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Editorial on the Research Topic
 Advanced Microbial Biotechnologies for Sustainable Agriculture



Plant responses to various environmental or climatic stresses are immensely complex and implicate changes at the transcriptome, cellular, and physiochemical levels, consequently hindering crop growth as well as yield quantity and quality. Agriculture has been considered a complex network of plant-microbe interactions. The use of microorganisms of agricultural importance [e.g., plant growth-promoting microorganisms (PGPM)] represent a major ecological strategy for integrated agricultural practices such as nutrient addition, biological control, abiotic stress (e.g., drought, salinity, heavy metals) alleviation to minimize the use of agrichemicals (e.g., fertilizers and pesticides) in agriculture as well as to improve crop performance (Ma et al., 2011, 2016a,b). While the immense diversity of soil microorganisms represents a tremendous opportunity for selecting PGPM, the interactions with plants and the cooperative and competitive interactions among microbes themselves make it extremely challenging to determine which microbes are responsible for synergistic ecosystem functions. The essential aspects for the effectiveness of PGPM application biotechnology are the utilization of a proper inocula formulation and a suitable carrier, as well as delivery methods. Thus, considering the detrimental effects of biotic and abiotic stresses on agricultural production and food security, the development of technologies for exploring the microbial microenvironment and improving our understanding of how microbes communicate/interact with plants to enhance nutrient use-efficiency could pay substantial dividends. Therefore, this Research Topic “Advanced Microbial Biotechnologies for Sustainable Agriculture” was launched to advance our knowledge of underlying mechanisms of plant-microbe interactions and review recent progress on the relationship between the microbiome and crop productivity and health that is at the frontier of agricultural sciences, with the potential to progress and transform agricultural systems in the field.

The cogent review and synthesis embodying all the scattered information about drought and salinity stress responses and microbe-induced tolerance in crop plants were provided by Ma G. et al. They also provide insight as a means to develop an understanding of the mechanisms strongly involved in plants respond/adapt to the selected environmental stresses (e.g., drought and salinity) at the morphological, physiological, biochemical, and metabolomic levels, as well as plant-microbe interactions that confer abiotic stress tolerance in plants. So far, in most of the topics, the literature references regarding drought and salt stress are simply listed close to each other, without an integrated approach. In this review, the comparison between plant responses to drought and salinity was thoroughly highlighted and explained.

Salinity stress has been the main restraint to agriculture, limiting crop growth and productivity. Many studies have focused on utilizing PGPM to improve plant tolerance to salinity (Ma Y. et al.). It has been demonstrated that inoculation of plants with 1-aminocyclopropane-1-carboxylate (ACC) deaminase producing PGPB can enhance plant growth under salinity stress (Ma et al., 2019b). Orozco-Mosqueda et al. assessed ACC deaminase activity and trehalose accumulation of PGPB Pseudomonas sp. UW4, using constructed mutant strains (acdS, treS, or both) and a trehalose over-expressing strain (OxtreS). The findings indicate the synergistic action of ACC deaminase and trehalose in Pseudomonas sp. UW4 plays an essential role in protecting host plants against salinity stress.

To cope with drought stress, PGPM were found to secrete osmolytes to alleviate drought stress, which act synergistically with plants internal osmolytes stimulating plant growth (Paul et al., 2008). The trehalose accumulation is an adaptive mechanism in microbes in response to drought stress to protect cells and proteins from osmotic shock and desiccation (Reina-Bueno et al., 2012). Sharma et al. explore the biological importance and the role of trehalose in the tripartite symbiotic relationship between plants, rhizobia, and AMF, as well as physiological functions and molecular investigations using omics-based approaches. The review provides a critical discussion on the role of microbe-mediated trehalose accumulation in improving stress tolerance.

The use of PGPM has been considered an alternative to protect plants from diseases and improve crop productivity, reducing the amount of chemical pesticides needed (Ma Y. et al.). The ability to deconstruct fungal cell walls is a defining characteristic of fungal antagonism and anti-fungal biocontrol (Mesa-Arango et al., 2016). Schönbichler et al. explore the ability of B. subtilis natto to use complex fungal fruiting body and cell wall as a carbon source by secreting chitinases and proteases. The findings show that chitin does not allow bacterial growth nor induce the secretion of chitinolytic enzymes, and protease secretion might be the key mechanism for nutrient scavenging and depredating fungal cell walls by B. subtilis natto.

There have been thousands of scientific papers published that contribute to our knowledge on individual features of microbes, their behavior in soil, and after all their interaction with plants both in natural ecosystems and agroecosystems. Numerous papers revealed potentially huge positive effects of soil microorganisms on plant tolerance to stress and resulting ability to produce more biomass or other target yields (Reina-Bueno et al., 2012; Ma et al., 2019b; Ma Y. et al.). Nevertheless, a further step is needed to bring this knowledge closer to practice that would allow to formulate the new products and implement new biotechnologies of crop cultivation. The present Research Topic shows important advances in the understanding of the mechanisms behind plant beneficial microbial activities that help host plants cope with environmental stresses and fills the gap to translate scientific knowledge into sustainable applications.

As examples, Rocha et al. and Ferreira et al. show that the knowledge transfer to real agriculture can be feasible since there are numerous beneficial microbes that we know and have isolated and even established effective procedures for their mass production. However, the delivery systems for their large-scale applications in the field represent the most common bottleneck.

Seed coating has been considered a precise and cost-effective method to deliver microbial inoculants. A delivery system based on seed coating of various microbes seems to be economically feasible and applicable even in broad-acre agriculture (Ma et al., 2019a). As discussed in Rocha et al., there are still numerous considerable factors that hamper the wider use of microbial seed coating and in general the use of microbes as bioagents in general agriculture practice. The most important ones are the self-life of microbes after coating, their compatibility among themselves, and their ultimate efficacy when they are used in mixtures. There is also a crucial factor in production and application costs. The seed companies are not always keen to change their long-term practices and use biologicals instead of chemical treatment of their seeds (also taking into account that those two treatments are unlikely to be compatible with each other). Moreover, farmers are usually not equipped to do the seed treatment themselves and they have little incentives to ask seed companies for microbially coated seeds (charged premium price) until they see significant evidence of better-coated seed performance. Last but not least there is a general issue of final cost per hectare and especially for low-value crops like cereals where there are generally low-profit margins, it is difficult to accommodate any extra costs. Moreover, the special issue for biocontrol microbes mandates a very strict and costly registration (in particular within the EU).

Nevertheless, with proceeding soil degradation, increasing effects of global climatic change and after all growing awareness and demands for agrochemical reduction, healthy and secure food crops, the microbial seed coating technology will certainly be growing in its implementation and wider use. The transition of scientific knowledge to a real commercial application has been happening at a large scale already for some important crops and it holds a strong potential for the near future for other microbes and crops worldwide. A very good example of a fundamental science study conducted by Ferreira et al. that can be transformed into real agriculture is the testing of bacteria-based fertilizer that can alleviate iron-deficiency-induced chlorosis (IDIC). In this work, the ability of two new Fe freeze-dried fertilizer products, prepared from the filtrate cultures of A. vinelandii and B. subtilis was tested using an important soybean crop. Plants treated with A. vinelandii Fe fertilizer developed a dry mass comparable to that of o,o-EDDHA and the A. vinelandii-treated plants had higher Fe content. The results indicated that the freeze-dried product, prepared from A. vinelandii, represents a very promising, sustainable, and environment-friendly Fe-fertilizer alternative for application in the IDIC amendment in calcareous soils. Similar calcareous soils that are naturally alkaline or are being threatened by increasing salinity are becoming more abundant globally (Yadav et al., 2011). Also, the Fe deficiency is generally increasing in arable soils of numerous regions of the world and therefore similar fertilizers can be a biologically-based solution for that.

Interactions between plants and microbes including fungi are mediated by a chemical language containing multiple compounds, infochemicals, such as terpenes (Schmidt et al., 2017). We are slowly deciphering this communication that could be called signalomics (Mhlongo et al., 2018) to understand the interplay between environment, plants, and not only microbes but also other organisms. Phytohormones produced not only by plants but also by microbes play a crucial role in these interactions as described in a review by Kudoyarova et al.. Auxin-producing bacteria were shown to influence processes such as root elongation but both root elongation and inhibition of root elongation could be observed depending on the plant, the environment, and the dosage and the auxins. Other phytohormones include cytokinins such as zeatin riboside produced by certain bacteria also influence plant physiology but is so far even less elucidated. Other important phytohormones generated by microbes include ACC deaminase and abscisic acid (ABA). ACC deaminase lowers ethylene production but the effect of ABA accumulation is not often defined by a clear-cut physiological effect.

In a paper dealing with a related topic, Luziatelli et al. examine the effect of plant growth-promoting Pantoea agglomerans on the rooting of Pyrus communis. It could be shown that exometabolites such as indole-3-acetic acid (IAA) of P. agglomerans promoted adventitious rooting. Of interest is that the synergy between auxin-related compounds such as IAA and other metabolites produced by P. agglomerans such as cinnamic-related compounds was shown to be very delicate and concentration-dependent. As previously shown for IAA, there is an optimal concentration and more is not necessarily better. Here it was demonstrated that the optimal concentration of auxin-like products is also dependent on the simultaneous production of other yet to be defined products.

In another article, Xu et al. examine the relationship between soybean genotype, arbuscular mycorrhiza fungi, and rhizobium inoculation. The soybean genotype directly influenced the establishment of the rhizosphere fungal community and additionally, rhizobium inoculation also determined the composition of the rhizosphere fungal community. We are only at the beginning of understanding these complicated interkingdom dynamics.

In conclusion, there is great potential for near future enhancements in the use of PGPM in world agriculture. A paramount need is to bridge the gap between fundamental, applied science, and agricultural practice. As early as a possible transition of knowledge to the farmers as end-users of innovative products and biotechnologies can ensure efficient commercialization of scientific results and can also fuel new research on the way to achieve more sustainable use of natural resources and more efficient biologically/ecologically based agriculture.
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Biochar Induces Changes to Basic Soil Properties and Bacterial Communities of Different Soils to Varying Degrees at 25 mm Rainfall: More Effective on Acidic Soils
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Biochar and chemical fertilizer have been widely used in agriculture. Most studies have proved that they not only alter soil nutrient content, but also have an impact on soil microbial communities. However, the effects of biochar and chemical fertilizer application on the overall bacterial community in different soil types under rainfall conditions are not yet understood. We took rainfall as a fixed influencing factor and selected four typical soils of China to investigate the bacterial effects of biochar and chemical fertilizer at 25 mm rainfall, and to identify specific differential bacteria and their functions, and to explore the changes of the bacterial community structure of different soil types. The depth of simulated rainfall was 25 mm each time. Yellow-brown soil, fluvo-aquic soil, lou soil, and black soil were chosen for experiment and each soil was divided into four treatments, included non-biochar and non-fertilizer (CK), fertilizer alone (F), biochar alone (C), and combination of biochar and fertilizer (FC). The results indicated that biochar and fertilizer have a more significant effect on bacterial communities in acidic soils. The amendment of biochar and fertilizer alone or together identified 3 (f_Oxalobacteraceae, f_Solibacteraceae_Subgroup_3, f_Sphingomonadaceae), 5 (f_Chitinophagaceae, f_Comamonadaceae, f_Geobacteraceae, f_norank_o_SC-I-84, f_norank_c_OPB35_soil_group), 1 (f_Blastocatellaceae_Subgroup_4) and 0 differential bacteria in yellow-brown soil, fluvo-aquic soil, lou soil, and black soil by statistical test. In yellow-brown soil, the application of biochar alone increased the relative abundance of potential pathogens within the Sphingomonadaceae and reduced the relative abundance of beneficial bacteria in Solibacteraceae, but the addition of biochar and fertilizer together increased the relative abundance of some beneficial bacteria in Oxalobacteraceae. In fluvo-aquic soil, both biochar, and chemical fertilizers promoted the relative abundance of some beneficial bacteria belonging to Chitinophagaceae, Comamonadaceae, and Geobacteraceae that may be involved in nutrient cycling, degradation of plant residues and increase of metal tolerance. The interactions between acidic soil bacterial communities and measured soil parameters including pH, organic matter were found to be statistically significant. Results from this study revealed that it is necessary to formulate biochar and fertilizer application schemes based on different soil types.

Keywords: biochar, chemical fertilizer, different soils, simulated rainfall, bacteria, physicochemical properties


INTRODUCTION

Chemical fertilizers have been applied in agriculture for a long time in improving soil nutrient contents and ensuring crop growth requirements. However, it is well known that the constant application of fertilizers has various harmful effects on the soil (Adesemoye and Kloepper, 2009). Biochar is a product with high carbon content formed by low-temperature pyrolysis of agricultural waste in the absence of oxygen, and biochar has been suggested to improve soil pH, soil fertility, and crop yield (Lehmann, 2007; Xu et al., 2012; Zeelie, 2012; Shaaban et al., 2018; Yu et al., 2019).

The soil ecosystem includes microorganisms, minerals, organic matter, water, and air in pedosphere. Soil microbes are one of the main components of the soil ecosystem, mainly composed of bacteria, fungi, algae, and a variety of tiny protozoans, and among them, bacteria is the most abundant (Young and Crawford, 2004). In addition, soil microbes are an essential part of soil physical and chemical processes (Schimel and Schaeffer, 2012; Fierer, 2017). Many studies have investigated the effects of biochar and chemical fertilizers on soil bacteria. Most studies suggested that biochar could affect the abundance of microorganisms due to its special structure and nutrient holding capacity or indirectly change the physicochemical properties of the soil (Lehmann et al., 2011; Ameloot et al., 2013; Jaafar et al., 2014). Some previous studies reported that the microbial communities in the soil change differently with long-term and short-term biochar application, and the bacterial diversity in the soil changes significantly in a short-term biochar amendment (Jin, 2010; Khodadad et al., 2011). Yu et al. (2018) proposed that biochar can increase community diversity and complexity in acidic soil through long-term experiments. Through the analysis of previous studies, it was proposed that the effects of biochar on soil microbes are not uniform due to the diversity of biochar and soil types. Similarly, the results of chemical fertilizers on soil microbial communities are not uniform. Some studies suggested that fertilizers could change soil microbial composition, while others did not find significant effect (Kirchmann et al., 2013; Geisseler and Scow, 2014; Geisseler et al., 2016).

A large number of studies have been carried out on the effects of biochar and chemical fertilizers on the soil microbial community. However, few of them have considered rainfall as a fixed influencing factor in experiments to study the effects of biochar and chemical fertilizers on bacteria. Due to the increase of global temperature in recent years, the water vapor contents in the atmosphere changed accordingly, caused variations in the atmospheric water circulation in the world, which eventually led to an increase in global precipitation frequency and an increase in extreme precipitation (Dore, 2005; Zhang et al., 2007; O”Gorman and Schneider, 2009). Soil moisture varies with rainfall, which determines the availability of water for plants and microorganisms (Sorensen et al., 2013). Liu et al. (2010) indicated that the high availability of soil water promoted microbial growth and increased microbial metabolic activity. Ren et al. (2018) demonstrated by a meta-analysis that rainfall significantly affected soil microbial communities. Schimel et al. (2007) argued that rainfall might have an impact on soil microbes to acquire substrates.

According to the China Meteorological Disaster Yearbook, we chose 25 mm in this experiment to simulate daily rainfall (Song, 2015, 2016). We took rainfall as a fixed influencing factor and selected four typical soils of China to investigate the bacterial effects of biochar and chemical fertilizers in different types of soils at 25 mm rainfall, and to identify specific differential bacteria and its functions in the soil, and to explore the changes of biochar and chemical fertilizers on the bacterial community structure of different soil types. Previous studies showed that the ameliorative effect of biochar on acidic soil not only changed the pH but also changed the original structure of the soil (Lehmann, 2007; Cantrell et al., 2012; Novak et al., 2013; Bruun et al., 2014; Gul et al., 2015). Our previous experiment identified that biochar had a significant effect on the bacterial community structure of acidic red soil and the combination of biochar and chemical fertilizers was the most beneficial to the changes in soil bacterial community (Zhang et al., 2019). Based on these findings, we hypothesized that biochar may have a more significant effect on bacterial communities in acidic soils under simulated 25 mm rainfall conditions, but should be quite different for different types of soils. Moreover, we hypothesized that co-application of biochar and fertilizer may be more beneficial to the soil than a single application.



MATERIALS AND METHODS

Site Selection and Experiment Description

In the present study, four types of soils were used: yellow-brown soil (YB), collected from Wuhan, Hubei province; fluvo-aquic soil (M), collected from Qingdao, Shandong province; lou soil (L), collected from Xian, Shanxi province; and black soil (B), collected from Daqing, Heilongjiang province. At each site, the soils were randomly collected from tillage layers (0–20 cm) within an area of approximately 100 m2.

In order to transport soil to the laboratory, soil samples were placed in sterile bags, and put it on ice. After arriving at the lab, the soil was placed in a ventilated room for 1 week to get air-dried soil. Finally, the soil samples were composited, thoroughly homogenized and sieved through 2 mm mesh to remove small roots, plant residues, and gravels. The PVC cups were utilized as soil culture medium (Supplementary Figure S1), and the whole experiment was carried out in the key laboratory of soil micronutrient at Huazhong Agriculture University, Wuhan, for 28 days. The experiment contained four treatments, i.e., control treatment (CK), biochar (C) treatment alone (w/w = 2%), chemical fertilizer (F) treatment alone [0.14 g kg−1 KH2PO4, 0.51 g kg−1 KNO3, 0.80 g kg−1 NH4NO3, and 0.95 g kg−1 Ca(NO3)2] and combined biochar and fertilizer treatment (FC). The biochar was obtained from Shenyang Agricultural University, which was prepared from peanut shells at 400°C. The basic physicochemical properties of biochar are shown in Supplementary Table S1. The soil (300 g soil per cup) was mixed with treatments and then placed into the PVC cup. Each treatment had four independent repetitions, and a total of 64 PVC cups were set up for this experiment.

Simulated rainfall was used in this study and the specific rainfall was determined by consulting the China Meteorological Disaster Yearbook. By analyzing the data of the China Meteorological Disaster Yearbook, we found that the average daily rainfall of the four regions where the soil materials were collected, exceeds 25 mm in about 10 days, but the rainfall in each region was usually different, such as the daily rainfall in Wuhan is often higher than 25 mm, while the rainfall in Daqing is seldom higher than 25 mm (Supplementary Figure S2). In this research, we chose 25 mm rainfall, because it is more likely the actual rainfall of the four locations where the soil samples were collected.

In order to more realistically simulate the effects of rainfall on the soil, we drilled holes in the bottom of the PVC cup and laid two layers of filter paper to prevent soil loss. After loading the mixed soil, biochar and fertilizer, a layer of filter paper was placed on the surface of the soil to reduce the disturbance of soil surface during simulated rainfall. After the arrangement of the experimental system, deionized water was added to the soil until the water was slightly exuded at the bottom of the PVC cup, followed by 3 days of standing pre-culture. After the pre-culture, the simulated rainfall was applied at 25 mm each time. The interval between consecutive two rainfalls was 2 days, and a total of eight rainfalls were simulated. The experiment was terminated on the third day after the last simulated rainfall. At the end of the experiment, each treatment was randomly selected for three replicates for subsequent analyses. The samples were equally divided into two parts: one part was frozen at −80°C for DNA extraction and another part was preserved at 4°C for further analysis.

Measurement of Soil Physicochemical Properties and Enzyme Activities

The soil physicochemical properties were determined by the routine method (Bao, 2000) and enzyme activities were assessed as described by Guan (1986). Briefly, for the estimation of urease activity, 5 g of soil after sieving was treated with 10 mL of 10% urea solution, three drops of toluene and 20 mL of citrate buffer (pH = 6.7) and incubated at 37°C for 24 h. After filtration, 3 mL of filtrate was added with 20 mL of water, 4 mL of phenol solution, and 3 mL of sodium hypochlorite solution followed by continuous shaking for 20 min. Subsequently, it was diluted to 50 mL, and urease activity was measured by a microplate spectrophotometer. The sucrase activity was measured by employing 5 g of soil (<2 mm), and 15 mL of sucrose solution, 5 mL phosphate buffer solution (pH = 5.5) and five drops of toluene and incubated at 37°C for 24 h. The soil was filtered, and 1 mL of filtrate was treated with 3 mL of nitro salicylic acid and incubated in boiling water bath for 5 min, then diluted to 50 mL after cooling, and sucrase activity was measured determined by microplate spectrophotometer. The measurement wavelengths of urease and sucrase were 578 and 508 nm, respectively.

Acid and alkaline phosphatase activities were measured by disodium phenyl phosphate as substrate (Dick et al., 2000). Briefly, 1 g of soil (<2 mm) and five drops of toluene were employed followed by shaking for 15 min. Then, 20 mL of 0.5% disodium phenyl phosphate was added to this solution and incubated at 37°C for 24 h. Next, 40 mL of 0.3% aluminum sulfate solution was employed. After filtration, 3 mL of filtrate was added to 50 mL volumetric flask for the color reaction, finally, acid and alkaline phosphatase were determined by a microplate reader. The measurement wavelengths of phosphatase was 400 nm.

DNA Extraction, PCR, and Sequencing

Microbial DNA from soil samples was extracted by EZNA® Soil DNA Kit (Omega BioTek, Norcross, GA, United States) according to the manufacturer’s protocols. We used NanoDrop 2000 UV-vis spectrophotometer (Thermo Fisher Scientific, Wilmington, DE, United States) to determine the final concentration and purification of DNA, and 1% agarose gel electrophoresis to check the DNA quality. The V4 hypervariable regions of the bacterial 16S rRNA gene were amplified with primers 515F (5′-GTGCCAGCMGCCGCGG-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′) (Liao et al., 2015). Polymerase chain reactions (PCR) amplification were conducted using the following program: 3 min of denaturation at 95°C, 30 cycles of 30 s at 95°C, 30 s for annealing at 55°C, and 45 s for elongation at 72°C, and a final extension at 72°C for 10 min. PCR reactions were performed in triplicate by employing 20 μL mixture containing 4 μL of 5× FastPfu buffer, 2 μL of 2.5 mM dNTPs, 0.8 μL of each primer (5 μM), 0.4 μL of FastPfu polymerase, and 10 ng of template DNA. The resulted PCR products were extracted and further purified and quantified using QuantiFluorTM-ST (Promega, United States) according to the manufacturer’s procedure.

According to the standard protocols by Majorbio Bio-pharm Technology Co., Ltd. (Shanghai, China), purified amplicons were pooled in equimolar amounts and sequenced using the strategies of PE250 on an Illumina MiSeq platform (Illumina, San Diego, CA, United States).

Processing of Sequence Data

Raw sequences generated through MiSeq paired-end sequencing were merged using FLASH (Magoč and Salzberg, 2011). (i) The reads were truncated at any site receiving an average quality score <20 over a 50 bp sliding window. (ii) Sequences with overlap longer than 10 bp were merged according to their overlap with mismatch no more than 2 bp. (iii) Sequences of each sample were separated according to barcodes (exactly matching) and Primers (allowing two nucleotide mismatching), and reads containing ambiguous bases were removed. We used UPARSE clustering to classify OTUs with ≥97% similarity into the same OTU (Edgar, 2013). Then, we separated the representative sequence of each OTU and used the RDP classifier to determine the taxonomic information (Silva128 database) (Wang et al., 2007).

Statistical Analysis

All the data of soil physicochemical properties were subjected to the one-way analysis of variance by using SPSS 20.0. According to the minimum sequence number of samples, the sequence of all samples was subsampled. The alpha diversity index of bacteria was evaluated using mother1. Student’s t-test was used to assess the significant difference in the diversity index between treatment and control. The histogram of the bacterial composition was completed by R software. Multiple group comparison and post hoc analysis were performed using R software’s stats package and Python’s scipy package to identify differential bacteria, among them, multiple test correction was used for fdr, and CI calculation method was used for scheffe. In order to determine the specific differences in bacterial community structure, Qiime, Python, and R software were used for principal component analysis and sample hierarchical clustering. Moreover, we used the R software’s vegan package to perform redundancy analysis of the bacterial community and compared the sequenced data with the EggNOG database to obtain the clusters of orthologous groups (COG) functional abundance of the soil. The 16S functional prediction is the standardization of the OTU table by PICRUSt; then, through the corresponding greengene id of each OTU, the COG family information corresponding to the OTU was obtained and the abundance of each COG was calculated. According to the information of the COG database, the descriptive information of each COG and its function can be analyzed from the EggNOG database. Finally, all figures were prepared by Adobe Illustrator CS6.



RESULTS

Relationship Between Biochar and Chemical Fertilizers and Basic Physicochemical Properties of the Different Soil Types Under 25 mm Rainfall

After the addition of biochar, chemical fertilizers, and simulated rainfall, the basic physicochemical properties of different soils were changed to different degrees (Table 1). The following data analyses were compared with the control treatment (CK) of each treatment. The amendment of biochar significantly increased the pH of acidic soils (yellow-brown soil and fluvo-aquic soil) by 0.5–1. On the other hand, biochar and fertilizer treatments caused a little difference in the pH value of lou soil. However, the pH of the black soil was significantly decreased by 0.5 units. The main purpose of chemical fertilizers was to increase soil available nutrients. The F treatment significantly increased the alkaline nitrogen content of yellow-brown soil and fluvo-aquic soil, but the effect was different in alkaline soil. F treatment had a little effect on the alkaline nitrogen content of lou soil, while in black soil, the alkali nitrogen content in F, C, and FC was decreased by 9.2, 8.7, and 6.7%, respectively, compared with the control. The effect of available phosphorus content was mainly affected by fertilizer rather than biochar. In addition, we also found that the biochar amendment (C, FC) in all soils significantly increased the available potassium and organic matter content of the soil.

TABLE 1. Effects of single or combined application of biochar and chemical fertilizers on soil basic physicochemical properties.
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Biochar and fertilizer had different effects on the activities of some enzymes in the soil (Table 2). We found that biochar and fertilizer mainly affected the enzymatic activity of fluvo-aquic soil, and all enzyme activities were decreased significantly (except for sucrase), ranging from 20 to 69%. Each treatment also had some effects on the enzyme activities of yellow-brown soil and black soil, but almost no effect on lou soil. We also found a significant increase in sucrase activity in yellow-brown soil and black soil, such as FC of yellow-brown soil, F and C of black soil.

TABLE 2. Effects of single or combined application of biochar and chemical fertilizers on soil enzyme activities.

[image: image]

Relationship Between Biochar and Chemical Fertilizers and α-Diversity of Different Soil Types Under 25 mm Rainfall

We observed 2224127 quality sequences with an average of 37086 sequences per sample for the bacterial 16S, from all samples. The read lengths ranged from 275 to 276 bp, with an average of 276 bp of the bacterial 16S. Rarefaction analyses indicated that the numbers of recorded OTUs generally approached saturation plateaus at 25000 randomly selected sequences for bacterial, which indicated that the data volumes for the sequences were reasonable (Supplementary Figure S3).

We used the Ace and Shannon index to characterize the alpha diversity of soil bacteria (Figure 1). Results demonstrated that there was no significant difference in the Ace index between yellow-brown soil and lou soil, and the same results were obtained for fluvo-aquic soil and black soil (Figure 1A). However, significant differences were found between the four soils in the Shannon index (Figure 1B). More importantly, we found that the trends and ranges of the Ace and Shannon indices were different by biochar and fertilizer in different soils, and the alpha index of acidic soils was changed significantly (Figures 1C,D). Among them, C significantly increased the Ace index in yellow-brown soil while F significantly reduced the Ace index of fluvo-aquic soil, and the amendment of biochar and chemical fertilizer did not cause a significant difference in Ace index between lou soil and black soil. We found that only C significantly increased the Shannon index of yellow-brown soil and fluvo-aquic soil, while the Shannon index of lou soil and black soil was not affected by biochar and fertilizer. The above results indicated that the bacterial diversity of acidic soil was significantly improved after application of by biochar under simulated rainfall, while alkaline soil was almost unaffected.
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FIGURE 1. Inter-group difference test for alpha diversity index. (A,B) Represent the test results of the Ace index and the Shannon index for different soils. Panels (C,D) show the calculation results of the Ace index and the Shannon index between the treatment and the control in the same soil. ∗∗∗Correlation is significant at the 0.001 level. ∗∗Correlation is significant at the 0.01 level. ∗Correlation is significant at the 0.05 level.



Relationship Between Biochar and Chemical Fertilizers and Bacterial Community Composition of Different Soil Types Under 25 mm Rainfall

At the family level, we used the histogram of bacteria to analyze the changes in the composition of four soils by different treatments (Supplementary Figure S4). In order to further clarify the difference of bacteria, we conducted a multi-group comparison in the same soil to find the differential bacteria by one-way analysis of variance. After determining the differential bacteria, we used post hoc analysis to compare the treatments with the control to determine significant changes in the relative abundance of bacteria (Figure 3). We found that the amendment of biochar and fertilizer significantly changed the relative abundance of some bacteria in yellow-brown soil and fluvo-aquic soil, but had little effect on lou soil and black soil. These results are consistent with the analysis of alpha diversity.

We identified four differential families in yellow-brown soil. And through post hoc analysis, it was found that three of them had significant differences between treatment and control. The relative abundance of f_Oxalobacteraceae in FC was significantly increased by 30.9%, and in f_Solibacteraceae subgroup 3 was significantly reduced by 43.0%, while in f_Spingomonadaceae increased by 9.4% in C (Figure 2A). Similarly, we determined seven differential families in the fluvo-aquic soil. Five of them had significant differences between treatment and control. In FC, only the relative abundance of f_Chitinophagaceae was significantly increased by 104.7%. Similarly, the relative abundances of f_Chitinophagaceae, f_Comamonadaceae, f_Geobacteraceae, f_norank_o_SC-I-84 were increased by 81.2, 43.4, 26.7, and 7.8%, respectively, however, the relative abundance of f_norank_c_OPB35 soil group was significantly reduced by 66.4% in C. In addition, the relative abundance of f_Geobacteraceae was increased significantly by 103.9% in F (Figure 2B). The results of multiple group comparison showed that only one family had significant change in the lou soil and black soil, and the post hoc analysis indicated that the relative abundance of f_Blastocatellaceae Subgroup 4 in C was significantly improved by 47.1% in lou soil (Figures 2C,D). In general, the biochar had a greater effect on the soil bacterial community composition than chemical fertilizers, and biochar in acidic soils had a more pronounced effect.
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FIGURE 2. Inter-group difference test of bacterial relative abundance. Multiple group comparison was used by one-way ANOVA. The multiple test calibration and CI calculation methods used fdr and scheffe, respectively, with a confidence interval of 95% and the test range was limited to the first 15 species with relative abundance. The left figure represents the results of multiple group comparisons, with the vertical axis representing the species name and the horizontal axis representing the relative abundance. The right figure shows the post hoc analysis, which reflects the significance test results of the differential bacteria between treatment and control. In the left part of post hoc, the vertical axis represents the two processing names for comparison, and the horizontal axis represents the relative abundance. The right part represents the proportion of species relative abundance differences within the set confidence interval. (A–D) Represent yellow-brown soil, fluvo-aquic soil, lou soil, and black soil, respectively. ∗∗∗Correlation is significant at the 0.001 level. ∗∗Correlation is significant at the 0.01 level. ∗Correlation is significant at the 0.05 level.



