L).
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Annotation Gene name Gene description
entry

ACC deaminase activity
SC_2041 dcyD D-Cysteine desulfhydrase

Phosphate solubilization

SC_2575 pPqqB Pyrrologuinoline quinone biosynthesis protein B

SC_2576 pPqqC Pyrrologuinoline quinone biosynthesis protein C

SC_2577 pPqqD Coenzyme PQQ synthesis protein D

SC_2578 PagE Pyrrologuinoline quinone biosynthesis protein
PagE

SC_0129 phoU Phosphate transport system regulator PhoU

SC_0130, 1348 pstB Phosphate ABC transporter ATP-binding
protein

SC_0131 PStA Phosphate transporter permease subunit PtsA

SC_1347 PStA Phosphate ABC transporter, permease protein
PstA

SC_0132 pstC Phosphate transporter permease subunit PstC

SC_1346 pstC Phosphate ABC transporter permease

SC_01383, 3993 pstS Phosphate ABC transporter substrate-binding
protein

SC_0540 Edd Phosphogluconate dehydratase

SC_3713 Pgl 6-Phosphogluconolactonase

IAA biosynthesis

SC_1476 ipdC Indolepyruvate decarboxylase

SC_4042 - Indolepyruvate decarboxylase

Siderophore production

SC_3905 hemH Ferrochelatase
SC_0490 Bfr Bacterioferritin
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Features Value

Genome size (bp) 4,925,622
Contig numbers 1
DNA coding (bp) 4,268,136
G+C% 59.82
DNA G + C (bp) 2,946,449
CDS 4,670
Proteins 4,547
tRNA number 96
rRNA number 22

ncRNA number 271
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Indices Control JW-CZ2 Rate of
increase (%)

Shoot height (cm) 10.39 + 0.382 16.15 + 0.43° 53.44
Stem diameter (mm) 211 £0.1142 2.35+0.122 11.37
Biomass (g) 8.52 £ 0.272 11.02 £0.27° 29.34

Different letters in the same rows indicate significant differences (p < 0.05).
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DNA repair
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Monosaccharides
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RNA processing and modification
Plant-Prokaryote comparative genomics
Electron donating reactions

Di- and oligosaccharides

ABC transporters

Branched-chain amino acids

Biotin

Purines

Folate and pterines

Capsular and extracellular polysacchrides
Protein degradation

Arginine; urea cycle, polyamines
Bacteriophage structural proteins

DNA replication

Oxidative stress

Aromatic amino acids and derivatives
Transcription

Electron accepting reactions

One-carbon Metabolism
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Fermentation

Heat shock

Level II
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Relative abundances (%)

Species relative abundances distribution

100
90
O Others
%0 B Cyclovirus NGchickenl15/NGA/2009
B Kribbella sp.
B Pseudomonas sp.
70

8 Mesorhizobium loti
B Rhodopseudomonas palustris

B Variovorax sp.

60
B Mesorhizobium sp.
B Caulobacter sp.
20 B Afipia sp.
B Dasheen mosaic virus
40 B Agromyces sp.
B Cellulomonas sp.
- B Caulobacter vibrioides
B Microcoleus sp.
B Rhodopseudomonas sp.
20 B Streptomyces chartreusis
B Propionibacterium acnes
10 B Actinoplanes sp.
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Diseased (D) Healthy (H)
baseMean logoFold  p-value baseMean log,Fold p-value
Change Change
Bacterial f__Xanthomonadaceae 255.7 -2.0 3.98E-07 f__Subgroup_6 805.1 0.3 0.0027
community
f__Microbacteriaceae 214.4 1.7 2.13E-07 f__Saccharimonadales 322.2 0.4 0.0075
f__Enterobacteriaceae 176.4 —2.2 4.70E-10  f__Anaerolineaceae 220.9 0.7 0.0049
f__Rubritaleaceae 163.9 -1.2 6.46E-05 f__Bacillaceae 126.8 0.9 7.34E-05
f__Flavobacteriaceae 133.3 —-1.4 4.92E-05 f__Ktedonobacteraceae 124.7 1.8 0.0002
f__Rhodanobacteraceae 108.7 —-1.1 0.0012 f__SBR1031 123.9 0.6 0.0009
f__Verrucomicrobiaceae 86.9 -0.7 0.0016 f__Thermoanaerobaculaceae 84.2 0.4 0.0087
f__Caulobacteraceae 71.2 —-0.6 0.0033 f__Methyloligellaceae 80.5 0.5 0.0028
f__Bacteriovoracaceae 54.7 -0.8 0.0016 f__S0134_terrestrial_group 55.7 0.8 0.0035
f__Promicromonosporaceae 51.4 -3.0 2.07E-09 f__Entotheonellaceae 53.0 0.6 0.0041
Fungal f__Nectriaceae 3956.1 -1.0 0.0012 f__Pezizomycotina_fam_ 545.6 0.9 0.0046
community Incertae_sedis
f__Ascobolaceae 8471 -3.3 5.12E-07 f__Chaetomiaceae 375.2 1.5 3.86E-06
f__Hypocreales_fam_Incertae_sedis 334.6 —-1.4 0.0005 f__Lasiosphaeriaceae 348.6 1.7 0.0009
f__unidentified_o__Hypocreales 290.7 -1.8 9.66E-07  f__unidentified_o__Branch06 208.1 1.5 0.0054
f__unidentified_c__Sordariomycetes 1326 -2.2 1.47E-05 f__Pyronemataceae 157.0 1.7 0.019
f__unidentified_o__Xylariales 19.4 -1.8 0.0013 f__Sordariaceae 80.2 2.8 2.22E-05
f__Phaeosphaeriaceae 18.4 —-1.6 3.32E-05 f__Ustilaginaceae 51.0 1.3 0.0015
f__Marasmiaceae 9.4 -1.7 0.0019 f__Lophiostomataceae 49.2 1.6 0.0058
f__Amphisphaeriaceae 59 —2.1 7.03E-06 f__Acaulosporaceae 34.4 2.5 0.0001
f__Dothideomycetes_fam_Incertae_ 5.8 -1.2 0.0024 f__unidentified_o__Sordariales 28.0 2.6 3.64E-09

sedis
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Primer

JCas9
JC890
JC1753
JC976
JCc1189
JC1190
Jc2247
JC2248
JC2106
JC2107
UoesF
U1391R

Use

16S rDNA forward (bacteria identification)
16S rDNA reverse (bacteria identification)
[TS4 (fungi identification)
ITS5 (fungi identification)
TEF1« forward (fungi identification)
TEF1« reverse (fungi identification)
RPB2 forward (fungi identification)
RPB2 reverse (fungi identification)
[TS1-F (microbiome study)
ITS2 (microbiome study)
16S rDNA forward (V6-V8 region, microbiome study)
16S rDNA reverse (V6-V8 region, microbiome study)

Sequence (5 to 3')

AGAGTTTGATCCTGGCTCAG
ACGGCTACCTTGTTACGACTT
TCCTCCGCTTATTGATATGC
GGAAGTAAAAGTCGTAACAAGG
ATGGGTAAGGAA/G)GACAAGAC
GGA(G/A)GTACCAGT(G/C)ATCATGTT
GGGG(A/T)GA(C/T)CAGAAGAAGGC
CCCAT(A/G)GCTTG(C/T)TT(A/G)CCCAT
CTTGGTCATTTAGAGGAAGTAA
GCTGCGTTCTTCATCGATGC
AACGCGAAGAACCTTAC
ACGGGCGGTGA/TGTIA/G)C
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Tree scale: 0.1 ——————

Geejayessia atrofusca NRRL 22316
Geejayessia cicatricum CBS 125552 out group

Fusarium sp. NRRL 22570

Fusarium sp. NRRL 22178

F. riograndense UFMG CM F12570

Fusarium sp. NRRL 22579

Fusarium sp. NRRL 62611
Fusarium sp. NRRL 22231

B I F. euwallaceae NRRL 54722

ootslip Fusarium sp. NRRL 36877
o 0 Fusarium sp. NRRL 22387

Fusarium sp. NRRL 22412
o 25 — Fusarium sp. NRRL 22395
F. solani CBS 142480
O 50 N. haematococca NRRL 22277
F. solani f. batatas NRRL 22402
O 75 F. metavorans CBS 135789
F. mori NRRL 22230
O 100 F. waltergamsii NRRL 32323
N. catenata NRRL 54993

Neocosmospora f{) CBS 142424
F. ferrugineum NRRL 32437
Fusarium sp. NRRL 22389
F. pseudoradicicola NRRL 25137
. perseae CBS 144142
N. haematococca CBS 487.76
Dong3218_4
N. haematococca CBS 142423
Fusarium sp. CBS 140079
F. keratoplasticum FRC $2477
,I-:i sszuttonianum NRRL 32858

Dong5
£4
dS17
IZ _galciformis CBS 475.67
i
I;'.\ garanaense CBS 141593
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Tree scale: 0.1

—D1(1, ND*) Phytopythium vexans (0.8 %)

CWR_42(14, ND) | Phytophthora nicotianae (11.8 %)

Bootstrap
o 0

o 25

O 50

@® 75

O 100

)

D3(1, KF624774, 2, 0.1 %)

261_2(1, KF913194, 1, 0.33 %)
H6(1, ND)

¢H2(1, KC492471, 1, 0.004 %)
F2(1, ND)

—E7(1, GQ511981, 6, 0.44 %)
— H1(1, KY201431, 8, 0.25 %)

|

A9(1, KY201431, 8, 0.25 %)
1D0ng1(14, JX384126, 5, 2.96 %)

| Clonostachys rosea (0.8 %)

| Thielavia terricola (0.8 %)

| Phomopsis sp. (0.8 %)

| Diaprothe phaseolorum (0.8 %)

| Phomopsis phyllanthicola (0.8 %)
| Glomerella cingulate (0.8 %)

| Nigrospora sp. (1.7 %)

| Fusarium equiseti (11.8 %)

+ B9(1, AB831194, 2, 0.92 %)
>D8(6, AB831194, 2, 0.1 %)
K2(1, ND)
- HS4(1, JX371352, 15, 14.76 %)
—Dong9(1, ND)
T3(1, JX371352, 32, 14.44 %)
Dong3218_4(1, JX371352, 35, 15.13 %)
AiI5(1, JX371352, 32, 14.44 %)
D9(1, FJ808013, 3, 0.31 %)
Ai3(1, JX371352, 35, 15.13 %)
K1(54, JX371352, 30, 14.13 %)

Dong3218_1(1, ND)| F. acuminatum (0.8 %)
| Fusarium proliferatum (0.8%)

Fusarium oxysporum (5.1%)

Fusarium solani (52.1%)
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Sample State

Bulk soil
Avicenna marina Red sea

Citrullus colocynthis

Tribulus terrestris
Northem
Corchorus olitorius

River sediments
Bulk soil
Bulk soil Khartoum
Bulk soil

Khaya senegalensis

Balanites aegyptiaca
Citrus sinensis .
Gezira
Azadirachtaindica

Balanites aegyptiaca

Cynodonsp.
Acaciaoerfota
Balanites aegypriaca
Dalbergiamelanoxylon

Missing data

seoee

P
* Melanoid pigment producers on VS

activity

* Siderophores producers on V8
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Acidobacteria

Actinobacteria

Cyanobacteria

Alphaproteobacteria

Betaproteobacteria

ORDER

Acidobacterial

Solirubrobacterales

Propionibacteriales

Geodermatophilales

Microccocales

Micromonosporales

Actinomycetales

Streptosporangials

Oscillatory

Rhizobiales

Caulobacterales

Burkholderiales

Gammaproteobacteria Pseudomonadales

FAMILY

Acidobacteriaceae

Family

Nocardioidaceae

Propionibacteriaceae

Geodermatophilaceae

Microbacteriaceae

Cellulomonadaceae

Micromonosporaceae

Streptomycetaceae

Thermomonosporaceae

Microcoleaceae

Phyllobacteriaceae
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Hyphomicrobiaceae

Caulobacteraceae
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SPECIES

Species

Species

Kribbella sp.

Propionibacterium
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Species

Species

Agromyces sp.

Cellulomonas sp.

Actinoplanes sp.

Streptomyces
chartreusis

Species

Microcoleus sp.

Mesorhizobium sp.

Mesorhizobium loti

Afipia sp.

Rhodopseudomonas

sp.

Rhodopseudomonas

palustris
Species

Caulobacter sp.

Caulobacter
vibrioides

Variovorax sp.

Pseudomonas sp.

% RS

1413

11.09

3.56

1.01

0.8

4.98

6.79

3.46

6.05

8.88

0.67

5.66

7.9

% BS

5.29

32.8

7.1

5.42

6.53

7.79

8.7

5.54

1.94

4.7

Ref Hg

Vishnivetskaya
etal., 2011

Gotébiewski et al.,
2014

Petrus et al., 2015

Petrus et al., 2015

Deng and Jia, 2011

Deng and Jia, 2011

Hu et al., 2005

Wang et al., 2016

Von Canstein et al.,
1999

Ref RS

Kielak et al., 2016;
Xu et al., 2018

Hernandez et al.,
2015

Alvarez-Pérez et al.,
2017

Yeager et al., 2017;
Armanhi et al.,
2018

Montero-Calasanz
etal., 2017

Muehe et al., 2015
Zhao et al., 2018

Gkarmiri et al.,
2017

Wang et al., 2019

Malisorn et al.,
2018

Couradeau et al.,
2019

Garrido-Oter et al.,
2018

Garrido-Oter et al.,
2018

Jaiswal et al., 2017;
Zheng et al., 2021

Wong et al., 2014;
Hsu et al., 2021

Wong et al., 2014;
Hsu et al., 2021

Xu et al., 2014

Gutiérrez-Garcia
et al., 2019

Belimov et al.,
2015; Teijeiro et al.,
2020

Zhuang et al., 2021

PGPR

Shan et al., 2018

Karray et al., 2020

Lee and Whang,
2020

Zhao et al., 2021

Yamamoto et al.,
2018; Kaur et al.,
2021

Senges et al.,
2018; Vurukonda
et al., 2018; Wang
et al., 2019

Jan et al., 2018

Menéndez et al.,
2020; Alemneh
etal., 2021

Jaiswal et al., 2017
Wong et al., 2014
Wong et al., 2014

He et al., 2020

Yang et al., 2019

Toukabri et al.,
2021

Zhuang et al., 2021

Shan et al., 2018;
Borah and Thakur,
2020

Hu et al., 2021

Suleiman et al.,
2019

Yamamoto et al.,
2018; Kaur et al.,
2021

Vurukonda et al.,
2018; Wang et al.,
2019

Couradeau et al.,
2019

Garrido-Oter et al.,
2018; Menéndez
et al., 2020

Garrido-Oter et al.,
2018

Chang et al., 2020

Chang et al., 2020

Martineau et al.,
2014

Gutiérrez-Garcia
etal, 2019

Fatema et al., 2019

Woo et al., 2017;
Toukabri et al.,
2021

Geries and
Elsadany, 2021

p-Lac

Gongalves and
Santana, 2021
Jauregi et al.,
2021

Ramage et al.,
2003

Lee et al., 2021

Zhang et al.,
2021
Torres-Bacete
et al., 2007

Philippon et al.,
2016

Rangel et al.,
2017

McCully et al.,
2018

Zheng et al.,
2016
Escanddn-
Vargas et al.,
2017; Valencia
et al., 2020
Escandén-
Vargas et al.,
2017