Relationship Between Biochar and Chemical Fertilizers and β-Diversity of Different Soil Types Under 25 mm Rainfall

In order to more specifically describe the effects of single or combined amendment of biochar and chemical fertilizers to different soils, we performed clustering and principal component analysis, respectively (Figures 3–5). The hierarchical clustering tree presented two large clusters and four small clusters, of which small clusters represented four soil types, and large clusters characterized acidic soil and alkaline soil. Interestingly, we found a certain pattern in the clustering results of acidic soils. The samples were divided into two clusters in yellow-brown soil and in fluvo-aquic soil, one cluster was CK and F, and the other cluster was C and FC. These results indicated that the amendment of biochar in acid soil had a more significant effect on the bacterial communities compared to single application of chemical fertilizer. On the contrary, the clustering of samples in alkaline soil (lou soil, black soil) was irregular (Figure 3). We used the soil type as first grouping basis and used the treatment as second sub-group basis to perform multi-dimensional group principal component analysis. After biochar and chemical fertilizers and simulated rainfall, the soil bacterial community structure was changed to varying degrees, the change was still not enough to cover the differences in the soil itself (Figure 4). Consistent with the results of the cluster analysis, we found that the biochar in yellow-brown soil and fluvo-aquic soil had a stronger effect on the bacterial community structure, while the single application of chemical fertilizer had almost no effect (Figures 5A,B). However, the biochar and chemical fertilizer alone or in combination did not alter the soil bacterial community structure of lou soil and black soil (Figures 5C,D). ANOSIM analysis also showed that biochar and chemical fertilizers caused significant changes in acidic soils, but had no significant effect on alkaline soils (Table 3).
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FIGURE 3. Hierarchical clustering tree on OTU level based on Bray–Curtis. The length of the branches represents the distance between the samples.
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FIGURE 4. Multidimensional grouping principal component analysis. The points in the figure are the average values of the subgroups on the PC1 and PC2 axes, and the error bar is the standard deviation of the subgroups in the direction of PC1 and PC2.
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FIGURE 5. Principal component analysis of each soil. (A–D) Represent yellow-brown soil, fluvo-aquic soil, lou soil, and black soil, respectively.



TABLE 3. Analysis of similarities (ANOSIM) of the amplified 16S rRNA gene fragments of the bacterial community in the same soil.
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Relationship Between Changes in Basic Physicochemical Properties and Bacterial Community Structure of Acidic Soils Under 25 mm Rainfall

The above data analysis showed that the biochar and chemical fertilizers alone or in combination had a significant effect on the bacterial community structure of acidic soils, but had little effect on alkaline soils. More importantly, we determined physicochemical properties of the acidic soil that were changed by biochar and fertilizer, and led to changes in the bacterial community of the acidic soil. We combined the measured soil basic properties and enzyme activities to determine the major environmental factors affecting soil bacterial communities through redundancy analysis (Figure 6). In yellow-brown soil, the bacterial community was mainly affected by pH and organic matter (Figure 6A). The results showed a significant correlation between bacterial community structure of yellow-brown soil and pH, organic matter content and acid phosphatase activity, and the correlation with pH and organic matter content was stronger (Table 4). In the fluvo-aquic soil, the contents of alkaline nitrogen and organic matter, pH, and acid phosphatase activity had the greatest influence on soil bacterial community changes (Figure 6B). And in fluvo-aquic soil, the changes of the bacterial community were significantly correlated with pH, the contents of alkali nitrogen and organic matter and the correlation with pH and organic matter content were stronger (Table 4).
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FIGURE 6. Results of redundancy analysis of acidic soils. (A,B) Represent yellow brown soil and fluvo-aquic soil, respectively. The figure shows the top 30 OTUs with high relative abundance. The green arrow represents the species and red arrow represents the environmental factor. pH, AN, AP, AK, OM, Urease, Sucrase, ACP, AKP represent pH, alkali nitrogen, available phosphorus, available potassium, organic matter, urease, sucrase, acid phosphatase, and alkaline phosphatase in two soils, respectively.



TABLE 4. Datasheet for environmental factors in RDA.
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Relationship Between Biochar and Chemical Fertilizers and Bacterial Functional Diversity of Different Soil Types Under 25 mm Rainfall

In order to study the effects the biochar and chemical fertilizers alone or in combination on the function of different soil bacteria, predictive analysis of the function of soil bacteria was conducted. We selected the top 10 COG functions for analysis. One-way analysis of variance on the top 10 functions was performed in Supplementary Figure S5. The results showed that the effects of biochar and fertilizer treatment on the main abundance of COG in the soil were different depending on the soil type. F-treatment did not significantly change COG functional abundance in fluvo-aquic soil, but biochar treatment (C, FC) significantly reduced the COG functional abundance (Supplementary Figure S5a). In general, biochar and fertilizers changed the COG functional abundance of fluvo-aquic soils but had little effect on yellow-brown soil, lou soil, and black soil (Supplementary Figure S5).



DISCUSSION

The simulated 25 mm rainfall was determined after reviewing the latest Meteorological Disaster Yearbook, which is in line with the actual situation of sampling points. In the present study, the results showed that the amendment of biochar significantly increased the pH of acidic soils in a short period of time. Biochar had no effect on the pH of the lou soil, but significantly decreased the pH of the black soil (Table 1), which may be related to background pH value of biochar and soil. The background pH values of lou soil, black soil, and biochar used in this experiment were 9.13, 8.27, and 8.76, indicating that the soils with a higher background pH value than biochar either had no effect or decreased the pH. This study demonstrated that the biochar significantly increased the content of available potassium and organic matter in the soil (Table 1), which also verified the results of previous studies (Novak et al., 2009; Kimetu and Lehmann, 2010; Kuzyakov et al., 2014; Liang et al., 2014; Yin et al., 2014). Biochar can adsorb soil organic molecules and promote organic molecule polymerization to form organic matter through surface catalytic activity (Liang et al., 2010; Van Zwieten et al., 2010). In addition, the slow decomposition of biochar contributes to the development of humus and promotes soil fertility (Kimetu and Lehmann, 2010). The increase of available potassium in soil may also be due to the interaction and reaction of biochar with soil in the short term, such as adsorption and desorption, dissolution, precipitation and redox reactions (Joseph et al., 2010). We found that biochar had little effect on the content of alkali nitrogen and available phosphorus (Table 1), which may be due to the low content of mineral nitrogen and available phosphorus in peanut shell biochar. Previous studies have proved that the contents of mineral nitrogen and available phosphorus in some plant biochar were extremely low (Yamato et al., 2006; Rondon et al., 2007; Chan et al., 2008).

In the present study, four common enzyme activities were determined, and results showed the biochar and chemical fertilizer alone or in combination had reducing effect on enzyme activities in fluvo-aquic soil, and also had some effects on yellow-brown soil and black soil, but had almost no effect on lou soil (Table 2). Bailey et al. (2011) pointed out that the special structure and adsorption capacity of biochar determines its complex influence on soil enzyme activity. On the one hand, the reactants may be adsorbed and aggregated by biochar, which promotes enzymatic reaction and leads to the increase of some enzymatic activities. On the other hand, biochar may adsorb enzymatic molecules and conceal the binding sites of enzymatic reaction, which results in the inhibition of some enzymatic reactions. Different studies found that the effect of biochar on soil enzyme activity is completely different and varies with soil type (Bailey et al., 2011; Wu et al., 2013; Oleszczuk et al., 2014). In addition, we supposed that inhibition of microbial growth by chemical fertilizers may be one of the reasons for the decline in the activity of fluvo-aquic soil enzymes. Our results showed that chemical fertilizer alone not only significantly reduced the enzymatic activity of the fluvo-aquic soil, but also significantly decreased its ACE index. Yu et al. (2013) proposed that inorganic fertilizers inhibit the growth of soil microbes. These results also indicate that the effects of biochar and fertilizer on soil enzyme activity vary with soil type. It is worth noting that the incubation time was short, therefore, effects of biochar were short-term, and, however, long-term effects still need further exploration. We carried out simulated rainfall, which possibly affected the enzyme activities in the soil, but the specific mechanism under biochar and fertilizer conditions also needs investigation in the future.

From the results of α-diversity, we indicated that biochar and chemical fertilizer mainly affected acidic soils rather than alkaline soils (Figure 1). This may be due to the conversion of soil from acidity to neutrality by biochar in acidic soils. Some studies have shown that soil bacterial community changes are directly related to pH (Rousk et al., 2010), and acidic conditions inhibit bacterial growth (Padan et al., 2005). The single application of chemical fertilizer led to a significant increase in soil acidity in the fluvo-aquic soil, which may be one of the reasons for reducing the Ace index. Moreover, although we found that the pH changes by biochar and fertilizer in alkaline soil, it was undeniable that the pH after treatment was still strongly alkaline.

From the results of β-diversity, we demonstrated that biochar had a significant effect on the bacterial community structure of the acidic soil (Figure 5), which may be due to the positive effect of biochar on acidic soils. Many studies have demonstrated that biochar as an acid soil improver not only increases soil pH and nutrient content, but also provides shelter for microbial growth (Gheorghe et al., 2009; Kolb et al., 2009; Rousk et al., 2010; Van Zwieten et al., 2010; Jeffery et al., 2011; Yuan and Xu, 2011). The selected lou soil and black soil were alkaline soils in this experiment. Although the black soil showed a significant decrease in pH by biochar, but it was still a relatively alkaline soil. Therefore, biochar had almost no effect on the bacterial community structure of alkaline soil.

Interesting, our results indicated that there was a certain change in the F treatment through α-diversity and β-diversity analysis. For instance, the ace index of the fluvo-aquic soil was significantly reduced (Figure 1) and the F treatment point of each soil can be clearly distinguished from the CK point in the PCA (Figure 5). Many studies also suggested that fertilizer addition shifted microbial communities, decreased enzyme activity, but not affected species richness (Ramirez et al., 2010, 2012; Fierer et al., 2012). Lu et al. (2011) showed that fertilizer application for 5–10 years had the greatest reduction in soil microbial biomass, but Geisseler and Scow (2014) suggested that fertilizer treatment for more than 20 years significantly increased soil microbial biomass. The results of the long-term trials need further research, and this study was under the condition of simulated rainfall, which was different from previous studies, so the long-term results are highly unpredictable. The result indicated that chemical fertilizers may have a more significant effect on acidic soils, and the degree of the specific impact on soil bacterial communities may also be related to the experimental culture time.

The effect of single or combined application of biochar and chemical fertilizer had a much higher effect on acid soil bacteria than alkaline soils. We need to determine what roles these altered bacteria play in the soil. Some studies showed that Oxalobacteraceae is involved in soil nitrogen fixation and carbon and sulfur cycles (Favet et al., 2013; Jia et al., 2018). Solibacteraceae has been shown to associate with the resistance of some fungal pathogens (Fusarium oxysporum) (Mendes et al., 2017) and its relative abundance increases as water content increases (Barnard et al., 2013). Moreover, it has been found to involve in the carbon cycle of the soil (Zhang et al., 2017). Sphingomonadaceae is a potential pathogen, because it is usually found in diseased soil areas (Buonaurio et al., 2002; Sanguin et al., 2009; Li et al., 2018). From the results of yellow-brown soil (Figure 2A), the amendment of biochar alone increased the relative abundance of potential pathogens within the Sphingomonadaceae and reduce the relative abundance of beneficial bacteria in Solibacteraceae, but the application of biochar and fertilizer together improved the relative abundance of some beneficial bacteria in Oxalobacteraceae possibly by promoting nutrient cycling. In the fluvo-aquic soil, we identified five bacteria that showed significant differences after treatment (Figure 2B), of which Chitinophagaceae and Comamonadaceae were found to be ubiquitous in various environments around the world and their relative abundance increased by fertilizer (Delgado-Baquerizo et al., 2018). In addition, the former can also degrade polysaccharides and cellulose (Bernard et al., 2012; Estendorfer et al., 2017; Louca et al., 2017) and the later contains a large number of bacteria that promote metal tolerance and plant growth (Belimov et al., 2005; Piotrowska-Seget et al., 2005; Lin et al., 2016; Chen et al., 2018). OPB35 soil group belongs to Verrucomicrobia, which is an oligotrophic bacterium, suitable for growth in environments with low nutrient availability (Fierer and Jackson, 2006). The vast majority of the dissimilatory iron-reducing bacteria belong to Geobacteraceae (Holmes et al., 2002). Many reports indicated that dissimilatory Fe (III) reduction significantly affects the cycle of carbon, nitrogen, and sulfur, as well as the degradation of organic contaminants and greenhouse gas emissions (Snoeyenboswest et al., 2000; Holmes et al., 2002; Yuan et al., 2016). At present, there are few reports on SC-I-84, and the specific functions still need to be explored. According to the results of fluvo-aquic soil (Figure 2B), both biochar and chemical fertilizers can promote the relative abundance of some beneficial bacteria belonging to Chitinophagaceae, Comamonadaceae, and Geobacteraceae that may be involved in nutrient cycling, degradation of plant residues and increase of metal tolerance. In lou soil and black soil (Figures 2C,D), biochar and chemical fertilizer alone or in combination had little effect on soil bacterial communities. One type of bacteria (Blastocatellaceae) with significant differences were identified in the lou soil, belonging to the Acidobacteria, and is oligotrophic (Pascual et al., 2015; Wang et al., 2016). In black soil, biochar and chemical fertilizers had little effect on soil bacterial community structure.

Our results showed that there was a significant correlation between the soil organic matter content and the bacterial community changes in the acid soil (Figure 6 and Table 4). One reason for this phenomenon may be that biochar is a substance with a high carbon content, which may significantly increase the soil organic matter content after application to the poor organic matter soil. Soil organic matter is an important source of microbial nutrients and an important indicator of soil fertility (Powlson et al., 1987; Bremer et al., 1994; Lovell et al., 1995; Griffiths et al., 1998; Cookson et al., 2005). Liu et al. (2015) proposed that organic matter content is the main influencing factor affecting soil fungal community structure rather than bacteria. Jiao et al. (2011) indicated that there was a positive correlation between the content of organic matter and bacterial biomass. Many studies indicated that decomposable carbon component present in biochar can be utilized as a carbon source by microorganisms (Zimmerman et al., 2011; Troy et al., 2013), which promotes the mineralization of biochar and provides energy for the growth of microorganisms. Enhanced microbial activity promotes the humification of organic matter, resulting in more complex and stable organic compounds. In addition to pH and organic matter content, the activity of acid phosphatase in yellow-brown soil and alkali nitrogen content in fluvo-aquic soil was also significantly correlated with the changes of soil bacterial communities (Figure 6 and Table 4). This indicates that biochar and chemical fertilizers alone or in combination can significantly change the bacterial community structure of acid soils, but different types of soils alter the bacterial community structure by changing different physicochemical properties. In addition, we also found that the amendment of biochar reduced the COG functional abundance of fluvo-aquic soil but had little effect on the other three soils (Supplementary Figure S5). This result indicated that although biochar significantly changes the bacterial community structure of acidic soil, there are still differences in the effects on different types of acidic soils.



CONCLUSION

With experiencing 25 mm simulated rainfall with the single or combined application of biochar and fertilizer in the soil, biochar can still improve the acid soil by increasing pH and nutrient contents. In addition, biochar and chemical fertilizer have much higher effects on acid soil bacterial communities than alkaline soils, but the effects on different types of acidic soils are completely different. In yellow-brown soil, the amendment of biochar alone increased the relative abundance of potential pathogens within the Sphingomonadaceae and reduced the relative abundance of beneficial bacteria in Solibacteraceae, but the application of biochar and fertilizer together improved the relative abundance of some beneficial bacteria in Oxalobacteraceae possibly by promoting nutrient cycling. In fluvo-aquic soil, both biochar and chemical fertilizers promoted the relative abundance of some beneficial bacteria belonging to Chitinophagaceae, Comamonadaceae, and Geobacteraceae that may be involved in nutrient cycling, degradation of plant residues and increase of metal tolerance. The interactions between acidic soil bacterial communities and measured soil parameters including pH, organic matter were found to be statistically significant. We demonstrated that the combination of biochar and fertilizer was not suitable for all soils. In other words, it is necessary to formulate biochar and fertilizer addition schemes based on different soil types.
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FIGURE S1 | The structure diagram of the culture device.

FIGURE S2 | Distribution map of annual average rainfall days (≥25 mm or 50 mm). (a) is the distribution of the average annual rainfall days ≥25 mm in China in 2014. (b) is the distribution of the average annual rainfall days ≥50 mm in China in 2014. (c) is the distribution of the average annual rainfall days ≥25 mm in China in 2015. (d) is the distribution of the average annual rainfall days ≥50 mm in China in 2015. As the color deepens, the number of days gradually increases. Data from the China Meteorological Disaster Yearbook (Song, 2015, 2016).

FIGURE S3 | Rarefaction curve of all soil sample.

FIGURE S4 | Histogram of bacterial community composition at the family level. (a–d) represent yellow-brown soil, fluvo-aquic soil, lou soil, and black soil, respectively.

FIGURE S5 | Analysis of variance of COG function between treatments in each soil. The (a–d) in the upper left corner of each picture represent yellow-brown soil, fluvo-aquic soil, lou soil and black soil. Different lowercase letters on the same color represent significant differences between treatments at p < 0.05 level.

TABLE S1 | Basic physicochemical properties of biochar.
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Soil salinity is a major problem in agriculture. However, crop growth and productivity can be improved by the inoculation of plants with beneficial bacteria that promote plant growth under stress conditions such as high salinity. Here, we evaluated 1-aminocyclopropane-1-carboxylate (ACC) deaminase activity and trehalose accumulation of the plant growth promoting bacterium Pseudomonas sp. UW4. Mutant strains (mutated at acdS, treS, or both) and a trehalose over-expressing strain (OxtreS) were constructed. The acdS mutant was ACC deaminase minus; the treS- strain significantly decreased its accumulation of trehalose, and the double mutant was affected in both characteristics. The OxtreS strain accumulated more trehalose than the wild-type strain UW4. Inoculating tomato plants subjected to salt stress with these strains significantly impacted root and shoot length, total dry weight, and chlorophyll content. The evaluated parameters in the single acdS and treS mutants were impaired. The double acdS/treS mutant was negatively affected to a greater extent than the single-gene mutants, suggesting a synergistic action of these activities in the protection of plants against salt stress. Finally, the OxtreS overproducing strain protected tomato plants to a greater extent under stress conditions than the wild-type strain. Taken together, these results are consistent with the synergistic action of ACC deaminase and trehalose in Pseudomonas sp. UW4 in the protection of tomato plants against salt stress.
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INTRODUCTION

Salinity of agricultural soils is one of the main problems for farmers, since growth and plant production can be adversely affected. Soluble salts decrease the fertility of soils, producing osmotic stress, affecting water balance, and ion homeostasis. This alters the plant’s hormonal status, disturbing transpiration, nutrient acquisition and photosynthesis, among others (Munns and Tester, 2008; Ilangumaran and Smith, 2017). Plants contain various mechanisms to cope with salt stress, including a microbiome associated with the rhizosphere, phyllosphere, and endosphere (Orozco-Mosqueda et al., 2018). A group of organisms that stand out in this plant microbiome are the beneficial bacteria known as plant growth-promoting bacteria (PGPB). These bacteria, such as Azospirillum, Arthrobacter, Azotobacter, Bacillus, Burkholderia, Enterobacter, and Pseudomonas, have been shown to improve salt tolerance in several plant crops (Forni et al., 2017; Bharti and Barnawal, 2019).

Among the arsenal of mechanisms used by PGPB is the presence of the enzyme 1-aminociclopropane-1-carboxylase (ACC) deaminase, which converts ACC into ammonia and α-ketobutyrate. The ACC is a precursor of ethylene in all higher plants, and both ACC and ethylene typically increase in plants when they are under stress. Therefore, the ACC deaminase activity is one of the key traits used by PGPB to decrease ethylene levels under a wide range of stress conditions, including salinity (Mayak et al., 2004; Glick et al., 2007). Direct evidence for this mechanism comes from a study with acdS mutants of Pseudomonas sp. UW4 (ACC deaminase minus), which have lost the ability to promote the elongation of canola roots under gnotobiotic conditions (Li et al., 2000), and in presence of salt, are unable to promote growth of canola plants as the wild-type UW4 strain, which significantly improved plant growth (Cheng et al., 2007). The bacterium Pseudomonas sp. UW4 was isolated from the rhizosphere of common reeds and its genome is completely sequenced. In addition, the UW4 strain has been widely studied for its ability to promote plant growth under different environmental stresses, such as flooding, high concentrations of salt, cold, heavy metals, drought, and biocontrol of phytopathogens (Glick et al., 2007; Duan et al., 2013).

Another mechanism utilized by PGPB to reduce stress and promote growth in plants in the presence of both drought and high levels of salt is the production of trehalose (Suárez et al., 2008). Trehalose is a non-reducing disaccharide in which the two glucose units are linked via an α,α-(1,1)-glycosidic bond. This disaccharide has been isolated from all domains of life including plants, animals, fungi, yeast, archaea, and bacteria (Avonce et al., 2006; Chandra et al., 2011). Trehalose is also industrially produced as it is used in the food, cosmetics, and pharmaceutical industries (Lee et al., 2005; Wang et al., 2014). In addition, this disaccharide can play important and different roles in biological cells, such as, as a signaling molecule, reserve carbohydrate, and protectant against various stresses (e.g., drought, cold, and salt stress; Fernandez et al., 2010). Interestingly, the trehalose content has been strongly associated with the ability of some microorganisms to survive in harsh environments (Kandror et al., 2002; Cheng et al., 2007; Suárez et al., 2008).

Up to five different routes of trehalose biosynthesis have been described, most which include several steps (Paul et al., 2008; Fernandez et al., 2010). The only known route for trehalose synthesis in a single reaction step is the TreS pathway, where trehalose can be synthesized from maltose by trehalose synthase (TreS). Derived from the analysis of the genomic sequence of the strain UW4, it was reported that there may be two routes for the synthesis of trehalose in this bacterium, including treY/treZ, and treS (Duan et al., 2013). TreS interconverts maltose and alpha, alpha-trehalose by transglucosylation. This enzyme has also been found in a wide variety of bacterial species, such as Azospirillum brasilense, Rhizobium etli, Corynebacterium glutamicum, Arthrobacter aurescens, Meiothermus ruber, and Pseudomonas stutzeri (Avonce et al., 2006; Rodríguez-Salazar et al., 2009; Wang et al., 2014), consistent with its importance in survival under abiotic stress. In addition, a higher level of trehalose accumulation has been found in root nodules of Medicago truncatula and Phaseolus vulgaris in response to drought and salt stress, suggesting a key role of trehalose in signaling during plant-bacteria interactions by promoting plant growth, yield, and better adaptation to harsh conditions (López et al., 2008; Suárez et al., 2008). In the study reported herein, we constructed and tested a series of bacterial mutants in order to analyze the synergistic effects of ACC deaminase activity and trehalose accumulation on the ability of the plant growth-promoting bacterium Pseudomonas sp. UW4 to protect tomato (Lycopersicon esculentum cv. Saladette) plants against salt stress during growth.



MATERIALS AND METHODS

Bacterial Strains and Media

Wild-type Pseudomonas sp. strain UW4 (Duan et al., 2013) was grown and maintained aerobically at 30°C in Nutrient Agar (NA) (BD Bioxon). The Escherichia coli strain was grown in Luria-Bertani (LB) medium (BD Bioxon) at 37°C. All strains were routinely maintained at 4°C. Antibiotics were added to the media when needed at the following concentrations (in μg ml-1): Carbenicillin (Cb), 100; Chloramphenicol (Cm), 20; Kanamycin (Km), 50; and Tetracycline (Tc), 10. For selection in cloning experiments, X-Gal (5-bromo-4-chloro-3-indolyl-D-galactoside) (Promega) was added to LB plates at 30 μg/ml.

Construction of Pseudomonas sp. UW4 Mutants

The ACC deaminase minus mutant (acdS-) was previously constructed and characterized (Li et al., 2000). The wild-type Pseudomonas sp. UW4 strain was used to generate a mutation in the treS gene. First, a plasmid with the treS gene, interrupted by a chloramphenicol resistance cassette from pSUP5011 (in the single BamHI site of the treS sequence), was constructed (pJQ200SK/treS::Cmr) and transformed into the genome of the UW4 strain. Subsequently, clones were selected for a homologous double-crossover event that occurred between the wild-type treS gene and the disrupted treS::Cmr gene on the replacement vector. The positive counterselection of clones with subsequent loss of the replacement vector was due to the presence of the sacB gene in the pJQ200SK, and therefore, sucrose sensitivity (Gay et al., 1985). In order to generate an acdS-/treS- double mutant, the aforementioned process was carried out with the exception that, instead of using the wild-type UW4 strain, the acdS- mutant was used. The double mutant was Tcr and Cmr. In all cases, the mutants were checked for gene disruptions by PCR and DNA sequencing. To complement the treS- mutant, a broad-host-range cloning vector (pBBR1MCS-2) was used to carry the functional treS (pBBR1-treS) and express it under a constitutive promoter (derepressed P-lac) of the plasmid. Since the plasmid was a multicopy vector, the respective derivative strain over-expressed the treS gene and was named OxtreS strain. Procedures for genomic DNA isolation, plasmid isolation, gene cloning, and E. coli transformation were carried out using standard protocols (Sambrook and Russel, 2001). Table 1 shows all strains and plasmids used in this work.

TABLE 1. Bacterial strains and plasmids used in this work.
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Survival Experiments of Bacterial Strains on Salt Stress

Survival of Pseudomonas sp. strain UW4, mutants (acdS, treS, and acdS/treS), and the trehalose over-expressing strain (OxtreS) derivative under conditions of salt stress (NaCl) was measured after 48 h of growth on minimal medium (M9) (Sigma), as colony forming units per ml. A pre-inoculum with 1.0 × 106 (± 0.01 × 106) of CFU ml-1 was used for each strain. The minimal medium was supplemented with 0, 0.2, or 0.8 M NaCl, and cultures were incubated with shaking for 48 h at 30°C.

Determination of ACC Deaminase Activity

Plant growth-promoting bacteria containing the ACC deaminase enzyme are able to use ACC as a sole nitrogen source. Therefore, the determination of the ACC deaminase activity in the strains generated in this work was evaluated as previously described by Penrose and Glick (2003). This method quantifies the amount of α-ketobutyrate produced as a result of the cleavage of ACC by ACC deaminase. The final ACC deaminase activity was expressed in μmol α-ketobutyrate mg protein-1 h-1. Wild-type strain Pseudomonas sp. UW4 was used as a positive control in all replicates.

Quantification of IAA Production

The determination of indole-3-acetic acid (IAA) production in bacterial strains used in this work was performed by Gas Chromatography and Mass Spectrometry, as previously reported by Hernández-León et al. (2015). Nevertheless, some modifications for specific estimation in bacteria were applied. The identity of IAA was confirmed by comparison of the retention time in the bacterial extracts with samples of the pure IAA standard (Sigma). For estimation of the IAA amount produced by strains, an individual calibration curve was constructed. The IAA determinations were done in triplicate.

Trehalose Quantification

The accumulation of the disaccharide trehalose in wild-type UW4, the isogenic mutants, and the trehalose overexpressing strain was measured by high performance liquid chromatography (HPLC). Briefly, cell cultures of 250 ml were prepared in minimal medium (M9) with 4% glycerol and the culture was left for 48 h under agitation at 30°C. The medium supernatant was filtered (MF-Millipore membrane filters 0.22 μm) and 1.5 ml of sterile deionized water was added. Trehalose concentration was determined by HPLC with a carbohydrate analysis column Aminex HPX-87C (Bio-Rad Labs, Richmond, CA, United States). A standard of pure trehalose (Sigma) was employed as a reference to identify the peak of the disaccharide.

Evaluation of Plant Growth-Promotion in the Presence of Salt Stress

Greenhouse experiments with tomato plants (L. esculentum cv. Saladette) were performed according to the methods described by Rojas-Solís et al. (2018). The experiments were carried out in pots (6 cm tall × 5 cm wide) with sterile peat moss (Sphaigne, Canada), with or without irrigation with a salt solution (0.2 M NaCl). Previous screening experiments with different salt stresses (0, 0.1, 0.2, 0.4, and 0.8 M NaCl) demonstrated that a concentration of 0.2 M of NaCl was considered a saline stress for tomato plants after comparing the growth and chlorophyll parameters of these plants with control plants devoid of salt stress. Subsequently, tomato seeds were germinated in vitro, and after 1 week, seedlings of the same size were selected and transplanted into pots (one plant per pot). Bacterial inoculants dissolved in sterile deionized water were applied every week after pot transplantation according to the experimental design, which also included treatments without bacterial inoculations. The concentration of bacterial inoculants was adjusted such that their optical density at 600 nm was 1 (∼0.75–1 × 108). The plants were irrigated every 3 days with deionized water throughout the whole experiment.

Each of the experimental treatments (Control, Control+NaCl, Control+each of the 5 strains, and Control+NaCl+each of the 5 strains) included 12 plants. Since the experiment was repeated twice, the total experimental units were 288. The effect of each of the bacterial inoculants on the root length, aerial parts, total dry weight, and chlorophyll concentration was evaluated after 5 weeks of plant growth. The chlorophyll concentration was measured in three leaves from each plant, as previously reported by Rojas-Solís et al. (2018).

Statistical Analysis

As mentioned above, plant growth promoting experiments were performed twice. The results were analyzed using Statistica 6.0 software (StatSoft Inc., 2001). The Student’s t-test was used to compare the means of two groups, and the ANOVA and Duncan’s means separation test were used for multiple comparisons (p < 0.05).



RESULTS

Survival of Wild-Type and Mutants on Salt Stress

Survival of the wild-type strain Pseudomonas sp. UW4, the isogenic mutants (acdS, treS, and acdS/treS), and the trehalose over-expressing strain (OxtreS) derivative were evaluated in two salt concentrations: 0.2 and 0.8 M NaCl (Table 2). The results show that, in all strains, very little significant (p < 0.05) decrease in the survival was observed at 0.2 M NaCl. However, at 0.8 M, a decrease in the survival of all strains was noted. It should be noted that in mutants treS and acdS/treS, the decrease in survival was more marked, and a four- to fivefold decrease in survival relative to the wild-type was observed.

TABLE 2. Survival of Pseudomonas sp. strain UW4, mutants, and overexpressing strain derivatives.
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Analysis of ACC Deaminase Activity and IAA Synthesis

The ACC deaminase activity was analyzed either in strain UW4 or the ACC deaminase minus mutant. The wild-type strain showed the ability to use ACC as a sole source of nitrogen, while the adcS- strain showed no ACC deaminase activity (Figure 1). The mutant strains treS and OxtreS did not show any change in ACC deaminase activity, while the double mutant acdS/treS did not show any ACC deaminase activity.
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FIGURE 1. Evaluation of ACC (1-aminocyclopropane-1-carboxylate) deaminase activity in wild-type (WT) bacterium Pseudomonas sp. UW4; its derivative mutant strains in the acdS, treS, and acdS/treS genes; and the overexpressing OxtreS (Trehalose synthase) strain. The figure represents the results of at least three independent experiments. Asterisks indicate that the means of the samples are different from the WT at P < 0.05.



When monitoring the production of indoleacetic acid in the analyzed mutants, no significant changes were observed compared to the wild-type strain of Pseudomonas sp. UW4. The results of this analysis are shown in Table 3.

TABLE 3. Indole acetic acid (IAA) production of Pseudomonas sp. UW4 and derivative strains.
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Production of Trehalose

The accumulation of trehalose after 0, 24, and 48 h without salt conditions can be observed in Figure 2A. Specifically, the wild-type and the ACC deaminase minus mutant strains increased trehalose production at 24 and 48 h of growth, while OxtreS showed an even greater accumulation than the other strains, even in unsalted media. On the other hand, the treS and acdS/treS mutants significantly decreased their accumulation of trehalose compared with the strains not affected in the treS gene.
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FIGURE 2. Analysis of trehalose accumulation in wild-type (WT) Pseudomonas sp. UW4; its derivative mutants acdS, treS, and acdS/treS; and the overexpressing OxtreS (OxtreS) strain without (Upper panel) and with salt (Lower panel). The figures exhibit the results of at least three independent experiments. Asterisks indicate that the means of the samples are different from the WT at P < 0.05.



In Figure 2B, the quantification of trehalose is observed in growth media supplemented with 0.2 M NaCl. It should be noted that the accumulation of trehalose in the overexpressing strain was greater than that in the other strains, including the wild-type strain, which increased its accumulation after 24 and 48 h. The treS and acdS/treS mutants also exhibited a slight increase in the accumulation of trehalose in the presence of salt; however, this increase was less marked than in the wild-type strain. This suggests that there are other routes for the production of trehalose in Pseudomonas sp. UW4; nevertheless, the mutation in the treS gene significantly reduced the production of trehalose under high-salinity conditions, which correlates with a lower survival of bacteria that contained this mutation in media with NaCl (Table 2).

Tomato Growth-Promotion on Salt Stress

Bacterial ACC deaminase activity and trehalose production has been evaluated (separately) in several studies (Li et al., 2000; Cheng et al., 2007; Suárez et al., 2008). However, in this study, the synergy of both processes in promoting tomato plant growth was evaluated using plant the growth-promoting strain Pseudomonas sp. UW4 and its different mutants in pot experiments. The wild-type strain UW4 maintained its growth-promoting capacities under conditions of salt stress in tomato plants by increasing plant root and shoot length, total dry weight, and chlorophyll content to levels similar to those in plants that were not subjected to NaCl stress (Figure 3). The acdS and treS mutants showed a similar trend (to one another) when used to inoculate plants under salt stress, failing to improve the parameters evaluated in tomato plants. Surprisingly, plants inoculated with the double mutant showed a beneficial effect in three parameters, namely root length, total dry weight, and chlorophyll content, showing similar values to control plants subjected to uninoculated saline stress. In addition, inoculation of plants with the double mutant resulted in lower values than with plants inoculated with each of the single acdS and treS mutants. Finally, the inoculation of the OxtreS strain showed a significant improvement in root length (greater than the wild-type UW4 strain), whereas for the other evaluated parameters, it showed beneficial effects that were statistically similar to those observed for the wildtype UW4 strain (Figure 4).


[image: image]

FIGURE 3. Evaluation of tomato (Lycopersicon esculentum cv Saladette) growth promoting effects by the inoculation of Pseudomonas sp. UW4 WT, single acdS and treS mutants, double mutant acdS/treS, and the overexpressing OxtreS (TreS) strain. Bars represent the mean ± SE values (n = 12). Different letters indicate significant differences (p < 0.05; Duncan’s multiple range test).
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FIGURE 4. Composite picture of tomato (L. esculentum cv Saladette) plants inoculated with the indicated bacterial strains. Control plants contained no salt or bacteria. C+NaCl (0.2 M) indicates plants irrigated with salt. See the Section “Materials and Methods” for details of the experiment. The rest of the panels show plants + salt (0.2 M) + each of the strains (WT Pseudomonas sp. UW4, acdS-, treS-, acdS- /treS-, and OxtreS).





DISCUSSION

Organisms have evolved different mechanisms to counteract the damaging effects of different adverse environmental conditions, such as soil salinity, which is an enormous problem in agriculture. During salt stress, plants increase their ethylene synthesis, thereby inhibiting their growth and productivity (Glick et al., 2007). One strategy to reduce ethylene levels in plants has been the inoculation of plants with bacteria that contain ACC deaminase activity. Thus, it has been observed that bacteria of different genera, such as Achromobacter, Azospirillum, Brevibacterium, Bacillus, or Pseudomonas, can mitigate the toxic effects of high-salinity, increasing biomass, chlorophyll content, and production (Bacilio et al., 2004; Mayak et al., 2004; Cheng et al., 2007; Siddikee et al., 2011; Ali et al., 2014). However, not all bacteria that help mitigate the toxic effects of salt on plants contain the genetic machinery essential for ACC deaminase activity (Blaha et al., 2006; Duan et al., 2009; Ramadoss et al., 2013); other beneficial bacterial mechanisms can help to mitigate the inhibitory effects of high salt. For example, PGPB that produce IAA under saline conditions may supply an additional amount of this phytohormone to plants. The supplementary IAA may help to stimulate root growth and partially reverse the growth inhibiting effects of salt stress in both shoot and root growth, as well as improving other physiological parameters like chlorophyll content (Duca et al., 2018). In this regard, the mutants constructed here did not show any impairment in IAA synthesis, since all of them showed similar production when compared to the wild-type strain (Table 3). Therefore, the beneficial role of IAA (or other compounds) still produced by the mutants cannot be excluded from the low level of beneficial effects observed in tomato plants during inoculation.

Another relevant and widely studied mechanism of how bacteria facilitate plant growth during salt and drought stress is the production of metabolites such as trehalose (Avonce et al., 2006). Trehalose is a non-reducing disaccharide that is widely present in different groups of organisms and plays diverse roles such as an energy source molecule, in addition to being important during osmotic, heat, and desiccation stress tolerance (Iordachescu and Imai, 2008). Moreover, trehalose synthesis is also triggered by salinity stress in many rhizobacteria (Suárez et al., 2008) and the importance of trehalose in the osmostress response has been well established in several rhizobia (Domínguez-Ferreras et al., 2009; Sugawara et al., 2010; Reina-Bueno et al., 2012).

In this work, using tomato as a model plant, we tested the hypothesis that the ACC deaminase activity of Pseudomonas sp. UW4 and the production of trehalose by this bacterium play a synergistic role in protecting plants from the growth inhibitory effects of high salinity. The results of this study first confirmed that the mutant of strain UW4 that does not contain ACC deaminase activity does not exhibit growth-promoting effects on tomato, consistent with the results observed in other studies, where ACC deaminase minus mutants did not confer resistance to salt stress in canola (Li et al., 2000; Cheng et al., 2007) or tomato (Ali et al., 2014).

Some bacteria contain up to five disaccharide biosynthesis pathways (Avonce et al., 2006; Paul et al., 2008). Therefore, a first mutation was generated in the treS gene of Pseudomonas sp. UW4. When analyzing the accumulation of trehalose in this mutant, it was observed that a large percentage of the total accumulated trehalose was decreased (Figure 3). As mentioned earlier, there appear to be two routes of synthesis of trehalose in the bacterium Pseudomonas sp. UW4, so the treS pathway would be the most important for the production of trehalose in this strain (Duan et al., 2013), although it would be necessary to generate other mutants to determine the validity of such a hypothesis. This result also agrees with previous work showing that there are multiple routes of trehalose synthesis and its synthesis is not completely abolished by abolishing a single pathway (Suárez et al., 2008). Nevertheless, the mutation in treS affected the beneficial effect of the strain UW4 when it was used to inoculate tomato plants, since, compared to the control plants inoculated with the wild strain, significant decreases in the length of the tomato plant roots and shoots, chlorophyll concentration, and total dry weight were observed. This suggests that the TreS pathway in strain UW4 plays a key role in the production of trehalose and in subsequently mitigating the toxic effects of salinity in tomato plants. Other studies have shown the importance of this route in bacteria such as Mycobacterium smegmatis (Pan et al., 2004). Also, in a recent work, a new treS gene (TreS) derived from a metagenomic analysis of a saline-alkaline soil was identified (Jiang et al., 2013). The protein (TreS) was characterized as follows: it showed good production of trehalose from maltose, was stable, and possessed different biochemical characteristics compared to other TreSs (Jiang et al., 2013). The treS gene from Pseudomonas putida KT2440 has also exhibited good potential for trehalose production (Wang et al., 2014). Streeter and Gomez (2006) analyzed three trehalose biosynthetic pathways in Bradyrhizobium, either in a free-living state or during symbiosis with plants. Interestingly, these authors observed that TreS was the dominant enzyme in bacteroids, although the substrate for TreS, maltose, was present in very low concentration in nodules. The precise role(s) of the alternative routes of trehalose synthesis in bacteria and how they affect plant-bacteria interactions remains to be elaborated.

To test the hypothesis that bacterial ACC deaminase activity and trehalose accumulation act synergistically in the protection of plants against toxic saline effects, a double mutant, acdS/treS Pseudomonas sp. UW4, was constructed. The results show that the double mutant was significantly impaired in the beneficial effects of the wild-type bacterium on the length of tomato plant roots, total plant dry weight, and chlorophyll content, in the presence of salt, and in general, these plants behaved similarly to control (uninoculated) plants subjected to saline stress. It is worth mentioning that inoculation with each of the single acdS or treS mutants showed better protection against saline conditions than plants inoculated with the double mutant acdS/treS, suggesting a synergistic role of these traits.

Stearns et al. (2012) analyzed the genetic response of Arabidopsis to the inoculation of ACC deaminase positive and negative strains of Pseudomonas sp. UW4. The microarray results from those experiments demonstrated that the transcription of genes involved in plant hormone regulation, stress response, and secondary metabolism was modified in plants by the presence of the bacterial strains, whereas the upregulation of genes for auxin response factors and the downregulation of stress response genes was observed only in the presence of the ACC deaminase positive strain. In those experiments, the trehalose biosynthetic genes (TPS/TPP) in plants were weakly downregulated (-1.7 to -1.8-fold change) by the inoculation of both ACC deaminase positive and negative strains, suggesting a link between the bacterium and the plant’s trehalose metabolism, but not a direct link to the ACC deaminase activity. It would be interesting to further evaluate the mutants of Pseudomonas sp. UW4 generated in the present study (treS, acdS/treS, and OxtreS) in relation to the gene expression and metabolism of plants in order to explore possible novel signaling pathways in plant-bacteria interactions.

In the present work, a second strain with the treS gene was constructed to overproduce RNA copies of the treS gene (OxtreS strain). The OxtreS strain significantly overproduced trehalose compared to the wild-type stain, growing either in media supplemented or not with NaCl. Trehalose overaccumulation was most evident after 24 h of growth. After 48 h of growth, trehalose accumulation in the OxtreS strain was only slightly (not significantly) higher than in the wild-type strain (UW4). It is worth mentioning here that wild-type UW4 showed good accumulation of trehalose during growth after 24 and 48 h in media with 0.2 M of NaCl. When plants were inoculated with the OxtreS trehalose overexpressing strain, it was notable that the resultant plants displayed improved root length, dry weight, and chlorophyll content when compared with the wild-type strain. These results agree with other studies where the previously mentioned strategies protect plants of agronomic interest under conditions of stress (Orozco-Mosqueda et al., 2018). In fact, it has been proposed that the physiological responses of plants to salinity are similar to other environmental stresses such as drought, and that therefore, they may share common stress-tolerance pathways (Munns and Tester, 2008; Forni et al., 2017). For example, the overexpression of trehalose-6-phosphate synthase gene (otsA) has been analyzed in Rhizobium etli, where the modified strain improved drought tolerance and grain yield in P. vulgaris (Suárez et al., 2008). Similarly, a genetically engineered strain of a plant growth-promoting strain of Azospirillum with an improved level of trehalose biosynthesis increased both drought tolerance and plant biomass in maize plants (Rodríguez-Salazar et al., 2009).

In conclusion, this work demonstrated that ACC deaminase and trehalose synergistically protect tomato plants against salt stress during the interaction with the PGPB Pseudomonas sp. UW4. It remains to be elucidated whether the inoculation of other plants with these mutants affects plants other than tomato in a similar manner and in particular whether appropriately engineered bacteria might facilitate grain or fruit production of plant growing under different stresses.
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Beneficial microorganisms have been extensively used to make plants more resistant to abiotic and biotic stress. We previously identified a consortium of three plant growth-promoting rhizobacteria (PGPR) strains (Bacillus cereus AR156, Bacillus subtilis SM21, and Serratia sp. XY21; hereafter “BBS”) as a promising and environmentally friendly biocontrol agent. In this study, the effect of BBS on a soil-borne disease of sweet pepper was evaluated. Application of BBS significantly reduced the prevalence of phytophthora blight and improved fruit quality and soil properties relative to the control. BBS was able to alter the soil bacterial community: it significantly increased the abundances of Burkholderia, Comamonas, and Ramlibacter, which were negatively associated with disease severity, relative to the control. A redundancy analysis suggested that BBS-treated soil samples were dominated by Burkholderia, Comamonas, Ramlibacter, Sporichthya, Achromobacter, and Pontibacter; abundance of these genera was related to total organic carbon (TOC), total nitrogen (TN), ammonium nitrogen (AN), total potassium (TP), and available phosphorus (AP) contents. This suggests that BBS treatment shifted the microbe community to one that suppressed soil-borne disease and improved the soil chemical properties.

Keywords: BBS, rhizosphere soils, sweet pepper, disease prevalence, soil properties


INTRODUCTION

Sweet pepper Capsicum annuum L. var. grossum (Solanaceae) is an annual plant cultivated throughout the world. It is widely valued because of its unique flavor and high nutritional value, especially in terms of its vitamin C content. With the expansion of modern facilities and high-efficiency factory farms, sweet pepper cultivation has increased dramatically where cultivated land has expanded (Shu et al., 2016). Global production of chilies and peppers was at 34.5 million tons from 1.9 million ha of crop-growing surface area in 2016; China was the largest contributor, producing 17.45 million tons from 0.75 million ha of land (FAO, 2018).

However, soil-borne diseases such as phytophthora blight have increased through the practice of continuous cropping (Li et al., 2017). Meanwhile, these diseases cause the loss of soil quality which have severely restricted the development of the sweet pepper industry (Zhang et al., 2016) and the income of sweet pepper growers has also been reduced. Farmers have therefore increased the frequency of pesticide application to enhance yields. However, massive application of chemical pesticides has caused many negative impacts, such as the contamination of food, soil, and water by pesticide residues, and loss of biodiversity. Besides, excessive use of chemical pesticides destabilizes the soil micro-ecosystem, and this is an important cause of soil-borne diseases (Avis et al., 2008). The majority of soil-borne pathogens survive in bulk soil; under suitable conditions, they infect host plants to establish parasitic relationships with the plants (Raaijmakers et al., 2009; Liu et al., 2018).

Previous studies have reported that beneficial microbes can be recruited by host plants to counteract pathogen infection (Dudenhöffer et al., 2016). For instance, beneficial microbiomes can induce disease resistance in plants to many plant pathogens such as Ralstonia solanacearum (Aliye et al., 2008; Cao et al., 2018), Phytophthora capsici (Lim and Kim, 2010; Sang et al., 2018), and Botrytis cinerea (Nie et al., 2017; Jiang et al., 2018). Beneficial microbiomes improve soil chemical properties and fruit quality (Song et al., 2015). Furthermore, soil inoculation by microbes alters the resident microbial communities (Trabelsi and Mhamdi, 2013). Zhang et al. (2019) reported that inoculation with Bacillus velezensis NJAU-Z9 to pepper led to a higher rhizosphere bacterial richness and diversity compared to the control without NJAU-Z9 inoculation. In addition, recent work has shown that managing rhizosphere microbial communities contributes to plant disease control (Mazzola, 2010). Wang et al. (2015) revealed that inoculation using bio-organic fertilizer reduced the prevalence of tomato fusarium wilting by altering the soil microbial communities. Liu et al. (2018) found that bio-organic additives (matured chicken manure added with amino acids and PGPR strain Bacillus amyloliquefaciens SQR9) suppressed tomato disease by altering bacterial community composition in the rhizosphere. Xue et al. (2015) reported that B. amyloliquefaciens NJN-6, combined with compost promoted alteration of the rhizosphere bacterial community structure by developing beneficial strains that dominated the microbial community, which contribute to Panama disease control.

Our objective was to evaluate the suppression of sweet pepper disease using a microbial additive (“BBS”) that we have previously developed (Wang et al., 2012; Yang et al., 2014). However, the mechanisms by which soil inoculation by microbes alters rhizosphere microflora to control sweet pepper diseases are still not well understood. Therefore, we conducted a 3-year field experiment (2014–2016) in sweet pepper producing areas in China where soil-borne diseases were prevalent year-round. Specifically, the soil-borne disease pepper blight caused by Phytophthora capsici has posed a serious threat to sweet pepper production in these areas. Using sequencing, we then surveyed the rhizosphere microbiota, to assess the effects of the microbial additive and to examine the relationships between the rhizosphere microbiota and the plant disease.



MATERIALS AND METHODS


Bacterial Strains and Culture Conditions

Three PGPR strains (Bacillus subtilis SM21, Bacillus cereus AR156, and Serratia sp. XY21) were cultured at 28°C for 24 h on Luria-Bertani (LB) agar medium. A single colony from a freshly streaked plate was then selected, inoculated into LB broth, and incubated at 28°C for 48 h in a shaker at 200 rpm. The broth culture was spun at 6000 × g in a centrifuge for 15 min, and the resulting pellet was resuspended in sterile water and adjusted to a concentration of 109 colony forming units per ml (CFU/ml) for further experiments.



Field Experimental Design

The field experimental site was located in Huaian, Jiangsu Province, China (33°35′ < 42″N, 119°02′11″E), which has a subtropical monsoon climate with an average annual temperature and precipitation 14.2°C and 940 mm, respectively. The field was continuously utilized for sweet pepper cultivation for several years before our study. Soil-borne diseases pepper blight caused by P. capsici has posed a serious threat to sweet pepper production. The soil was a sandy loam with pH 7.08, 80.76 g/kg total organic carbon (TOC), 139.23 g/kg total organic matter (TOM), 12.51 g/kg total N (TN), 26.24 mg/kg NH4+-N (AN), 435.10 mg/kg NO3–-N (NN), 4.95 g/kg total P (TP), 1.15 g/kg available P (AP), and 1.69 g/kg available K. The field experiment was carried out from December 2013 to April 2016. We define “season” as the entire sweet pepper growing season (from early December to mid-April of next year). Plants were cultivated with or without BBS treatment. Each treatment had three randomized independent replications with a single plot of 6 m × 8 m in area. We applied 500 ml of BBS suspension (1:100 dilution) to each seedling at transplanting; the control seedlings were mock inoculated with an equal volume of water. A five-point (each point is 1.2 m × 1.2 m) sampling method was used for random sampling.



Assay of Disease Prevalence and Yield

The prevalence of phytophthora blight was investigated 60 days after transplanting into the field. Five points sampling method was used for random sampling. Sixteen pepper samples were collected at each point 1.2 m × 1.2 m, the diseased plants were counted, and prevalence was calculated as follows:
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To measure total sweet pepper yield, all mature sweet peppers were harvested and weighed.



Assay of Leaf Chlorophyll Content

Leaf chlorophyll content was measured 60 days after transplanting using a modified version of the method of Jiang et al. (2014). Chlorophyll extraction was conducted using 80% acetone solution (v/v in water); from each sample, 10.0 g plant tissue was cut into 0.5 cm segments and homogenized with acetone solution at −10°C. The mixture was centrifuged at 12,000 × g for 15 min, and the supernatant was transferred to the flask and covered with aluminum. Absorption of the supernatant was measured at 645 and 663 nm using a HITACHI U-2000 spectrophotometer.



Assay of Fruit Quality

To evaluate sweet pepper quality, the contents of soluble sugar, soluble solids, and vitamin C were assayed at the harvest time. Soluble sugar was determined according to Horowitz and Reynolds (1936). Briefly, 1.0 g fresh fruit was kept in 10 ml of 90% ethanol for 1 h at 60°C in an incubator. The extract was then transferred into a new flask and the final volume was made up to 25 ml by adding 90% ethanol. 1 ml aliquot was transferred to a test tube and 1.0 ml of 5% phenol was added to it and mixed thoroughly, 5 ml of analytical grade sulphuric acid was then added to it and mixed thoroughly by vertical agitation with a glass rod. For exothermic reaction the test tube was cooled in the air. Absorbance was recorded at 485 nm. Soluble solids were measured using a handheld refractometer at 20°C (Barrett et al., 1998). Vitamin C content was detected according to Santos et al. (2016), 2% oxalic acid was used for extraction and the 2,6-dichlorophe-nolindophenol dyestuff was added for reduction. Xylene was used for extracting of the excess dyestuff. Absorbance was recorded at 500 nm.



Assay of Soil Properties

Soil total organic carbon (TOC) and total organic matter (TOM) were measured by potassium dichromate (K2Cr2O7) oxidation-reduction titration (Schollenberger, 1931). The content of total nitrogen (TN) was determined using the Kjeldahl method (Page et al., 1982). Soil nitrate nitrogen (NN), ammonium nitrogen (AN) and total potassium (TP) content was quantified using an AutoAnalyzer 3 (Bran and Luebbe GmbH, Germany). To determine soil available phosphorus (AP), we followed the molybdenum-blue method using sodium bicarbonate (Olsen, 1954). Soil total potassium (TK) content was detected by atomic absorption spectrophotometry (ASS), and soil available potassium (AK) was measured in the extract using a flame atomic absorption spectrophotometer (Brown, 1998).



Soil Sampling, DNA Extraction

Both diseased and healthy plants with tightly adherent rhizosphere soil were sampled (Morris et al., 1997). In brief, for each replicate, a five-point sampling method was applied (each point is 1.2 m × 1.2 m). For each point, 16 plants were randomly selected. Eighty plants from five points were collected. After careful removal of 0–5 cm of the topsoil, rhizospheres were excavated, with as much of their associated roots as possible, by digging to a 5–20 cm depth around pepper plants. Soils and Plants were placed into plastic bags and placed on ice for transport to the laboratory for preparations using standard procedures within a few hours. Subsequently, excess bulk soil was removed from the roots by shaking, brushing down firmly adhering soil with sterile brushes, which was defined as rhizosphere soil (Mendes et al., 2017). All of these soils were divided into subsamples: one was frozen at −80°C for DNA extraction and subsequent molecular analysis, the rest was further air-dried at room temperature and passed through a 0.25 mm sieve for chemical analysis. DNA extraction was performed using FastDNA® SPIN Kit (MP Biomedicals, Solon, OH, United States) following the manufacturer’s instructions. The concentration and quality of the DNA samples were evaluated using a NanoDrop 1000, Spectrophotometer (United States). We ensure that adequate amounts of high-quality genomic DNA had been extracted (>90 μg/μl) and no DNA was detected in the negative controls.



MiSeq Illumina Sequencing

The DNA extracted from each soil sample served as the template for 16S rRNA gene fragment amplification. V3-V4 regions of the bacterial 16S rRNA gene were amplified using primers (PAGE purified) 338F (5′-ACTCCTACGGGAGGCAGCA-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′) (Dennis et al., 2013). The 16S rRNA V3–V4 amplicon was amplified using KAPA HiFi Hot Start Ready Mix (2×) (TaKaRa Bio Inc., Japan). Reaction was set up as follows: microbial DNA (5 ng/μl) 2 μl; amplicon PCR forward primer (1 μm) 5 μl; amplicon PCR reverse primer (1 μm) 5 μl; 2 × KAPA HiFi Hot Start Ready Mix 13 μl (total 25 μl). The plate was sealed and PCR performed in a thermal instrument (Applied Biosystems 9700, United States) using the following program: one cycle of denaturing at 95°C for 3 min, followed by 25 cycles of denaturing at 95°C for 30 s, annealing at 55°C for 30 s, elongation at 72°C for 30 s, and a final extension at 72°C for 5 min. Each sample had three replicates. PCR products were examined on a 2% (w/v) agarose gel, and the band was extracted and purified with the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, United States) according to the manufacturer’s instructions and quantified using QuantiFluorTM-ST (Promega, United States). Purified amplicons were pooled in equimolar and paired end sequenced (2 × 300) on an Illumina MiSeq platform according to the standard protocols. The programs of amplification and sequencing were carried on using the Illumina MiSeq platform (United States) at BGI Co., Ltd. (Shenzhen, China). All read sequences were deposited in the Sequence Read Archive (SRA) NCBI database (accession number PRJNA526286).



Bioinformatics Analysis

Raw sequence processing, quality control, and annotation were carried out according to Huang et al. (2015). The representative sequences of bacterial 16S rRNA gene were assigned to taxonomic classifications from genus to phylum at hierarchical levels by RDP Classifier (v2.2) against the Greengene (v201305) with a confidence threshold of 80%. The obtained bacterial OTUs were further modified and only OTUs with >20 counts summed across all samples were retained. The number of sequences per sample ranged from 54 235 to 54 784 (Supplementary Table S1). These were resampled to a depth of 54 235 sequences using the program MOTHUR (v1.31.2), and the resulting new operational taxonomic unit (OTU) table was used for further analyses. Rarefaction analysis was performed by MOTHUR (v1.31.2), and the Observed species, Chao1 and ACE richness estimations, Coverage and the Shannon and Simpson diversities were calculated by MOTHUR (v1.31.2) (Schloss et al., 2009). Principal co-ordinate analysis (PCoA) based on the Bray–Curtis distance metric was carried out using mothur to compare the bacterial microbial community structure among the soil samples (Liu et al., 2016). Spearman’s rank correlation coefficient was used to assess the correlations between selected rhizosphere soil genera abundance and P. capsici prevalence. Differentially abundant taxa and OTUs between two microhabitats were calculated using moderated t-tests. The resulting p-Values were adjusted for multiple hypotheses testing using the Benjamini-Hochberg correction. Heatmap figures were implemented by R (v3.4.2) packages heatmap. The Mantel test was conducted to reveal the relationships between the selected soil properties and rhizosphere soil microbial genera. In addition, redundancy analysis (RDA) was performed to evaluate the relationships among the soil samples, soil properties and rhizosphere soil microbial genera. In addition, Principal co-ordinates analysis (PCoA) and redundancy analysis (RDA) diagrams were generated using R (v3.4.2) package vegan to demonstrate the clustering of different samples.



Statistical Analysis

Differences between treatment groups were determined statistically at the factorial level by analysis of variance (ANOVA). Differences were considered significant at P < 0.05 or P < 0.01, and differences among treatments were analyzed via Tukey’s Studentized Range (HSD) test.




RESULTS


Effect of BBS on Disease Control and Yield

The prevalence of phytophthora blight among BBS-treated plants was significantly lower than among the control plants in all three seasons, at 17.36% (2014), 11.11% (2015), and 6.25% (2016) in BBS-treated plants, versus 44.44% (2014), 27.78% (2015), and 20.14% (2016) in the control (Figure 1A). In contrast to the diseased control plants, sweet pepper yields under BBS treatment were significantly higher in all seasons, at 21.10% (2014), 22.88% (2015), and 32.87% (2016) in BBS-treated plants, versus 15.35% (2014), 17.26% (2015), and 21.93% (2016) in the control (Figure 1B). Therefore, BBS treatment progressively reduced the prevalence of soil-borne disease and increased sweet pepper crop yields relative to the control.
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FIGURE 1. Effects of different fertilization management programs on disease (A) and yield (B) of sweet pepper in 2014–2016. Data are expressed as the mean ± SD (n = 3). Significant differences between different treatments are indicated as different letters on top of the data bars. The statistical analysis was determined by a Tukey’s Studentized Range (HSD) test: α = 0.05, n = 3.





Effect of BBS on Chlorophyll and Fruit Quality

It is generally known that photosynthesis determines the efficiency with which plants convert incoming sunlight to biomass; therefore, the chlorophyll content in the leaves was measured. Leaf total chlorophyll content was higher in BBS-treated plants than in control plants, at 5.88 mg/g in BBS-treated plants, versus 4.93 mg/g in the control (Figure 2A). Furthermore, PGPR agent has been reported to improve crop quality (Song et al., 2015). Thus, we determined the content of soluble sugar, soluble solid and vitamin C of mature sweet pepper at the harvest time. BBS-treated plants had significantly higher soluble sugar content (5.33%) than control plants (4.22%) (Figure 2B). Soluble solids content was higher in BBS-treated plants (5.60%) than in control plants (4.61%) (Figure 2C). BBS treatment increased the vitamin C content of sweet peppers relative to the control (Figure 2D). Therefore, BBS treatment improved the quality of sweet peppers.
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FIGURE 2. Effects of BBS management on content of chlorophyll (A) and fruit quality (B–D) of sweet pepper. Fruit quality of sweet pepper include content of soluble sugar (B), soluble solids (C), and Vitamin C (D). Significant differences between different treatments are indicated as different letters on top of the data bars. The statistical analysis was determined by a Tukey’s Studentized Range (HSD) test: α = 0.05, n = 3.





Effect of BBS on the Soil Properties

Previous studies demonstrated that application of PGPR improved the soil nutrient status (Gulnaz et al., 2017). BBS treatment affected the soil properties (Table 1). In the presence of BBS, soil TOM and TOC were significantly higher than in the control soil, at 123.81 g/kg (TOM) and 71.81 g/kg (TOC) in BBS-treated soil, versus 103.51 g/kg (TOM), and 60.04 g/kg (TOC) in the control. AN content was higher in BBS-treated soil (25.84 mg/kg) than in the control (19.02 mg/kg), whereas TN and NN contents did not differ between BBS-treated and control soil. TP and TK levels did not differ between the BBS-treated soil and control soil, whereas AP and AK levels were higher in BBS-treated soil (1.11 g/kg AP and 1.52 g/kg AK) compare than in control soil (0.82 g/kg AP and 1.38 g/kg AK). Therefore, BBS treatment improved soil properties.