Dewi et al.,
2020

Falodun and
Musa, 2020

Bibliographic reference of the Hg resistance of the taxon (Ref Hg); bibliographic reference of the presence in rhizosphere of the taxon (Ref RS); bibliographic activity reference as PGPR (plant growth promoting

rhizobacteria) of the taxon; bibliographic reference of N-binding capacity, and bibliographic reference of the possession of B-lactam resistance genes (B-Lac).
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Treatments Phenanthrene content (mg-kg—1) Accumulation (i g-pot-1)  Enrichment factor (EF)  Translocation factor (TF)

Root Shoot Root Shoot Root Shoot
30d CcwW 20.52+1.19a 6.78 +£0.21a 0.09 0.24 0.81 0.27 0.33
CWR  14.38+0.72b 3.68+0.17b 0.07 0.13 0.63 0.16 0.26
CWS 14.22 £1.02b 3.63+0.21b 0.07 0.14 0.61 0.16 0.25
40d CwW 10.82 +£0.95¢ 3.10 £0.09¢ 0.21 0.31 0.93 0.26 0.29
CWR 6.15+0.11d 1.51 +0.05e 0.14 0.18 0.64 0.16 0.25
CWS 6.99 +0.13d 1.60 +£0.12e 0.14 0.17 0.65 0.15 0.23
50d CwW 6.46 +0.44d 1.914+0.05d 0.22 0.45 0.97 0.29 0.30
CWR 3.69+0.31e 0.98 + 0.03f 0.14 0.23 0.66 0.17 0.27
CWS 418 +0.10e 1.12+ 0.02f 0.15 0.27 0.66 0.18 0.27

CW, contaminated soil planted with white clover; CWR, contaminated soil planted with white clover and inoculated with strain Phe 15 via root irrigation; CWS, contaminated
soil planted with white clover and inoculated with strain Phe15 via soaked seed. Phenanthrene accumulation (A) was calculated as follows: A = CP x M, CP = phenanthrene
content (mg-kg~'), M = dry weight (mg-pot=1). Different letters in the same column indicate significant differences (P < 0.05). Translocation factor was defined as the
ratio of phenanthrene content in shoots to phenanthrene content in roots. Enrichment factor is defined as the ratio of phenanthrene content in plant to phenanthrene
content in soll.
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Treatments

uw
ow
CWR
cws

Fresh weight
(mg-pot~1)

479.12 4+ 8.6%9a
388.36 + 11.3¢c
406.54 £ 6.48b
418.55 + 6.55b

Dry weight Fresh weight
(mg-pot™T) (mg-pot~1)
4273+ 1.67a 1026.86 + 30.30a
36.12 + 1.820 809.83 + 1621d
37.63 & 1.66bc 981.78 23980
3051 % 0.90b 905.76  13.700

Dry weight

(mg-pot)
11630 & 3.86a
10807 +3.71b
11601 % 2.59%
106.33 % 3520

Fresh weight
(mg-pot™")
2150.77 + 58.23a
1802.81 % 23.97c
217859 + 81.76a
2081.15 + 24,560

Dry weight
(mg-pot~1)
252,50 + 20933
233.43 + 13.23a
239.23 + 18922
237.66 + 17.30a

UW, uncontaminated soil planted with white clover; CW, contaminated soil planted with white clover; CWR, contaminated soil planted with white clover and inoculated
with strain Phe15 via root irrigation; CWS, contaminated soil planted with white clover and inoculated with strain Phe15 via soaked seed. Different letters in the same
column indicate significant differences (P < 0.05).
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Treatments 30d 40d 50d

Fresh weight Dry weight Fresh weight Dry weight Fresh weight Dry weight
(mg-pot1) (mg-pot™1) (mg-pot~1) (mg-pot~1) (mg-pot~1) (mg-pot~1)
uw 25.43+1.03a 5.34.+0.28a 12528 +6.71a 23.45 + 1.25a 185.85 + 15.70b 35.74 % 0.80b
ow 20.82 £ 0.76¢ 4.46 +0.10b 99.00  4.08¢ 19.11  1.49¢ 181.42 £ 9.67b 34.51+1.7%
CWR 23.89 +0.780 5.14+021a 119.96 & 2.54a 22.14 + 1.32ab 206.43+9.17a 38.28 & 0.98a
cows 22.70 £ 057b 5.26+0.152 111.17 £ 2.78b 2050 + 1.81bc 176,51 + 387b 35.28 % 0.87b

UW, uncontaminated soil planted with white clover; CW, contaminated soil planted with white clover; CWR, contaminated soil planted with white clover and inoculated

with strain Phe15 via root irrigation; CWS, contaminated soil planted with white clover and inoculated with strain Phe15 via soaked seed. Different letters in the same
column indicate significant differences (P < 0.05).
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Treatments

30d cP
CWR
Ccws

40d cP
CWR
cws

50d cP
CWR
cws

Shoot

4.65 +0.14a
4.32 £ 0.10bc

4.47 £ 0.07ab
3.81+0.11d
4.22 +0.09c
3.45 +0.14e

Cell counts of strain Phe15 (Log CFU.g~ ' FW)

Root

538 +£0.17a
5.05 £ 0.19bc

5.12 £ 0.11ab
4.57 £ 0.06d
4.87 £0.13¢c
4.02 £0.07e

Root surface

6.03+0.13a
5.68 + 0.06bc

5.85 +0.17ab
6.32 £ 0.34cd
6.65 + 0.16¢cd
4.94 £ 0.09d

Soil
5.47 £0.21b
579+ 0.01a
4.85 £ 0.06¢
4.51 £ 0.04de
4.89 +0.10c
4.70 £ 0.06cd
4.31£001e
4.69 £ 0.08cd
4.51 £ 0.04de

CR, contaminated soil inoculated with strain Phe15; CWR, contaminated soil planted with white clover and inoculated with strain Phe15 via root irrigation; CWS,
contaminated soil planted with white clover and inoculated with strain Phe15 via soaked seed; FW, fresh weight; "—"indlicates not detected. Different letters in the
same column indlcate significant differences (P < 0.05).
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Test Result Test Result Test Result

urease + citric acid fermentation - malic acid fermentation +
indole + glucose fermentation — gram staining —
lactose fermentation - glucose acidification - nitrate reductase +
decanoic acid fermentation - phenylacetic acid fermentation - N-acetyl-glucosamine fermentation -
mannose ferments — arabinose fermentation + arginine dihydrolase

mannitol ferments - B-glucosidase - Adipic acid fermentation

maltose ferments - gelatin liquefaction -

“, » “_»

+” means positive; “—” means negative.
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100 I Diaphorobacter nitroreducens NA 10B (AB064317)

Diaphorobacter sp. strain Phel5 (MT361874)

86 Diaphorobacter oryzae RF 3 (EU342381)

Diaphorobacter aerolatus 8604 S-37 (KC352658)

Simplicispira limi EMB 325 (DQ372987)

94 | Simplicispira metamorpha DSM 1837 (Y18618)

Giesbergeria kuznetsovii D 412 (AY780907)

55| Pseudacidovorax intermedius CC 21 (EF469609)

Xylophilus ampelinus DSM 7250 (AJ420330)

@’7 Acidovorax wautersii NF 1078 (JQ946365)
Acidovorax valerianelle CFBP 4730 (AJ431731)

ol Acidovorax konjaci ATCC 33996 (AF078760)

79
L Acidovorax konjaci DSM 7481 (AJ420325)

Acidovorax oryzae FC 143 (DQ360414)

100 [ Acidovorax citrulli ICMP 7500 (AF137506)

0.005
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ASV_ID

BASV57

BASV194

BASV322

BASV33

BASV37
BASV285
BASV26
BASV425
BASV636

FASV46

FASV79

BASV314

BASV1686
BASV406
BASV108

BASV1
BASV916

BASV960
BASV1090

BASV27
BASV757

FASV264

FASV18

Kingdom

Bacteria

Bacteria

Bacteria

Bacteria

Bacteria
Bacteria
Bacteria
Bacteria
Bacteria

Fungi

Fungi

Bacteria

Bacteria
Bacteria
Bacteria

Bacteria
Bacteria

Bacteria
Bacteria

Bacteria
Bacteria

Fungi

Fungi

Phylum

Planctobacteria

Planctobacteria

Planctobacteria

Planctobacteria

Planctobacteria
Planctobacteria
Planctobacteria
Planctobacteria
Planctobacteria

Ascomycota

Ascomycota

Planctobacteria

Planctobacteria
Planctobacteria
Planctobacteria

Planctobacteria
Planctobacteria

Planctobacteria
Planctobacteria

Planctobacteria
Planctobacteria

Ascomycota

Ascomycota

Class

Planctomycetes

Phycisphaerae

Planctomycetes

Phycisphaerae

Planctomycetes
Planctomycetes
Planctomycetes
Planctomycetes
Planctomycetes

Sordariomycetes

Dothideomycetes

Phycisphaerae

Planctomycetes
Planctomycetes
Planctomycetes

Planctomycetes
Planctomycetes

Planctomycetes
Phycisphaerae

Planctomycetes
Planctomycetes

Sordariomycetes

Sordariomycetes

Order

Pirellulales

Tepidisphaerales

Planctomycetales

Tepidisphaerales

Planctomycetales
Planctomycetales
Pirellulales
Planctomycetales
Gemmatales

Hypocreales

Pleosporales

Tepidisphaerales

Pirellulales
Gemmatales
Pirellulales

Pirellulales
Gemmatales

Pirellulales
Pla1 lineage

Planctomycetales
Gemmatales

Hypocreales

Hypocreales

Family

Pirellulaceae

WD2101 soil group

Rubinisphaeraceae

WD2101 soil group

Rubinisphaeraceae
Rubinisphaeraceae
Lacipirellulaceae
Rubinisphaeraceae
Gemmataceae

Clavicipitaceae

Phaeosphaeriaceae

WD2101 soil group

Pirellulaceae
Gemmataceae
Pirellulaceae

Lacipirellulaceae
Gemmataceae

Pirellulaceae
NA

Rubinisphaeraceae
Gemmataceae

Clavicipitaceae

Nectriaceae

Genus

Unidentified
Pirellulaceae

Unidentified
Tepidisphaerales

Unidentified
Planctomycetes

Unidentified
Tepidisphaerales

Caulifigura
Caulifigura
Lacipirellula
Caulifigura

Unidentified
Gemmataceae

Metarhizium

Neosetophoma

Unidentified
Tepidisphaerales

Pirellula
Gemmata

unidentified
Pirellulaceae

Lacipirellula

Unidentified
Gemmataceae

Pirellula

Unidentified
Phycisphaerae

Caulifigura

Unidentified
Gemmataceae

Metarhizium

Fusarium

Species

Unidentified
Pirellulaceae

Unidentified
Tepidisphaerales

Unidentified
Planctomycetes

Unidentified
Tepidisphaerales

Caulifigura coniformis
Caulifigura coniformis
Lacipirellula limnantheis
Caulifigura coniformis

Unidentified
Gemmataceae

Metarhizium
marquandii

Neosetophoma
samararum

Unidentified
Tepidisphaerales

Pirellula sp.
Gemmata sp.

unidentified
Pirellulaceae

Lacipirellula limnantheis

Unidentified
Gemmataceae

Pirellula sp.

unidentified
Phycisphaerae

Caulifigura coniformis

Unidentified
Gemmataceae

Metarhizium
marquandii

Fusarium oxysporum
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Variable

(A) Bacteria
Roots

Rhizosphere soil

(B) Fungi
Roots

Rhizosphere soil

Source

Field
Residual
Total
Field
Residual
Total

Field
Residual
Total
Field
Residual
Total

DF

5
12
17

5
12
17

5
12
17

5
12
17

SumOfSqs

3.595
2.283
5.878
3.676
0.876
4.562

2.946
3.985
5.878
2.785
2.962
5.748

R2

0.611
0.388
1.000
0.807
0.192
1.000

0.425
0.575
1.000
0.485
0.515
1.000

3.778

10.069

1.774

2.257

Pr(>F)

0.001**

0.001**

0.001**

0.001*

*** means significance at P = 0.001.
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Field

Bluegrass Lane (BGL)

Hudson Valley Lab (HVL)

Long Island Horticultural Research
and Extension Center (LIH)
McCarthy CBD Trial (MC)

McCarthy Stress Trial (MSC)

Wegman'’s Organic Farm (WOF)

Altitude

42.460647°N,
76.463028W
41.745647°N,
73.967743°W
40.954766°N,
72.710851°W
42.895483°N,
77.007547°W
42.896246°N,
77.008210°W
42.776611°N,
77.329667°W

Location

232 Bluegrass Lane, lthaca, NY, Tompkins County

3357 Rt 9W, Highland NY 12528, Ulster County

3059 Sound Ave., Riverhead, NY 11901, Suffolk County

2865 County Rd. 6, Geneva, NY, Ontario County

2865 County Rd. 6, Geneva, NY, Ontario County

4842 West Lake Rd, Canandaigua, NY Ontario County

Planting date

June 7, 2019

June 3, 2019

May 22, 2019

June 5, 2019

July 28, 2019

July 9, 2019

Sampling date

Oct. 9, 2019

Oct. 11, 2019

Oct. 1, 2019

Oct. 10, 2019

Oct. 6, 2019

Oct. 8,2019
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Module IX
BASV314
(Unidentified Tepidisphaerales)

Module VIII
FASV79
(Neosetophoma samararum)

Module XI
BASV322
(Unidentified Planctomycetes)

& 5 < Module XII
FASV46 A o W BASV37
(Metarhizium marquandii) (Caulifigura coniformis)
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Hub taxa in roots.

ASVs Kingdom | Species

BASV322 | Bacteria | Unidentified Planctomycetes
BASVS57 | Bacteria | Unidentified Pirellulaceae
BASV33 | Bacteria | Unidentified Tepidisphaerales
BASV194 | Bacteria | Unidentified Tepidisphaerales
BASV37 | Bacteria | Caulifigura coniformis
BASV285 | Bacteria | Caulifigura coniformis
BASV26 | Bacteria | Lacipirellula limnantheis
BASV425 | Bacteria | Caulifigura coniformis

Hub taxa in rhizosphere soil.