TABLE 1. Physicochemical properties of soil samples under the different treatments.
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Effect of Microbial Community Assemblages by BBS on Disease Control

A previous study has shown that microbe additives change microbial communities (Trabelsi and Mhamdi, 2013). Here, we characterized and identified the complex microbial community by simultaneous DNA amplicon sequencing targeting the 16S rRNA gene in bacteria. In total of 326 683 sequences of 16S rRNA were extracted from treated and control soil samples; the number of high-quality bacterial sequences varied among samples from 54,069 to 54,783 (Supplementary Table S1). Furthermore, 3,615 bacterial OTUs were obtained, with a limited number at the 97% similarity cut-off level. The Good’s coverage index revealed 99.00–99.09% of bacteria was obtained in all samples (Supplementary Table S1). The results showed that the probability of gene sequence detection in soil samples was high, and the sequencing results could represent the real situation of soil bacterial community in our experiment. The rarefaction and OTU Rank-Abundance curves of all six samples indicated that there was a smaller variation in the total number of OTUs, and the database of 16S rRNA gene sequences were very abundant which reflected the vast majority of microbial information (Supplementary Figure S1). The dominant phyla across all samples were Proteobacteria, Acidobacteria, Bacteroidates, Chloroflexi, Actinobacteria, Gemmatimonadetes, Planctomycetes, accounting for more than 89% of the bacterial sequences (Supplementary Figure S2a). Among these seven phyla, the relative abundance of Proteobacteria is the largest in the rhizosphere, which is composed of Alphaproteobacteria, Betaproteobacteria, Gammaproteobacteria and Deltaproteobacteria (Supplementary Figure S2b).

Principal-coordinate analysis (PCoA) examination of between-sample variation (beta-diversity) based on Bray-Curtis distances revealed that rhizosphere bacterial communities, clustered by treatment, along the second component (Figure 3). Durán et al. (2018) demonstrated that managing microbial communities contributed to plant health. Spearman’s rank correlation coefficient revealed a clear positive correlation between phytophthora blight prevalence and the relative abundances of Iamia (P < 0.05), Agromyces (P < 0.01), Kaistia (P < 0.05), Rubellimicrobium (P < 0.05), Sporosarcina (P < 0.05), Aquicella (P < 0.05), and Phormidium (P < 0.05) (Table 2). In contrast, there were negative correlations between phytophthora blight prevalence and the relative abundances of Sporichthya (P < 0.05), Achromobacter (P < 0.05), Burkholderia (P < 0.01), Comamonas (P < 0.05), Ramlibacter (P < 0.05), and Pontibacter (P < 0.05) (Table 2). BBS treatment markedly increased the abundance of Burkholderia (moderated t-test, FDR, p < 0.01), Comamonas (moderated t-test, FDR, p < 0.1) and Ramlibacter (moderated t-test, FDR, p < 0.05), relative to the control (Figure 4 and Supplementary Figure S3). These results indicate that BBS modified the microbial community, contributing to the suppression of sweet pepper disease.
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FIGURE 3. The bacterial microbial community compositions of the different treatments.



TABLE 2. Spearman’s rank correlation coefficient between rhizosphere abundant genus and disease incidence.
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FIGURE 4. Relative abundance of disease-related genus in rhizosphere. Significant differences between different treatments are indicated as different letters on top of the data bars. The statistical analysis was determined by one-side T-test with 5% FDR (+p < 0.1, *p < 0.05, and ∗∗p < 0.01).





Effect of Microbial Community Assemblages on Soil Properties

BBS treatment improved the soil chemical properties (Table 1). The Mantel test revealed striking relationships (r = 0.72, P < 0.05) between soil chemical properties and the abundances of the analyzed microbial genera. Examination of the relationship between the selected soil chemical properties and the abundances of the analyzed microbial genera (redundancy analysis) revealed that the two components explained the 91.41% variance, and BBS treatment was separated from the control treatment (Figure 5). BBS-treated soil samples were dominated by Sporichthya, Achromobacter, Burkholderia, Comamonas, Ramlibacter, and Pontibacter; bacterial abundance was related to TOC, TN, AN, TP, and AP (Figure 5). Therefore, BBS modified the microbial community thereby improving the soil properties. In summary, BBS shifted the microbe community to suppress soil-borne disease, increase sweet pepper crop yield and improve soil chemical properties.
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FIGURE 5. Redundancy analysis of soil properties, soil properties and analyzed rhizosphere soil genera bacterial. Soil property: TOC, total organic carbon; TN, total nitrogen; AN, ammonia nitrogen; TP, total phosphorus; AP, available phosphorus.






DISCUSSION

Application of a consortium of three plant growth-promoting rhizobacteria (PGPR) strains (Bacillus cereus AR156, B. subtilis SM21, and Serratia sp. XY21) significantly reduced plant disease (Figure 1A); this is consistent with previous findings that PGPR strains can be used as biocontrol agents against plant diseases caused by soil-borne pathogens (Kloeppe et al., 1999; Haas and Défago, 2005). More importantly, BBS treatment improved sweet pepper fruit yield, raised its nutrient contents, and improved soil fertility (Figures 1B, 2A–D). These results confirm previous reports, in which PGPR was shown to act as both a biofertilizer and biocontrol agent (Mohapatra et al., 2015; Prasad et al., 2015).

Our finding that rhizosphere bacterial communities differed between the different treatments (Figure 3) is consistent with those of previous studies, which demonstrated that microbial amendments alter the rhizosphere microbiome (Saravanakumar et al., 2017). Based on Spearman’s rank correlation coefficient, the rhizosphere genera Iamia, Agromyces, Kaistia, Rubellimicrobium, Sporosarcina, Aquicella, and Phormidium were strongly and positively associated with sweet pepper disease. In contrast, negative associations between disease prevalence and the relative abundances of Sporichthya, Achromobacter, Burkholderia, Comamonas, Ramlibacter, and Pontibacter were observed (Table 2). Interestingly, BBS treatment significantly increased the abundance of Burkholderia (moderated t-test, FDR, p < 0.01), Comamonas (moderated t-test, FDR, p < 0.1), and Ramlibacter (moderated t-test, FDR, p < 0.05) (Figure 4), which were negatively associated with sweet pepper disease. Among the genera that occurred in our soil samples, Burkholderia has been used as a biological control agent against plant disease (Parke and Gurian-Sherman, 2001), Comamonas is reported to act against pathogenic fungi (El-Banna, 2007), and Ramlibacter appears to be important in adverse environments (Luca et al., 2011). Hence, we conclude that BBS shaped the rhizosphere microbial community by developing beneficial strains, thereby contributing to the suppression of sweet pepper disease.

BBS treatment improved soil chemical properties (Table 1), consistent with previous findings that PGPR can increase soil fertility (Sharma et al., 2017). The findings of our redundancy analysis (to evaluate the relationship between the selected soil chemical properties and the abundance of the analyzed microbial genera) suggest that BBS-treated soil samples were dominated by Sporichthya, Achromobacter, Burkholderia, Comamonas, Ramlibacter, and Pontibacter. Levels of TOC, TN, AN, TP, and AP were correlated with community composition (Figure 5). The abundance of the dominant genera were negatively associated with sweet pepper disease (Table 2), which suggest that BBS modified the microbial community to suppress soil-borne disease and improve soil chemical properties as well. As a result, BBS improved sweet pepper yield and improved the quality of fruit; this is consistent previous findings that high fertility soil promotes fruit yield and plant quality (Xu et al., 2001; Mahmoud et al., 2009). Liu et al. reported that cucumber roots could sense microbial signals releasing from additive PGPR B. amyloliquefaciens SQR9 and subsequently secrete tryptophan to recruit SQR9 which benefited the cucumber itself and prevented pathogen infection (Liu et al., 2017). Wang et al. demonstrated that plant root exudates are involved in B. cereus AR156 biocontrol ability against tomato bacterial wilt caused by R. solanacearum. Furthermore, plant root exudates have been reported to influence the soil bacterial community structure (Szoboszlay et al., 2016). Therefore, it will be interesting to understand the mechanism of the bacteria shaping rhizosphere bacterial communities by regulating plant root exudates.
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Early and accurate detection of the causal pathogen Phytophthora sojae is crucial for effective prevention and control of root and stem rot and seedling damping-off of soybean. In the present study, a novel isothermal amplification assay was developed for detecting P. sojae. This 25 min assay included a two-step approach. First, a pair of novel primers, PSYPT-F and PSYPT-R were used to amplify a specific fragment of the Ypt1 gene of P. sojae in a 20 min recombinase polymerase amplification (RPA) step. Second, lateral flow dipsticks (LFD) were used to detect and visualize RPA amplicons of P. sojae within 5 min. This RPA-LFD assay was specific to P. sojae. It yielded negative detection results against 24 other Phytophthora, one Globisporangium, and 14 fungal species. It was also found to be sensitive, detecting as low as 10 pg of P. sojae genomic DNA in a 50-μL reaction. Furthermore, P. sojae was detected from artificially inoculated hypocotyls of soybean seedlings using this novel assay. In a comparative evaluation using 130 soybean rhizosphere samples, this novel assay consistently detected P. sojae in 55.4% of samples, higher than other three methods, including loop-mediated isothermal amplification (54.6%), conventional PCR (46.9%), and leaf-disc baiting (38.5–40.0%). Results in this study indicated that this rapid, specific, and sensitive RPA-LFD assay has potentially significant applications to diagnosing Phytophthora root and stem rot and damp-off of soybean, especially under time- and resource-limited conditions.

Keywords: oomycetes, plant destroyers, field diagnosis, Phytophthora sansomeana, Phytophthora melonis, Phytophthora vignae


INTRODUCTION

Phytophthora sojae is one of the most devastating pathogens of soybean crops (Glycine max), causing damping-off on seedlings and root and stem rot on older plants. Areas that receive heavy rain may suffer plant mortality and yield losses up to 100% (Tyler, 2007; Dorrance, 2018). An estimated annual worldwide loss of 1–2 billion U.S. dollar has been caused by this pathogen (Wrather and Koenning, 2006; Tyler, 2007). P. sojae was first reported as a novel causal pathogen of soybean root and stem rot in Indiana and Ohio, United States (Kaufmann and Gerdemann, 1958). Thereafter, it has become widespread in many soybean-producing countries (Schmitthenner, 1985; Erwin and Ribeiro, 1996). After assessing its potential risks to agricultural and economic security, the Ministry of Agriculture of the People’s Republic of China identified P. sojae as a quarantine pest in 20071, whereas it was discovered in Jilin and Heilongjiang Provinces in 1989 (Su and Shen, 1993). Spread of this pathogen has been accelerated by China’s increasing international and interprovincial trade and transportation of soybean seeds and plants (Cui et al., 2010; Wu et al., 2017). To date, the pathogen has been found in the Inner Mongolia Autonomous Region, Xinjiang Uygur Autonomous Region, Huanghe-Huaihe River Basin and Yangtze River Basin (Chen and Wang, 2017), as well as Jilin, Heilongjiang (Su and Shen, 1993), Fujian (Cui et al., 2010; Wu et al., 2017), and Anhui (Dai Y.L. et al., 2015) Provinces.

Rapid detection of P. sojae is a crucial step toward effective management of soybean root and stem rot and seedling damping-off. Traditionally, detection methods for P. sojae include isolation from symptomatic plant tissues and baiting from soil (Erwin and Ribeiro, 1996). Subsequent pathogen identification based on morphological characters and DNA sequence data is usually time-consuming and requires trained expertise. A variety of molecular detection methods including conventional PCR (Wang et al., 2006; Bienapfl et al., 2011; Xiong et al., 2019), quantitative PCR (Wang et al., 2006; Bienapfl et al., 2011; Haudenshield et al., 2017), LAMP assays (Dai et al., 2012, Dai Y.L. et al., 2015), and a recombinase polymerase amplification (RPA) assay targeting the atp9–nad9 region of the mitochondrial genome (Rojas et al., 2017) have been developed for P. sojae. However, field application of PCR-based methods is limited due to their long time span and requirement for thermocyclers and gel electrophoresis. Furthermore, specificity to P. sojae of previously developed methods has been challenged by newly emerging pathogens (Rojas et al., 2017; Xiong et al., 2019), such as P. sansomeana (Hansen et al., 2009), also a pathogen of soybean, and P. melonis and P. vignae, two sister species phylogenetically related to P. sojae (Yang et al., 2017). Thus, a rapid and P. sojae-specific method that can be performed under time- and resource-limited conditions is warranted.

In the present study, a novel RPA assay targeting the Ypt1 gene of P. sojae was developed. The RPA amplicons were designed to be detected using lateral flow dipsticks (LFD) in real-time. Additionally, specificity to P. sojae of this assay was validated by testing against P. sansomeana, P. melonis, P. vignae, and other oomycete and fungal species.



MATERIALS AND METHODS


Isolate Selection of Phytophthora Species

Twenty-nine isolates of P. sojae were tested in this study (Table 1). The 11 isolates with determined pathotypes (races) including R2, R3, R6, R8, R12, R14, R17, R19, R20, R28, and R31 were provided by Dr. Brett Tyler at Oregon State University, United States and Dr. Jinhuo Peng at Dalian Animal and Plant Quarantine Bureau, China (Table 1). The remaining 18 P. sojae isolates were recovered from root and stem tissues of diseased soybean crops in Jiangsu, Fujian, and Yunnan Provinces, China. Isolates belonging to 24 other Phytophthora, one Globisporangium, and 14 fungal species were used for specificity evaluation. All isolates were maintained in collections at Department of Plant Pathology at Nanjing Agricultural University and Department of Forest Protection at Nanjing Forestry University in Nanjing, China.

TABLE 1. List of oomycete and fungal isolates used in this study and their detection results in the recombinase polymerase amplification-lateral flow dipstick (RPA-LFD) assay.
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Culture Conditions and DNA Extraction

Phytophthora and Globisporangium isolates were cultured in 10% clarified V8 juice agar at 25°C in the dark. Fungal isolates were maintained in potato dextrose agar at 25°C in the dark.

For extracting genomic DNAs (gDNAs), each oomycete or fungal isolate was grown in 10% clarified V8 juice or potato dextrose broth, respectively, at 25°C for 4–5 days, harvested, and freeze dried. gDNAs were extracted using a DNAsecure Plant Kit (TIANGEN, Beijing, China) according to the manufacturer’s instructions. Total DNAs were extracted from artificially inoculated soybean tissues using an NaOH lysis method (Wang et al., 1993). Environmental DNAs (eDNAs) from rhizosphere samples were extracted using a FastDNA SPIN Kit for Soil (MP Biomedicals, Solon, Ohio, United States). Specifically, 400 mg of each soil sample was placed in a lysing matrix E 2-mL tube, followed by the addition of 978 mL of phosphate buffer and 122 mL of MT buffer (MP Biomedicals, Solon, OH, United States). Mixtures in lysing tubes were homogenized using a FastPrep FP120 instrument (MP Biomedicals, Solon, OH, United States) at speed 6 for 40 s. Extraction of eDNAs was completed following manufacturer’s instructions.

DNA concentrations were quantified using a NanoDrop 1000 spectrophotometer (Thermo Fisher Scientific, Wilmington, DE, United States). All DNA extractions were stored at −20°C until use.



Primers and Probe Design

Sequences of the Ypt1 gene of P. sojae (GenBank accession No. DQ162958) and its phylogenetically close species were downloaded from GenBank (Benson et al., 2018). Multiple sequence alignment by Clustal W (Larkin et al., 2007) was carried out using BioEdit version 7.0.5 (Hall, 1999). Several combinations of RPA primers and probe targeting the P. sojae-specific fragment within the 478-nt sequence (Figure 1) were designed according to RPA guidelines and manufacturer’s instructions for Twist Amp® DNA amplification kit (TwistDx Ltd., Cambridge, United Kingdom), followed by testing in RPA to identify the optimal primer set. A pair of forward primer and a 5′-biotin-labeled reverse primer (Table 2) met the requirement for the specific detection of P. sojae Ypt1 gene according to the TwistAmp® nfo kit (TwistDx Ltd., Cambridge, United Kingdom). Thereafter, a nfo DNA probe (Table 2) used for the LFD visualization (Milenia Biotec, Giessen, Germany) was designed based on the sequences of RPA primers. This nfo probe was labeled with a fluorescein amidite (FAM) at the 5′ end, a base analog tetrahydrofuran (THF) inserted between the 30th and 31st bases, and a C3 spacer at the 3′ end (Table 2). The primers and probe (Table 2) were synthesized by GenScript (Nanjing, China).
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FIGURE 1. Sequence of the Ypt1 gene of Phytophthora sojae (GenBank accession No. DQ162958). Nucleotides targeted by forward primers PSYPT-F, PSYPT-Probe, and reverse primer PSYPT-R of the novel recombinase polymerase amplification assay are below respective arrows. Arrows indicate the direction of amplification. Primer sequences are provided in Table 2.



TABLE 2. Oligonucleotide primers and probe designed for the recombinase polymerase amplification-lateral flow dipstick assay in this study.
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RPA-LFD Assay

Recombinase polymerase amplification-Lateral flow dipsticks assay was performed according to the quick guide of TwistAmp® nfo kit (TwistDx Ltd., Cambridge, United Kingdom). Briefly, each 50 μL reaction contained 29.5 μL of rehydration buffer (supplied in the kit), 2.1 μL of each of forward and reverse primers (10 μM), 0.6 μL of probe (10 μM), 12.2 μL of nuclease-free water (nfH2O; Thermo Fisher Scientific, Wilmington, DE, United States), and 1 μL of DNA template. After mixing by vortex, 2.5 μL of 280-mM magnesium acetate was added to each reaction for initiating amplification. RPA was performed at 39°C in a SimpliAmpTM thermal cycler instrument (Model A24812, Thermo Fisher Scientific, Wilmington, DE, United States) for 20 min with non-heated lid and a vortex and spin step after the first 4 min. To detect RPA amplicons, 10 μL of RPA product was mixed with 90 μL of phosphate buffered saline with Tween 20 (PBST) running buffer. Then 10 μL of the mixture was added to the sample pad of a HybriDetect 1 LFD (Milenia Biotec GmbH, Giessen, Germany) using a pipettor. The LFD was dipped into a tube containing 200 μL of PBST and incubated at room temperature (aver. 22°C) for up to 5 min until a control line was visible. When test and control lines were simultaneously visible, it was a positive detection. If only the control line was visible, it was a negative detection. All LFDs were then air-dried and photographed using a Canon PowerShot SX730 HS camera.



RPA-LFD Assay Specificity and Sensitivity

Specificity of the RPA-LFD assay was evaluated against all isolates listed in Table 1. Each RPA reaction included 10 ng of purified gDNA. RPA-LFD assay was performed in triplicate against each isolate.

To determine sensitivity, 10-fold dilutions of P. sojae gDNA (isolate P6497) ranging from 100 to 0.001 ng per μL were used as DNA templates in the RPA-LFD assay. nfH2O was used in no-template control (NTC) reactions. This RPA-LFD assay was repeated in triplicate for each concentration of gDNA template under the same conditions described above.



Detection of P. sojae in Artificially Inoculated Soybean Seedlings Using RPA-LFD

Seedlings of soybean cultivar Hefeng 47 were grown in a glasshouse at a day/night temperature of 25/20°C and a 16 h photoperiod. P. sojae isolate P6497 was cultured in rye grains mixed with 10% clarified V8 juice at 25°C in the dark for 3 days. Hypocotyls of 4-day-old soybean seedlings were wounded using a sterile inoculation needle. A P. sojae-colonized rye grain was placed on the wound site of each of three seedlings. A sterile grain was used for each of three non-inoculated seedlings. Hypocotyl tissues were then covered using parafilm to keep rye grains attached and maintain humidity. Development of symptoms was recorded daily. At approximately 72 h after inoculation, total gDNAs at the wounded site of hypocotyls were extracted as described above. Concentrations of gDNA extractions were measured using a NanoDrop 1000 spectrophotometer (Thermo Fisher Scientific, Wilmington, DE, United States) and adjusted to 10 ng per μL by adding nfH2O. The RPA-LFD assay was performed as described above using the hypocotyl total DNA extractions as templates. This experiment was repeated once. Purified gDNA (10 ng per μL) of P. sojae isolate P6497 and nfH2O were included in each repeat as a positive control and NTC, respectively.



Comparative Evaluation of Detection Assays Using Soybean Rhizosphere Samples

One hundred and thirty rhizosphere samples (0- to 10-cm depth) were collected from soybean fields in seven cities of the Heilongjiang Province in China, namely Daqing, Haerbin, Jiamusi, Jixi, Mudanjiang, Qiqihaer, and Yichun, from 2008 to 2014 (Table 3). After sampling, they were stored in 1-gallon Ziploc bags and transported in ice boxes to laboratories at Nanjing Agricultural University and Nanjing Forestry University. eDNAs were extracted from all samples and quantified as described above.

TABLE 3. Detection of Phytophthora sojae using a novel recombinase polymerase amplification-lateral flow dipstick (RPA-LFD) assay developed in this study, and three previously used methods including Loop-mediated isothermal amplification (LAMP), conventional PCR, and leaf-disc baiting on 130 rhizosphere samples collected from soybean fields in Heilongjiang Province, China.
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The RPA-LFD assay along with three previously described detection methods for P. sojae were comparatively evaluated using the same set of 130 samples. eDNAs were used as templates in the novel RPA-LFD assay, as well as LAMP (Dai et al., 2012) and conventional PCR (Wang et al., 2006) assays. In a modified leaf-disc baiting assay (Erwin and Ribeiro, 1996; Malvick and Grunden, 2004), rhizosphere samples were dried at room temperature for 3 days. Approximately 300 g of each sample was saturated by adding distilled water and maintained under the saturated condition at room temperature for 5 days. Thirty leaf discs of soybean cultivar Hefeng 47 (2 cm in diameter) were pressed onto the surface of each saturated rhizosphere sample and incubated at room temperature in the dark for 2 to 3 days. After incubation, leaf discs were placed onto PARP selective media (containing pimarcin, ampicillin, rifampicin, and pentachloronitrobenzene) to recover isolates. Each isolate of recovered Phytophthora species was examined for characteristic oospores of P. sojae. Representative isolates were identified by sequencing the internal transcribed spacer region (Cooke et al., 2000). Each detection method was repeated once against all 130 rhizosphere samples.




RESULTS


Specificity and Sensitivity of the RPA-LFD Aassay

In the evaluation of specificity, identical results were observed among three repeats of the experiments. All dipsticks had a visible control line, indicating valid tests. Test lines were visible on dipsticks using gDNAs of P. sojae isolates. No test lines were observed on dipsticks of other species or NTC (Figures 2, 3).
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FIGURE 2. Evaluation of specificity of the novel recombinase polymerase amplification-lateral flow dipstick assay using 11 isolates belonging to different pathotypes of Phytophthora sojae. Nuclease-free water was used in place of DNA templates in a no-template control (NTC). Dipsticks of the first repeat are shown, as results were identical among three repeats of the experiment.
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FIGURE 3. Evaluation of specificity of the novel recombinase polymerase amplification-lateral flow dipstick assay using Phytophthora sojae isolates and other oomycete and fungal species. Nuclease-free water was used in place of DNA templates in no-template controls (NTC). Dipsticks of selected isolates are shown. All results are listed in Table 1.



In sensitivity evaluation, all dipsticks had visible control lines. Test lines were visible on dipsticks correlating with 100, 10, 1, 0.1, or 0.01 ng of P. sojae gDNA template used per each RPA reaction. No test lines were observed on those with 0.001 or 0.0001 ng of gDNA, or NTC (Figure 4). The results at all gDNA concentrations were consistent among three repeats of the experiment.
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FIGURE 4. Evaluation of sensitivity of the novel recombinase polymerase amplification-lateral flow dipstick assay using 10-fold dilutions of genomic DNA (gDNA) of Phytophthora sojae isolate P6497 as templates. Nuclease-free water was used in place of DNA templates in a no-template control (NTC). Dipsticks of the first repeat are shown, as results were identical among three repeats of the experiment.





Detection of P. sojae in Artificially Inoculated Soybean Seedlings Using RPA-LFD

On the third day after inoculation, three inoculated seedlings had severe wilting with discoloration at wound sites. There was no discoloration on three wounded, non-inoculated hypocotyls, although a slight wilting might be observed. In the RPA-LFD assay, all dipsticks had visible control lines. Test lines were visible on three dipsticks with total DNAs extracted from inoculated hypocotyls, whereas no test lines were observed on those from three non-inoculated hypocotyls (Figure 5). Results were identical between two repeats of the experiment.
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FIGURE 5. Detection of Phytophthora sojae in artificially inoculated soybean seedlings using the recombinase polymerase amplification-lateral flow dipstick assay. Genomic DNA (10 ng) of P. sojae isolate P6497 was used as the template in a positive control (PC). Nuclease-free water was used in a no-template control (NTC). Dipsticks of the first repeat are shown, as results were identical between two repeats of the experiment.





Comparative Evaluation of Detection Assays Using Rhizosphere Samples

Detection results were identical between two repeats of the RPA-LFD, LAMP, and PCR assays. P. sojae was detected in 72 of 130 (55.4%) samples (Table 3) using the novel RPA-LFD assay. These 72 positive samples were collected from Haerbin (16 of 25), Jiamusi (8 of 19), Qiqihaer (15 of 23), Mudanjiang (10 of 21), Daqing (10 of 18), Jixi (8 of 14), and Yichun (5 of 10). Using the LAMP assay, 71 samples (54.6%) were detected as positive (Table 3). All 71 positive samples in the LAMP assay were also detected as positive in the RPA-LFD assay (Table 3). P. sojae was detected in one sample collected from Haerbin using the RPA-LFD assay, but not detectable using the LAMP assay. Using the conventional PCR assay, 61 samples (46.9%) were determined as positive. They were also positive in both RPA-LFD and LAMP assays (Table 3). The positive detection rate using PCR was lower than those of both isothermal amplification assays in each city (Table 3).

Phytophthora sojae was recovered from soybean leaf-disc baits deployed in 52 (40%) and 50 (38.5%) samples in two repeats of the experiment, at lower detection rates than other methods (Table 3). One sample collected from Haerbin and one from Qiqihaer were positive in the first repeat, whereas P. sojae was not recovered from these two samples in the second repeat of the experiment using the baiting method (Table 3).




DISCUSSION

Accurate and rapid detection of P. sojae in plants and soil is a critical step toward effective prevention and management of soybean root and crown rot and seedling damping-off. In this study, a novel method was developed to detect P. sojae using the RPA-LFD assay. Evaluations in the study determined this assay as specific to P. sojae. It was also found to be sensitive, detecting as low as 10 pg per μL of gDNA, and P. sojae in soil samples at a higher rate than three previously developed methods, namely LAMP (Dai et al., 2012), conventional PCR (Wang et al., 2006), and leaf-disc baiting. High sensitivity and specificity, and several other advantages make this novel RPA-LFD assay a potentially useful method in high-throughput testing under time- and resource-limited conditions.

Recombinase polymerase amplification assay in combination with LFD for the diagnosis of P. sojae shows a high degree of specificity. Although many previous methods were believed as P. sojae-specific when they were developed (Wang et al., 2006; Bienapfl et al., 2011; Haudenshield et al., 2017), their accuracy has been challenged by newly emerging pathogens (Rojas et al., 2017; Xiong et al., 2019), such as P. sansomeana (Hansen et al., 2009), another species pathogenic to soybeans, and phylogenetic sister taxa of P. sojae, such as P. melonis and P. vignae. Rojas et al. (2017) reported that an RPA assay targeting the mitochondrial atp9–nad9 region was specific to the genus Phytophthora and several species including P. sojae. This high specificity has also been found in the novel RPA-LFD assay targeting Ypt1 gene in this study. As demonstrated in the specificity evaluation, this novel RPA-LFD assay detected DNAs of P. sojae, while had no positive reactions to those of 24 other Phytophthora species, including P. sansomeana, P. melonis, and P. vignae (Table 1).

Sensitivity of RPA-LFD assay reported here is adequate if not higher than most previously developed methods. In the sensitivity evaluation using gDNA, the detection lower limit for this RPA-LFD assay was 0.01 ng (10 pg) in a 50 μL RPA reaction (Figure 4). It was at least 100 and 10 times more sensitive than a conventional PCR assay (Wang et al., 2006) and Ypt1-based LAMP assay (Dai T.T. et al., 2015), respectively, and equally sensitive as an A3aPro-specific LAMP assay (Dai et al., 2012). In the comparative evaluation using field soil samples, the RPA-LFD assay resulted in the highest detection rate of P. sojae among four evaluated methods (Table 3). The only higher sensitivity reported so far was 100 fg in a PCR-based method using a set of four SCAR primers (Xiong et al., 2019). However, RPA has the advantage in using fewer primers and special equipment, as well as its significantly shorter amplification time.

Several advantages make this RPA-LFD assay useful under time- and resource-limited conditions. First, RPA reaction does not require specialized equipment such as LAMP devices, PCR thermal cyclers, or electrophoresis systems. Second, RPA reactions could be performed within a wider temperature range between 25 and 45°C (James and Macdonald, 2015; Daher et al., 2016). In contrast, PCR-based methods require stringent control of various temperatures, while LAMP assays require a consistently high temperature for amplification, approximately 64°C. Third, the RPA-LFD assay is a time-saving diagnostic tool. This two-step assay only requires 20 min for RPA and less than 5 min for LFD detection. The reaction durations usually double for LAMP assays and are at least 90 min for PCR. Fourth, the RPA-LFD assay does not require a fluorometer to monitor the fluorescent signal. RPA results can be directly visualized on the dipsticks, making this method much simpler to operate than any other methods. Due to the rapid disease development and field-to-field spread of P. sojae (Erwin and Ribeiro, 1996), simplicity and time-saving are important merits of diagnostic tools, especially when disease prevent and pathogen eradication are urgent and a large quantity of samples are required to be processed. Fifth, RPA assays are more resistant to inhibitors such as host DNA as compared to other isothermal detection methods, such as LAMP, although false negative results can also occur (Rosser et al., 2015; Moore and Jaykus, 2017; Ahmed et al., 2018). In this study, total DNAs containing both pathogen and host gDNAs were extracted from P. sojae-inoculated soybean hypocotyls, while no false negative result was yielded (Figure 5). This finding indicated that inhibitory effects of soybean gDNA was unlikely involved in the present RPA assay.

A pipeline framework of developing a novel RPA-LFD assay for a specific Phytophthora species has been demonstrated in this study, including designing specific RPA primers, optimizing reaction conditions of RPA and LFD visualization, and evaluating the assay’s sensitivity and specificity. The unique sequence of the Ypt1 gene of P. sojae was targeted here, while other genetic markers could be utilized for developing isothermal amplification assays for P. sojae (Dai et al., 2012) and other plant pathogens. With the increasing availability of genome sequences, identification of species-specific markers has become easier and more affordable. For example, a comparative genomics approach has been applied for designing LAMP primers specific to Phytophthora cinnamomi (Dai et al., 2019). A similar approach has been used for developing a Pectobacterium species-specific RPA-LFD assay (Ahmed et al., 2018). It is not unexpected that additional RPA assays using a diverse of genetic markers will be developed for detecting an array of important Phytophthora species in the future.



CONCLUSION

A novel RPA-LFD assay was developed for the accurate, simple and rapid detection of P. sojae. The specific primers combination was determined by targeting the Ypt1 gene. The RPA-LFD assay could perform at the temperature range of 25–45°C within 25 min. This assay has several notable advantages. Only a primer pair plus a probe are required to detect trace amounts of DNA. Meanwhile, the amplicons could generate visible lines on LFD, while no gel electrophoresis is required. Additionally, sensitivity evaluation revealed that RPA-LFD assay could detect as low as 10 pg gDNA of P. sojae. Furthermore, the RPA-LFD assay successfully detected P. sojae in inoculated plant tissues and infested soil samples at higher rates than LAMP, PCR, and leaf-disc baiting methods. Based on the above findings, this RPA-LFD assay has great potential to be adapted as a routine test for detecting P. sojae, especially under time- and resource-limited conditions.
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Rice is a major staple food across the globe. Its growth and productivity is highly dependent on the rhizobiome where crosstalk takes place between plant and the microbial community. Such interactions lead to selective enrichment of plant beneficial microbes which ultimately defines the crop health and productivity. In this study, rhizobiome modulation is documented throughout the development of rice plant. Based on 16S rRNA gene affiliation at genus level, abundance, and diversity of plant growth promoting bacteria increased during the growth stages. The observed α diversity and rhizobiome complexity increased significantly (p < 0.05) during plantation. PCoA indicates that different geographical locations shared similar rhizobiome diversity but exerted differential enrichment (p < 0.001). Diversity of enriched genera represented a sigmoid curve and subsequently declined after harvest. A major proportion of dominant enriched genera (p < 0.05, abundance > 0.1%), based on 16S rRNA gene, were plant growth promoting bacteria that produces siderophore, indole-3-acetic acid, aminocyclopropane-1-carboxylic acid, and antimicrobials. Hydrogenotrophic methanogens dominated throughout cultivation. Type I methanotrophs (n = 12) had higher diversity than type II methanotrophs (n = 6). However, the later had significantly higher abundance (p = 0.003). Strong enrichment pattern was also observed in type I methanotrophs being enriched during water logged stages. Ammonia oxidizing Archaea were several folds more abundant than ammonia oxidizing bacteria. K-strategists Nitrosospira and Nitrospira dominated ammonia and nitrite oxidizing bacteria, respectively. The study clarifies the modulation of rhizobiome according to the rice developmental stages, thereby opening up the possibilities of bio-fertilizer treatment based on each cultivation stages.

Keywords: rhizobiome, Oryza sativa, environmental DNA, 16S rRNA gene amplicon metagenomics, next generation sequencing


INTRODUCTION

Soil comprises mineral particles of different shapes and sizes with distinct chemical characteristics and organic compounds in various stages of decomposition. Molecular studies suggest that soil harbor the highest biodiversity of organisms on Earth, approximately 1,000 Gbp of microbial genome sequences per gram of soil (Vogel et al., 2009). These microorganisms play important roles in maintenance of soil fertility, nutrient cycling, and carbon sequestration. The rhizosphere is the soil around living roots influenced by root activity (Hartmann et al., 2008); the chemical composition of the exudates, border cells and mucilage released by plant roots are important to signal and also establish the microbial community in this environment (Mendes et al., 2013). The rhizobiome can influence the plant directly and/or indirectly (Schnitzer et al., 2011), as seen by the PGPB (plant growth promoting bacteria), which acts synergistically on plant growth promotion and disease suppression (Liu et al., 2018). The microbial diversity present in rhizosphere of native and cultivated crops can be different due to the species-specific effects (Philippot et al., 2013). For example, the bulk microbiome is more complex than rhizobiome of Dendranthema grandiflora Tzvelev (chrysanthemum) (Duineveld et al., 2001), sagebrush (Gonzalez-Franco et al., 2009), and oak (Uroz et al., 2010). On the other hand, the opposite trend was observed for other plants, such as wheat (Donn et al., 2015), wild oat (Shi et al., 2016), and switch grass (He et al., 2017). Additionally, the root exudate composition changes during plant growth and influence microbial community assembly in the rhizosphere, as shown in Arabidopsis (Chaparro et al., 2014), soybean (Sugiyama et al., 2014), grapevine (Novello et al., 2017), and maize (Walters et al., 2018) rhizosphere. The microbial community assembly in rhizosphere is also determined by the abiotic and biotic factors influencing both natural and agricultural ecosystems (Philippot et al., 2013). Studies performed in greenhouse showed differences in the rice rhizobiome cultivated in soils with different fertilizer (Innes et al., 2004) and in rice-wheat rotation cultivation in the field (Wang et al., 2016).

Rice is the major stable food for more than half of the world’s population, and more than half of the supply comes from India and China (Muthayya et al., 2014). Due to the high consumption of this crop, rice paddies occupy around 11% of the arable land in the world. However, rice cultivation is responsible for 20% of total agricultural CH4 emission (Van Groenigen et al., 2011). High greenhouse-gas (GHG) emission occurs by the growth of methanogenic archaea present in the vicinity of rice roots (Neue, 1993). On the other hand, the increase of CO2 and temperature will elevate the CH4 emission, indicating a positive feedback loop. This suggests that higher photosynthetic rate results in an increase of substrates availability for the methanogenesis (Tokida et al., 2010). The release of CH4 (methane) into the atmosphere is further aided by the rice vascular system, which serves as a passage for a part of CH4 from soil to the atmosphere, bypassing the methanotrophic community (Hernández et al., 2015). The anaerobic conditions in paddy rice also preclude the nitrification, decreasing the NO3– production, and promoting the complete denitrification of NO3– to N2, resulting in low N2O emission (Verhoeven et al., 2018).

Although scientific understanding about the diversity and composition of soil microbiome can directly and/or indirectly influence a wide range of ecosystem processes, few efforts have been directed toward understanding the microbial biogeography (Fierer and Jackson, 2006). To address this question, we have undertaken a spatial and temporal characterization of rhizobiome and bulk soil from rice paddy using targeted amplicon-based (16S rRNA gene) metagenomic approach, and we posit the following predictions: the microbial community (i) is significantly different in bulk and rhizosphere soils, (ii) changes across the rice cultivation stages, and (iii) is distinct according to the geographical scale analyzed.



MATERIALS AND METHODS


Sampling and Environmental DNA Isolation

The rhizosphere and bulk soil samples were collected during the month of December 2016 to April 2017 in seven different India states (Table 1 and Supplementary Figure S1). All of them are situated in rural areas away from any industrial set up in the vicinity. All the sites practiced rice monoculture for more than 10 years and during off-season are kept as fallow land, and cow manure was used after plowing. Ammonium, phosphate, and sulfate (Potash, FACTAMFOS) were used during seedling stage. The rice rhizosphere soil was sampled in triplicates by pulling out the plant to collect the soil loosely attached to the roots from three different geographical sites in all growth stages: vegetative, reproductive and ripening. Moreover, bulk soil was also collected in pre-plow, post-plow, and after harvest stages. To investigate the relationships among the bacterial community similarity and geographical distance, additional samples were taken from vegetative, and post-plow stages in paddy fields in different sites in India (Table 1). All the samples were collected from upper 5 – 15 cm in 5 replicate subsamples, which were maintained in individualized sterile plastic bags. The environmental DNA was extracted using HiPurATM Soil DNA purification kit (HiMedia) following the manufacturer’s protocol. In order to increase the DNA yield, the bead-beating step was extended to 15 min, and incubation during elution step was extended to 30 min at 37°C. Soil pH was measured, and ammonia and nitrite were analyzed using 2M potassium chloride extract as described elsewhere (Klotz and Stein, 2011).

TABLE 1. Description of study sites.
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16S rRNA Gene Amplification and Next Generation Sequencing

The prokaryotic hypervariable V3–V4 region from 16S rRNA gene was amplified using the primers set Pro341F (5′ – CCTACGGGNBGCASCAG – 3′) and Pro805R (5′- GACTACNVGGGTATCTAATCC- 3′) (Takahashi et al., 2014). Equimolar quantities of PCR amplicon in replicates were pooled and sequenced using Illumina MiSeq platform at Eurofins Scientific (Bangalore, India). The raw fastQ files were uploaded to the metagenome rapid annotation using subsystem technology (MG-RAST) server (Meyer et al., 2008) and annotated using default parameters. Briefly, the pipeline removes low quality sequences having phred scores below 15 (Cox et al., 2010). Artificial duplicate reads were removed using DRISEE (duplicate read inferred sequencing error estimation) (Gomez-Alvarez et al., 2009). The sequences were annotated using the RDP (Ribosomal Database Project) database having a minimum cutoff identity of 60% and e-value of 5. All samples are publicly available at MG-RAST under the IDs provided in Supplementary Table S1.



Statistical Methods

The alpha diversity was estimated by observed richness, Chao1, and Shannon diversity. The diversity was estimated using Shannon (H′) index [H′ = −Σni/n ln (ni/n), where ni is the number of individuals in the taxon i and n is the total number of individuals], which is influenced by both species richness and evenness. Difference in alpha diversity in various growth stages was calculated using Kruskal Wallis. Rarefaction curves were plotted to estimate whether the sequencing depth is enough to wholly capture the microbial diversity. Statistical difference in bacterial composition based on plantation, cultivation stages and geographical locations was calculated using PERMANOVA (permutational multivariate analysis of variance using distance matrices) and Bray Curtis distance. The p values were based on 999 permutations, and the adonis function of vegan package was used. Taxonomical network was constructed in R (R Core Team, 2014) with a jaccard maximum distance of 0.05 and 0.5 through make_network function from phyloseq v1.16.2 package. Network visualization was performed in Gephi-0.9.2 (Bastian et al., 2009). The samples were clustered in two groups, cropped (vegetative, reproductive, and ripening stages) and uncropped (pre-plow, post-plow, and post-harvest steps).




RESULTS

Soil analysis for each growth stages showed a consistent pH of 4 – 6. Similarly, growth stages also had a little effect on nitrite concentration ranging from 0.8 to 1.2 μM having higher fluctuation between samples during the growth stages (Supplementary Figure S2). However, ammonia concentration was quiet distinguishable between uncropped (15 – 30 μM) and cropped (25 – 45 μM) stages showing almost 2× fold increase once the plant reached reproductive stage. High-throughput sequencing of the 16S rRNA gene amplicons generated more than 6.53 Gb, representing a total of 7.1 million reads. Over 207.825.194 bp of the total reads passed quality control (Supplementary Table S1). The high-quality reads were clustered using >97% sequence identity into 3856 microbial OTUs. The rarefaction curves reached a stable asymptote for all groups (Supplementary Figure S3). A significant portion of the microbiome fell under uncultured/unclassified taxa (Supplementary Table S2).


Soil Microbial Community Differs in Rhizosphere Across Rice Cultivation

Twenty-eight phyla were obtained from all groups (Supplementary Figure S4) and the most abundant were Proteobacteria (25.69 ± 13.92%), Firmicutes (20.82 ± 8.69%), Actinobacteria (16.68 ± 5.93%), and Acidobacteria (13.28 ± 10.47%). The rhizosphere had a higher number of genera (n = 844) than the bulk soil (n = 735), and both of them shared 79.36% of these genera (n = 700) (Figure 1A). Twenty-three genera showed more than 1% of occurrence from any sample (Supplementary Figure S5). The most abundant genus from rhizosphere group was a Candidatus Koribacter (7.5–18.6%) while the most frequently found genus in bulk soil samples was Ktedonbacter (13.4%). Measures of within sample diversity (alpha diversity) showed a gradient from bulk soil to rhizosphere samples; however, the difference in alpha-diversity could not be considered statistically significant (Table 2). PERMANOVA analysis showed that the community composition of the bulk soil was statistically different (Table 3) and higher complex network structure than rhizosphere (Figures 1C–E). Pairwise comparison of community dissimilarity variances showed that significant differences between post-plow to ripening and post-plow to post-harvest groups (Table 4). The community structure was also statistically different considering geographic location (Table 3), which was corroborated by weighted unifrac PCoA (principal coordinates analysis) (Figure 2B). On the other hand, unweighted PCoA analysis showed the separation of rhizosphere and bulk soil samples irrespective of geography, indicating similarities in the microbial composition instead of abundance (Figure 2A).
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FIGURE 1. (A) Venn diagram of cropped and uncropped microbiome shows a high similarity of abundance. (B) Genera with more than 10 folds enrichment in rhizobiome. (C,D) Number of nodes and edges for 0.5 and 0.05-jaccard distance, respectively. (E) 0.05 jaccard distance network complexity map.



TABLE 2. Pairwise comparisons of alpha diversity between each stage.
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TABLE 3. Permutational multivariate analysis of variance using distance matrices (PERMANOVA) of bulk and rhizosphere microbiome compared to cropping, growth stages and location.
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TABLE 4. Significant differences in microbial community among the groups using ANOSIM.
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FIGURE 2. PCoA rhizobiome analysis of different cultivation stages and location using (A) unweight unifrac shows clustering of cropped samples irrespective of location and cultivation stage. In contrast, (B) weight unifrac PCoA shows culturing majorly based on location implying that the diversity is relatively similar, but not abundance, among the samples during cropped stages.





Growth Stage-Dependent Variations in Microbial Community

All genera (n = 34) that were significantly (p < 0.05) altered in pre-plow stage were suppressed (Figure 3D). Similarly, several genera were suppressed in post-plow stage, except for Kibdelosporangium, Heliophilum, and Oceanimonas (Figure 3E). During vegetative stage, number of enriched genera increased further (n = 11) while the percentage of the depleted genera reduced (39%) (Figure 3F). The richness and abundance of enriched genera increased while the percentage of the down-regulated genera reduced with plant growth (Figures 3C–I). Interestingly, majority of the genera that experienced significant changes during plant growth were up-regulated while those genera with significant changes before plantation or after harvest were depleted. In order to catalog rhizobiome growth stage-dependent enriched genera in each location, all genera having above 1% abundance in any cultivation stage were screened to obtain the dominant genera and a heatmap was constructed (Supplementary Figure S6). In line to the weight PCoA, rhizobiome enrichment had more difference than similarities among the location. Several genera such as Ca. Koribacter, Ca. Solibacter, Clostridium, Pseudonocardia, Geoalkalibacter, Saccharopolyspora, and Acidobacterium were enriched commonly during the plantation in all locations. However, among those common genera, there was no consistent enrichment patterns with respect to growth stage between the locations. For instance, Ca. Koribacter was enriched during vegetative and ripening stage at site KK, while the same genus was enriched during reproductive stage and post-harvest stage for site KC and KV, respectively. Similarly, Ca. Solibacter was enriched during all the cultivation stages at site KK and KV while it was enriched majorly at reproductive stage in site KC. The highly abundant genus, Ktedonobacter, was depleted gradually as the cultivation progressed at site KK and KC, which was re-enriched only after post-harvest. However, it was enriched at site KV during post-harvest, as well as vegetative stage.
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FIGURE 3. Growth stage-dependent selective enrichment (A) at genus level of the top 10 most abundant genera from each cultivation stage. (B) Enrichment and depletion on a larger time frame (cropped vs. uncropped). (C–I) Growth stage-dependent genus enrichment and depletion (p < 0.05). Blue color denotes enrichment, red color denotes depletion.





Methane Metabolism and Nitrification

Eighteen methanogen genera were found in all samples, which accounted for 0.96 – 1.35% of overall abundance in each stage. The abundance rose sharply post-plow probably due to the application of organic cow manure, and declined with plant age until post-harvest. Dominant genera were Methanosaeta, followed by Methanobacterium and Methanocella (Figure 4A and Supplementary Figure S7). Archaeal genera belonging to type I and type II methanotrophs were present throughout the cultivation. Abundance of Methanosarcina was constant until vegetative period, decreased at reproductive (p < 0.046), and increased at ripening stage (p < 0.046). Methermicoccus abundance increased at ripening stage and decreased after harvest. Predominant methanotroph genera belonging to first group were Methylococcus and Methylocaldum, while Methylocystis and Methylosinus were predominant in the second group (Figure 4B and Supplementary Figure S8). There was a significant (p = 0.003) difference between type I and type II methanotroph abundance. Methanotrophs belonging to the Verrucomicrobial phylum, previously considered as extremophiles, were also enriched during the cropped and post-harvest stages. Ammonia concentration increased significantly at reproductive stage, including ripening and post-harvest (26 – 48 μM) in contract to the initial growth stages (19 – 28 μM). However, no significant differences were observed between bulk soil and rhizosphere groups based on either ammonia or on nitrite concentration (Supplementary Figure S9). AOA (ammonia-oxidizing Archaea) dominated over AOB (ammonia-oxidizing bacteria) throughout the cultivation ranging from 3 to 30 folds (p = 0.003) (Figure 4C). Genera Candidatus Nitrosocaldus and Nitrosospira were the dominant members of AOA and AOB, respectively. Within the nitrite oxidizers, Nitrospira was the most dominant followed by Nitrobacter and Nitrococcus (Figure 4D). Type I methanotrophs, nitrite oxidizers, and AOA showed a similar pattern during the ripening stage having reduced abundance while AOB increased.
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FIGURE 4. Rhizobiome composition and diversity of (A) methanogens, (B) methanotrophs, (C) ammonia oxidizers, and (D) nitrite oxidizers in a stage wise manner shows differential enrichment within respective niche throughout the cultivation.






DISCUSSION


Alpha Diversity Increases Gradually in Cropped Rhizosphere During Plantation

Higher alpha diversity have been reported in rhizosphere, rather than bulk soil, of rice (Edwards et al., 2015), maize (Yang et al., 2017), and cotton (Qiao et al., 2017). In contrast, studies have also highlighted higher alpha diversity in bulk soil, rather than rhizosphere, in maize (Peiffer et al., 2013), soy plant (Wang P. et al., 2017), and annual grass Avena fatua (Shi et al., 2015). Cultivation practice such as rotation crop system of alfalfa-rice, wheat-rice (Lopes et al., 2014) and continuous monocropping of black pepper (Xiong et al., 2015) exhibited higher alpha diversity in uncropped soil. Vegetative stage of rice rhizosphere during flooded condition had higher alpha diversity compared to reproductive (matured) stage (Pittol et al., 2018). Such contrasting literature shows a missing gap between rhizosphere and bulk soil alpha diversity. In this study, gradual increase of alpha diversity was observed with plant age irrespective of location or genotype (Figures 5A–C). During the reproductive and ripening stage, the alpha diversity had the lowest standard deviation indicating a stable diversity. Alpha diversity between any two consecutive stages didn’t show significant difference (P > 0.05) (Table 2). However, comparison of alpha diversity between rhizosphere and uncropped soil showed statistically significant difference in observed alpha diversity (P < 0.05). This indicates that the enrichment in rhizosphere alpha diversity is a gradual process with no significant changes from one cropping stage to another, however, the changes are prominent when viewed at a larger timeframe i.e., cropped vs. uncropped.


[image: image]

FIGURE 5. Growth stage-dependent (A) richness, (B) Shannon, and (C) evenness represented in box plot.





Rhizosphere Microbial Community Is Diverse and Complex Yet Specialized

Denaturing gradient gel electrophoresis (DGGE) studies on Dendranthema grandiflora Tzvelev (chrysanthemum) have indicated rhizosphere as a subset of bulk soil (Duineveld et al., 2001). These observations are further backed up by NGS based metagenomics studies on soybean (Mendes et al., 2014) having lesser network complexity in the rhizosphere relative to bulk soil. However, rhizosphere of wheat and wild oat had microbial diversity increased with plant age (Donn et al., 2015) and markedly more complex than the surrounding bulk soil although the diversity was decreased (Shi et al., 2016). Cultivation of switch-grass also showed an increased microbial network structure in rhizosphere (He et al., 2017). In this study, community co-occurrence network was highly dependent on the threshold maximum distance between the nodes. The number of nodes (vertices), as well as the edges (links) of the co-occurrence network increased with plant growth with a strong correlation (r = 0.9, p < 0.03) between nodes and edges when the maximum jaccard distance between the nodes were set to 0.5. Although the number of nodes remained similar pre and post-plow (Figures 1C–E), the edges increased ∼1.5 folds post-plow indicating the increased association among the genera. During the cultivation period, the complexity (nodes and edges) increased in every succeeding stage, which continued until after-harvesting stage corroborating to the high alpha diversity. High correlation was found between the number of nodes and edges against alpha diversity (r = 0.58 – 0.95; p = 0.003 – 0.066). In contrast, network map having maximum distance of 0.05 had number of nodes as well as edges decreased significantly during the cropped stages (Figures 1D,E and Supplementary Figure S10). The contrasting observation in network map indicates that the microbial network in rhizosphere constitutes a higher number of complex relationships compared to the bulk soil; however, they share a lower number of strong linked relationships. This decline of strong linked relationships could be due to selective enrichment of beneficial microbes exerted by the root exudates which leads to partial depletion of non-beneficial microbes. This also indicates that the cropped and uncropped soil samples shared a common pool and the selective enrichment is highly regulated by the root exudates. In support of this, Venn diagram of the cropped and uncropped samples indicated that the number of genera unique to cropped stages increased; however, they constituted merely 0.626% of the overall abundance (Figure 1A). Meanwhile the common genera (n = 700) between cropped and uncropped stages accounted for over 99% of the abundance. A closer look at each genus showed high enrichment of selected genus (Figure 1B). This indicates that the rhizosphere microbiome, in addition to high diversity and complexity, is highly selective in rhizobiome recruitment.



Geography Influences Community Abundance

Physiological factors such as growth stages have shown relatively weak influence over determination of the rice rhizobiome and highlighted the importance of geography in shaping the rice rhizosphere microbial community (Edwards et al., 2015). However, in such studies, the geographical location distances were relatively small and hence a larger variation is required as a confirmatory study. Hence, metagenome from after-plow and vegetative stages were selected from each location in Kerala and compared to metagenomes of similar growth stages from locations separating thousands of miles apart in order to have a large variation in geography. India, being a sub-continent, has tremendous variation in geography, the climatic condition across such distance exhibits a considerable variation. Weighted UniFrac PCoA analysis showed clustering of samples based on geography (Figure 2B). However, an unweighted UniFrac PCoA plot clearly clustered the cropped stage irrespective of location (Figure 2A). The disparity between the PCoA plots could suggest that the microbial diversity in rice rhizosphere is influenced by the plant and remains relatively similar in spite of different location. However, their abundance is highly influenced by environmental factors due to the differential enrichment based on the environment. Similarly, unweighted UniFrac distances of maize rhizobiome had strong similarity deepened with plant age (Walters et al., 2018). In agreement to the PCoA, ADONIS analysis revealed location (R2 = 0.468 ± 0.049; p < 0.05) (Table 3) as the major determinant of the microbial community followed by plantation and growth stages. The strong influence of geography in shaping the community structure is in line with previous studies which state that the soil type and soil development stages had a major role compared to the plant effect (Mapelli et al., 2018). Further visualization of the dominant genera diversity and abundance (>1% abundance in any cultivation stage) in heatmap showed clear difference, albeit with some similarities, for each location, and cultivation stage (Supplementary Figure S6). Enriched dominant genera common to all location included Ca. Koribacter (nitrogen metabolism) (Júnior et al., 2019), Ca. Solibacter (nitrogen metabolism), Clostridium (nitrogen-fixing) (Doni et al., 2014), Pseudonocardia (siderophore production), Geoalkalibacter (syntrophic organic matter degradation) (Neveling et al., 2017), Saccharopolyspora (phosphate-mineralizing) (Franco-Correa and Chavarro-Anzola, 2016), and Acidobacterium (indole-3-acetic acid production) (Kielak et al., 2016b). Their prevalence could be because of the symbiotic association with the plants. For instance, in addition to IAA production, Acidobacterium spp. are able to reduce Fe3+ (ferric) to Fe2+ (ferrous) (Kielak et al., 2016b) which can be taken up by the plant.



Rhizobiome Enrichment Is Strongly Linked to Plant Development

Abundance of ten top most abundant genera from each cultivation stage decreased during the cultivated stages as compared to uncultivated stage (pre-plow and post-harvest) (Figure 3A). The combined dominance of the top 10 most abundant genera during cropped stages reduced providing room for higher microbial diversity and complexity. Ca. Koribacter (14.61 ± 5.57%), Ktedonobacter (10.02 ± 3.56%), Ca. Solibacter (5.75 ± 2.51%), and Peptoniphilus (4.57 ± 1.68%) were among top 4 genera which consistently dominated in all the stages. Sharp differences in enrichment and depletion of the genera were prominent when the dominance was compared from one growth stage to another. Ca. Koribacter and Ca. Solibacter were enriched during the cropped stages while Ktedonobacter and Peptoniphilus were depleted. Ca. ndidatus Koribacter and Ca. ndidatus Solibacter possess large genomes with several gene duplications and paralogs obtained through horizontal gene transfer (Challacombe et al., 2011) and adapted to nutrient limited conditions (Eichorst et al., 2011), as well as to acidic soil (Grza̧dziel and Gała̧zka, 2018). High abundance of Ca. Koribacter and Ca. Solibacter were also reported in several soil (Navarrete et al., 2013; Júnior et al., 2019). However, their ecological functions is poorly understood due to lack of pure representative culture (Kielak et al., 2016a). Nonetheless, genomic insights have indicated that Ca. Koribacter and Ca. Solibacter are oligotrophic K-strategist have a strong role in reduction of nitrite and nitrate which helps in Nitrogen cycle (Fierer et al., 2007; Ward et al., 2009). Ca. Solibacter have a versatile genome which is adapted to breakdown complex recalcitrant organic compounds and carbohydrates and provides a suitable environmental condition for other microbes (Pearce et al., 2012; Rawat et al., 2012; Rime et al., 2015; Li et al., 2018). Previous reports have also highlighted their abundance in rhizosphere of black pepper (Umadevi et al., 2018), Panax notoginseng (Tan et al., 2017) and rice rhizosphere (Lopes et al., 2014). In line with previous report, Ca. Solibacter was positively correlated to rice cropping. Ktedonobacteria belonging to the Chloroflexi phylum were also highly abundant. However, their abundance depleted during cropped stages. Ktedonobacter were linked to tobacco disease since Ktedonobacter are non-nitrogen fixers which may compete with the microbial community for nitrogen source (Niu et al., 2016). However, in the pinus rhizosphere, Ktedonobacter were postulated to play a critical role in maintaining the microbial community structure (Wang et al., 2018). The genus Peptoniphilus under Firmicutes phylum was also found to decrease during cropped stages. Peptoniphilus has not been linked to plant rhizosphere to the best of our knowledge; however, there are several clinical reports of Peptoniphilus on human intestinal occlusion (Cobo et al., 2017), bloodstream infections (Brown et al., 2014), and various cancers (Shilnikova and Dmitrieva, 2015).

In order to study the patterns of genera having significant (p < 0.05) changes during cultivation stages, the rhizobiome enrichment in a stage wise manner was analyzed by identifying the entire genera which differed significantly (p < 0.05). A trend was observed in both enrichment as well as depleted microbes in a stage wise fashion (Figures 3C–I). Gradual enrichment was observed in the initial stages of cultivation followed by exponential increase between the vegetative and reproductive stage. This was followed by the formation of a plateau, which declined sharply after harvesting. This is expected since root exudates of rice as well as other plants have been documented to change according to plant maturity (Aulakh et al., 2001). Hence, the recruitment of beneficial microbes in the rhizosphere would vary as the plant matures. In addition, secondary metabolites from the rhizobiome aids in crosstalk with the microbes which further stimulates to secrete favorable exudates (Lareen et al., 2016). Such mutualistic relationship is necessary to avail several essential elements for plant development. For instance, bioavailability of phosphate in soil is critical for plant growth due to its role in morphological and physiological functions such as energy storage and transfer, cell division, root elongation, and photosynthesis, etc. (Yulianti and Rakhmawati, 2017). However, available forms of phosphate even in fertile soil is generally low at sub-micromolar levels (Arif et al., 2017). Phosphate solubilizing bacteria plays a critical role in solubilization of various phosphate compounds making it available to the plants (Arif et al., 2017), counteract soil calcification (Adnan et al., 2017), and enrich microbial diversity (Wang J. et al., 2017). Plant hormones are one of the major determinants of rooting and shooting (Habib et al., 2016), enhances drought resistance (Jung et al., 2015), up-regulates nitrogen fixation (Defez et al., 2017), and as bio-fertilizers (Shahzad et al., 2017). Such reprograming and cross talk between rhizobiome and plant leads to selective enrichment of beneficial microbes. Consistent with this, majority of the enriched dominant genera (p < 0.05, relative abundance > 0.1%) during the growth stages were PGPB involved in sulfur and nitrogen cycle as well as production of metabolites that aids in plant growth such as siderophore, IAA, ACC, phosphate solubilization, and antimicrobials. Similarly, further analysis between all the cropped stages vs. uncropped stages yield 143 genera (p < 0.05) (Supplementary Table S3) out of which 25 genera had relative abundance higher than 0.1% (Figure 3B). All the enriched genera (n = 19) related to IAA, ACC, siderophore, phosphate solubilization, etc. were represented during cropped stage while the suppressed genera (n = 6) were dominant in uncropped stage. Similar observations were made on soybean rhizosphere having higher abundance of plant growth promoting rhizobacteria in a stage dependent manner (Sugiyama et al., 2014). Enrichment of the rhizobiome was pronounced during the cropped stages and weaker during the off cultivation stages (Figure 3C). A strong correlation (r = 0.99; p = 0.02) was also observed between the number of enriched and suppressed genera during the growth stages. Previous studies have hypothesized that the high diversity and abundance of PGPB in the rhizosphere could decrease the non-PGPB due to the intense competition for resource and interference in the microbiome network.



Aceticlastic Methanogens Dominate Rice Rhizosphere

Methane is a candidate for renewable energy source having high yield per mass unit (55.7 kJ/g) and burns cleaner than the fossil fuels (Richards et al., 2016). Hence, it holds a promising position in the energy industry. However, methane is 25 folds more potent greenhouse gas than CO2 (Yvon-Durocher et al., 2014). It is also the second most abundant greenhouse gas. Rice paddy contributes a significant amount of CH4 emission into the atmosphere (Smith et al., 2007) due to the ideal anoxic condition brought about by the prolonged waterlogged irrigation system. Methanogenesis is exclusively carried out by methanogens belonging to Archeal domain mainly by using H2/CO2 (cytochrome-lacking hydrogenotrophic methanogens) or acetate/methylated compounds as substrates (cytochrome-containing methylotrophic methanogens) (Vaksmaa et al., 2017). Methane emission in rice paddy is directly correlated to abundance of methanogen (Singh et al., 2017). Hence, in this study, microbial community of methanogens were investigated. Abundance of methanogens consistently declined until harvest (Figure 4A). Soil ammonium concentration analysis indicated an opposite trend to methanogens; ammonium concentration as well as AOA/AOB relative abundance increased with plant age (Figure 4C and Supplementary Figure S2). Nitrification produces NOx– compounds which are partly taken up by the roots and the rest diffuses into the surroundings having adverse effect on methanogens (Banihani et al., 2009). In addition, methanogens require anaerobic condition for methanogensis. Hence, they are generally found with increased depth of 30–200 mm (Lee et al., 2015). We observed that the rice paddy methanogens mainly consisted of the Methanosaeta, Methanocella, and, Methanobacterium throughout the cultivation. Similar abundance has also been found in the rice paddy from South Korea, Philippine, Italy, and China (Lee et al., 2014; Breidenbach and Conrad, 2015; Hernández et al., 2015; Vaksmaa et al., 2017; Wang et al., 2018; Yuan et al., 2018). Methanosaeta was the most dominant methanogen in this study. It is capable of acetoclastic pathway for CH4 production and exhibits high affinity to acetate even at low concentration (Rotaru et al., 2014). Previous study from Indian rice paddy during cultivation has also reported the dominance of methanogenesis through acetoclastic pathway (Singh et al., 2012; Bhattacharyya et al., 2016). The second and third most abundance methanogen Methanocella and Methanobacterium, respectively, belongs to hydrogenotrophic methanogens. Methanocella belongs to the order Methanocellales which were formerly regarded as rice cluster I (RC-I) (Lü and Lu, 2012). They were found to produce CH4 from rice photosynthates (Lu and Conrad, 2005) and have adaption in low H2 environments (Liu et al., 2014).