ASVs Kingdom | Species

BASV37 Bacteria | Caulifigura coniformis
BASV636 | Bacteria | Unidentified Gemmataceae
FASV46 Fungi Metarhizium marquandii
FASV79 Fungi Neosetophoma samararum
BASV314 | Bacteria | Unidentified Tepidisphaerales
BASV1686 | Bacteria | Pirellula sp.






OPS/images/fmicb-12-741597/fmicb-12-741597-g006.jpg
A

BGL

ASV1109 Gemmata sp.
2%
ASV19
ASV3  unclassified l}aczp lr‘;}lllula
Planctobacteria tmr;;n/ eis
64% e
‘ ASV241
Gemmata sp.
5%
ASV251 Caulifigura coniformis
6%
ASV1144
ASV341 unclassified ASV487 unclassifie ASV1157 Gemmata
Planctobacteria Gemmata sp. Planctobacteria sp.
2% % "y ASV300,- 19 %
SV672 unclassified
cteria

ASV819 Gemmata

3P
2%
ASV695

Planctobacteria

19
unclassifie
Planctobacteria
3%

ASV493 unclass

Planctobacteria ASVI90
3% Aq

ASV360
Zavarzinella formosa
3%

36 _ASE

ASV4.
Pirellula sp.
%

ASV172 unclassij ed

trellula
unclassified

2%
ASV253
Luteimonas sp.

2%
ified

"o

uisphaera sp.
3%

ASV1544 Gimesia
; ASV74 Gemmata sp.
8%

ASV] 26 unclassified

PIanctobacterza

ASV33 unclassified
PIanctabacterm

ASV1 82 Gemmata

unclassified ‘

Planctobacteria
3%

///A\\

ASV70 unci assxf ied
Planctabactena

AS V183 unclassified

Planctobacteria
Planctobacteria 248 6%
3% uncI ssified
ASV418 V311 Planctobacteria ASVI3E
Agquisphaera sp. Zavarzinella 4% Gemmata sp:
3% formosa V290 5%
SV21 3 unclassified
Gemmata sp. Planctobacteria
3% 4%
ASV395
unclassified ASV664 Lacipirellula
Planctobacteria RGNS
3% 3% 4sv251
Caulifigura
Lacipirellula \ ifigu
1 tmnanthezs

ASV33 0 Glmesza

ASV295 unclassified /
Planctobacterz

A. Rubzmsphaera sp.

0

ASV1 89
Gemmata sp.
8%

coniformis
2%

g&\

AS Vii3
F zmbruglobus ruber  Pirellula sp.
11% 11%

ASV7 Fusarium
equiseti
100%

WOF

MC
D

ASVi6 Pirellula sp.

ASV59 Mariannaea

Sfusiformis
13%

ASV46
Metarhizium

marquandll/

ASV33
Trichoderma
hamatum

16%

<

¥

ASV23 Mortierella

BGL

ASV269 unclassified
Planctobacterza

ASV250 unclassified
Planctobacteria j
14%

ASV595 Sfreptomyces
Imcolnens is

LIH

ASV866 szesz unclassified
marzs lanctobacteria
2% Caulifigura
AS V262 coniformis
ASVEI Candidatus 14%
unclassified Udaeobacter

Planctobacterla

ASV239

Gemmata sp. ASV55S

unclassified
Planctobacteria

1%
ASV56

ASV563

° \‘ ASVS3
ASV31 Gemmata sp.
ASV224 unclassified Hum lsphaera 13%
Pla tab;zct ria borealls ASV85
AV Camaa sz, % Gemmata sp ASVIO0
ASVI21 .
Lacipirellula ASV100 6 % unclassified
iiiclas siﬁed Planctobacteria
svsa Planctobacteria 13%
Pirellula s;/ 6 % . .
10% ASV99 ASVI2 ASV8S Gimesia
unclassified  Pirellula Sp. maris
Planctobacteria % 10%
MSC . WOF
ASy3i4 ASV641
unclassified Gemmata sp.
Planctobacteria ASV728 2%
ASV502 2% Pirellula sp. ? Cj}f{zz:fus
G
,;’Zifsm ASVIOI ? Udaeobacter ASVI221 Candidatus

39% unclassified Anammoximicrobium
ASV4 Planctggzcteria S mosiown

unclassified <

HVL

ASV403 ASV1871
unclassified ASVI083 ASVI232 Candidatus Anamm
Planctobacteria unclassified unclassified oximicrobium
% iq_Planctobacteri ii
1SV883 lanctgbactert i 4%
unclassified unclasszﬁed ASV59 7 Pirellula
Pl 7 . P Sp.
4% 3% / 12%
1 1 5
l \
ASVI8 Xl hmematobacter
unclssifind Planctofacterza_\ \\ ip.
Planctobacterza A SV8 4 Plre Iula

unclasslﬁe /

Planctobacterta

ASV284

unclassified
Planctobacteria
5% ASV222

Ptrellultmonas nuda

elongata
29%

ASV27

fasciculata

0%

Coniochaeta

Blastoptrellula sp.

ASVI 76
unclassified

‘ k Planctobacterta

SV249 unclas ed ASV207 :}re”ulasp

MSC

ASVS5 Fusarium
solani
100%

HVL

ASVE7
Fusarium solani
100%

MSC

Planctobacteria

4% ASV;ﬂ\

Gemmata sp.

2%

— ASV13 Plrellula Sp.

AS V43 Pzrellula
%sw%r\
irellula 1 5,,
4 %
ASV363 ASVII8
Gemmata sp unclassified
4% Planctobacterla
AS V232
unclassified
Planctobacteria, ASV255
AB¥390

unclasszf ed
ASV242 Gemmaid l”””’gﬁ”’e”"

unclassified
Planctobacteria
5%

Sp-
5%

LIH

ASV923 ASVI364
A?'V669 unclassified unclassified
unclassifie Planctabacteria Planctobacteria ASVI1673
Planctobacteria Gemmata sp.
% SV ASVI44 %
ASV709 classi Gem ’a sp.
unclassified  Planctobacteria
Planctobosteria \ ASV81 IPtrellula Sp.

3%

unclasstf ed

ASV614 Pirellula\ \
sp.
y ASV369
Ge mmata sp.

ASVe
unclasstf ed /

Planctobacterta

—_ASV1 59 Gemmata

Planctobacteria 45533 ‘ 10/
% unclassified _/ unclasszf led
Pla nctafacterla . Planctobacteria
4svsos 3% ASV240 i 'jei Z" "’st 8%
unclassified Gemmata sp.
Planctobacteria % lunclasstfed 9%

Planctobacteria

WOF

ASV11 Mortierella
exigua

/o 24%

ASV73

Mortierella

ambigua
12%

WOF





OPS/images/fmicb-12-741597/fmicb-12-741597-g005.jpg
diales o
: 1Fryt obasidiales

Leucospoaridiales v NA
Sporidiobolales e NA
S8basidid btes Spiculogloeales Ch @%&?}ales
| Urocystidales /" sanéhytriales (NA
NA Microt »mycet NA .
ctiellales . «
NA plculogloeo:,lnyc.etes . NA
Filobasidiales Enylome e [ sanchytriomycetes

Tre rAgliomEstos ( iales Hyaloraphidiales Diversisporales

rostromatales ] . - o <
X etes Geminibasidiale: _..Hyaloraphidiomycetes
inibasidiomycetes S idale
. Chvtri onoblepharomycota
Holtermannialeg; oj,be 5 lassiculales zizophlvet es G
3 lomycetes

Treme
Cystofi sidiales B3

Gigasporales
Glom ycetes

Spize NA Parag rales
ycetes NA
Atheliales
teS Mo
Morti «
ozellomycota
Tremellodendropsidale zomycota NA NA
Cant Pyxid rales o
. Savoryellales
Sacchar atajes orrhizomycetes Ophiostomatales Micr ales
Labou Chaetosphaeriales
Entorrhizales
(o] es Sacch ycet ecridiales o
Sord , i ales
Orbill 3
@M . orisporiale : Annulatascales
Rhytismatal i Coniochaetales | les
& S ‘ Coronophorales
NA N Togﬁini_ales ) E
Leoti ol uriales Euro cetes : scosporellales S
) Acrolh Trichosphaeriales pjanorthales e
Erysiphales - A Jahnulales hae iales O
Botryosphaeriales
Helotiales Dot C?)
Pleosporales
NA <

Tubéutiales

LeucosporidialesNA N, Ch@%@?les -

Sporidiobolé Urocystidales

les g
Atractiellales NA
cet / Classiculales g
Spiculogloeomycetes

stilaginomycetes

- Rhizophlyctidales R
Cystobasid NA
Microstromatale

Atr llomycetes
t Classiculomycetes

R ¢ \ Glo les

Cystofilob ales” g
NA Entylomatales

Golubeviales . Geminibasidiales
cota

Gigasporales

Lobulomycetales Hyaloraphidiales

ctes om nycetes

i Gl
v G basidiomycete P-iyaloraphldlomycetes Pieraistbrales
| ob )aromycota

s Filobasidiales

. Tre
Holtermanniales

rales

6zellomycota orales

mycota .
A NA

yxi orales

rhizomycetes | NA

Laboulb ycetes

Saccha ctales Conioc

Entorrhizales
Sacct ! Mi
Xyl SR o E,is,giri‘sp;c)riales

leurotheciales

- gAnnuIatas cales
Glo 3 oronophorales
Qe : ales

cetes

Erysiphales

creales

NA

Pleospora
Rhytismatales

ASV count

Acrospermales Jahnulales
Botryosphaeriales 4

Ventu A
Tubeufiales

B Top 10 fungal order in root

= Hypocreales

= Agaricales

= Sordariales

= Cantharellales
= Pleosporales

= Eurotiales

= Mortierellales

= Chaectothyriales
= Orbiliales

= Myrmecridiales

Nodes

1.0
83.4
298.0
645.0
1120.0
1730.0
2480.0
D Top 10 fungal order in rhizosphere soil
- Hypocreales
= Sordariales
- Pleosporales
h - Glomerellales
- Mortierellales
| + Burotales
= Coniochaetales
. = Helotiales
= Pezizales
Nodes
1.0
83.4
298.0
645.0
1120.0

1730.0
2480 0






OPS/images/fmicb-12-741597/fmicb-12-741597-g004.jpg
Thermdmic:irobiales
Chloroflexales
Kallotenuales

elliaSolibacterales ch Nitrospirales

Vicina erales ! :
\cidobacteriae Rokuﬁ;‘@}:e i Myxococcales

Vicina teria

NA cide eriota Myxococcia Haliangiales
Bacillales N J / ngémlcroblales v
. olyangia

De:ﬁ?%ocgﬁemmatlmona etes  NA D

Paenibacillales . Hydrogenispora

NA

N ‘,Mv ochordia Seric romatia
- NA NA Bdellovibrionales

NA Bdellovibrionia

Rhizobiale Sphingomonadales BdeII«')VlbnonotaSp‘m“h"‘e‘ales
3 b i Elusizmcroblota Spirochaetia Hydrogenedentiales
Clostridia; : \ Hydrogenedentia
Gracilibacteraceae Benaelol
Rickettsiales Dongiales : ‘

Hydrogenedentes
NA

Legionellalesxanﬁ* NA

Burkl riales

Plancto
na n NA

i Desulfobacterota

Er terobacterale Fimbriime .
Gammapr a
NA
Diplorickettsiales

i Ki cteria Bacteroidota
SteroidobaciiR @ iBomonadales._ S

Kapabacteriales Pates

a 2

robiota erales

NA

NA

Actino eriota

Sphingobacteriales i 5 ;
Cytophagales Saccha adia o ) ynebacteriales

Om phia
Saccha adales Verruco atenulisporales
Omnitrophales Pe
4 | onocardiales

ASV count

Met C L~ 4 il terlales
Verrucamictobiales Mlcr@_écales

< Acidimicrobiales M'°’°”@“®I’°m'es
Microtrichales

; ' Chiofoflexales
Kallotenuales'

ales Gemmatimonadales

Caldilineales

olibacterales A & _ Roku@?na
ellia Dacteria matlmonadetes

Longimicrobiales
Nitrospirales / ) Myxococcales

Hydrogenispora

P NA Methyléﬁ_‘;ﬁ%bilia Longimicrobia
Paenibacillales & Myxococcia
Limnochordia NA NA & | ! 4 Haliangiales
Badcillales N X Acidg eriota Na' Abd teri Deinocol Gerr;mat;m%;? 2% scota Pﬁ[yaﬁgia
> . o [ ethylgmg}abllota ) AP ‘ \
Gracilibacteraceae ©10St Nf\ o Polyangiales

: NA )
Sphingomonadales Rhizobiales Spirochaetales

gj&lfov brionales

DongialesA T ( ac o Bde“owbrioniaSpirochaetia NA
' b ovibrionot NA
Azospirillales y : Spirochaetota

Desulfobacterota
Hydrogenedentes
Hydrogenedentia P etales
NA Hydrogenedentiales| g

Rickettsiales
Pri

Enterobacterales . . \ Arm
Diplorickettsia Kapabacteria g wteroidota

Steroidobacterales N’_\ Kapabacteriales Fimbri
Gamma eobacteria
imbriimonada
eriales

) egionellales cteroidia
monadales Flavobactenales ~Cytophaga
. 4 Pate

Sphingobacterialesc‘ ) d
Berkelbacteria ;
~ Sac imonadia P
y icrotrichales Coryne
Verruce obiota .
es ales
‘ophi Kineosporiales
Actir

Glycomycetales

icrobiae

ASV count

Catenulisporales
Tuce obiales

iphilales

Nodes

222
828
1820
3200
4960
7110

222
828
1820
3200
4960
7110

Top 10 bacterial order in root

1%

= Pirellulales

= Gemmatales

= Tepidisphaerales

= Planctomycetales

= [sosphaerales

= Chthoniobacterales

= NA

= Candidatus Kaiserbacteria
= Phycisphaerales

= Verrucomicrobiales

Top 10 bacterial order in rhizosphere soil

2%\2%rﬂb

= Pirellulales

= Gemmatales

= Tepidisphaerales

= Planctomycetales

= NA

= Chthoniobacterales

= [sosphaerales

= Candidatus Kaiserbacteria
= Phycisphaerales

= Plal lineage





OPS/images/fmicb-12-738129/fmicb-12-738129-t001.jpg
Parameters Compartment

Bulk soil Rhizosphere
Empirical networks
Number of nodes 147 76
Number of edges 880 414
Number of positive correlations 676 380
Number of negative correlations 204 34
Average degree 11.87 10.89
Density 0.082 0.145
Average path length (APL) 2.706 2.431
Average clustering coefficient (ACC) 0.453 0.572
Modularity 0.47 0.41
Random networks
APL (mean =+ SE) 2.264 + 0.004 2.030 £+ 0.008
ACC (mean + SE) 0.082 £+ 0.005 0.146 +£0.010
Modularity (mean + SE) 0.235 + 0.007 0.225 4 0.009





OPS/images/fmicb-12-737116/cross.jpg
3,

i





OPS/images/fmicb-12-737116/fmicb-12-737116-g001.jpg
>

Colony number (log10 cfu/g soil)

TR TR 7 TR 7 F e

10d 20d 30d 40d

IAA content (ug/g soil)

de

¢ f

be

cd

C{-«’(‘%&%rb" "c}-&'&‘%\&%‘o "d.'&(‘%\,%é' s Cl',((‘%&%fb"

10d

20d

30d 40d






OPS/images/fmicb-12-738129/fmicb-12-738129-g004.jpg
CCA2 (25.72 %)

Bulk soil

MAP

S

CCA2 (28.48 %)

—_—
1

A i Rhizosphere
» ©A:
NRL'Y o
A® e
Ca
pH
e
[
L
v
&
®

0 1'
CCA1 (34.64 %)

& Bulk soil

Genotype
B HH53 ® WH40 A ZH13

Location
@ CF @ NC @ WH
©HH® QZ @ YA





OPS/images/fmicb-12-738129/fmicb-12-738129-g005.jpg
ia @ Stramenoliles

® Alveolata ® Amoebozoa ® Apusozoa = Archaeplastida ® Hacrobia © Opisthokonta ® Rhizar





OPS/images/fmicb-12-738129/fmicb-12-738129-g006.jpg
® Bacteria
@ Fungi
® Protist
(3
D
(
g D
Basidiomycota
Zygomycota
moebozoa
Rhizaria
Ascomycota

Stramenopiles

Acidobacteria

Actinobacteria
Actinobacteria

Bacteroidetes






OPS/images/fmicb-12-738129/fmicb-12-738129-g007.jpg
0.75+

Proportion of edges

0.25+

Total

0.75+

0.50

Proportion of edges

0.25+

. Bacteria-Bacteria
. Bacteria-Fungi
. Bacteria-Protist
. Fungi-Fungi

. Fungi- Protist
. Protist-Protist

Bulk soil

Positive

Bulk soll Rhizoéphere

Proportion of edges

o

~

o
1

o

a1

o
1

©

N

(&
1

Rhizoéphere

Negative

Bulk soil Rhizosphere





OPS/images/fmicb-12-738129/fmicb-12-738129-g001.jpg
Relative abundance

Relative abundance

1.00

0.75+

0.50

0.25+

0.00 -

ns

————

ns

% *% ns

*%

Alveolata Amoebozoa Apusozoa Archaeplastida Excavata

1.00 4

0.75 1

0.50

0.25+

0.00 -

**

I,

**k*

ns * k%

3 8 .

T
Bacterivores

T
Omnivores

Parasites

Phototrophs  Plant pathogens Saprotrophs

Hacrobia Opisthokonta Rhizaria Stramenopiles

Compartment

ES Bulk soi

- Rhizosphere






OPS/images/fmicb-12-738129/fmicb-12-738129-g002.jpg
2504

2004

=,

an

o
1

Species richness

100 -

50~

*k*

Bulk soil

Rhizoéphere

B 70

60

N an
o o
L 1

Phylogenetic diversity

w
o
1

20+

*k%*

Bulk soil

Rhizoéphere

Compartment

B3 Bulk soi

‘ Rhizosphere





OPS/images/fmicb-12-738129/fmicb-12-738129-g003.jpg
0.2

-0.2

0.2

-0.2

= °
=" <
« < IR
® N WA
e % o
| <
. h" So
@ m - O
.................................. Q]
| < | " .
< n < o
© . Y @
m < m -
N | = O
| .
o "
QIA _ <
® m
® |
| O
8
- (% G1'61) 200d
<« | .
<° Q
“w!® s 0 0
" a )
. 3 o oor <
| O -
) " - @
% _
I |
< ! Ol
O |
dnm o m
| o
! O
AM |
n¥ o 8.
< (% 16ZL) Z00d

~0.4

0.0
PCo1 (21.42 %)

0.0

PCo1 (15.77 %)

Location

@ CF @ NC @ WH
@ HH @ QZ © YA

Compartment

O Bulk sail

Rhizosphere

Genotype W HH53 @ WH40 A ZH13





OPS/images/fmicb-12-759374/fmicb-12-759374-e001.jpg
Crop value of output

rop yield x average price





OPS/images/fmicb-12-759374/fmicb-12-759374-e000.jpg
Infection rate = Ni/Nt x 100%





OPS/images/fmicb-12-759374/cross.jpg
3,

i





OPS/images/fmicb-12-802054/math_1.jpg
Chlorophyll =[8.02x Agz3 | —[20.02x Agss ]





OPS/images/fmicb-12-802054/fmicb-12-802054-t003.jpg
Phylogenetic level
ANOSIM output

Bacillus.

Fungus

Ctrl-thizosphere soil vs,
JC-K3-thizosphere soil

Ctrl-thizosphere soil vs,
Ctrl-root

Gtrl-thizosphere soil vs,
Gtrl-shoot
Ctrl-rhizosphere soil vs.
Ctrl-leaf

Crl-root vs. JC-K3-ro0t
Gtrl-root vs. Crl-shoot
Ctrl-root vs. Ctrl-leaf
Ctrl-shoot vs. JG-K3
shoot

Ctrl-shoot vs. Ciri-leaf
Ctrl-leat vs. JC-K3-leaf
JC-K3-thizosphere soil vs.
JC-K3-root
JC-K3-thizosphere soil vs.
JC-K3-shoot
JC-K3-thizosphere soil vs.
JC-K3-leaf

JC-K3-r00t vs. JC-K3-
shoot

JC-K3-r00t vs. JC-K3-leat
JC-K3-shoot vs. JC-K3-
leaf

Ctrl-thizosphere soil vs,
JC-K3-thizosphere soil
Gtrl-thizosphere soil vs,
Gtrl-root

Ctrl-rhizosphere soil vs.
Ctl-shoot
Ctrl-thizosphere soil vs,
Ctrl-leaf

Gtrl-root vs. JC-K3-ro0t
Gtrl-root vs. Ctrl-shoot
Crl-root vs. Cri-leaf
Ctrl-shoot vs. JC-K3-
shoot

Ctrl-shoot vs. Ctrl-leaf
Gtrl-leat vs. JC-K3-leaf
JC-K3-thizosphere soil vs.
JC-K3-r00t
JC-K3-thizosphere soil vs.
JC-K3-shoot
JC-K3-thizosphere soil vs.
JC-K3-leaf

JC-K3-00t vs. JC-K3-
shoot

JC-K3-r00t vs. JC-K3-leat
JC-K3-shoot vs. JC-K3-
leaf

Statistic

0,037

1.0000

1.0000

0.7778

0037
04444
05185

1.0000

0.5556
0.7778

1.0000

0.1481

01111

1.0000
1.0000
0.2593

0.5556

0.7778

0.5556

0.2593

0.4094
-0.1481
0.7778

0.2963

05185
0.1481

0.037

0.1852

0.5556

-0.037

-0.1852
-0.037

Phylum

p value

0.413

0.098

0.098

0.098

0.406

0.098
0.098
0.297

0.098
0.098
0.098

0.289

0.186.
0697
0.098

0.195

0.098
0292

0.289
0.209
0.098

0575

1.000
0598

Statistic

0.2222

1.0000

1.0000

0.7778

0.1852
05185
05185

1.0000

0.5556
0.7778

1.0000

0.4074

0.2222

1.0000
1.0000
0.4444

0.1852

0.8519

0.963

01111
05185

0.8148
0.963

1.0000
0.2963

0.5556

0.4815

0.4815

0.3704

0.3333
0.5556

oty

pvalue

0.209

0.098

0.098

0.098
0312

0.098
0.098

0.098
0.098

0.098
0.098
0.208

0.098
0.098
0.098

0.201
0.098
0.098

0.201

0.098
0.298
0.098

0.098

0.098
0.195

0.098
0.098
0.098

0.098

0.098
0.098





OPS/images/fmicb-12-802054/fmicb-12-802054-t002.jpg
Sample

Bacteria CK-R
JCK3-R
CK-Sh
JC-K3-8h
CKL
JCK3L
CKS
JCK3-S

Fungus CK-R
JCK3-R
CK-Sh
JC-K3-8h
CK-L
JCK3L
CK-S
JCK3-S

sobs.

82.33:24.23
111.0029.53
88.67+26.04
1914.67£18.45
5100021064
1894.00+31.82"
1862.00+19.82
1674.00£132.05
142£19.61
60+59.42
178.33+30.14°
97.33+5.19
93.33£44.53
92.00£17.72
26.33:10.78
127.67+41.61°

chao

151.67+49.24
135.76+18.91
114.90+50.01
2150.55+42.27°
703.76+51.68
2155.72+38.69"
2120.6029.67
2045.96+100.53
156.36+25.01
64.33:63.41
180.90+31.29
125.25+12.82
98.90+40.43
124.13+30.25
27.40+11.20
191.21+59.55"

ace

119.91+32.05
156.76+24.25
140.36:+80.51

2138.67£29.60"

753.71£229.59

2152.4925.59"

2114.01227.74
2019.07+82.05
151.05£16.40
64.43+63.09
181.49:+30.69
132.183.24
103.37£35.15
145.65+26.64
30.15+8.55
205.42+61.72"

Shannon

1.01+0.04
0.90:0.44
0.72£0.11

6.43:0.03"
291:1.04
6.28:0.12"
6.2740.05
5824039
3.15:084
150+1.03
358081
1412054
159+0.85
0.66+0.31

0.62+0.65
1.39+0.34

Simpson

0.6131+0.0431
0.6948.:0.1606

0.7459+0.0397

0.0040:0.0003

0.2259+0.1730"

0.0058:0.0015
0.00530.0010

0.0103+0.0041°

0.1715£0.1068
0.47830.2760
0.0969:+0.0880
0.4144.£0.1868
0.4732£0.2705
0.7873£0.1108
0.7433+0.2917
0.57890.1187

Values are means +SD. *In the table represent the significant difference between the indexes of uninoculated and inoculated JC-K3 wheat, p<0.05.

Coverage

0.9992:+0.0004
0.9991+0.0002
0.9991+0.0005"
0.9884:+0.0006
0.99420.0022"
0.9874:+0.0009
0.9877+0.0004"
0.98610.0007
0.9997:£0.0001
0.9998+0.0002
0.9999+0.0000"
0.9993+0.0001
0.9998+0.0001"
0.9994:+0.0001
0.9999:£0.0000°
0.99930.0002





OPS/xhtml/Nav.xhtml




Contents





		Cover



		RHIZOSPHERE MICROBIOLOGY: TOWARD A CLEAN AND HEALTHY SOIL ENVIRONMENT



		Editorial: Rhizosphere microbiology: Toward a clean and healthy soil environment



		Author contributions



		Funding



		Conflict of interest



		Publisher's note









		Rhizosphere Microbial Communities Are Significantly Affected by Optimized Phosphorus Management in a Slope Farming System



		INTRODUCTION



		MATERIALS AND METHODS



		Study Area and Experimental Design



		Soil Sampling and Biogeochemical Analysis



		DNA Extraction, PCR Amplification, and Metagenomic Sequencing



		Data Analysis



		Statistical Analysis









		RESULTS



		Soil Biogeochemical Properties and Crop Yields



		Taxonomic Characteristics, Diversity, and Richness Index of Microbial Communities



		Changes in Microbial Community Composition and Structure



		Microbial Community Structures and Their Relationships With Soil Properties



		Microbial Networks









		DISCUSSION



		Effects of P Fertilization on the Bacterial Community in Different Growth Periods of Maize



		Effects of P Fertilization on the Fungal Community in Different Growth Periods of Maize



		Relationship Between Soil Microbial Community and Soil Properties



		Differences in P Fertilization Levels Affect the Interactions Between Microorganisms









		CONCLUSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		SUPPLEMENTARY MATERIAL



		FOOTNOTES



		REFERENCES









		Taxonomic Compositions and Co-occurrence Relationships of Protists in Bulk Soil and Rhizosphere of Soybean Fields in Different Regions of China



		INTRODUCTION



		MATERIALS AND METHODS



		Site Description and Sampling



		Microbial Community Analysis



		Statistical Analysis









		RESULTS



		Protist Community Structure and Diversity



		Linkage Between Protist Community Structure and Environmental Factors



		Co-occurrence Networks of Protist Communities



		Co-occurrence Networks of Protists and Other Microorganisms









		DISCUSSION



		Distinctive Protist Community Structures of Bulk Soil and Soybean Rhizosphere



		Various Factors Driving the Composition of Protist Communities in Soybean Fields



		Less Complex Protist Co-occurrence Networks in the Rhizosphere of Soybean



		The Relationships Between Protists and Other Types of Microorganisms









		CONCLUSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		SUPPLEMENTARY MATERIAL



		FOOTNOTES



		REFERENCES









		Phosphate-Solubilizing Bacterium Acinetobacter pittii gp-1 Affects Rhizosphere Bacterial Community to Alleviate Soil Phosphorus Limitation for Growth of Soybean (Glycine max)



		INTRODUCTION



		MATERIALS AND METHODS



		Potted Experiment Design



		Determination of Phosphate-Solubilizing Bacterium Abundance and Indole Acetic Acid



		Determination of Soil Physicochemical Properties, Enzyme Activity, and Vegetation Properties



		DNA Extraction, Gene Quantification, Amplicon Sequencing, and Sequence Processing



		Statistical Analysis









		RESULTS



		Shifts in Phosphate-Solubilizing Bacterium Abundance and Indole Acetic Acid Content During Soybean Growth



		Vegetation Properties, Soil Physicochemical Properties, and P-Cycling-Related Gene Abundance



		General Properties of Rhizosphere Bacterial Community



		Effects of Abiotic and Biotic Factors on Vegetation Properties









		DISCUSSION



		Elucidating Soybean Growth-Promoting by Phosphate-Solubilizing Bacteria Acinetobacter Pittii gp-1



		Response of Rhizosphere Bacterial Community to Inoculation of Strain gp-1









		CONCLUSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		SUPPLEMENTARY MATERIAL



		FOOTNOTES



		REFERENCES









		Responses of Arbuscular Mycorrhizal Fungi Diversity and Community to 41-Year Rotation Fertilization in Brown Soil Region of Northeast China