Type II Methanotrophs Are Less Diverse Yet More Abundant Than Type I

Methanotrophs resides in the rhizosphere owing to the sub-oxic zones created by the rice exudates. Methanotrophs are responsible for oxidizing at least half of the methane produced by methanogens before it is released to the atmosphere (Thauer, 2010). Hence they have been considered as a CH4 biological sink under aerobic as well as anaerobic condition (Leng et al., 2015). A strong pattern was observed in type I Methanotrophs being enriched with plant age until the drainage of logged water (Figure 4B). Similar to previous report from Indian rice paddy (Pandit et al., 2016b), a high diversity of type I methanotrophs were observed (Rahalkar et al., 2016; Pandit et al., 2018). Unlike type II Methanotrophs, type I methanotrophs have atmospheric nitrogen fixing capability and derive nitrogen from atmospheric N in the absence of other N sources (Noll et al., 2008). Hence, selective enrichment by root exudates could establish a symbiotic relationship due to the nitrogen fixing properties of type I Methanotrophs. However, genus Methylocystis (type II methanotrophs) was the most abundant among the methanotrophs (Figure 4B). Various other studies have observed similar dominance of Methylocystis in India (Pandit et al., 2016a), China (Liu et al., 2017), Taiwan (Shiau et al., 2018), and South Korea (Lee et al., 2014). This could be due to its survival physiology in dry environment during the off season by forming desiccation-resistant cysts (Pandit et al., 2016a). It can also be attributed to the dual nature of Methylocystis to obtain carbon from methane as well as acetate (Leng et al., 2015). On a broader view, similar to previous studies (Lee et al., 2014), type II-Methanotrophs didn’t show any significant enrichment with plant age. In vitro studies by have shown that type II Methanotrophs were inhibited in paddy soils by ammonium treatment possibly due to the substrate competition between methane monooxygenase and ammonia monooxygenase (Reay and Nedwell, 2004) and also by the toxicity of ammonia oxidation byproducts such as hydroxylamine and nitrite (Saari et al., 2004). However, the negative effect of ammonia could also be counteracted to some extent by the end product of ammonia oxidation, nitrate, which stimulates the growth of both type I, and type II Methanotrophs (Hu and Lu, 2015). Genus Methylacidiphilum under phylum Verrucomicrobia was found throughout the cultivation (Figure 4B). Methylacidiphilum have also been recently reported in Italian paddy soil (Vaksmaa et al., 2017). This genus is of special interest because they are the most acidophilic methanotrophs which was originally discovered from a geothermal ecosystem (Op den Camp et al., 2009). They can thrive at pH 2 (Islam et al., 2008) and found mostly in extreme conditions such as geothermal environment and volcanic soil (van Teeseling et al., 2014). Its presence in paddy soil hints toward the need to understand its role in the rice paddy methane oxidation (Hou et al., 2008). Overall, type I methanotrophs showed a higher diversity (n = 12) than type II Methanotrophs (n = 6) yet type II methanotrophs had a significantly higher abundance (p = 0.003).



AOA Abundance Dominates Over AOB in Flooded Rice Paddy

AOA was represented several folds higher than AOB in all the cultivation stages (Figure 4C). In line to our observation, meta-analysis of East Asian paddy soils have found similar dominance of AOA over AOB in acidic as well as alkaline paddy soils (Mukhtar et al., 2017). AOA have been shown to be highly adaptive in microaerophilic condition (Wang et al., 2015) and greatly influence by the rice root exudates (Chen et al., 2008). We found that within AOA community, Nitrosocaldus cluster dominated the paddy soil. Nitrosophaera cluster was the 2nd most dominant group in our study. However, Nitrosophaera cluster was the most dominated within AOA community in several studies from China (Chen et al., 2008; Ke et al., 2013; Wang et al., 2015; Lu et al., 2018) and East Asian paddy soils meta-analysis (Mukhtar et al., 2017). The disparity between our study and literature could be attributed to the major difference in PCR primer. Previous studies have implemented the widely used Archaeal amoA gene primers which has several mismatch base pairs to Nitrosocaldus cluster (Ke et al., 2013). Hence, comparative analysis of amoA based literature should be taken with precaution. As for AOB community, Nitrosospira was the most dominant. Similar observation were found in alkaline as well as neutral paddy soil from China (Chen et al., 2008; Lu et al., 2018), Japan (Bowatte et al., 2006), East Asian paddy soils meta-analysis (Mukhtar et al., 2017). AOA has been found to be dominating in acidic soils (pH < 5.5) (Liu et al., 2013). They are also highly adaptive to low ammonia concentration having highest affinity toward ammonia among all ammonia oxidizers and tolerate sub-oxic condition created in the rhizosphere through the oxygen leakage from root surface and diffusion of atmospheric oxygen (Wang et al., 2015). In addition, AOA has also been reported to thrive in wet environment (Hu et al., 2015). Corroborating to this, AOA abundance increased sharply after-plow which declined after drainage during pre-harvest stage indicating that the flooded water irrigation system favors AOA. Candidatus Nitrosocaldus genus (AOA) was the most dominant among all ammonia oxidizers. AOB abundance increased gradually with plant growth till pre-harvest stage (Figure 4C). Hence, AOB were less affected by the change in the flooded condition. AOB are known to thrive in high ammonium concentration (Jia and Conrad, 2009). Within AOB, Nitrosospira was the most dominant and follows a K strategy having high affinity to low ammonia concentration (Zhang et al., 2016). Overall the diversity of AOA (n = 3) as well as AOB (n = 4) was low. Previous study (Han et al., 2018) has noted that the diversity of ammonia oxidizers is minimum in long-term water input. Since the sampled geographical location experiences wet tropical climate, the low diversity of ammonia oxidizers is expected. Within the nitrite oxidizing bacteria, Nitrospira genus was found to be most abundant (Figure 4D). Nitrospira play a major role in terrestrial ecosystems and withstand high concentration of nitrite (Han et al., 2018). Nitrospira are fast-growing K-strategists having high affinity to substrate even at low nitrite and oxygen concentrations having resistance to ampicillin and Acriflavine. It has been postulated that the high efficiency of Candidatus Nitrospira defluvii could be due to its unique presence (found only in Nitrospira, Nitrospina, and Anammox bacteria) of nitrite oxidoreductase, a key enzyme in NO2– oxidation, in periplasmic region rather than cytoplasm. This orientation favors the generation of more proton-motive force per nitrate oxidized (Rodríguez et al., 2015).




CONCLUSION

16S rRNA gene amplicon based metagenomic analysis of rice bulk soil and rhizobiome was carried out at different cultivation stages showing sharp distinction in the alpha diversity and enrichment as the plant matured. The rich network complexity during the plantation points out the enormous diversity of microbes, which can be harnessed not only for improved plant health as bio-fertilizer but as a reservoir of novel enzymes and metabolites yet to be explored. Looking at an ecological point of view, it is counterintuitive to find that the methanotrophs declined with plant growth in the rhizobiome. However, methanogensis at the higher depth rhizosphere would be interesting to investigate further in Indian paddy rice irrigation system. In addition, the higher abundance of AOA over AOB further adds to the evidence that AOA dominates the ammonia oxidation in a majority of ecosystems.

Although the analysis of microbial community through 16S rRNA gene amplicon based metagenomic is a powerful tool and provides a significantly larger view as compared to DGGE or traditional culture based techniques. However, it comes with certain limitation. Firstly, such technique relies on the relative abundance rather than absolute abundance of the microbial community. Recent reports as per Naylor et al. (2017) and Fitzpatrick et al. (2018) have indicated that the relative abundance from such high throughput data could reflect the absolute abundance fluctuation. Secondly, the functional potential of the microbial community analyzed based on genera could have multiple outcomes based on the species and strains. Thirdly, 16S rRNA gene amplicon based metagenomic relies on the use of primers for amplification of the 16S rRNA gene, which could introduce biases. However, Ibarbalz et al. (2014) reported that despite the 16S rRNA gene amplification bias, it provides a strong quantitative and qualitative information of the microbial community yet the archeal community such as methanotrophs, methanogens, and ammonia oxidizers could be under represented (Raymann et al., 2017).
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The capacity of rhizoshere bacteria to influence plant hormonal status, by bacterial production or metabolism of hormones, is considered an important mechanism by which they promote plant growth, and productivity. Nevertheless, inoculating these bacteria into the plant rhizosphere may produce beneficial or detrimental results depending on bacterial effects on hormone composition and quantity in planta, and the environmental conditions under which the plants are growing. This review considers some effects of bacterial hormone production or metabolism on root growth and development and shoot physiological processes. We analyze how these changes in root and shoot growth and function help plants adapt to their growth conditions, especially as these change from optimal to stressful. Consistent effects are addressed, along with plant responses to specific environmental stresses: drought, salinity, and soil contamination (with petroleum in particular).
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Introduction

The capacity of some rhizosphere bacteria (so-called plant growth promoting rhizobacteria—PGPR) to promote plant growth under stressful environments (drought, salinity, suboptimal temperature, toxic metals, pollution with organic substances of man-made origin) is attracting increasing attention (Belimov et al., 2009a; Gerhardt et al., 2009; Paul and Lade, 2014; Vejan et al., 2016; Backer et al., 2018). Microorganisms can directly influence plant growth by synthesizing growth-stimulating hormones (Spaepen and Vanderleyden, 2011; Kudoyarova et al., 2015a; Shi et al., 2017) and metabolizing growth-inhibitory hormones (Belimov et al., 2009a; Glick, 2014). The importance of hormones in mediating such plant/microbe interactions has been highlighted by experiments showing that inoculation with PGPR causes pivotal changes in plant expression of hormone-mediated genes (Lara-Chavez et al., 2015; Ambreetha et al., 2018; Jatan et al., 2018). Changes in plant hormonal status may result from either microbial consumption or production of hormones, or changes in plant hormone metabolism in planta (Dodd et al., 2010) that may be induced by volatile substances synthesized by microorganisms (Zhang et al., 2007). In turn, plant hormones such as auxins (Spaepen and Vanderleyden, 2011) affect microbial gene expression following their addition to culture media.

Hormones produced by PGPR are mostly related directly to plant growth promotion, while other effects of PGPR (their capacity to improve mineral nutrition and plant resistance to pathogens and abiotic stress) are considered independently from microbial effects on plant hormonal system in other reviews. Meanwhile, the effects of PGPR on plant hormonal regulation are important not only in directly promoting plant growth, but also in other aspects of PGPR action on plants, such as improving mineral nutrition or plant resistance to biotic stresses. Plant hormones regulate vitally important processes in plants such as mineral nutrition, water relations, resistance to pathogens, and antioxidant functions. Thus, hormone-mediated stimulation of root growth can improve mineral nutrition and water relations (Kudoyarova et al., 2015b and references therein). Furthermore, hormone-mediated stimulation of plant antioxidant systems, such as catalase, ascorbate peroxidase (Zavaleta-Mancera et al., 2007), and CuZn-superoxide dismutase (Tyburski et al., 2009) enzymes, helps protect plants against oxidative stress, which accompanies most detrimental environmental factors (Xia et al., 2015). PGPR can also improve plant mineral nutrition by fixing atmospheric nitrogen or solubilizing phosphates, thereby indirectly affecting phytohormone concentrations in planta, since plant hormonal status partially depends on the availability of mineral nutrients (Kudoyarova et al., 2015b and references therein). Thus the capacity of rhizosphere bacteria to influence plant hormonal status is likely involved in most known mechanisms of growth promoting action by PGPR.

However, PGPR effects on plant hormone systems may be either beneficial or detrimental for plants depending on their growth environment, with much literature indicating that inhibition (and not promotion) of plant growth protects plants against stress factors (Chapin, 1991; Chaves et al., 2003; Achard et al., 2006; Bechtold and Field, 2018). This review aims to assess whether the outcome of microbial effects on plant hormonal system changes according to whether plants are grown under either optimal or stressful environments. Special attention is paid to plant/microbe interactions when the soil dries, is salinized, or is contaminated with petroleum. This information may help choose optimal PGPR traits for their use in certain environments. PGPR effects on plant hormonal status is discussed with attention focused on auxins, cytokinins, abscisic acid (ABA) and ethylene. Although PGPRs can produce other plant hormones (e.g. gibberellins or jasmonates), those are not included in this review and interested readers may find information about them in corresponding reviews (Bottini et al., 2004; Van der Ent et al., 2009). Nevertheless, mechanisms of auxins, cytokinins, ABA, and ethylene action may inform general conclusions that are relevant to other plant hormones produced by PGPR.



Effects of Bacterial Auxins on Root Growth and Development

Changes in root growth and development are most important for adapting plants to either optimal or stressful environments. Microbial acceleration of root growth is very important, since some cultivars are characterized by weak root system development (Ehdaie et al., 2003; Waines and Ehdaie, 2007). New varieties with deeper root systems accessed more of the stored soil moisture at depth than current varieties, thus producing higher yields (Watt et al., 2013). Despite recent efforts, root growth and development still has not been fully exploited as a yield enhancement strategy (Den Herder et al., 2010). Germplasm from many breeding programs has traditionally been evaluated at high levels of mineral nutrition, where enhanced root development is not needed. However, since well-developed roots are needed under conditions of water deficit, many modern plant breeding efforts are focused on vigorous root systems (Comas et al., 2013). Nevertheless, selection of cultivars with specific root traits is a long process, while the use of bacterial preparations potentially enables fast results.

Rhizobacterial stimulation of root growth is mostly considered to be via their capacity to synthesize indole acetic acid (IAA—the most common, naturally occurring, plant hormone of the auxin class) (Spaepen and Vanderleyden, 2011), since stimulation of rhizogenesis is one of the best known effects of auxins. Many rhizosphere bacteria can synthesize auxins (Spaepen and Vanderleyden, 2011), with addition of tryptophan to bacterial culture mediа providing a simple method to determine bacterial auxin production (Blinkov et al., 2014). Inoculating canola (Brassica napus) plants with mutant strains of Pseudomomas putida with decreased synthesis of auxins diminished the growth promoting effect of inoculation on root growth (Patten and Glick, 2002). Similarly, inoculating wheat (Triticum aestivum) seedlings with IAA-deficient mutants of the salt tolerant Pseudomomas moraviensis decreased root surface area by 13%–38% compared to inoculating with the wild-type strain (Hassan and Bano, 2019). Furthermore, the importance of bacterial auxins for stimulating plant root proliferation was also confirmed in experiments showing that Azospirillum mutants deficient in auxin production did not enhance wheat root development (Dobbelaere et al., 1999). Thus mutational analyses of the significance of auxin in plant/microbe interactions gave consistent results across two bacterial genera and different plant species.

Experiments with exogenously applied synthetic auxins showed that their action on root growth may depend on the site of hormone application. Thus addition of auxins to the root tips enhanced lateral root initiation (Casimiro et al., 2001), while shoot application of auxin stimulated lateral root emergence (Reed et al., 1998). In accordance, different plant response may be expected depending on the site of PGPR application that may be achieved either through leaf spraying or seed inoculation (Gunes et al., 2015). Since our article mainly focuses on rhizobacteria, root zone inoculation is mainly considered.

Inoculating wheat plants with the auxin-producing Paenibacillus illinoisensis IB 1087 and Pseudomonas extremaustralis IB-К13-1А increased root mass and root auxin concentrations (Kudoyarova et al., 2017). Field experiments showed that pre-sowing bacterization of the wheat seeds with auxin-producing (P. extremaustralis IB-К13-1А) or phosphate solubilizing strains (Advenella kashmirensis IB-К1 and P. extremaustralis IB-К13-1А) increased crop yield by 10% to 36%, although the relative significance of each bacterial trait was not clear (Arkhipova et al., 2019). Inoculating seeds with all these strains increased the number of spike bearing tillers compared to uninoculated controls. The number of spikelets in the main spike was greater than in the controls only following P. extremaustralis IB-К13-1А inoculation. Treatment with all the strains (except A. kashmirensis IB-К1) increased the number of grains and their weight in the main spike. This effect was more pronounced in axillary spikes, where P. extremaustralis IB-К13-1А inoculation approximately doubled grain weight and number, with lesser effects following A. kashmirensis IB-К1 inoculation. These positive effects of bacterization on wheat productivity occurred following insufficient summer rainfall at the time of grain filling, in agreement with reports of bacterial preparations having greater effects on growth and yield of droughted plants (Kuzmina and Melentev, 2003; Rubin et al., 2017). The cost of seed bacterization per hectare [2400 roubles (about $37) with a sowing density of 3–4 million seeds ha−1] was overshadowed by the economic gain of enhanced wheat yield due to PGPR action [22,000 roubles (more than $300) per hectare], suggesting such treatments may be commercially appealing to farmers.

Interestingly, strains capable of either solubilizing phosphates (A. kashmirensis IB-К1) or synthesizing auxins (B. subtilis IB-21) were less effective than the strain that combined these traits (P. extremaustralis IB-К13-1А). Introducing P. extremaustralis IB-К13-1А increased soil soluble phosphate concentrations (0.5 N acetic acid extraction) by 10% during the vegetative period compared to uninoculated controls and when bacteria unable to solubilize phosphates were applied (Arkhipova et al, 2019). Inoculating soil with P. extremaustralis IB-К13-1А increased root phosphorus concentration by 30%, while increased shoot phosphorus content was due to enhanced shoot biomass and not phosphorus concentration (Kudoyarova et al., 2017). Increased phosphorus uptake by plants inoculated with auxin producing bacteria was due not only to more plant-available phosphorus in the soil, but also to better root development correlating with increased root auxin levels (Kudoyarova et al., 2017). Application of such bacterial preparations may also allow farmers to apply less fertilizers (Adesemoye et al., 2009), thereby decreasing the costs of production.

Increased root mass following PGPR inoculation is also important for phytoremediation of soils contaminated with inorganic and organic pollutants such as toxic metals (Safronova et al., 2006), salinity (Cheng et al., 2007; Habib et al., 2016), and petroleum hydrocarbons (Greenberg et al., 2006). Plants are relatively tolerant of various environmental contaminants and are often used within phytoremediation strategies, but their biomass accumulation (and thus contaminant removal) may be limited in the presence of high contaminant levels (Glick, 2006). PGPRs increase plant tolerance to petroleum pollutants and other stresses (Gerhardt et al., 2009). Alongside the degradation of organic pollutants (Chetverikov et al., 2017, Korshunova et al., 2017), they vigorously promote plant biomass accumulation (Glick, 2003), allowing faster remediation than without PGPR application (Glick et al., 1998). Inoculating oat (Avena sativa) plants with Acinetobacter sp. increased degradation of total petroleum hydrocarbons in contaminated soil from about 33% to 45% (Xun et al., 2015), while hydrocarbon degradation was more than doubled by inoculating alfalfa (Medicago sativa) with Bacillus sp. PVMX4 (Benson et al., 2017). These effects are attributed to microbial production and provision of auxins to plants (Huang et al., 2005; Glick, 2006; Benson et al., 2017). Thus microbial auxin production may also offer environmental benefits in remediation programs.

While enhancing root mass may be an appropriate strategy to increase resource acquisition in stressful environments, optimizing root architecture (with the same carbon allocation to the roots) may be a more effective strategy. Here, the complexity of applying auxin-producing bacteria becomes apparent. Auxins stimulate root branching (Laskowski, 2013) to allow capture of light rainfall that fails to infiltrate the soil to a great depth (Hodge, 2010). Although fast root elongation into deeper, moister soil layers is important during soil drying (Xiong et al., 2006), high auxin concentrations may inhibit this process. Rhizobacterial IAA accumulation was significantly correlated with decreased elongation of sugar beet (Beta vulgaris) roots following PGPR application (Loper and Schroth, 1986). Applying auxin producing pseudomonad bacteria decreased Arabidopsis thaliana root elongation (Zamioudis et al., 2013). Indeed, treating canola seedlings with the IAA-deficient mutant of Pseudomonas putida GR12-2 accelerated root elongation, thereby confirming that high auxin concentrations decrease root length (Patten and Glick, 2002). Such root growth inhibition may be detrimental when plants grow in drying soil. Since auxin concentrations decrease in stressed plants due to increased activity of the GH3 gene involved in conjugating active free auxins (Seo et al., 2009) and activation of IAA-oxidase (Li et al., 2014), drought may sensitize plants to microbial-produced auxins. Thus inoculating common bean (Phaseolus vulgaris) with intermediate concentrations (107 CFU ml−1) of the auxin-producing Azospirillum brasilense strain Cd increased root length of plants grown in drying soil, but not in well-watered plants (German et al., 2000). The effect disappeared at higher inoculum concentrations (108 CFU ml−1), suggesting that high concentrations of microbial auxins inhibited root elongation. Thus the optimal level of microbial auxin production to enhance plant growth in drying soil may depend on the relative importance of root branching versus elongation in mediating water uptake.

Interestingly, monocotyledonous plants are less sensitive to auxins than dicotyledonous plants (Fedtke, 1982). Morgan and Hall (1962) proposed that the differential sensitivity of monocots and dicots to the synthetic auxin (and herbicide) 2,4-D was caused by differences in the rates of ethylene production following 2,4-D application. Furthermore, root growth of monocotyledonous plants (barley, wheat, and oats) was generally less sensitive than dicotyledonous plants [canola, lettuce (Lactuca sativa), tomato (Solanum lycopersicum)] to seed treatment with the 1-aminocyclopropane-1-carboxylic (ACC) deaminase containing PGPR P. putida GR12-2 or application of the chemical ethylene generator (2-chloroethyl) phosphonic acid (ethephon) (Hall et al., 1996). Differential sensitivity to bacterial auxins has been most clearly shown via inhibition of primary root elongation of the dicotyledonous plant A. thaliana (Zamioudis et al., 2013), whereas auxin producing bacteria of the Bacillus, Enterobacter, Moraxella, and Pseudomonas genera stimulated wheat (monocotyledonous plant) root elongation (Raheem et al., 2017). Nevertheless, auxin producing bacteria may also inhibit wheat root growth (Ali et al., 2009). This diversity of response may result from differences in endogenous auxin content in the studied wheat cultivars. Still, although inhibition of root elongation by auxin producing bacteria is less likely in monocotyledonous than in dicotyledonous plants, root growth inhibition is possible in both cases, which makes plants less drought-tolerant.

Inhibition of root elongation by auxins may seem surprising, since these hormones stimulate shoot cell extension. Auxin effects on root elongation may be explained by their dose-dependent capacity (increasing with auxin concentration—Arteca and Arteca, 2008) to stimulate production of the growth inhibitor ethylene (Glick, 2014). Increased ethylene production may be prevented by bacterial ACC deaminase activity, since ACC is a direct precursor of ethylene (Chen et al., 2013). Bacteria with this enzyme decreased soil and root ACC concentrations (Belimov et al., 2015), thereby lowering ethylene production throughout the plant (Chen et al., 2013) and decreasing its concentration in planta. Inoculating pea (Pisum sativum) plants with a strain of Variovorax paradoxus with high activity of this enzyme attenuated a soil-drying induced increase in xylem ACC concentration (Belimov et al., 2009b). The ACC deaminase mediated decrease in ethylene synthesis enhances root elongation, despite potentially inhibitory high concentrations of auxins (Figure 1). Enterobacter cloacae UW4 capable of synthesizing both IAA and ACC deaminase promoted root elongation of canola plants, while its ACC deaminase minus mutant failed to influence root growth suggesting this enzyme is required for bacteria to exert beneficial effects on root elongation (Li et al., 2000). Patten and Glick (2002) suggested that IAA and ACC deaminase work in concert to stimulate root elongation. Thus the capacity of rhizobacteria to produce both auxins and ACC deaminase becomes especially important under unfavorable conditions (Glick, 2014).
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Figure 1 | Scheme of bacterial action depending on the level of auxin production and presence of 1-aminocyclopropane-1-carboxylic (ACC) deaminase activity.






Bacteria producing ACC deaminase prevent not only auxin-induced, but also stress-induced, synthesis of ethylene, by consuming ACC. In practice, ACC deaminase-containing plant growth promoting bacteria have been used to protect plants against growth inhibition caused by the presence of organic toxicants and total petroleum hydrocarbons (Huang et al., 2005; Hong et al., 2011), a variety of different metals (Tiwari and Lata, 2018), high salt (Cheng et al., 2007; Singh and Jha, 2016), and drought (Mayak et al., 2004; Niu et al., 2017).

Thus applying auxin-producing PGPR may produce different outcomes under stressful and optimal conditions. Although microbial auxins can stimulate root branching, which should enhance water and nutrient capture, high concentrations of microbial auxins can inhibit root elongation which may be detrimental under drought, when long roots are necessary for extracting water from deep soil layers. Nevertheless, this potentially negative side effect of microbial auxins may be prevented by bacteria also having ACC deaminase activity.




Plant Response to Cytokinins Produced by Bacteria

The capacity of PGPR to synthesize cytokinins has been studied much less frequently than auxin production, although almost every review on PGPR mentions microbial production of cytokinins. While cytokinins undoubtedly have direct impacts on various plant processes (e.g. stimulating cell division), often the balance between auxin and cytokinin levels is considered a key regulator of plant organogenesis and root architecture. Since some PGPR are able to produce both of these hormones (Vacheron et al., 2013), tissue auxin to cytokinin ratio can be important in determining plant response to rhizobacterial inoculation.

Almost all known cytokinins were identified in the growth media of Paenibacillus polymyxa after their separation by immunoaffinity chromatography and final identification by gas chromatography–mass spectrometry (Timmusk et al., 1999). Microbial cytokinin production was suggested to stimulate plant growth, although not directly studied (Timmusk et al., 1999). A quarter of the pseudomonads isolated from rhizospheres of different crops (Pennisetum glaucum, Helianthus annuus, Zea mays) grown under 25 arid and semi-arid locations across India were capable of producing cytokinins, when grown under osmotic stress (25% PEG 6000) (Sandhya et al., 2010). Of 70 rhizobacterial strains isolated from the Coleus rhizosphere, three (Pseudomonas stutzeri, Stenotrophomonas maltophilia, and P. putida) produced cytokinins (Patel and Saraf, 2017). Since these bacteria also synthesized other hormones (auxins and gibberellins), it was difficult to determine the mechanistic basis of plant growth promotion. More convincing evidence of cytokinin involvement in the plant growth promoting effect of Bacillus megaterium was obtained using the triple cytokinin receptor CRE1-12/AHK2-2/AHK3-3 knockout mutant of Arabidopsis, in which plant development was insensitive to inoculation (Ortíz-Castro et al., 2008). Microbial cytokinin production was identified as a key determinant of the ability of Pseudomonas fluorescens G20-18 to regulate Arabidopsis development, since inoculation with G20-18 cytokinin deficient loss-of-function mutants had no effect on the plant development (Großkinsky et al., 2016). Thus microbial cytokinin production and plant sensitivity to cytokinins are both necessary for microbial stimulation of plant growth in certain plant/microbe interactions.

Introducing B. subtilis IB 22 (with high cytokinin production) into wheat and lettuce rhizospheres increased leaf area (Arkhipova et al., 2005), since cytokinins stimulate shoot cell division and elongation (Werner et al., 2003). At the same time, cytokinins can inhibit root growth (Werner et al., 2010). Bacillus amyloliquefaciens UCMB5113 inhibited primary root growth of Arabidopsis, which may be due to bacterial cytokinin production and increased root cytokinin levels, or the increased auxin levels that were also detected in colonized roots (Asari et al., 2017). Nevertheless, introducing a bacterial suspension of B. subtilis IB 22 into wheat rhizospheres did not decrease root biomass accumulation (Kudoyarova et al., 2014a). Following rhizobacterial inoculation, cytokinins (predominantly zeatin riboside) appeared in the roots, but later shoot cytokinin accumulation occurred while root cytokinin concentration declined (Arkhipova et al., 2005). Since B. subtilis IB 22 produced ribosylated cytokinin forms that are readily transported out of the roots, root cytokinin accumulation did not occur and the roots grew normally. Thus introducing cytokinin-producing microbes into the rhizosphere may not necessarily inhibit root growth if they are transported to the shoots (Figure 2).
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Figure 2 | Effects cytokinins on root and shoot growth. Free cytokinin bases retain in the roots and inhibit their growth, while ribosylated cytokinins flow to the shoots and stimulate their growth without inhibiting root growth.







Comparing the root/shoot cytokinin distribution of wheat plants, to which either free cytokinin bases or their ribosides were root-applied, explained how cytokinins were not retained in the roots of inoculated plants (Korobova et al., 2013). Moreover, inhibiting root cell cytokinin uptake by the protonophore, carbonyl cyanide m-chlorophenylhydrazone; increased xylem sap cytokinin concentrations and their flow to the shoot (Kudoyarova et al., 2014b). Thus free bases of cytokinins were actively absorbed by root cells (Korobova et al., 2013). Unlike free zeatin, more cytokinins accumulated in the shoots than in the roots of plants treated with zeatin riboside applied to their roots. The results, showing rapid export of root-derived ribosides of cytokinins to the shoot (Korobova et al., 2013), explain how riboside-producing bacteria do not inhibit root growth, but instead stimulate leaf growth (Arkhipova et al., 2005).

Although cytokinin-producing bacteria may limit root proliferation thereby minimizing salt uptake, the role of bacterial cytokinins in salt stress tolerance is largely unknown as there have been few studies (Ilangumaran and Smith, 2017). Nevertheless, whether rhizobacterial cytokinin production influences plant drought response was evaluated, since increased leaf area and greater stomatal opening mediated by cytokinins could accelerate soil moisture depletion (Davies et al., 2005). Inoculating well-watered plants with different cytokinin producing B. subtilis strains increased shoot ABA concentrations of lettuce (Arkhipova et al., 2007) and Platycladus orientalis (Liu et al., 2013) by 2.1-fold and 1.8-fold respectively. Shoot total cytokinin concentrations were increased by 1.8-fold and 2-fold respectively. With similar fold-changes in these two phytohormones having antagonistic effects on stomatal opening (Dodd, 2003), stomatal conductance of well-watered, inoculated plants was similar or slightly (15%) increased compared to uninoculated plants. Since inoculation increased shoot biomass, these plants were exposed to more rapid soil drying (due to greater transpiration by larger leaves) after withholding water, then once a threshold soil water content was achieved, it was maintained via daily, suboptimal irrigation. Inoculation alleviated the impacts of soil drying on shoot total cytokinin concentrations in both studies, but eliminated (Arkhipova et al., 2007) or magnified (Liu et al., 2013) the effects of soil water deficit on shoot ABA accumulation. Despite these contrasting effects on shoot ABA accumulation, inoculation generally had no effect on soil-drying induced stomatal closure. Nevertheless, both studies demonstrated that inoculation with cytokinin-producing bacteria enhanced plant growth in drying soil, even if the relative effects of changes in shoot ABA and cytokinin concentrations were not explored.