		INTRODUCTION



		MATERIALS AND METHODS



		Experimental Description



		Sample Collection and DNA Extraction



		Spore Density and Root Colonization of Arbuscular Mycorrhizal Fungi



		Soil Property and Plant Nutrient Content Measurements



		Polymerase Chain Reaction Amplification



		Illumina HiSeq Sequencing and Bioinformatics Analyses



		Statistical Analyses









		RESULTS



		Soil Physicochemical Properties and Plant Nutrient Content



		Spore Density and Root Colonization of Arbuscular Mycorrhizal Fungi



		MiSeq Sequencing and Identification of Arbuscular Mycorrhizal Fungi



		Arbuscular Mycorrhizal Fungi Diversity in Soil and Roots



		Arbuscular Mycorrhizal Fungi Community Composition in Soil and Roots



		Factors Affecting Arbuscular Mycorrhizal Fungi Community









		DISCUSSION



		Changes in Soil Properties



		Arbuscular Mycorrhizal Fungi Spore Density and Root Colonization



		Arbuscular Mycorrhizal Fungi Diversity in Soil and Roots



		Arbuscular Mycorrhizal Fungi Community Structure in Soil and Roots









		CONCLUSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		REFERENCES









		Effect of Aspergillus and Bacillus Concentration on Cotton Growth Promotion



		INTRODUCTION



		MATERIALS AND METHODS



		Study Location



		Experiment 1: Determination of the Effect of Inoculation of Microorganisms at Different Concentrations in Greenhouse



		Microorganisms and Inoculant Preparation









		Seed Inoculation



		Experimental Design and Experiment Management



		Evaluated Parameters



		Shoot and Root Dry Matter



		Preparation of Soil Samples



		Counting Bacteria Present in the Soil



		Counting of Endophytic Bacteria and Fungi



		Determination of the Phosphorus Concentration in Plants and Soil



		Determination of the Total Nitrogen Concentration in Plants and Soil



		Microbial Respiratory Activity



		Microbial Biomass Carbon









		Statistical Analysis



		Experiment 2: Determination of the Effect of Inoculation of Microorganisms on Cotton Plants Under Field Conditions



		Cotton Planting



		Experimental Design and Experiment Management



		Evaluated Parameters



		Data Analysis















		RESULTS AND DISCUSSION



		Experiment 1: Determination of the Effect of Inoculation of Microorganisms at Different Concentrations in Greenhouse



		Experiment 2: Determination of the Effect of Inoculation of Microorganisms on Cotton Plants Under Field Conditions









		CONCLUSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		ACKNOWLEDGMENTS



		REFERENCES









		The Hypoxia-Associated Localization of Chemotaxis Protein CheZ in Azorhizorbium caulinodans



		Introduction



		Materials and Methods



		Bacterial Strains and Growth Conditions



		Construction of Soluble Chemoreceptor Mutants



		Microscopy and Data Analysis



		Bioinformatics Analysis



		Statistical Analysis









		Results



		Hypoxia Regulates the Polar Localization of CheZ



		The Localization of CheZ Is Affected by the Energy Status of Cell



		The C-Terminus and a Conserved Active Site D165 of CheZ Are Involved in the Energy-Related Polar Localization



		Role of Cytoplasmic Chemoreceptors Containing PAS Domains on the Localization of CheZ



		Free-Living Nitrogen Fixation Affects the Localization of CheZ









		Discussion



		Data Availability Statement



		Author Contributions



		Funding



		Acknowledgments



		Supplementary Material



		Footnotes



		References









		Differential Root Exudation and Architecture for Improved Growth of Wheat Mediated by Phosphate Solubilizing Bacteria



		INTRODUCTION



		MATERIALS AND METHODS



		Sample Collection and Soil Physiochemical Analysis



		Isolation and Identification of P-Solubilizing Bacteria



		Quantitative P Solubilization and Production of Organic Acids



		Amplification of Genes Responsible for P Solubilization



		Plant Growth-Promoting Traits of PSB



		Effect of PSB Inoculation on Wheat Germination and Seedling Vigor



		Development of PSB Consortia



		Hydroponic Experiment to Study the Effect of PSB on Root Exudation and Anti-oxidant Enzymes



		Collection and Analysis of Root Exudates



		Determination of Amino Acids



		Determination of Sugars



		Determination of Organic Acids



		Determination of Antioxidant Enzyme Activity



		Superoxide Dismutase (SOD)



		Catalase (CAT)



		Peroxidase (POD)



		Malondialdehyde (MDA) and H2O2









		Pot Experiment Using Soils of Different Agro-Ecological Zones



		Evaluation of PSB Consortium for Wheat Yield Parameters



		Detection of Inoculated PSB



		Statistical Analysis









		RESULTS



		Isolation and Identification of PSB



		Quantitative P Solubilization and Production of Organic Acids



		Amplification of Genes Responsible for P Solubilization



		Plant Growth-Promoting Traits of PSB



		Effect of PSB on Wheat Germination and Seedling Vigor



		Hydroponic Experiment to Study the Effect of PSB on Root Exudation and Anti-oxidant Enzymes



		Root Exudate Analysis



		Antioxidant Enzyme Analysis



		Pot Experiment Using Soils of Different Agro-Ecological Zones



		Evaluation of PSB Consortium for Wheat Yield Parameters



		Detection of Inoculated PSB









		DISCUSSION



		CONCLUSION



		AUTHOR CONTRIBUTIONS



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		FOOTNOTES



		REFERENCES









		Microbial Communities and Functions in the Rhizosphere of Disease-Resistant and Susceptible Camellia spp.



		INTRODUCTION



		MATERIALS AND METHODS



		Site Description



		Experimental Design and Sampling



		Bacterial and Fungal Community Assessment



		DNA Extraction and PCR Amplification



		Illumina Novaseq6000 Sequencing









		Statistical and Bioinformatics Analysis









		RESULTS



		Soil Microbial Community Structure



		Microbial Composition and Diversity



		Specific Microbial Species in the Rhizosphere of Oil Tea Plants









		Analysis of Microbial Functions



		Effects of Physicochemical Properties on Microbial Communities









		DISCUSSION



		Specific Microorganisms in Each Camellia spp. Rhizosphere



		Specific Bacteria in Each Camellia spp. Rhizosphere and Their Functions



		Specific Fungi in Each Camellia spp. Rhizosphere and Their Functions









		Microbial Community Association With Camellia spp. Growth and Health









		CONCLUSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		SUPPLEMENTARY MATERIAL



		REFERENCES









		Transcriptomic Responses of Rhizobium phaseoli to Root Exudates Reflect Its Capacity to Colonize Maize and Common Bean in an Intercropping System



		INTRODUCTION



		MATERIALS AND METHODS



		Bacterial Strain and Preparation of Inoculum



		Plants and Experimental Design



		RNA Extraction and High Throughput Sequencing



		Bioinformatic Analysis



		Generation of Ch24-10 Mutants



		β-Glucuronidase Assays



		β-Galactosidase Assays



		Carbonic Anhydrase Activity Assay



		Statistical Analysis









		RESULTS



		Rhizobial Genes Expressed Only in Bean Root Exudates



		Rhizobial Genes Expressed Only in Maize Root Exudates



		Rhizobial Genes Induced by Bean or Maize Monocultures



		Transcriptomic Profiles of R. phaseoli in Milpa









		DISCUSSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		FOOTNOTES



		REFERENCES









		Rhizosphere Microbiome: The Emerging Barrier in Plant-Pathogen Interactions



		Introduction



		Rhizosphere Microbiome and Plant Disease Management



		Pathogen-Mediated Rhizosphere Microbiota Recruitment



		Soil-Borne Pathogen-Mediated Recruitment



		Foliar Pathogen-Mediated Recruitment



		Pathogen-Mediated Distant Rhizosphere Microbiota Recruitment









		Factors Governing Plant Rhizosphere Microbiome



		Balance Between Plant Immunity and Distinction of Pathogens From the Rhizosphere Microbiome



		Prospects of Rhizosphere Microbiome As a Barrier



		Concluding Remarks



		Author Contributions



		Funding



		Publisher’s Note



		Acknowledgments



		References









		Detection of Pathogenic and Beneficial Microbes for Roselle Wilt Disease



		INTRODUCTION



		MATERIALS AND METHODS



		Sampling Sites and Soil Sample Collection



		DNA Extraction, Marker Gene Amplification, Barcoding, and Sequencing



		Bacterial 16S rRNA Gene Analysis



		Fungal Internal Transcribed Spacer Domain Analysis



		Wilted Roselle Sample Collection, Pathogen Isolation, and Growth Conditions



		Pathogen Morphology



		Phylogenetic Analysis



		Koch’s Postulate and Disease Severity



		Screening of Biocontrol Strains From Healthy Roselle Rhizosphere for Combating Roselle Wilt Fungus









		RESULTS



		Identification of Roselle Wilt Disease and Sampling



		Variations in Bacterial and Fungal Compositions in Roselle Rhizospheres



		Isolation of Potential Pathogens for Roselle Wilt Disease



		Sequence Comparison of Internal Transcribed Spacer 1 Regions Among Isolated Potential Pathogens and Rhizosphere Amplicons



		Characterization of Prevalent Bacterial or Fungal Taxa in Healthy and Diseased Roselle Rhizospheres



		Fusarium solani Causes Roselle Wilt Disease



		Phylogenetic Analysis and Morphology Observation of Fusarium solani K1



		Bacillus velezensis SOI-3374 Has the Potential to Control Roselle Wilt Disease









		DISCUSSION



		Community Variation Between Diseased and Healthy Roselle Rhizospheres



		The Most Abundant Fusarium solani Strains Cause Roselle Wilt Disease



		Bacillus Has Potential Control Effects in Roselle Wilt Disease









		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		FOOTNOTES



		REFERENCES









		Microbiome of Field Grown Hemp Reveals Potential Microbial Interactions With Root and Rhizosphere Soil



		INTRODUCTION



		MATERIALS AND METHODS



		Experimental Design and Sampling



		DNA Extraction, PCR, and Sequencing



		Sequence Processing and Analysis of Data









		RESULTS



		Sequencing and Bioinformatics



		Microbial Diversity Patterns in Field Grown Hemp: Compartment and Field-Dependent Effects



		Differential Taxonomic Profiles in Hemp-Associated Microbial Community



		Indicator Species and Core Microbiota Across Six Hemp Fields



		Network Patterns of Microbial Community in Field Grown Hemp









		DISCUSSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		FOOTNOTES



		REFERENCES









		Reducing Phenanthrene Contamination in Trifolium repens L. With Root-Associated Phenanthrene-Degrading Bacterium Diaphorobacter sp. Phe15



		INTRODUCTION



		MATERIALS AND METHODS



		Reagents and Culture Media



		Isolation of the Root-Associated Phenanthrene-Degrading Bacterium Phe15



		Degradation of Phenanthrene by Strain Phe15



		Biological Characteristics of Strain Phe15



		Antibiotic Resistance



		Plant Growth-Promoting Characteristics



		Colonization Potential on White Clover Root Surfaces









		Greenhouse Container Experiments



		Collection and Treatment of Soil



		Potted Experiment Setup



		Greenhouse Container Experiments



		Determination of Biomass of White Clover



		Determination of Cell Count of Strain Phe15



		Determination of Phenanthrene Content in Soil and White Clover









		Statistical Analysis









		RESULTS AND DISCUSSION



		Isolation and Identification of Strain Phe15



		Degradation of Phenanthrene by Diaphorobacter sp. Phe15



		Biological Characteristics of Diaphorobacter sp. Phe15



		Colonization and Distribution of Diaphorobacter sp. Phe15 in White Clover



		Colonization of Strain Phe15 Promoted the Growth of White Clover



		Colonization of Strain Phe15 Reduced the Phenanthrene Contents in White Clover



		Colonization of Strain Phe15 Enhanced the Phenanthrene Removal From Soil









		CONCLUSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		References









		Taxonomic Structure of Rhizosphere Bacterial Communities and Its Association With the Accumulation of Alkaloidal Metabolites in Sophora flavescens



		Introduction



		Materials and Methods



		Sample Collection



		DNA Extraction, High-Throughput Sequencing, and Sequence Analysis



		Acquisition of Soil Physicochemical Parameters and Climatic Data



		Determination of Alkaloid Contents in Roots



		Statistical Analysis









		Results



		Diversity and Taxonomic Structure of the Rhizosphere Bacterial Communities



		Ecological Factors Shaping the Rhizosphere Bacterial Communities



		Rhizosphere Bacteria Associated With Alkaloid Accumulation in Roots



		Interactions Between Spatial, Climatic, and Edaphic Factors, Bacterial Attributes, and Alkaloid Accumulation









		Discussion



		Data Availability Statement



		Author Contributions



		Funding



		Supplementary Material



		Footnotes



		References









		Effect ofBacillus velezensis JC-K3 on Endophytic Bacterial and Fungal Diversity in Wheat Under Salt Stress



		Supplementary Material



		Footnotes



		References









		Mechanism of Intermittent Deep Tillage and Different Depths Improving Crop Growth From the Perspective of Rhizosphere Soil Nutrients, Root System Architectures, Bacterial Communities, and Functional Profiles



		INTRODUCTION



		MATERIALS AND METHODS



		Experimental Design



		Sampling and Measurement



		Rhizosphere Soil Physicochemical Characters



		Plant Phytochrome Content in Leaves



		Crop Disease Infection Rate



		Crop Root System Architecture



		Assessment of Crop Economic Value of Crop









		DNA Extraction and Illumina Sequencing



		Data Analyses









		RESULTS



		Yield and Statistics of Crops in Different Tillage Treatments



		Effects of Intermittent Deep Tillage on Crop Rhizosphere Environment



		Rhizosphere Bacterial Community Diversity



		Rhizosphere Environment Affected the Reassembled Bacterial Community



		Relationship Between Bacterial Community and Crop Growth Traits



		Reassembled Rhizosphere Bacterial Communities Were Functionally Divergent









		DISCUSSION



		Intermittent Deep Tillage Increased Soil Fertility and Nutrition Acquisition Through Roots



		Intermittent Deep Tillage Affected Bacterial Community Assembly Through Rhizosphere Environment



		Intermittent Deep Tillage Promoted Crop Growth Through Rhizosphere Soil Bacterial Community









		CONCLUSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		FOOTNOTES



		References









		Taxonomic and Functional Diversity of Rhizosphere Microbiome Recruited From Compost Synergistically Determined by Plant Species and Compost



		INTRODUCTION



		MATERIALS AND METHODS



		Compost



		The Experimental Setup



		TC-DNA Extraction, 16S rRNA Amplicon Sequencing, and Shotgun Metagenomics



		Bioinformatics Analysis









		RESULTS



		Rhizosphere Bacterial Community Recruited From Compost Were Synergistically Shaped by Plant Species and Compost as Revealed by 16S rRNA PCR Amplicon Sequencing



		Effects of Compost and Plant Species on the Rhizosphere Bacterial Community Were Partially Confirmed by the Analysis of 16S rRNA Sequences Retrieved From the Metagenomic Library



		An Utmost Re-assemblage of Functional Diversity in the Rhizosphere



		Functional Properties Selected for or Against the Plant Rhizosphere









		DISCUSSION



		Bacterial Taxa Recruited in the Rhizosphere and Its Implication



		Comparison of Functional Gene Diversity Indicated That Plant Selection in the Rhizosphere Might Be Underestimated by 16S rRNA Amplicon Sequencing



		Functional Traits Indicated Fierce Competition for Root Exudates Within Microorganisms in the Rhizosphere









		CONCLUSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		SUPPLEMENTARY MATERIAL



		FOOTNOTES



		REFERENCES









		Characterization of Different Molecular Size Fractions of Glomalin-Related Soil Protein From Forest Soil and Their Interaction With Phenanthrene



		INTRODUCTION



		MATERIALS AND METHODS



		Test Chemicals



		Fractionation and Characterization of Glomalin-Related Soil Protein



		Fluorescence Quenching Experiments



		Fourier Transform-Infrared Measurement



		Statistical Analyses









		RESULTS



		Fractionation of Glomalin-Related Soil Protein



		Comparison of Characteristics for Different Molecular Fractions of Glomalin-Related Soil Protein



		Elements



		Potentiometric Titration



		UV–Visible Spectrum









		The Binding Properties of Glomalin-Related Soil Protein on Phenanthrene



		The Interaction Mechanism Between Glomalin-Related Soil Protein and Phenanthrene









		DISCUSSION



		Characteristics of Glomalin-Related Soil Protein



		The Association Between Glomalin-Related Soil Protein and Phenanthrene



		The Mechanism on the Binding Affinity Between Glomalin-Related Soil Protein and Phenanthrene



		Environmental Implications









		CONCLUSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		SUPPLEMENTARY MATERIAL



		REFERENCES









		Interactions Between Phenolic Acids and Microorganisms in Rhizospheric Soil From Continuous Cropping of Panax notoginseng



		INTRODUCTION



		MATERIALS AND METHODS



		Site Description and Soil Sampling



		Soil Physical and Chemical Properties



		Determination of the Phenolic Acids Concentration in the Soil



		Degradation of Phenolic Acids by Rhizospheric Soil Microorganisms



		DNA Extraction, PCR Amplification and Illumina MiSeq Sequencing



		Data Analysis









		RESULTS



		Analysis of Soil Physical and Chemical Properties



		Determination and Analysis of Phenolic Acids in Rhizospheric Soil



		Alpha Diversity Analysis



		Beta Diversity Analysis



		Microbiological Specificity Analysis



		Characteristics of the Rhizospheric Soil Microbial Communities and the Effects of Phenolic Acids









		FUNGUILD ANALYSIS OF FUNGI



		Analysis of Correlations of Phenolic Acids and Rhizospheric Soil Microorganisms



		Degradation of Phenolic Acids by Soil Microorganisms



		Analysis of Correlations of Soil Environmental Factors and Bacterial/Fungal Communities









		DISCUSSION



		Soil Physical and Chemical Properties Are Related to Microbial Community Structure



		Phenolic Acids Associated With Soil Sickness



		Effects of Panax notoginseng Continuous Cropping on Soil Microorganisms



		Effects of Phenolic Acids on Soil Microorganisms



		Soil Microorganisms Degrade Phenolic Acids



		Suggestions for Solving Panax notoginseng Continuous Cropping Soil Sickness









		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		REFERENCES









		Evolutions and Managements of Soil Microbial Community Structure Drove by Continuous Cropping



		Introduction



		Evolutions of the Assembly of Soil Microbial Community Drove by Continuous Cropping



		Drivers of Changes in Soil Microbial Community Structure Under Continuous Cropping



		Changes in Soil Physical and Chemical Properties Rebuild the Living Environment of Microorganisms



		Autotoxins Lead to a Decrease in Probiotics



		Competition Between Pathogenic Microorganisms and Probiotics









		Improvement Measures of Soil Microbial Community Structure Under Continuous Cropping



		Changing the Current Cropping System



		Scientific and Rational Fertilization



		Adsorption and Degradation of Autotoxins



		Controlling the Biomass of Pathogens









		Prospects for the Reconstitution of Soil Microbial Structure



		Concluding Remarks



		Author Contributions



		Funding



		References









		Isolation, Characterization, and Tea Growth-Promoting Analysis of JW-CZ2, a Bacterium With 1-Aminocyclopropane-1-Carboxylic Acid Deaminase Activity Isolated From the Rhizosphere Soils of Tea Plants



		INTRODUCTION



		MATERIALS AND METHODS



		Isolation of 1-Aminocyclopropane-1-Carboxylic Acid Deaminase-Producing Bacteria From Rhizosphere Soil of Tea Plant



		Analysis of 1-Aminocyclopropane-1-Carboxylic Acid Deaminase Activity



		Identification of JW-CZ2 by 16S Sequencing



		Determination of Growth-Promoting Effects of JW-CZ2 on Tea Plants



		Effect of JW-CZ2 on Growth of Plant Pathogens



		Effects of Inducing Factors on 1-Aminocyclopropane-1-Carboxylic Acid Deaminase Activity in JW-CZ2



		Whole Genome Sequencing of JW-CZ2 and Genome Annotation



		Determination of Phosphate Solubilization Ability of JW-CZ2



		Determination of Indole Acetic Acid Production in JW-CZ2



		Determination of Siderophore Production in JW-CZ2



		Data Analyses









		RESULTS AND DISCUSSION



		Isolation and Identification of Bacteria With 1-Aminocyclopropane-1-Carboxylic Acid Deaminase Activity



		Growth-Promoting Effects of Serratia marcescens JW-CZ2 on Tea Plants



		Effects of Culture Conditions on 1-Aminocyclopropane-1-Carboxylic Acid Deaminase Activity in JW-CZ2



		Genome Sequencing of Serratia marcescens JW-CZ2



		Genes Related to Plant Growth-Promoting Properties



		Validation of Mechanisms Underlying the Promotion of Serratia marcescens JW-CZ2 on Tea Plant Growth



		Inhibitory Effects of Serratia marcescens JW-CZ2 on Plant Pathogens









		CONCLUSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		SUPPLEMENTARY MATERIAL



		REFERENCES









		Comparative Metagenomic Study of Rhizospheric and Bulk Mercury-Contaminated Soils in the Mining District of Almadén



		INTRODUCTION



		MATERIALS AND METHODS



		Study and Sampling Area



		Production of Soil



		Isolation of DNA









		Metagenomic and Bioinformatics Analysis



		Taxonomic Analysis



		Functional Analysis



		Statistical Analysis















		RESULTS



		Taxonomic Identification



		Potential Functional Analysis



		Functional Level I: Large Functional Potential Groups



		Functional Level II: Families of Potential Functional Activities



		Functional Level III and SEED: Specific Potential Functional Role and the Protein to Which Sequences Belong















		DISCUSSION



		Taxonomic Discussion



		Acidobacteria



		Actinobacteria



		Cyanobacteria



		Alphaproteobacteria



		Betaproteobacteria



		Gammaproteobacteria



		Viruses









		Functional Analysis



		Antibiotic Resistance



		Hg Resistance and Oxidative Stress Response



		N Metabolism and PGPR















		CONCLUSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		SUPPLEMENTARY MATERIAL



		REFERENCES









		Nitrogen Regulates the Distribution of Antibiotic Resistance Genes in the Soil–Vegetable System



		Introduction



		Materials and Methods



		Experimental Design



		Soil and Vegetable Sampling



		Extraction of DNA From Soil and Vegetables



		Detection and Quantification of Target Genes



		Calculation of Bioaccumulation Factors and Transfer Factors



		Calculation of Estimated Daily Intake



		Data Analysis









		Results and Discussions



		Not All the ARGs Can Be Transferred From Soil to Vegetables



		The Abundances of ARGs and the MGE in Soil and Vegetable



		Distribution Patterns of ARGs and the MGE in Soil–Vegetable System



		Bioaccumulation Factors and Transfer Factors



		Estimated Daily Intake of ARGs in Human









		Conclusion



		Data Availability Statement



		Author Contributions



		Funding



		Supplementary Material



		References









		Evaluating the Antagonistic Potential of Actinomycete Strains Isolated From Sudan’s Soils Against Phytophthora infestans



		Introduction



		Materials and Methods



		Collection and Preparation of Soil Samples



		Isolation of Actinomycetes



		Morphological and Physiological Characterization of Actinomycetes



		Aerial Mass Color and Reverse Side Pigments (Color of Substrate Mycelium)



		Melanoid and Diffusible Soluble Pigments



		Spore Chain Morphology



		Carbon Source Utilization









		Identification of the Isolated Strains



		DNA Extraction



		Amplification of the 16S rDNA Gene



		Agarose Gel Electrophoresis



		Partial Sequencing of 16S rDNA Gene and Phylogenetic Analysis









		Screening of Actinomycetes Activity Against Phytophthora infestans



		Screening of Siderophore Production



		Leaf Disc Assay



		Full Plant Assay









		Results



		Isolation, Characterization, and Identification of Actinomycetes



		Effect of Actinomycetes on Phytophthora infestans Mycelial Growth



		Actinomycetes Are Causing Different Phytophthora infestans Morphologies



		Leaf Disc and in planta Assays









		Discussion



		Data Availability Statement



		Author Contributions



		Funding



		Acknowledgments



		Supplementary Material



		References























OPS/images/fmicb-12-802054/fmicb-12-802054-t001.jpg
Plant growth promoting traits Activity

Salt tolerance
pH tolerance

IAA production

ACC deaminase production
Phosphate solubilization
Siderophore production
Glucanase

Protease

Celulase

Proline production

Values are mean values +SDs.
+ positive, — negative.

12%

5-10
25.48+4.17ugml-'
18.100.97 pmol (mg-h)~!
78.35+1.84mgl"
3.76:0.24pgml-"
246.76+24.37 uml-'
294.61£1532uml-'
40.36+2.67 umi-!
28.680.42ugml-'

Non-inoculated bacteria were used as negative control





OPS/images/fmicb-12-802054/fmicb-12-802054-g007.jpg
-
- JCKIR

9585 confidence ntervals

eew— T . 1
srovntes [P — e
Firwiows | ') e
Attt | ° e
" ° wa
[r—— ° s
Jo——) ° ey
cumtes | .
pui— °
e i . oy
siogi | ° e

Proportions(té) " Ditfecenc between propartons 3
- KL
st cntbencemeras - JCKAL

s —e—i ama

—_ i o

s — - o ns
FOI m— o P
e o poots
e F ] o
o g ‘ o
——— . e
— . Pt
s | °
— | . e ine
e | v
Clinmy e i z s
" st Difenc betmon propordams
= ccn
fptin

9546 conidence nervals

—
[—

Diffrence between proportions(’)

- kL

o500 cotlens s ICKL

Ik

p—— [N ———

amend

= cicsn
s cnmtencemrvas IS
v — : o
f— [ -
R — . s comari
R . jootpin
oo — -l o omt
e o peShomt
Fmiewns | <« o oo 3
ey . PO {
—— . o ¥
pensaiy ]
"
o— o S,
reomon . o o
iy ° ot ams
[romm——
= s
= Jcis
——— S
e =
X b=
H o F
-
pswes .
[ ——
95% confidence intervals - JCK3-Sh
- o
e | v
s | - 3
[Eme—— * ooms K
pr—
i

“Propertions®4)

‘Difterence between proportiomsc%)

s





OPS/images/fmicb-12-802054/fmicb-12-802054-g006.jpg
A B . §
Community heatmap

Deinococcus Thermus
Peregrinibacieria Bastocladiomycots
Candidatus_Berkelbacteris

Graciibacteria ‘

Microgenomates Ascomycota
Elusimicrobia

Parcubicteria

unclassified_k_norank Mortirellomycots

Basidiomycota

Planctomycetes
o
Chlorati

dine

Fibrobuctercs
GaLIs
Latescibacterin

Tectomicrobin

B s

TM6_Dependentiae_
BRCI
Ba169

Rollomycota

wibicterine

Cyanobacterin Glomeromyeota

Verrucomicrobin l
Firmicutes
o Chytridiomyenta
-0
L
Mucoromycots =
l -3
»

Nitrospirne

mdetes

Succharibuctes 2
Peoteabact N
Actinobc B
Bucteroidetes ™ &

o B |






OPS/images/fmicb-12-802054/fmicb-12-802054-g005.jpg
PCOA an Phylum level
RO003%0, 00312000

o

- oms
g
B
s
a0
F R R Ry T
o)
c
PCoA on Phylum level
& R o500
- IR
ICK32
T eKYy
€ g1

Peis o

PCoA on Phylum level

0

o

PTG

PCoA on Phylum level
R, P90

G33 JeKE

i
PE1OS 51

0174, 0. 156000

Jeksa

® KR
A JCK3R

® ok
A JCKL

® KR
A JCKR

® KL

A K3

P

pexeay

ans-

23

s

2 Ckl

K

En

PCoA on Phylum level
ou

000

® CK-sh
A ICK3Sh

sk

JcK32

B T SV

0370, P01

PCoA on Phylum level
0

JGK3S

reims

PCoA on Phylum level
R02065, P0.195000

T 0
reis2y

PCoA on Phylum level
ke st

® (Ks
A ICKES

[
el sa5)





OPS/images/fmicb-12-739844/fmicb-12-739844-g002.jpg
PC2(14.84%)

PC2(14.93%)

Bray-Curtis dissimilarity matrix B weighted UniFrac matrix

0.3
| " 0.101 A g
0.21 &
__0.054 ;B
0.14 A l’“ &£ &\: A . A i .
. ' s
Ol AR I e S e S B
¢ © ¢ : w
.im ¢ s " : L
o) e 50059 8
« ° a e o)
-0.21 -0.104 i
e : i
-0.3| R=0.8912, P=0.001 .0.15] R=0.4772,P=0.001 | e
- - . - - - T T T e P125_S
02 -01 0 01 02 03 -0.2 -0.1 0 0.1 0.2 AP125 E
PC1(17.25%) PC1(30.2%) ¢ P125 F
mP125 H
®P9Y0_S
0.3 D 04 : AP0 E
L) Pe 4 P90_F
0.2 0.2 : A |
“ . L _ vo i N m P90_H
0.1 L, A N B B
: o)) . Y
0 i ¢ g Al N -
! T 02t :
-0.14 ] a 8 04 : Q
A o
° " L2
-0.24 N
5 " -0.64
-0.3 : 08
0.4 | R=0.7429, P=0.001 91 R=0.5159, P=0.001 N
04 -03 02 01 0 01 02 03 02 0 02 04 06 08

PC1(15.96%) PC1(23.29%)





OPS/images/fmicb-12-739844/fmicb-12-739844-g003.jpg
Bacteria

Fungi

Percent of community abundance

Percent of community abundance

on Phylum level

on Phylum level

0.8

0.6

0.4

0.2

0.8

0.6

0.4

0.2

Phylum

=Actinobacteriota
=Proteobacteria
=Chloroflexi
=Acidobacteriota
=Firmicutes
 Planctomycetota
=unclassified_Bacteria
=Bacteroidota
=Patescibacteria
=\errucomicrobiota
=Myxococcota
»Gemmatimonadota
=Cyanobacteria
sothers