Both salinity (Albacete et al., 2008) and drought (Kudoyarova et al., 2007) decreased foliar cytokinin concentrations, which may inhibit leaf growth. Introducing cytokinin producing bacteria of B. subtilis IB 22 strain into the rhizosphere of lettuce plants increased cytokinin contents (and leaf area) of both well-watered and droughted plants (Arkhipova et al., 2007). Although leaf growth inhibition can protect plants against terminal drought stress (Avramova et al., 2015) by conserving water for use during reproductive development, it almost inevitably decreases crop yield under more moderate conditions. Moreover, leaf growth inhibition may delay canopy closure which limits direct evaporation from moistened soil (Tardieu, 2005). Consequently, accelerated leaf growth by microbial cytokinins may be advantageous in dryland agriculture if the soil is rapidly covered following planting to minimize evaporation from the soil. Under conditions of moderate drought, a pre-sowing treatment of wheat seeds with the cytokinin-producing B. subtilis IB 22 promoted early canopy closure and increased yield by 40% (Wilkinson et al., 2012). This effect of B. subtilis IB 22 on wheat yield was repeated in several (dry) years and comparable to the effects of auxin producing bacteria (Arkhipova et al., 2019). Thus microbial cytokinin production may provide agronomically useful seed treatments under conditions of moderate drought.

Alfalfa tolerance to severe drought stress (watering ceased for 2 weeks until non-inoculated plants died) was increased by inoculating plants with engineered Sinorhizobium strains overproducing cytokinins due to expression of the Agrobacterium ipt gene under the control of different promoters (Xu et al., 2012). Most of the alfalfa plants inoculated with engineered strains survived under conditions of severe stress, which was attributed to increased expression of antioxidant enzymes and decreased level of reactive oxygen in inoculated stressed plants. These findings suggest that engineered Sinorhizobium strains synthesizing more cytokinin could improve the tolerance of alfalfa to severe drought stress.

Thus cytokinins produced by PGPR are likely to promote plant growth, thereby enhancing productivity either under normal or stress conditions. The potential of cytokinins to augment stomatal opening is counteracted by plant ABA accumulation to prevent excessive water losses, while cytokinins-induced increase in leaf size accelerates canopy closure to prevent evaporation of water from the soil. Nevertheless, under severe drought the capacity of cytokinins to inhibit root elongation (as with auxins) may limit water extraction from deep soil layers. Still, the inhibitory action of bacterial cytokinins on the root growth may be prevented, when they are produced in ribosylated forms that are readily exported to the shoots and not retained in the roots.




The Role of ABA in Plant/Bacteria Interactions

Changes in plant ABA status may also be important in mediating plant/microbe interactions, by antagonizing effects of microbial cytokinin production on stomatal conductance as discussed above (Arkhipova et al., 2007; Liu et al., 2013) and also having direct effects. Moreover, plant ABA status can mediate the outcome of interactions with PGPR, as when B. megaterium inoculation stimulated growth of wild type tomato (S. lycopersicum), but inhibited shoot biomass of the ABA-deficient tomato mutants flacca and sitiens (Porcel et al., 2014). In the absence of microbial effects on stomatal conductance (and presumably photosynthesis) in all genotypes, changes in growth were attributed to microbial stimulation of shoot ethylene production. Microbial inoculation increased ethylene production of WT and flacca plants by 2.2-fold and 4.1-fold respectively, with the excessive ethylene accumulation triggered by the PGPR in flacca associated with growth inhibition rather than growth promotion. Interestingly, uninoculated flacca plants produce at least twice as much ethylene as WT plants (Sharp et al., 2000; Dodd et al., 2009), further suggesting the importance of ABA/ethylene interactions in growth regulation. In contrast, the ABA-metabolizing Rhodococcus sp. P1Y and Novosphingobium sp. P6W had similar effects on root and shoot biomass of ABA-deficient mutant flacca and WT plants grown in vitro, probably since ethylene was not involved in regulating these plant/microbe interactions (Belimov et al., 2014). Based on these studies with ABA-deficient mutants, it is difficult to be certain whether ABA status is the primary determinant of these plant/microbe interactions.

Moreover, microorganisms can synthesize ABA (Cohen et al., 2009; Cohen et al., 2015; Shahzad et al., 2017) that should alter ABA-mediated processes due to plant uptake of microbially produced hormone. Otherwise microbes can influence expression of plant genes (e.g. NCED3, ABA2 and ABA3) responsible for ABA biosynthesis in planta (Vargas et al., 2014). Thus inoculation of sugarcane (Saccharum officinarum) roots with Gluconacetobacter diazotrophicus had different transcriptome profiles (for genes responsible for ABA biosynthesis and signaling) from uninoculated plants, with G. diazotrophicus activating ABA-dependent signaling genes in the shoots, which may confer drought resistance (Vargas et al., 2014). Nevertheless, it can be difficult to ascribe changes in plant ABA status to direct microbial ABA biosynthesis or to changes in ABA synthesis in planta due to changes in plant water status resulting from plant growth promotion. In some reports, ABA concentration in bacterial culture media was related to actual changes in ABA content in planta (Yasmin et al., 2017). Bacillus pumilus produced five times more ABA than Pseudomonas sp. in vitro, thereby greatly increasing relative water content and osmotic potential of inoculated plants. Microbial ABA production by Azospirillum lipoferum increased ABA concentrations in planta (Cohen et al., 2009; Cohen et al., 2015), preventing a drought-induced decline in relative water content of inoculated maize (Z. mays) seedlings. Although ABA accumulation was related to some physiological effects associated with PGPR inoculation (see below), a causal relation between them was not frequently supported experimentally.

ABA protects plants from dehydration by stimulating expression of dehydrins (Shakirova et al., 2016). In accordance with this effect of ABA, genes involved in the synthesis of dehydrins [late embryogenesis abundant (LEA) proteins] were upregulated in maize plants inoculated with P. putida strain FBKV2 (SkZ et al., 2018). FBKV2 inoculation enhanced SnRK2 family proteins, which facilitated transcription of ABA-responsive genes, thereby conferring drought tolerance. Arabidopsis plants inoculated with ABA producing A. brasilense showed less lipid damage quantified by malondialdehyde levels. Although this effect was attributed to ABA-induced antioxidative defense mechanisms (e.g. increased content of phenolic compounds that scavenge free radicals), a simpler explanation may be that ABA-induced stomatal closure improved leaf water relations and thus minimized oxidative stress (Cohen et al., 2015). Thus it can be difficult to separate direct molecular effects of microbial ABA production from indirect effects of enhancing shoot water status.

Furthermore, soil drying can increase ABA concentrations in the soil solution (Hartung et al., 2002) and stimulate root-to-shoot signaling of ABA prior to any changes in shoot water status (Davies et al., 2005). Bacteria may alter this signaling, by synthesizing ABA under stress conditions (e.g. in some strains of B. pumilus) (Forchetti et al., 2007) or metabolizing ABA present in the soil solution, thereby decreasing ABA concentrations in planta (Belimov et al., 2014). Despite being unable to metabolize ABA in vitro, V. paradoxus 5C-2 decreased root ABA concentrations and accumulation by 40%–60% in pea, which was related to bacterial ACC deaminase (Jiang et al., 2012). Since an important function of ABA is to restrict ethylene production in planta (Sharp et al., 2000), microbial limitation of plant ethylene production seems to diminish the need for high ABA levels.

Since plant growth promotion by rhizobacteria occurred with both increased [e.g. Bacillus licheniformis Rt4M10 and P. fluorescens Rt6M10 (Salomon et al., 2014)] and decreased ABA concentration [B. subtilis GB03 (Zhang et al., 2008)], it is difficult to conclude that ABA was involved in growth regulation. The growth response to the microbial induced changes in ABA content may vary according to tissue water status: with increased ABA concentration maintaining root growth under low water potential, but decreased ABA concentrations maintaining root growth under high water potential (Sharp et al., 1994). Nevertheless, any bacterial-mediated changes in ABA level may affect stomatal conductance. Stomatal closure in inoculated plants maintained leaf water relations under soil water deficit (Salomon et al., 2014). In contrast, stomatal conductance increased under optimal conditions due to decreased ABA content in planta (due to emission of volatile compounds by B. subtilis GB03), thereby maintaining photosynthesis (Zhang et al., 2008). This contradiction (beneficial effect of both increased and decreased stomatal conductance induced by PGPR) is because stomatal closure both restricts water loss while inhibiting photosynthesis (Figure 3). The agronomic outcome of this trade-off between economizing water use and utilizing CO2 depends on soil water availability (Ewers, 2013).
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Figure 3 | Outcome of action of PGPRs either producing or consuming abscisic acid (ABA) depends on conditions of plant growth.






ABA not only closes stomata, but also can also increase hydraulic conductance of plant tissues, which can be explained by ABA’s effect on the activity of water channels aquaporins (Kaldenhoff et al., 2008). Although inoculation with B. megaterium activated expression of the genes coding for water channels (Marulanda et al., 2010), it is uncertain whether this change was ABA-mediated as ABA levels were not quantified. Indeed, B. megaterium decreased root ABA concentrations of the flacca mutant (Porcel et al., 2014). Nevertheless, immunohistochemistry of ABA and aquaporin contents in root epidermal cells showed that ABA application to nutrient solution increased the level of HvPIP2;2 and HvPIP2;1 aquaporins in these cells, coincident with increased ABA concentrations (Sharipova et al., 2016). Thus bacterial ABA production (known to increase under osmotic stress—Forchetti et al., 2007) may theoretically mediate root aquaporin activity, although whether the PGPR enhance root ABA concentrations sufficiently to allow this has not been assessed.





Conclusion

To conclude, the benefits of applying rhizosphere bacteria capable of synthesizing or consuming plant hormones will depend on soil conditions. Bacterial auxin synthesis may stimulate root growth and increase plant productivity under favorable conditions or mild stress. Under more severe stress, this trait should be combined with ACC deaminase activity in the same strain or another bacterial species in the consortium. To prevent inhibitory effects of bacterial cytokinins on root growth, it is important that microbes produce cytokinins in ribosylated forms that are readily exported to the shoot to stimulate cell division and expansion. Bacterial mediation of plant ABA levels merits further study, but decreasing ABA content seems beneficial under moderate stress, while ABA-producing bacteria are beneficial under severe stress. Inter-cultivar variation in intrinsic or stress-induced hormone status (Quarrie, 1981; Sanguineti et al., 1999; Valluru et al., 2016) or hormone sensitivity (Ibort et al., 2017) should be considered when choosing optimal traits for bacterial preparations. There is still limited knowledge about how plants integrate their intracellular signaling in response to multiple phytohormones produced by PGPR, and how these interact with endogenous plant pathways. Such information seems necessary to predict the outcomes of PGPR inoculation, especially when such organisms produce multiple phytohormones. Moreover, the role of hormones in mediating plant/microbe interactions will be important in determining the success (or otherwise) of phytoremediation of salt-affected or oil contaminated soils. However, these interactions require further study to determine whether such biotechnological approaches can deliver predictable outcomes.
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Fusarium head blight (FHB) caused by Fusarium pathogens are devastating diseases worldwide. Host-induced gene silencing (HIGS) which involves host expression of double-stranded RNA (dsRNA)-generating constructs directed against genes in the pathogen has been a potential strategy for the ecological sound control of FHB. In this study, we constructed transgenic Brachypodium distachyon lines carrying RNA interference (RNAi) cassettes to target two essential protein kinase genes Fg00677 and Fg08731, and cytochrome P450 lanosterol C14-α-demethylase (CYP51) encoding genes (CYP51A, CYP51B, and CYP51C) of Fusarium graminearum, respectively. Northern blotting confirmed the presence of short interfering RNAs (siRNA) derived from Fg00677, Fg08731, and CYP51 in transgenic B. distachyon plants, and the transcript levels of the corresponding genes were down-regulated in the F. graminearum colonizing B. distachyon spikes. All the corresponding independent, Fg00677-RNAi, Fg08731-RNAi, and CYP51-RNAi transgenic T2 lines exhibited strong resistance to F. graminearum, suggesting that silencing molecules produced by transgenic plants inhibited the corresponding gene function by down-regulating its expression, thereby reducing pathogenicity. Our results indicate that Fg00677 and Fg08731 are effective targets for HIGS and can be applied to construct transgenic HIGS materials to enhance FHB resistance in wheat and other cereal crops.

Keywords: Brachypodium distachyon, Fusarium graminearum, CYP51, essential protein kinase, host-induced gene silencing (HIGS)



Introduction 

Fusarium head blight (FHB), which is caused by the fungal pathogen Fusarium graminearum, is a devastating disease in wheat production around the world (Osborne and Stein, 2007). Wheat can be infected by F. graminearum from the seedling to the heading stage, causing seedling blight, head blight, basal stem rot, and stalk rot (Stenglein, 2009). F. graminearum produces mycotoxins, such as deoxynivalenol, that accumulate in wheat grains, detrimentally affect the food quality and thus pose a serious threat to human and animal health (Zhang et al., 2013). Current control methods are mainly dependent on chemical control, but fungicide resistance has become increasingly prominent due to long-term use of a single chemical fungicide (Chen et al., 2007). Breeding new wheat cultivars for resistance against FHB is the most effective measure to control the disease. Due to the narrow genetic base of wheat, breeding new cultivars against FHB by traditional breeding methods has been difficult (Liu et al., 2009; Loffler et al., 2009). Therefore, a more effective and stable method for enhancing the resistance against FHB must be developed.

RNA interference (RNAi) is extensively used in functional genomics studies (Carthew, 2001; Ketting, 2011). The RNAi process includes three steps. First, a double-stranded RNA (dsRNA) or a single-stranded RNA that can form a hairpin RNA (hpRNA) is recognized by the ribonuclease Dicer and cleaved into small interfering RNAs (siRNAs) (Fagard et al., 2000). Then, siRNAs are processed into the RNA-induced silencing complex (RISC) containing an Agonaute protein (Fagard et al., 2000). Finally, the RISC binds to the target mRNA through homologous pairing, down-regulating gene expression at the transcriptional or post-transcriptional level (Ghildiyal and Zamore, 2009; Liu and Paroo, 2010). The expression of hpRNA, dsRNA, or siRNA molecules directed against parasite transcripts has been used to decrease these parasite transcripts and then to control harmful parasitic organism in plants (Cai et al., 2018); this is referred to as host-induced gene silencing (HIGS) (Nunes and Dean, 2012). Later studies have confirmed that HIGS can be a new, pesticide-free, and potentially sustainable option to enhance resistance of crops against bacteria, viruses, fungi, insects, nematodes, and parasitic weeds (Patil et al., 2011; Saurabh et al., 2014; Zhu et al., 2017; Cai et al., 2018; Panwar et al., 2018; Qi et al., 2018). HIGS has been an effective strategy to confer resistance against Fusarium pathogens F. graminearum, F. oxysporum and F. culmorum (Koch et al., 2013; Ghag et al., 2014; Cheng et al., 2015; Hu et al., 2015; Chen et al., 2016). However, there are only a few studies on the application of HIGS to enhance the resistance against FHB in wheat, and it is urgent to identify new effective HIGS target genes in F. graminearum.

Due to the special challenges of wheat genetic transformation, including a long process, cumbersome procedures, and high cost, it will be beneficial to use effective HIGS targets for genetic transformation. Quickly determining the most effective HIGS target is the primary problem for developing wheat disease-resistant materials. As a monocotyledon that is widely grown in the temperate zone, Brachypodium distachyon is rich in germplasm resources. B. distachyon has become an ideal model plant for functional genomics study of monocotyledons because of its interesting characteristics, including a small size, a short life-cycle, a small genome, diploid inheritance, self-fertility, a routine genetic transformation procedure, and simple growth requirements (Mur et al., 2011). B. distachyon is closely related to the large-genome cereal grasses, such as rice and wheat, and it is more closely related evolutionarily to wheat than to rice (Draper et al., 2001). B. distachyon is the ideal model plant to study the mechanism of plant-pathogen interactions because it is a host for many cereal pathogens (Peraldi et al., 2011; Sandoya and de Oliveira Buanafina, 2014). For example, B. distachyon-F. graminearum interactions closely model the head blight in wheat caused by F. graminearum (Peraldi et al., 2011). Therefore, we tested whether B. distachyon can be used for rapidly identifying effective HIGS targets that will be applied in developing FHB resistance in wheat.

In our current study, we selected two genes (Fg00677 and Fg08731) as targets for HIGS analysis. Fg00677 and Fg08731, which encode alpha catalytic subunit of casein kinase 2 (CK2) and casein kinase 1 (CK1), respectively, are essential in F. graminearum and are up-regulated when F. graminearum infects wheat spikes (Wang et al., 2011). As the resistance to F. graminearum was enhanced through HIGS methods targeting CYP51 genes in barley and Arabidopsis (Koch et al., 2013), CYP51 was selected as a HIGS target. We show that the transgenic B. distachyon expressing Fg00677-RNAi, Fg08731-RNAi, or CYP51-RNAi construct confers resistance to F. graminearum, indicating that Fg00677 and Fg08731 can be used as ideal targets to enhance the resistance to FHB in wheat by HIGS methods, and HIGS applied in the B. distachyon-F. graminearum interaction is a valuable model to rapidly identify effective HIGS targets.




Materials and Methods



Plant Growth Conditions and Manipulations

B. distachyon Bd21-3 was cultivated in a growth chamber at 22°C with a 16 h light/8 h darkness photoperiod. F. graminearum strain PH-1 was cultured on Potato Dextrose Agar Medium (PDA). Conidia were produced in Carboxymethyl Cellulose (CMC) broth as described previously (Duvick et al., 1992).




Sequence Alignments and Phylogenetic Analysis

The sequence information of genes studied in this paper was acquired from Ensembl Fungi (http://fungi.ensembl.org/Fusarium_graminearum_gca_000240135/Info/Index). Gene numbers of F. graminearum genes were abbreviated by replacing FGSG_ with Fg. The sequences of Fg00677 and Fg08731 were analyzed using BLAST search, then the conserved domain of Fg00677 and Fg08731 was detected with InterProScan and NCBI Conserved Domain Search. Multiple sequence alignment was implemented with DNAMAN and CLUSTALX2.0 software. The phylogenetic tree was constructed with the MEGA 5.0 software (Tamura et al., 2011).




RNAi Vector Construction

Specific partial sequences of CYP51A (Fg04092), CYP51B (Fg01000), and CYP51C (Fg11024) were used to prepare the CYP51-RNAi constructs as described by Koch et al. (2013). The 294 bp of CYP51A, 220 bp of CYP51B, and 238 bp of CYP51C were stacked into CYP51BAC by overlap PCR using the predesigned primer (Figure 2A; Table S1). The sequence-specific fragments of Fg00677 and Fg08731 used for the preparing the RNAi constructs were amplified from F. graminearum complementary DNA (cDNA) by PCR using the primers shown in Table S1. The length of Fg00677, Fg08731, and CYP51BAC fragments were 452, 481, and 752 bp, respectively (Figure 2B; Figure S2). These sequence-specific fragments were cloned into the gateway™ pDONR221 vector to generate the entry constructs (pDONR221-Fg00677, pDONR221-Fg08731, and pDONR221-CYP51BAC) by gateway BP reactions. The recombinant entry module can be used in gateway LR reaction to transfer the sequence-specific fragment to the pCAMBIA1300-based vector to generate Fg00677-RNAi, Fg08731-RNAi, and CYP51-RNAi construct, respectively Figure 2B.




Genetic Transformation of B. distachyon

The RNAi vectors were transformed into Agrobacterium tumefaciens strain AGL1 through the electroporation method (Lazo et al., 1991). The A. tumefaciens was cultured in mannitol glutamate/luria-bertani (MG/L) medium (5 g/L tryptone, 2.5 g/L yeast extract, 5 g/L NaCl, 5 g/L mannitol, 1.2 g/L glutamic acid, 0.25 g/L K2HPO4, 0.1 g/L MgSO4, pH to 7.2 with 1N NaOH) supplemented with 50 mg/L rifampicin and 50 mg/L kanamycin to an OD600 of 0.6. The constructs contained a hygromycin phosphotransferase gene to confer hygromycin resistance to transformed plants. The Bd21-3 wild-type line was genetically transformed using the procedure of Vogel and Hill (2008).




Pathogenicity Assays

Point inoculation and evaluation of symptoms followed the procedure of Pasquet et al. (2016) and Peraldi et al. (2011). Point inoculation was performed by pipetting 300 conidia in 0.01% Tween-20 (3 µL of a 105 conidia per mL suspension) into a central floral cavity of the second spikelet, numbered from the top of the spike of different lines in mid-anthesis stages (approximately 40–45 days after sowing). Inoculated plants were covered with clear plastic bags. During the first 24 h, inoculated heads were kept in the dark, then incubated with a photoperiod of 16 h light/8 h darkness at 25°C with the same light intensities as those used for plant development. Application of 0.01% Tween-20 was performed as the control condition for each inoculation experiment. At 9 days after inoculation, symptoms were evaluated with a scoring scale for each inoculated spike from 0 to 4 as follows: 0, no symptoms; 1, only the inoculated floret was symptomatic (most frequently, only browning); 2, extension of symptoms to additional florets of the inoculated spikelet (browning or bleaching); 3, symptoms on the entire inoculated spikelet; and 4, extension of the symptoms to the entire inoculated spikelet and at least one adjacent spikelet. Three independent biological replicates were performed.




DNA and RNA Isolation, PCR, qRT-PCR, and Northern Blotting

Plant DNA was isolated by the cetyltrimethylammonium bromide (CTAB) method (Hormaza, 2002). The transgenic plants were identified by PCR using gene-specific primers (00677-RNAi-F/00677-RNAi-R, 08731-RNAi-F/08731-RNAi-R, and CYPBAC-RNAi-F/CYPBAC-RNAi-R) and universal primer (Bar-F/Bar-R) (Table S1). Total RNA was extracted from spikelets using Trizol reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s instructions and transcribed into cDNA for quantitative real-time PCR (qRT-PCR). qRT-PCR analysis was carried out with a CFX96TM Real-Time PCR machine (Bio-Rad). Transcript levels of Fg00677, Fg08731, CYP51A, CYP51B, and CYP51C were measured using cDNA prepared from total RNA isolated from five spikes of every corresponding transgenic line or non-transformed control plant inoculated with F. graminearum by qRT-PCR as described previously (Pasquet et al., 2016). Specific primers for qRT-PCR analysis of each gene were designed using the Primer 5.0 program (Table S1). Quantification results were analyzed using the comparative 2-ΔΔCT method. To assess fungal transcript levels, the F. graminearum beta-tubulin gene was used as the normalizing reference gene. Three independent biological replicates were performed. To quantify fungal biomass, the ratio of single copy beta-tubulin and the BdUBC18 was assessed in genomic DNA isolated from infected spikes using gene-specific primers (Table S1) (Cheng et al., 2015; Wang et al., 2017). The relative amounts of PCR product of beta-tubulin and BdUBC18 in F. graminearum-infected samples were calculated using generated gene-specific standard curves to quantify the F. graminearum and B. distachyon gDNA, respectively. Three independent biological replicates were performed. Northern blotting was used to detect accumulation of siRNAs as described previously (Zhu et al., 2017). The fragments derived from Fg00677, Fg08731, and CYP51BAC used in RNAi vector construction were produced by PCR, and then used as probe labeled by the random priming method to detect the siRNA derived from the transgenic RNAi plants (Supplementary Table S1). The isolated total RNAs were separated in 19% polyacrylamide/7M urea gels and transferred to Hybond N+ membranes (Amersham) using a mini trans-blot (Bio-Rad, Hercules, CA). The membranes were UV cross-linked in a UV crosslinker (CX-2000, UVP, Upland, CA, USA). The membranes were prehybridized with PerfectHyb TM (Sigma-Aldrich, St. Louis, MO, USA), and hybridized with the P32-labeled DNA probes overnight in PerfectHyb buffer.





Results



Sequence Analysis of Fg00677 and Fg08731

Fg00677 and Fg08731 encode the alpha catalytic subunit of CK2 and CK1, respectively (Wang et al., 2011). Sequence analysis indicated that Fg00677 has an open reading frame (ORF) of 1,023 bp, encoding a putative protein composed of 340 amino acids with a molecular weight of 39.72 kDa and an isoeletric point (pI) of 7.55. Fg08731 has an ORF of 1,194 bp, encoding a putative protein composed of 397 amino acids with a molecular weight of 45.05 kDa and a pI of 9.58. The multi-sequence alignment of CK2 proteins from different organisms in NCBI database revealed that Fg00677 is 85%, 73%, 50%, 55%, and 64% identical to Aspergillus nidulans CK2, Ustilago maydis CK2, S. cerevisiae CKA1, S. cerevisiae CKA2, and Schizosaccharomyces pombe Cka1, respectively, and contain the STKc_CK2_alpha conserved domain (Figure S1A). The multi-sequence alignment of CK1 proteins from different organisms in NCBI database revealed that Fg08731 is 82%, 67%, 64%, 52%, and 43% identical to A. nidulans CK1, U. maydis CK1, S. pombe Hhp1, S. pombe Hhp2, and S. cerevisiae HRR25, respectively, and contain the STKc_CK1_delta_epsilon conserved domain (Figure S1B). Phylogenetic analysis confirmed that Fg00677 is orthologous to A. nidulans CK2, U. maydis CK2, S. cerevisiae CKA1, S. cerevisiae CKA2, and S. pombe Cka1 (Figure 1A), whereas Fg008731 is orthologous to A. nidulans CK1, U. maydis CK1, S. pombe Hhp1, S. pombe Hhp2, and S. cerevisiae HRR25 (Figure 1B). These results indicate that Fg00677 and Fg08731 are highly conserved in filamentous fungi.
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Figure 1 | Phylogenetic analysis of Fg00677 (A) and Fg08731 (B) with their homologs in other fungal species. Phylogenetic analysis was carried out with the MEGA5 software by the maximum likelihood tree-building methods.






Genetic Transformation of B. distachyon

Koch et al. (2013) confirmed that expression of CYP3RNA, a double-stranded (ds) RNA complementary to CYP51A, CYP51B, and CYP51C, caused co-silencing of CYP51A, CYP51B, and CYP51C in F. graminearum, thereby effectively inhibiting pathogen development and enhancing resistance in Arabidopsis and barley. The CYP3RNA was selected as the positive control to evaluate the efficiency of disease resistance in B. distachyon. The stacking CYP51BAC fragment, including 220 bp of CYP51B, 294 bp of CYP51A, and 238 bp of CYP51C was constructed in the pCAMBIA1300-based vector to produce CYP51-RNAi, which was transformed into B. distachyon Bd21-3 to express the same CYP3RNA as reported by Koch et al. (2013) (Figure 2A). To identify whether Fg00677 and Fg08731 are HIGS-effective targets, the selected 452 and 481 bp fragments from Fg00677 and Fg08731 were constructed into the pCAMBIA1300-based vector to produce Fg00677-RNAi and Fg08731-RNAi construct, respectively (Figure 2B; Figure S2). No off-targets were detected in F. graminearum, B. distachyon, wheat, and Homo sapiens for the selected fragments of Fg00677 and Fg08731 (Table S2). Each of these constructs contained an inverted repeat that, after transcription, is expected to result in a dsRNA sequence with a hairpin structure. Transgenic lines containing the RNAi construct were generated in the B. distachyon Bd21-3 by Agrobacterium-mediated transformation (Figure 3). In total, 21 putative T0 transgenic plants were produced from several transformation experiments. Molecular analysis of putative transgenic plants from T2 generations was performed by PCR analysis, which confirmed the presence of 452, 481, and 752 bp amplicons from the Fg00677, Fg08731, and CYP51BAC in the corresponding T2 transgenic line. No amplification bands were observed in the non-transgenic control plants (Figure 4). In addition, integration of the Bar gene segment in T2 transgenic plants was verified by PCR (Figure 4). The result indicated that the Fg00677-RNAi, Fg08731-RNAi, and CYP51-RNAi constructs were integrated into the B. distachyon plant genome successfully by Agrobacterium-mediated transformation.



[image: ]

Figure 2 | Structure of the RNAi construct. (A) The CYP51BAC fragment was generated by fragment stacking strategy from CYP51A, -B, and -C partial sequences for CYP51-RNAi cassette construction; (B) structure of the Fg00677-RNAi, Fg08731-RNAi, and CYP51-RNAi cassette for stable B. distachyon transformation. Each fragment derived from Fg00677, Fg08731, and CYP51 in the sense (S) and antisense (AS) orientations was constructed such that the gus linker sequence was inserted between the S and AS sequences. Ubi-P, maize ubiquitin promoter; hpt II, hygromycin resistance gene; 2 × 35S-P, 2× CaMV 35S Promoter; Nos-T, Nos terminator; Bar, Biolaphos resistance gene.







[image: ]

Figure 3 | Stable genetic transformation of B. distachyon (genotype Bd21-3). (A) Immature embryos grown on callus induction medium; (B) embryo after 3 weeks on callus induction medium; (C) co-cultivation compact embryogenic callus with Agrobacterium on filter paper; (D) co-cultured compact embryogenic callus on selection medium; (E) regenerating callus on regeneration medium; (F) rooted putative transformants on rooting medium; putative transformant grown in soil for 2 weeks (G) and 8 weeks (H), respectively.
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Figure 4 | Molecular analysis of transgenic B. distachyon. (A) Integration of Fg00677-RNAi construct in transgenic plants analyzed by PCR amplification using Fg00677 and Bar gene-specific primers. (B) Integration of Fg08731-RNAi construct in transgenic plants analyzed by PCR amplification using Fg08731 and Bar gene-specific primers. (C) Integration of CYP51-RNAi construct in transgenic plants analyzed by PCR amplification using CYP51BAC and Bar gene-specific primers. The genomic DNA from non-transformed control (NTC) plants was used as negative control. The plasmid DNA, including FG00677-RNAi construct, FG08731-RNAi construct, or CYP51-RNAi construct was used as positive control (PC); M indicates DL2000 DNA marker.