=Ascomycota
=Basidiomycota
=Mortierellomycota
=unclassified_k__Fungi
=Chytridiomycota
“Glomeromycota
=Rozellomycota
=others

vy

Percent of community abundance
on Genus level

Percent of community abundance o
on Genus level

0.8

0.6

0.4

0.2

0.8

0.6

0.4

0.2

Genus
H S
H S

=norank_Gaiellales
=Acidothermus
=norank_JG30-KF-AS9
=Conexibacter
=Streptomyces
~norank_Mitochondria
=Mycobacterium
=Crossiella
=Sphingomonas
sunclassified_Streptomycetaceae
=Pseudomonas
=Burkholderia-Caballeronia
=Rhodanobacter

=others

sunclassified_Chaetothyriales
=Fusarium

=Talaromyces

=Saitozyma

=Mortierella
~unclassified_Aspergillaceae
=Penicillium

=Cladosporium
=Cladophialophora
=Trichoderma
=Leucocoprinus
=unclassified_Fungi
=Dokmaia
=unclassified_Trechisporales
=L eucothecium

sothers





OPS/images/fmicb-12-739844/cross.jpg
3,

i





OPS/images/fmicb-12-739844/fmicb-12-739844-g001.jpg
Shannon index of OTU level®

Shannon index of OTU level ©

6.3

6.14

5.94

5.3
5.11

4.9

Zi@@ Eé -

< SR ¢ W
?\r)f.)/ ?,\rf.)/ ?\rzf.)/ ?,\rf.)/ ?QQ/ ?gqf’ QQQ/ ?gQ/

4.0

3.8+
3.6
o
3.2
3.0
2.8+
2.6+
2.4
22

Eé%

=

¢ o<
25 \qf.')/

?'\(1’6/ ?'\

4

N 5 ¢ v o w
?,\r)f_)/ ?Q' P ?90/ ?Q, 2 ?gQ/

w

Chao index of OTU level

]

Chao index of OTU level

3400

32004 — —————
3000 -

2800 — .
2600 .
2400
2200 i T

2000 i - T
1800 {

1600

650

S 2 < X ' ¥ ¢ )
?,\qf::/ ?,\qf.)/ ?,\qf.)/ ?,\qf.)/ ?gg/ ?ggf’ ?QQ)/ ?gQ/

600 2

200

550+

500+ ?E?
450+
400+
350

300+
250

@ — @i

5 ¢ ¢ . 5 R »
?,\qf.)/ ?\’If‘” ?,\qfo/ ?,\q, - QR 0P P P






OPS/images/fmicb-12-739844/fmicb-12-739844-t001.jpg
Soil properties Growth periods
S E F H
pH (1:2.5 H,0) P125 5.37 £ 0.01a 5.39+0.01a 543 +0.01a 5.38 £0.00 a
P90 5.33 £0.00b 5.35+0.01b 5.38+0.01b 5.35+0.01b
Available N (mg kg™ 1) P125 189.19 £ 0.63 a 208.96 £ 0.99 a 22154 £049a 186.29 £ 0.54 a
P90 189.24 £0.53a 195.05 £0.34b 218.38 +£0.35b 178.03 £ 0.67 b
Available P (mg kg~") P125 1718 £0.32b 21.07 £ 0.59a 11.47 £0.38b 26.39+0.54a
P90 20.20+ 044 a 16.42+0.31b 1323+ 0.27 a 23.06 £0.77 b
Total nitrogen (mg kg~ ") P125 1.08 £0.01a 1.19+0.02a 112 £0.01a 1.09+0.01a
P90 1.06 £0.01a 1.06 £0.01b 1.06 £0.01 b 1.08+0.01a
Nitrate N (mg kg~ ") P125 35.31 £ 0.49a 29.27 £ 0.36 b 34.44 +0.86 a 26.24 +0.59a
P90 33.59+0.44b 38.07 +£0.13a 3454 £0.20 a 23.15+0.23b
Ammonium N (mg kg=1) P125 20.53 +0.38a 25.33+0.27 a 30.49 £ 0.54 a 17.54 £ 051 a
P9OT 20.66 £ 0.16 a 24.35+0.30b 2942 +0.31b 1541 £0.28b

Different letters in the same column indicate significant differences between two treatments at the same growth stage (p < 0.05).
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Sample Distance CK IDT-50 IDT-40

ANOSIM MRPP ANOSIM MRPP ANOSIM MRPP

IDT-560  Bray-Curtis  0.259*  0.036*
IDT-40  Bray—Curtis  0.193* 0.039* —-0.024  0.03
IDT-30  Bray-Curtis  0.062 0.05 0.470** 0.040** 0.309* 0.044**

Two different permutation tests were performed, including the multiple response
permutation procedure (MRPP) and analysis of similarity (ANOSIM) calculated with
Bray-Curtis distance.

Bold values indicate significant difference.

"o <0.05and *p < 0.01.
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Trait

Plant physiological Plant height
Stem girth
Disease infection rate (%) Black shank

Black root rot
Bacterial wilt
Hollow stalk
Pigment content Neoxanthin
Violaxanthin
Lutein
Chlorophyll b
Chlorophyll a
Carotenoid

IDT-50

120.18 + 3.70a
9.87 + 0.33a
1.05 £ 0.33¢c
0.57 £ 0.51c
0.57 &+ 0.62b
1.07 £+ 0.34b

72.74 £ 11.04a

33.70 £ 9.74a

987.10 £+ 116.00a
478.36 + 142.89a

1357.60 + 485.30a
130.97 £+ 19.80a

IDT-40

116.67 + 4.29a
9.90 + 0.21a
2.03 =+ 0.46bc
1.70 £ 0.80bc
0.57 £ 0.51b
1.07 £ 0.48b
66.85 + 7.27a
49.06 + 10.14a
952.70 £+ 115.20a
444.33 £ 81.91a
1419.00 + 261.50a
125.18 £ 12.79a

IDT-30

110.53 & 2.09b
9.30 + 0.14b
2.67 £ 0.76b
2.84 + 1.30b
1.15 £ 0.37b
1.72 £ 0.51b
64.52 £7.18a

40.19 + 11.63a

963.20 + 127.00a
430.10 £ 51.80a
1302.90 + 144.50a
126.21 £10.11a

CK

105.53 + 1.17¢c
9.43 + 0.16b
8.99 + 1.50a
8.51 + 1.34a
9.18 + 2.15a
3.44 + 0.63a

73.14 + 10.26a
34.31 + 7.56a

906.80 + 125.30a
461.69 + 69.71a
558.5 + 106.00b

128.20 £+ 10.59a

Values are presented as mean + SD (n = 6), bold values with different letters indicate significant difference by one-way ANOVAs (Tukey’s test at p < 0.05).
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Microorganisms Code in the GenBank deposit
collection number
Bacillus subtilis Bs248 MZ133755
B. subtilis Bs290 MZ133476
Bacillus velezensis Bv188 MZz133757
Aspergillus brasiliensis F111 MZ133758
Aspergillus sydowii F112 MZ133759
Aspergillus sp. (versicolor section) F113 MZ133456

Control
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pH OM P K Ca Mg H + Al S.B. CEC

CaClp g/dm? Mg/dm? PR 111110051 <
6.9 10 23 0.7 79 13 11 93.4 104.2

OM, organic matter; S.B., Ca + Mg + Na + K; CEC, S.B. + H + Al; V%, (S.B./CEC) * 100.
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Variable r

RL 0.5473
RPJ 0.3029
RSF 0.3938
NRT 0.3456
NRB 0.4919
pH 0.1595
AP 0.3505
AK 0.3260
AN 0.3881
oM 0.2434

Bold values indicate significant difference.

P

0.001
0.004
0.001
0.001
0.001
0.033
0.002
0.002
0.001
0.006

AR available phosphorus; AK, available potassium; AN, alkali-hydrolyzed nitrogen;
OM, organic matter. RPJ, root projection area (cm?); RSF, root surface area (cm?);
RL, root length (cm); NRT, number of root tip; NRB, number of root branches.
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Sample Distance CK

IDT-50

IDT-40

ANOSIM MRPP ANOSIM MRPP

IDT-50  Bray—-Curtis 0.907**
Euclidean  0.367**
IDT-40  Bray—Curtis 0.637**
Euclidean  0.235**
IDT-30  Bray—Curtis  0.430*
Euclidean  0.131

0.341**
4.041**
0.353**
4.589**
0.389*
5.868

0.407*
0.054

0.648**
0.391**

0.331**
4.205

0.367**
5.484*

ANOSIM MRPP

0.422** 0.379**
0.215*  6.032*

Two different permutation tests were performed, including the multiple response
permutation procedure (MRPP) and analysis of similarity (ANOSIM) calculated with
Euclidean or Bray-Curtis distance.

Bold values indicate significant difference.

"o <0.05and *p < 0.01.
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Sample pH AP (mg kg~1) AK (mg kg—1) AN (mg kg—1) OM (mg kg~ 1)

IDT-50 6.067 £+ 0.027b 26.022 + 0.280a 137.79 £ 1.42b 165.63 + 3.24b 20.063 £ 0.234b
IDT-40 5.773 £ 0.019d 23.889 + 0.376b 143.29 £+ 1.88a 121.14 £ 5.00d 26.935 £+ 0.180a
IDT-30 5.950 + 0.028¢ 26.467 £ 0.317a 142.96 + 1.87a 148.67 + 5.83¢c 19.454 + 0.158¢c
CK 6.115 £+ 0.023a 17.261 +£ 0.476¢ 130.18 £+ 3.48¢c 239.63 £ 5.08a 18.562 + 0.048d

AR available phosphorus; AK, available potassium; AN, alkali-hydrolyzed nitrogen; OM, organic matter.
Values are mean =+ standard error of six replicate soil samples per treatment.
Different letters indicate statistically significant differences within rows (one-way ANOVA Turkey’s test, p < 0.05).
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Sample Average price Crop yield Crop value of
(CNY/kg) (kg/hm?) output (CNY/hm?)

IDT-50 24.31 2410.71 58609.52

IDT-40 23.67 2294.64 54306.25

IDT-30 22.81 2142.86 48887.20

CK 22.54 1897.22 42770.56
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B 95% confidence intervals
Xenobiotics biodegradation and metabolism: Drug metabolism - enzymes -| [ . - { 0.0153
Xenobiotics biodegradation and metabolism: Toluene degradation- F=F F—e— E 0.0186
Xenobiotics biodegradation and metabolism: Fluorobenzoate degradation + - o 0.0232
Unclassified: metabolism: Others | [Fmm— } o - 0.0056
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C 95% confidence intervals
Xenobiotics biodegradation and metabolism: Chloroalkane degradation- —0—, 0.0303
Xenobiotics biodegradation and metabolism: Naphthalene degradation- § —o—{ 0.0355
Xenobiotics biodegradation and metabolism: Chlorocyclohexane degradation- B —o—| 0.0451
Xenobiotics biodegradation and metabolism: Ethylbenzene degradation | e 0.0438
Unclassified: metabolism: Enzymes with EC numbers | [ — } o b 0.0214
Transport and catabolism: Peroxisome 4 =9 —o—, 0.0386
Poorly characterized: General function prediction only 4 [— I . 4 { 0.0491
Metabolism of terpenoids and polyketides: Limonene and pinene degradation- —_——, 0.0262 —
Metabolism of terpenoids and polyketides: Geraniol degradation-| [ —o—. 0.0225 g
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Strain or plasmid

Relevant
characteristics®

Source or reference

E. coli
DH5a

F-SupE44 AlacU169

(#80 lacZAM15) hsdR17

recAT endAT gyrA96

Transgen

ORS571

AcheZ

40573

41026

41546

&

153

43718

Wild-type strain, Amp",
Nal*

ORSS5T1 derivative; cheZ

deleted mutant, Amp*,
Nal*, Gm*

ORS571 derivative,
azc_0573 deleted
mutant, Amp®, Nal*
ORS571 derivative,
az0_1026 deleted
mutant, Amp®, Nal?,
Gmft

ORS571 derivative,
azc_1546 deleted
mutant, Amp®, Nal®
ORS571 derivative,
azc_3153 deleted
mutant, Amp®, NaF*,
Gm?

ORS571 derivative,
azc_3718 deleted

Dreyfus et al., 1988

Liu etal., 20180

This study

“This study

This study

“This study

Jiang et al., 2016a

s ——

PRK2013
PCM351

pK18mobsacB

PBBR2

PBBR2CheZ-GFP

PBBRR2CheZN70

PBBRR2CheZD165A

PBBRCheZQ169A

Helper plasmid, GolEt
replicon; Tra-+Km"
Aleic exchange vector;
G, Te*

Suicide vector for gene
disruption; lacZ mob
sacB Km'

Broad host range
plasmid, K"
PBBR-1-MCS-2 with
cheZ fused with egfp,
Km'

PBBR-1-MCS-2 with
cheZ remaining 210bp
at the Neterminus fused
with egip; Km"
PBBR-1-MCS-2 with
cheZ vith a D165A
substitution fused with
egfo; Km"
PBBR-1-MCS-2 with
cheZ with a Q169A
substitution fused with
egfp; Km*

Ditta et al., 1980

Mar and Lidstrom,
2002
Schafer et al., 1994

Kovach et al., 1995

Liu et al., 2020

Liu et al., 2020

Liu et al., 2020

Liu et al., 2020

“Amp", ampicilln resistance; G, gentamycin resistance; Km", kanamycin resistance;
NaF, nalidixic acid; and Tc, tetracycline.
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Primers

1026up-F
1026up-R
1026down-F
1026down-R
1546up-F
1546up-R
1546down-F
1546down-R
3153up-F
3153up-R
3153down-F
3153down-R

Sequences (5'-3)"

CGGGGTACCGGACGGTGCAGGAGGAGGC
CGGCATATGGCCTCAATGATTGCTCAC
CGACGCGTTCCGCCCCTGTCGACAATG
CGGAGCTCTGGTGAGCTGGATGATGG
CGCGGATCCTGAGCCATTACGACCCCATG
CGGAATTCGGAGCCCCCCTTTTTCTCG
CCGGAATTCTCCGGACCGCCGCGCG
GCTCTAGACACGATGCCTTCAACCTC
CGGGGTACCGCCGCAACCCGAMATCCG
CCGGCATATGGCCGGGGCTTGATCTTCG
CCGACGCGTGGCGGCCCTGCCCGGCA
CGGAGCTCTGGTTTCGTCGGCCTTGGAG

Purpose for construction

47026 construction
41026 construction
41026 construction
41026 construction
41546 construction
41546 construction
41546 construction
41546 construction
43153 construction
43153 construction
A3153 construction
43153 construction

“Engineered restriction sites are underlined.
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Taxon

Mortierella

Fusarium

Staphylotrichum
Ilyonectria
Plectosphaerella
Purpureocillium
Mortierella

Cylindrocarpon
Rhodotorula

Geminibasidium
Conlarium
Penicillium
Sagenomella
Exophiala

Guild

Endophyte-Litter Saprotroph-Soil Saprotroph-Undefined
Saprotroph

Animal Pathogen-Endophyte-Lichen Parasite-Plant
Pathogen-Soil Saprotroph-Wood Saprotroph

Undefined Saprotroph

Plant Pathogen

Endophyte

Fungal Parasite

Endophyte-Litter Saprotroph-Soil Saprotroph-Undefined
Saprotroph

Plant Pathogen

Animal Endosymbiont-Animal Pathogen-Endophyte-Plant
Pathogen-Undefined Saprotroph

Undefined Saprotroph

Undefined Saprotroph

Endophyte

Undefined Saprotroph
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Sample

CK
1Y
H-2Y
H-3Y
S-2Y
S-3Y

pH

5.26 £+ 0.63b
5.72 £ 0.01ab
5.78 £ 0.53ab
5.18 £0.13b
6.29 + 0.3a
5.18 £ 0.04b

OM (g/kg)

14.24 + 3.46¢
27.72 £ 0.22a
24.95 + 0.99ab
23.82 + 1.08ab
26.02 + 0.14ab
23.48 +1.78b

TN (g/kg)

0.82 £ 0.11¢c
1.38 + 0.02ab
1.30 £ 0.08ab
1.24 £ 0.05b
1.41 £0.02a
1.25+ 0.09ab

TP (9/kg)

0.64 + 0.19d
2.07 £+ 0.09a
0.94 + 0.05cd
1.57 £ 0.26b
1.17 £ 0.14bc
1.22 £ 0.26bc

TK (9/kg)

4.52 +0.21b
5.30 & 0.34a
4.72 + 0.16ab
4.76 & 0.20ab
519 +£0.21a
5.08 + 0.40ab

HN (mg/kg)

65.63 £+ 10.20b
119.69 &+ 3.81a
108.46 + 5.63a
108.46 + 7.86a
120.21 &+ 5.92a
113.30 £ 20.80a

AP (mg/kg)

4.55 & 3.49¢
88.50 + 3.49a
24.26 £ 5.91b
38.20 + 12.6b
29.49 + 7.37b
39.28 &+ 12.45b

AK (mg/kg)

107.67 £ 52.64d
422.35 + 14.08b
219.10 £ 31.22cd
157.33 &+ 27.53cd
614.30 + 124.52a
261.87 + 568.39¢c

The pH, OM, organic matter; TN, total nitrogen; TR, total phosphorus; TK, total potassium; HN, hydrolytic nitrogen; AP, available phosphorus; AK, available potassium,
concentrations in P notoginseng rhizospheric soil varying in number of planting years are shown as the means + SE. Columns with different letters are significantly

different (LSD-test, p < 0.05).
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Bacterial Fungal
Sample Total tags Singleton Tags OTUs (97%) Total tags Singleton tags OTUs (97%)
CK1 122,090 + 1,483 32,388 + 2,333 1,811 £ 66 122,020 + 398 3,075 + 546 824 + 58
H-1Y 121,917 £ 927 45,622 + 242 3,530 + 50 125,520 + 2,294 1,413 + 66 725415
H-2Y 125,494 + 1,117 47,534 £+ 813 3,809 + 92 122,314 £ 617 1,424 + 64 695 £+ 12
S-2Y 119,990 + 1,915 45,445 £+ 2,218 3,078 4+ 300 124,710 + 1,758 1,248 + 45 519 £ 29
H-3Y 120,785 + 1,895 42,887 + 1,086 3,303 +£ 77 118,181 + 1,842 1,378 + 98 551 £ 11
S-3Y 120,375 + 1,558 44,317 £ 2,051 2,899 + 91 126,227 + 153 1,330 £ 72 476 £ 21
p-HA 120,266 + 796 40,944 + 239 3,685+ 9 125,993 + 711 1,628 + 41 685 +4
BA 118,815 + 2,128 38,380 + 305 3,664 + 12 123,282 + 1,113 1,399 + 37 580 £ 4
SA 121,742 £ 759 37,141 £1,214 3,694 + 4 121,942 + 2,507 1,366 + 9 624 £ 9
FA 120,656 + 1,641 33,976 + 836 3,636 + 20 124,772 + 1,619 1,372 £ 49 558 £ 9
VA 120,634 + 702 41,851 £ 2,229 3,368 + 45 126,420 + 868 1,316 £ 95 609 + 2
p-CA 121,848 + 885 35,783 + 569 3,651 +£9 122,660 + 1,245 1,311 £ 57 510+ 9
CK2 118,783 £ 920 31,884 + 1,602 3,602 + 23 119,305 + 1,208 1,116 £ 115 500 £ 13
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Property

Plant height/cm

Plant fresh weight/g
Plant dry weight/g

Leaf number

Leaf fresh weight/g

Root length/cm

Root fresh weight/g
Shoot P/(mg/g dw plant)
Root P/(mg/g dw plant)
Microbial P/(mg/g soil)
Available P/(mg/g soil)
pH

Total carbon (%)

Total nitrogen (%)
Phytase (wmol/g/day)
Phosphatase (1g/g/h)
bpp (log10 copies/g soil)
phoD (log10 copies/g soil)
gcd (log10 copies/g soil)
pstS (log10 copies/g soil)

CK treatment

26.67 + 6.11 (¢)
3.12 £ 0.29 (b)
0.38 +0.04 (c)
4.67 + 058 (b)
1.09 £ 0.19 ()
2.60 =+ 0.46 (c)
0.12 £ 0.02 ()
514 £0.21(c
1.37 £0.22 (¢
0.09 +0.01 (¢
0.22 +£0.03 (G
6.91 +0.15 (g
0.51 +£0.07 (c
0.07 +£0.01 (c
0.71 +£0.05(c
4.20 +0.40 (
6.43 + 0.12 (0)
6.36 £ 0.21 (c)
6.26 +0.13 (c)
7.38 + 0.15 (o)

)
)
)
)
)
)
)
)
)
)

Tri treatment

42,60 + 5.72 (bc)
8.85 + 0.27 (b)
0.73 +0.25 (0)
13.00 + 1.73 (a)
3.77 £ 0.40 (b)
8.57 % 0.40 (b)
0.58 + 0.14 (b)
6.04 % 0.46 (bc)
2.07 £ 0.24(c)
0.12 £ 0.01 (¢)
0.34 + 0.06 (0)

6.76 + 0.07 ()

0.53 % 0.04 (0)
0.08 + 0.01 (¢)
0.69 + 0.01 (0)
413£0.14 (0
6.44 + 0.10 (b)
7.13£0.14 (b)
6.67 £ 0.11 (b)

7.61 % 0.06 (ab)

Sup treatment

62.83 =+ 7.42 (ab)
26.83 + 3.07 (3)
1.53 +0.09 (b)
14.00 % 0.00 (a)
10.08 & 0.38 (a)
10.33 + 1.15 (b)
8.85 + 1.43 ()
7.21+£0.29 (b)
3.57 +0.38 (b)
0.16 +0.01 (b)
0.63 +0.08 (b)
6.43 +0.16 (b)
1.40 £0.22 (b)
0.13 £0.01 (b)
113 £0.11 (b)
7.76 + 0.4 (b)
6.93+0.21 (a)
7.57 £0.13 ()
6.98 +0.14 (b)
7.68 + 0.47 (ab)

Bac treatment

88.50 + 17.76 (a)
35.18 £ 7.14 (a)
2.02 + 0.26 (3)
17.33 £ 5.77 (a)
12.45 £ 2.78 (a)

16.33 & 2.08 (a)

12.75 £ 3.88 ()
9.27 4+ 0.80 ()
4.95 4 0.36 ()
0.22 £ 0.02 ()
0.89 + 0.09 (a)
6.25 + 0.12 (b)
1.93+0.13 (a)
0.21 4 0.03 ()
1,53+ 0.11 (a)
9.72 +0.62 (a)

7.20 + 0.06 ()

7.64 £ 0.05 ()

7.53+0.13 (@)

8.00 £ 0.18 (3)

The results are the mean value of three replicates with standard errors. Different letters in the same row denote significance (p < 0.05).
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logK 4

0.625
0.764
—0.519
—0.804
0.9920
—0.74
—0.596
—0.585
—0.49
0.766
0.864
0.778
0.862
—0.619
0.847
—0.352
—0.9532
—0.817

P-value

0.375
0.236
0.481
0.196
0.008
0.26

0.404
0.415
0.51

0.234
0.136
0.222
0.138
0.381
0.153
0.648
0.047
0.183

aSignificant difference between treatments at 0.05 level. ®Significant difference between treatments at 0.01 level.
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GRSP fraction GRSP DOC

Fraction mass (%) Atomic ratios Carboxylic acids Phenolic hydroxyl group Total acidity
(mg /L) (mgC/L) (o] N H S o C/H C/N o/C (N+0)/C Concentration pKa Concentration pKa
(mol/kg) (mol/kg)
F1 10.60 440.52 23.99 0.08 3.22 0.22 44.76 7.45 300 1.87 1.87 8.44 5.56 0.63 9.5 9.07
F2 3.87 110.81 17.67 0.36 3.43 0.20 40.02 515 49.08 2.26 2.29 7.99 5.42 0.35 9.62 8.34
F3 23.57 998.97 12.57 1.09 2.86 0.16 24.51 4.39 11.53 1.95 2.04 531 5.5 0.94 8.14 6.25
FU 21.37 939.68 14.02 117 3.22 0.11 25.04 4.35 11.98 1.78 1.87 5.63 5.08 1.88 8.37 L5

F1-F3 represents different molecular fractions from <3,000, 3,000-10,000, and >10,000 Da, respectively. DOC, dissolved organic carbon; FU, GRSP bulk.
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Treatment

Soil

Roots

Species richness indices

Species diversity indices

Species richness indices

Species diversity indices

Chao1

89.66 4
86.82 4
90.17 4
65.68 4
53.00 4

£ 7.61a
t 5.83a
t 3.25a
t 6.57b
£ 6.38c

Observed_species

78.67 4
81.33 4
77.33 4
58.33 4
47.33 4

£ 2.31a
£ 1.53a
t 1.53a
£ 1.53b
£ 9.45¢c

Shannon

4.00 4
365 4
3.20 4
2.59 4
1.50 4

t 0.07a
t 0.13a
t 0.26b
£ 0.25¢
t 0.36d

Simpson

0.90 4
0.85 4
0.76 4
0475 g
0.49 4

t 0.00a
t 0.02a
t 0.05b
t 0.04b
t 0.06¢c

Chao1

106.81 4
103.40 4
108.00 4
103.95 4

92.88 4

t 9.62a
t14.11a
£ 12.39a
£ 8.80a
t 6.73a

Observed_species

96.00 4
89.00 4
99.33 4
89.67 4
85.67 4

£ 2.00ab
t 2.65bc
t4.51a
t 3.79bc
t 6.03c

Shannon

4.30 4
3.72 4
4.19 4
4.29 4
4.00

t0.12a
t 0.06¢
t 0.01a
t 0.02a
£ 0.15b

Simpson

0.92 4
0.87 4
0.91 4
0.92 4
0.88 4

t 0.01a
t 0.00c
t 0.01a
t 0.00a
£ 0.01b

Values are means (n = 3) 4

£ SD. Statistical significance was set at a level of p < 0.05 using Duncan multiple-range tests. The same letter in the table represents no significant difference.
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Treatment NH+-N NO;~—-N AP AK DocC soc ™ ™ TK pH
(mg-kg~") (mg-kg™") (mg-kg™") (mg-kg™") (mg-kg™") (g-kg™") (g-kg™") (g-kg™") (9-kg™") (H20)

CK 3.71+010e  12.06 +0.03¢ 119+£011d  96.66+£209b  39.42 +6.24e 9.08 + 0.08¢ 0.90 + 0.00e 0.32+002c  15.68 = 0.64c 5.75 + 0.01b

N 445+022d 4838 +1.780 214 +011d  81.62+322c  77.60+187c  10.28+0.01d 1.03 £ 0.01d 0.34+£0.03c  16.45 = 0.460 4.87 +0.00d

NP 483+013c  4589+1.28c  16.15+040c  76.94+401c  57.15+568d  11.51 + 0.06c 1.06 £ 0.00c 032+001c  15.62 % 0.69c 5.07 + 0.01c

M 533+017b 3847 +0.79d 137.72+397b  22330+802a 111.06+892b  12.87 +0.01b 1.33 £0.01b 0.66+£0.07b  18.02 +0.38b 6.64 + 0.06a

MNP 775+021a  7363+074a 188.81 £820a 288.12+622a 126.99+1.26a  16.35+ 0.02a 1.68 £0.01a 116+£002a 2058 +0.30a 5.78 + 0.02b

Values are means (n = 3) 4

E SD. Statistical significance was set at a level of p < 0.05 using Duncan multiple-range tests. The same letter in the table represents no significant difference. NH4™-N, ammonium nitrogen;

NO3~-N, nitrate nitrogen, AR, available phosphorus; AK, available potassium; DOC, dissolved organic carbon; SOC, soil organic carbon; TN, total nitrogen; TR, total phosphorus; TK; total potassium; CK, no fertilizer; N,
mineral nitrogen fertilizer; NR mineral nitrogen and phosphate fertilizer; M, pig manure; MNP pig manure, mineral nitrogen, and phosphate fertilizer.
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Treatment N concentration P concentration K concentration N content P content K content Biomass
(%) (%) (%) (mg/plant) (mg/plant) (mg/plant) (g/plant)
CK 2.68 + 0.09b 0.17 £0.02¢ 3.15 £ 0.04b 10.63 £+ 0.34c 0.67 +0.08¢c 14.31 £ 3.10c 0.40 £ 0.01¢c
N 3.40 £ 0.47a 0.26 + 0.03¢c 3.06 £ 0.11b 16.23 £ 2.21¢c 1.25 £0.12¢ 14.59 + 0.50c 0.48 £ 0.01¢c
NP 3.67 £ 0.17a 0.41 £0.01b 1.94 £0.12c 100.85 + 4.53b 1117 £0.19b 53.17 £ 3.39b 2.75+0.10b
M 3.69 + 0.09a 0.63 + 0.09a 5.67 £ 0.16a 255.18 £ 6.21a 43.36 £ 6.01a 391.63 + 11.02a 6.90 + 0.19a
MNP 3.71 £ 0.02a 0.66 + 0.09a 5.78 £ 0.14a 255.86 + 1.62a 45.55 + 6.25a 398.56 + 9.72a 6.90 £+ 0.10a

Values are means (n = 3) + SD. Statistical significance was set at a level of p < 0.05 using Duncan multiple-range tests. The same letter in table represents no significant

difference.
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