Production of siRNAs in Transgenic B. distachyon Lines

To determine the presence of homologous siRNA in transgenic Fg00677-RNAi, Fg08731-RNAi, and CYP51-RNAi lines, northern blot analysis was performed using the sequence-specific probes. The result showed that the siRNA molecules derived from Fg00677-RNAi, Fg08731-RNAi, and CYP51BAC-RNAi constructs were present in the transgenic T2 lines (Fg00677-RNAi-L1, -L2, Fg08731-RNAi -L3, -L4, -L6, CYP51-RNAi -L3, -L4) prior to F. graminearum inoculation (Figure 5; Figure S3). No hybridization signal was detected in the other transgenic T2 lines (Fg00677-RNAi -L3, -L4, -L5, -L6, -L7, Fg08731-RNAi –L1, -L2, -L5, -L7 and CYP51-RNAi -L1, -L2, -L5, -L6, -L7) or non-transformed control plants (Figure S3). The results showed that some RNAi transgenic plants express enough siRNA, and the other RNAi transgenic plants could not express enough siRNAs which can be detected by northern blot. In addition, the results indicated that the dsRNA derived from respective Fg00677-RNAi, Fg08731-RNAi, or CYP51-RNAi constructs were produced in the transgenic plants and processed by the host silencing machinery into siRNA molecules. Thus, the transgenic B. distachyon lines (Fg00677-RNAi-L1, -L2, Fg08731-RNAi -L4, -L6, CYP51-RNAi -L3, -L4) which produced more siRNAs were selected for further analysis.
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Figure 5 | siRNA detection in transgenic B. distachyon lines. Northern blot analysis of sequence-specific siRNA molecules derived from Fg00677 (A), Fg08731 (B), and CYP51BAC (C) RNAi fragments in the T2 transgenic B. distachyon lines with Fg00677-RNAi, Fg08731-RNAi, and CYP51-RNAi constructs. Ethidium bromide-stained rRNA served as loading control (LC). NTC, non-transformed control.






Response of Transgenic B. distachyon Plants Inoculated With F. graminearum

The transgenic B. distachyon plants that contained RNAi constructs displayed normal morphology (Figure S4), indicating no unintended effects in the RNAi plants. Two independent transgenic lines of the T2 generations were assayed for their resistance to F. graminearum strain PH-1 wild type of Bd21-3 was also inoculated and served as the control. At the flowering stage, the spikes of T2 transgenic plants of the same lines were inoculated by single-floret injection. After inoculations, obvious differences in disease symptoms on spikes were clearly discernible between the transgenic plants and the non-transgenic plants (Figure 6A). In the transgenic plants with Fg00677-RNAi, Fg08731-RNAi, and CYP51-RNAi constructs, the FHB symptom occurred only in the partial florets of the inoculated spikelet. However, symptoms appeared on the entire inoculated spikelet and at least one adjacent spikelet in the non-transformed line Bd21-3 (Figure 6A). To evaluate the extent of spike colonization, the scoring method described by Pasquet et al. (2016) was used for scoring the symptoms at 9 days post-inoculation (dpi). The transgenic B. distachyon lines (Fg00677-RNAi -L1, -L2, Fg08731-RNAi -L4, -L6, CYP51-RNAi -L3, -L4) showed average disease symptom grades of 2.20, 2.54, 2.03, 2.32, 2.42, and 2.57, respectively, significantly lower than that of Bd21-3 which exhibited an average disease symptom grade of 3.72 (Figure 6B). The biomass of F. graminearum showed a significant decrease in lines Fg00677-RNAi -L1, -L2, Fg08731-RNAi -L4, -L6, CYP51-RNAi -L3, -L4 compared with Bd21-3 (Figure 6C; Figure S5). These results indicated significant increased resistance to F. graminearum in transgenic lines compared with that in the control plants.
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Figure 6 | Evaluation of disease resistance of T2 transgenic B. distachyon lines with Fg00677-RNAi, Fg08731-RNAi, and CYP51-RNAi constructs against F. graminearum. (A) The second spikelet from the top of the spike of transgenic B. distachyon lines and non-transgenic controls was point inoculated with F. graminearum PH-1 strain and photographed at 9 dpi. Bar, 1 cm. Arrows indicate the inoculation site. (B) Quantification of the disease symptoms using a scoring scale at 9 dpi. Values represent the means ± standard deviation of at least 30 plants. Similar results were obtained from three biological replicates. (C) F. graminearum and B. distachyon biomass ratio measured via total DNA content at 5 dpi by absolute quantification using the internal reference genes beta-tubulin and BdUBC18, respectively. Values represent the means ± standard deviation of three biological replicates. Differences were assessed using Student’s t tests. Double asterisks indicate P < 0.01.






Reduced Transcript Levels of the Target Genes in the Transgenic Plants Inoculated With F. graminearum

To determine the effect of HIGS strategy on the targeted F. graminearum genes (Fg00677, Fg08731, CYP51A, CYP51B, and CYP51C), we measured the relative transcript levels of these genes in the pathogens infecting transgenic lines and compared them with the levels in pathogens infecting non-transformed plants. Total RNA was isolated from infected plant tissue 72 h after inoculation with F. graminearum PH-1 and cDNA was synthesized by reverse transcription. Gene-specific primers were designed for Fg00677, Fg08731, CYP51A, CYP51B, and CYP51C outside the fragments used in the RNAi constructs to avoid possible artifacts. The transcript levels of F. graminearum beta-tubulin were also measured and used for normalization. Analysis of two independent transgenic lines showed a clear down-regulation of Fg00677, Fg08731, CYP51A, CYP51B, and CYP51C in F. graminearum infecting transgenic B. distachyon lines as compared to F. graminearum infecting non-transgenic controls (Figure 7). In the F. graminearum-infected seedlings, the Fg00677 transcripts were reduced by 58% and 54%, respectively, in the two Fg00677-RNAi transgenic lines L1 and L2 relative to control seedlings (Figure 7A). Similarly, the Fg08731 transcripts were reduced by 60% and 55%, respectively, in the two F. graminearum-infected Fg08731-RNAi transgenic lines L4 and L6 relative to control seedlings (Figure 7B). The CYP51A, CYP51B, and CYP51C transcripts were reduced by 78%, 77%, and 70% in the F. graminearum-infected CYP51-RNAi transgenic line L3, and reduced by 75%, 78%, and 67% in the F. graminearum-infected transgenic line L4, respectively, relative to F. graminearum-infected control seedlings (Figure 7C). The results showed that the transcript levels of Fg00677, Fg08731, CYP51A, CYP51B, and CYP51C were reduced significantly in fungi infecting corresponding transgenic lines. The results further indicated that the significant increased resistance to F. graminearum was due to the reduced transcript levels of corresponding genes in the corresponding transgenic plants with RNAi cassette.
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Figure 7 | Relative transcript levels of Fg00677 (A), Fg08731 (B), CYP51A, CYP51B, and CYP51C (C) in F. graminearum-inoculated spikelets. The expression values were normalized to the level of the beta-tubulin of F. graminearum, and the expression level of target genes in F. graminearum-inoculated non-transformed plants set at 1. Bars represent the means ± standard deviation of three biological replicates. Differences were assessed using Student’s t test. Double asterisks indicate P < 0.01.







Discussion

Genetic breeding for FHB disease resistance represents the most cost-effective control strategy. However, resistance breeding for FHB and reduced deoxynivalenol (DON) accumulation is complex and difficult, due to the limited disease-resistant germplasm sources and the rapid breakdown of resistance by new virulence races (Wegulo et al., 2015; Machado et al., 2018). Recently, HIGS has been applied in more plant pathogens, including FHB fungus F. graminearum, and provided a new strategy for the safe, pesticide-free and potentially sustainable plant protection against plant pathogen (Koch et al., 2013; Cheng et al., 2015; Chen et al., 2016). The objective of this study was to identify new effective HIGS target genes, and determine whether B. distachyon could be used as a model plant to identify the effective HIGS target of F. graminearum for using HIGS technology.

Increasing resistance against pathogens through HIGS technology in host depends on the effective HIGS targets which play a vital role in growth, development, and pathogenicity in fungi. Protein kinases play an important regulatory role in the pathogenesis and growth of plant pathogens. Earlier, it was reported that the two protein kinases encoding genes, CK2 orthologous gene Fg00677 and the CK1 orthologous gene Fg08731, are essential in F. graminearum, because deletion of them is lethal (Wang et al., 2011). CK2 and CK1 orthologous genes also play important roles in other organisms, especially in fungi. CK2 is involved in numerous cellular processes, including cellular morphology, signal transduction, ion homeostasis, cell viability, cellular polarity, and cell cycle progression (Tripodi et al., 2007; Lei et al., 2014; Wang et al., 2015). CK2 is essential for regulating cell cycle progression and proliferation in S. cerevisiae and S. pombe (Snell and Nurse, 1994; Rethinaswamy et al., 1998), and is required for growth and development in two filamentous fungi: N. crassa and A. nidulans with mutants resulting in microcolony and aerial mycelium-defective phenotype (Yang et al., 2002; He et al., 2006; Mehra et al., 2009; de Souza et al., 2013). CK1 enzymes have important roles in regulating several cellular processes, such as cell cycle, cell division, and cell differentiation, and the circadian clock in mammals, Drosophila, and S. cerevisiae (Brockman et al., 1992; Eide et al., 2005; Knippschild et al., 2005). CK1 orthologs characterized in S. cerevisiae, A. nidulans, and Neurospora crassa are proven to be essential for growth and development (Hoekstra et al., 1991; Hoekstra et al., 1994; Zhou and Elledge, 2000; Park et al., 2011; Apostolaki et al., 2012). Therefore, we selected these two genes for further analysis. We obtained the full-length ORFs of Fg00677 and Fg08731 from F. graminearum by PCR. Sequence analysis indicated that Fg00677 and Fg08731 contain the STKc_CK2_alpha conserved domain and STKc_CK1_delta_epsilon conserved domain, respectively. Multiple-alignment and phylogenetic analysis indicated that Fg00677 and Fg08731 are highly conserved in filamentous fungi. It is well known that the evolutionarily conserved proteins will play the critical functions usually. Therefore, Fg00677 and Fg08731 may be the effective HIGS target, which were identified using HIGS technology subsequently.

RNAi refers to a biological phenomenon that is capable of causing sequence-specific inhibition of gene expression at the transcriptional, post-transcriptional, or translational levels (Baulcombe, 2015). RNAi exists in plants, and the RNAi mechanism is conserved and widely involved in the growth and development of organisms (Plasterk, 2002). RNAi also exists in fungi, and the Dicer-dependent RNAi machinery was discovered in F. graminearum (Chen et al., 2015; Son et al., 2017). HIGS relies on the plant’s RNAi system to produce silencing molecules (dsRNA and siRNAs) which can be translocated into fungus through unclear mechanism, then relies on the interacting RNAi system of the fungus to down-regulate the expression of fungal genes (Cai et al., 2018). In this study, the siRNAs complementary to the respective fungal gene were detected by northern blot in the transgenic B. distachyon carrying the respective RNAi construct, indicating that dsRNAs were produced through transcription in the transgenic B. distachyon, and the dsRNAs were processed into siRNAs by plant’s RNAi system. The endogenous transcripts of the HIGS target genes (Fg00677, Fg08731, CYP51A, CYP51B, and CYP51C) were reduced in F. graminearum colonizing transgenic B. distachyon spikes carrying the respective RNAi construct, suggesting that the dsRNAs or siRNAs produced by transgenic B. distachyon may be translocated into the fungal cells during the infection process and serve as the silencing molecules that initiated in vivo post-transcriptional gene silencing in the colonizing fungus.

The reduction of the respective gene’s transcripts in colonizing F. graminearum by transgenic B. distachyon T2 lines expressing HIGS cassettes correlates with significant protection of B. distachyon against the disease. The resistance of Fg00677-RNAi and Fg08731-RNAi T2 lines reached the level equivalent to CYP51-RNAi lines. The engineered resistance trait existed in the T2 generation, indicating that the disease resistance traits can be transmitted to next generations. The HIGS cassettes of Fg00677 and Fg08731 do not contain an effective target of host genes in the B. distachyon genomic sequence according to the off-target prediction tool; thus, the probability of off-target silencing of the host gene is low. In this study, we did not observe a difference in growth status between the transgenic B. distachyon plants and the wild type Bd21-3. Although the expression levels of Fg08731 and Fg00677 were reduced partially in colonizing F. graminearum, the FHB resistance was enhanced significantly, indicating that the degree of silencing by HIGS is sufficient to attenuate pathogenicity of F. graminearum. Although Fg00677 and Fg08731 are essential in F. graminearum, we did not observe complete resistance to F. graminearum as the smaller browning or bleaching lesion occurred on the inoculated spikelet. This may be due to some degree of pathogenicity conferred by the residual transcripts, indicating that exploring HIGS technology for effectively improving disease resistance requires sufficient silencing of the target genes of phytopathogens. To increase the degree of resistance to pathogens, multiple genes can be silenced. Koch et al. (2013) and our study found that simultaneously silencing all three CYP51 genes in F. graminearum by HIGS completely eliminates fungal pathogenicity. Therefore, simultaneously silencing Fg00677 and Fg08731 may confer the enhanced resistance to F. graminearum. In conclusion, Fg00677 and Fg08731 are effective HIGS targets which can be used for improving resistance against FHB disease in wheat and other cereal crops.

The key genes of plant pathogen identified by knock-out technology were considered as candidate HIGS targets. However, whether these genes can be silenced effectively using HIGS technology is uncertain as the current mechanism of HIGS is not yet clear. Therefore, the candidate HIGS target genes need be validated in a plant-pathogen interaction system before being applied in disease-resistant breeding in wheat. However, it is not feasible to use transgenic wheat in screening of effective HIGS targets, because wheat genetic transformation is time consuming and costly, and wheat has a long growth cycle. B. distachyon-F. graminearum interactions closely model the head blight in wheat and barley caused by F. graminearum (Peraldi et al., 2011). B. distachyon as a grass crop, may be used as alternative plant for batch screening of HIGS targets, due to the shorter growth cycle and easier genetic transformation compared with wheat and other cereal crops. Koch et al. (2013) showed that HIGS targeting of the CYP51 genes rendered susceptible plants highly resistant to F. graminearum infection in Arabidopsis and barley. In this study, HIGS of CYP51 genes also confers efficient resistance against F. graminearum infection in B. distachyon. In addition, HIGS of two essential protein kinase encoding genes (Fg00677 and Fg08731) enhanced the resistance against F. graminearum infection in B. distachyon, significantly. Our data indicated that HIGS can be used in B. distachyon-F. graminearum interactions, and B. distachyon can be used as a model plant for identifying the effective HIGS targets of F. graminearum, with providing time and money saving benefits compared with wheat.
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Figure S1 | Amino acid sequence alignments of Fg00677 (A) and Fg08731 (B) with other fungal homologs. Amino acid identity (black boxes) and similarity (gray boxes) are shown within the protein kinase domain. The active sites are highlighted with a filled triangle. The ATP binding site is indicated with an arrow. Asterisks indicate the activation loop. Thick black horizontal line indicates the conserved domain of the corresponding protein kinase.

Figure S2 | The nucleotide sequences of Fg00677 and Fg08731 used for RNAi constructs. The full-length sequences represent the ORFs of Fg00677 (A) and Fg08731 (B). The nucleotides highlighted with bulue color of Fg00677 (A) and Fg08731 (B) were used for RNAi constructs.

Figure S3 | siRNA detection in transgenic B. distachyon lines. Northern blot analysis of sequence-specific siRNA molecules derived from Fg00677, Fg08731, and CYP51BAC RNAi fragments in the T2 transgenic B. distachyon lines with Fg00677-RNAi, Fg08731-RNAi, CYP51-RNAi constructs. Ethidium bromide-stained rRNA served as loading controls (LC). NTC, non-transformed control.

Figure S4 | Phenotypes of the Fg00677-RNAi, Fg08731-RNAi, and CYP51-RNAi lines. Transgenic lines compared with the wild-type Bd21-3 at 28 days (A) and at 40 days after sowing (B). Bars, 5 cm.

Figure S5 | The standard curve generated for the absolute quantification of F. graminearum and B. distachyon. The fragments of beta-tubulin and BdUBC18 were fused to the pMD18-T vector to generate the templates. Threshold cycles were plotted against the quantity of the templates. (A) Standard curve for beta-tubulin generated by using the quantity of the templates (101, 102, 103, 104, 105, 106, 107, 108). (B) Standard curve for BdUBC18 generated by using the quantity of the templates (104, 105, 106, 107, 108).

Table S1 | List of primers used in this study.

Table S2 | Prediction of off-target transcripts for Fg00677 and Fg08731.
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Plant beneficial microbes (PBMs), such as plant growth-promoting bacteria, rhizobia, arbuscular mycorrhizal fungi, and Trichoderma, can reduce the use of agrochemicals and increase plant yield, nutrition, and tolerance to biotic–abiotic stresses. Yet, large-scale applications of PBM have been hampered by the high amounts of inoculum per plant or per cultivation area needed for successful colonization and consequently the economic feasibility. Seed coating, a process that consists in covering seeds with low amounts of exogenous materials, is gaining attention as an efficient delivery system for PBM. Microbial seed coating comprises the use of a binder, in some cases a filler, mixed with inocula, and can be done using simple mixing equipment (e.g., cement mixer) or more specialized/sophisticated apparatus (e.g., fluidized bed). Binders/fillers can be used to extend microbial survival. The most reported types of seed coating are seed dressing, film coating, and pelleting. Tested in more than 50 plant species with seeds of different dimensions, forms, textures, and germination types (e.g., cereals, vegetables, fruits, pulses, and other legumes), seed coating has been studied using various species of plant growth-promoting bacteria, rhizobia, Trichoderma, and to a lesser extent mycorrhizal fungi. Most of the studies regarding PBM applied via seed coating are aimed at promoting crop growth, yield, and crop protection against pathogens. Studies have shown that coating seeds with PBM can assist crops in improving seedling establishment and germination or achieving high yields and food quality, under reduced chemical fertilization. The right combination of biological control agents applied via seed coating can be a powerful tool against a wide number of diseases and pathogens. Less frequently, studies report seed coating being used for adaptation and protection of crops under abiotic stresses. Notwithstanding the promising results, there are still challenges mainly related with the scaling up from the laboratory to the field and proper formulation, including efficient microbial combinations and coating materials that can result in extended shelf-life of both seeds and coated PBM. These limitations need to be addressed and overcome in order to allow a wider use of seed coating as a cost-effective delivery method for PBM in sustainable agricultural systems.
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Introduction

Currently, more than 1/3 of the Earth’s land surface is occupied by agriculture, with a total net production value estimated in 2.6 × 109 US dollar (FAOSTAT, 2016). Only in Europe, there are 20 million people working regularly in the agricultural sector, with 44 million jobs currently taken in farming and the food sector (European Commission, 2019). It is a sector of great importance, providing employment for about 50% of the labor force in low-income countries (Cheong et al., 2013) and being the basis of human dietary composition (Awika, 2011). Nonetheless, the unsustainability of the current conventional agricultural practices along with future climate scenario urges for alternatives that can not only increase agricultural production but also bring environmental and economic sustainability, thus ultimately improving human well-being (Gliessman, 2005; Reganold and Watcher, 2016).

Plant beneficial microbes (PBMs) are considered to be a natural alternative path to ease the pressure on the environment resulting from conventional farming. These microbes can help plants maintain or increase productivity while reducing the input of agrochemicals, restoring soil fertility, and/or overcoming problems caused by abiotic and biotic stresses (Malusá et al., 2012; Nadeem et al., 2014). In the last decades, the interest in the use of PBM for increasing yields and resilience of agricultural crops has been growing steadily (Jeffries et al., 2003; Royal Society of London, 2009; Hayat et al., 2010; Li et al., 2014; Vurukonda et al., 2016). Yet, agricultural practices such as intensive fertilization and soil tillage and abusive application of pesticides can severely affect soil microbes and their beneficial interaction with the target plants, thus hampering a wider use of PBM (Lupwayi et al., 2012; Tsiafouli et al., 2015; Prashar and Shah, 2016). Moreover, currently, the large-scale application of PBM, particularly in broad-acre crops, might not be practicable or economically feasible considering the amount of microbial inoculum needed per plant (Vosátka et al., 2012; Oliveira et al., 2016a). Therefore, there is an urgent necessity of efficient and effective inoculation methods to apply PBM (Glick, 2012)

Seed inoculation has been considered as a precise and cost-effective method to deliver microbial inoculants (Ehsanfar and Modarres-Sanavy, 2005; O’Callaghan, 2016), with the potential for large-scale application. Seed coating is a technique in which an active ingredient (e.g., microbial inoculant) is applied to the surface of the seed with the help of a binder and in some cases a filler that can act as a carrier. Seed coating has been proposed as a promising tool for inoculation of different crop seeds, since it is able to use minor amounts of inocula in a precise application (Jetiyanon et al., 2008; Oliveira et al., 2016a; Rouphael et al., 2017; Accinelli et al., 2018a; Accinelli et al., 2018b; Rocha et al., 2019a; Rocha et al., 2019b). The main types of seed coatings include seed dressing, film coating, and pelleting, which can be chosen differently, according to the purpose of application and the type of seed or selected microbes.

In this review, we considered seed coating as any method in which the seed surface is covered by materials (solid or liquid containing dissolved or suspended solids) forming a more or less continuous layer (physical barrier). Applications without the purpose of seed covering, which only comprise the use of microbial inoculants lacking any other compounds such as fillers/carriers or binders, like bacterization by seed immersion in a bacterial suspension (seed soaking) were considered as seed treatments but not seed coating.

Here, published research on microbial inoculants applied via seed coating is reviewed, with the intention of evaluating the effectiveness of seed coating as a delivery system for microbial formulations and their effects on agricultural crops. New research opportunities and future prospects are also highlighted.




Plant Beneficial Microbes

Microorganisms that benefit plant establishment, growth, and development by direct or indirect mechanisms are generally known as PBM. This review mostly focuses on two main groups of soil microorganisms, bacteria and fungi, particularly on plant growth-promoting bacteria (PGPB), arbuscular mycorrhizal (AM) fungi, and Trichoderma, due to their importance as microbial inoculants in agroecosystems.



Bacteria

Bacteria are, by far, the most abundant microorganisms present in the rhizosphere (Kaymak, 2010). Various genera of bacteria (e.g., Azospirillum, Azotobacter, Pseudomonas, Bacillus and Burkholderia) contain species that have positive effects on plant growth and development. These beneficial bacteria, also designated as PGPB, are responsible for protecting plants from biotic and abiotic stresses, enhancing plant growth and performance through direct and indirect mechanisms (Glick, 1995; Timmusk et al., 2017). PGPB can act as biofertilizers, phytostimulators, rhizoremediators, stress bioalleviators, biomodifiers, or biological control agents (BCAs)/biopesticides (Lugtenberg and Kamilova, 2009; Ma et al., 2016). Direct mechanisms include facilitation of nutrient acquisition [e.g., nitrogen (N) fixation, phosphorus (P) and potassium (K) solubilization], synthesis of phytohormones (e.g., indole-3-acetic acid and cytokinins), and production of ammonia, organic acids, and 1-aminocyclopropane-1-carboxylate (ACC) deaminase (Hayat et al., 2010; Glick, 2012; Bulgarelli et al., 2013; de Souza et al., 2015; Vejan et al., 2016). On the other hand, indirect mechanisms limit or prevent plant damage and they include biological control against phytopathogens (e.g., bacteria, fungi, nematodes), mainly through the synthesis of allelo chemicals (e.g., antibiotics, hydrogen cyanide) and lytic enzymes, as well as the activation of induced systemic resistance (Compant et al., 2005; Bakker et al., 2007; Glick, 2012). Despite not traditionally considered as PGPB, rhizobia is the term commonly used to describe bacteria capable of nodulation and N2 fixation in association with leguminous plants (Willems, 2006). Moreover, rhizobia are also capable of colonizing the roots of non-legumes and producing phytohormones, siderophores, and hydrogen cyanide and showing antagonistic effects against certain plant pathogenic fungi (Glick, 2012). Inoculation of rhizobia onto legume seeds is probably the oldest agrobiotechnological application (Lindström et al., 2010). Responsible for an essential N contribution to agroecosystems, the application of rhizobia is a common agricultural practice and several commercial inoculants containing PBM are based on rhizobia formulations (Xavier et al., 2004; Benrebah et al., 2007). Once established, inoculated plants significantly reduce synthetic N requirements (30%–60%) in comparison with conventional crops (Jensen et al., 2012).




Fungi

Other important PBMs are AM fungi and Trichoderma. AM fungi associate with the roots of almost 80% of terrestrial plants to form arbuscular mycorrhizas (Harley and Smith, 1983). These symbiotic associations are of great relevance for agricultural systems especially under low input of agrochemicals, due to their role in increasing nutrient uptake and acquisition (e.g., up to 80% of the acquired P can be supplied by the mycorrhiza) (Jeffries et al., 2003; Gąstoł et al., 2016; Oliveira et al., 2016b). Moreover, AM fungi are able to improve soil aggregation, provide a protective barrier against pathogens, and increase water acquisition (Rillig and Mummey, 2006; Sikes, 2010; Nadeem et al., 2014; Bücking and Kafle, 2015; Oliveira et al., 2016b). Besides the structural and nutritional benefits, AM fungi can help crops cope with environmental stresses, therefore enhancing plant growth by producing metabolites (e.g., amino acids, vitamins, phytohormones, and antioxidant enzymes) and adjusting plant physiological status (e.g., proline content, carbon dioxide exchange rate, and stomatal conductance) (Evelin et al., 2009; Ruiz-Lozano and Aroca, 2010; Sikes, 2010; Birhane et al., 2012; Nadeem et al., 2014). For instance, different AM fungal species [e.g., Glomus intraradices, Rhizophagus irregularis, Glomus mosseae (renamed to Funneliformis mosseae), and Rhizophagus fasciculatus] have been used to improve crop performance under salinity and drought stresses (Abdul Latef and Chaoxing, 2011; Celebi et al., 2010; Alizadeh et al., 2011; Habibzadeh et al., 2013; Li et al., 2014; Oliveira et al., 2017a; Oliveira et al., 2017b; Chun and Chandrasekaran, 2018).

As common free-living fungi in the rhizosphere and soil, Trichoderma spp. are well known for their ability to produce a wide range of antibiotics and to parasitize other fungi. Metabolites released during plant–Trichoderma interaction (see Contreras-Cornejo et al., 2016 for a detailed list of active metabolites) can influence several aspects of plant development such as plant growth and root morphology and nutritional status (increase in nutrient uptake, N use efficiency, and nutrient solubilization), and trigger induced systemic resistance, biocontrol of pathogens, and inactivation of toxic compounds in the root zone. Characteristics like high resilience, aggressiveness, reproductive capacity, and efficient nutrient exploitation contribute for Trichoderma successful establishment in the rhizosphere (Harman et al., 2004). Other fungi (e.g., Aspergillus spp., Beauvaria bassiana, and Gliocladium virens) and the oomycete Pythium oligandrum used as biofertilizers and BCA applied via seed coating are also mentioned in this review.




Microbial Consortia

Interactions between different PBM and host plants can be fundamental to maintain soil fertility and plant health, particularly in low-input agriculture that relies on biological process rather than agrochemicals (Sessitsch and Mitter, 2015). Combinations of different PBM, as microbial consortia, can result in improved plant performance. PGPB have been shown to positively influence legume–rhizobia and plan–fungi interactions (Vessey, 2003; Mohamed et al., 2014; Korir et al., 2017). The combined use of PGPB and N-fixing bacteria can improve root growth and plant resilience to environmental stresses, and reduce N losses (Dal Cortivo et al., 2017). It is well known that PGPB can be used to ameliorate nodule formation in legumes when co-inoculated with rhizobia (Tilak et al., 2006) and enhance plant growth indirectly by optimizing the relationship between host plants and AM fungi. Ratti et al. (2001) found that Bacillus polymyxa and Azospirillum brasilense enhanced root colonization by Glomus aggregatum and improved biomass and P content of palmarosa grass when grown on insoluble inorganic phosphate source. Moreover, AM fungi can also associate with legumes where rhizobia are present to increase grain yield and protein content (Oliveira et al., 2017a; Oliveira et al., 2017b). For example, a consortium of G. mosseae and Trichoderma harzianum increased the yield and seed quality of different agricultural crops (Egberongbe et al., 2010; Nzanza et al., 2012). Notwithstanding, the application of microbial consortia does not necessarily entails positive interactions. Competition for nutrient and niche and production of antagonistic secondary metabolites can occur. Therefore, the selection of appropriate PBM to be applied in consortia is crucial.





Microbial Inoculation

PBMs are usually added to the soil (direct soil application), the seed (seed-applied inoculant), or the plant (e.g., foliar spray and root dipping) (Adholeya et al., 2005; Mahmood et al., 2016). Each inoculation method has advantages and disadvantages, depending on the amount of inoculants, availability of equipment, type of seed (e.g., size, shape, and fragility), the presence of inhibiting compounds in the seed (e.g., fungicides, micronutrients, and PBM), and cost (Deaker et al., 2004; Bashan et al., 2014). A summary of some of the most common techniques used in the different inoculation methods and their advantages and disadvantages is presented in Table 1.





Table 1 | Methods of application of microbial inoculants.

[image: ]







In general, direct soil inoculation is used to introduce a large amount of microbial inoculant into the soil, avoiding damage of fragile seeds or protecting the inoculant from inhibiting compounds applied or produced by the seed (e.g., fungicides and antimicrobial compounds). It can be done either using solid, liquid, or encapsulated formulations at the time of seeding (Malusá et al., 2012; Bashan et al., 2014). However, direct soil inoculation is not economically feasible in large-scale applications due to the high amount of microbial inoculum required (Deaker et al., 2004; Adholeya et al., 2005; Vosátka et al., 2012).

Although inoculation of plants through root dipping and foliar is currently being used, these techniques demand large amounts of inoculant and, in the case of root dipping, plant nursery preparation is also required. On the other hand, seed inoculation can be a cost-effective way to deliver microbes in large-scale field applications (John et al., 2010; O’Callaghan, 2016). Seed inoculation delivers PBM to the rhizosphere of the target crop, where an intimate plant–microbe contact is established since germination (Philippot et al., 2013). Besides being a precise delivery system, seed inoculation can also be used to modify seed characteristics (e.g., shape, size and weight, etc.), making it easy to handle and sow (Halmer, 2008).

PBM inoculation has potential to be applied worldwide, from small- to large-scale agricultural systems. Considering that about 90% of the world’s farms are held and ran by families, most of them small and found in rural areas of developing countries (FAO, 2018), it is essential to apply PBM using affordable techniques with simple technological setup. For instance, N2Africa was a project created to promote the use of rhizobia through seed inoculation among smallholder farmers growing legume crops (e.g., common bean, chickpea, cowpea, and soybean) in 11 countries of sub-Saharan Africa (e.g., Ethiopia, Kenya, Mozambique, Nigeria, Rwanda) (Woomer et al., 2017). More than promoting the use of rhizobia, the project intended for knowledge dissemination, focusing in linking scientific research with capacity building, training researchers, students, farmers, and decision-makers to develop and implement sustainable strategies for agriculture.




Seed Coating With Beneficial Microbes

Seed coating is the application of exogenous materials onto the surface of seeds with the aim of improving seed appearance and handling characteristics (e.g., seed weight and size) and/or delivering active compounds (e.g., plant growth regulators, micronutrients, and microbial inoculants) that can protect the seed against phytopathogens and increase germination and plant growth (Halmer, 2008; Pedrini et al., 2017). Inspired in the pharmaceutical industry, seed coating was first applied to cereal seeds in the 1930s, and thereafter, its large-scale commercial use began in the 1960s (Kaufman, 1991). Nowadays, seed coating is used by horticultural and crop industries worldwide and has earned its place in the global market (Pedrini et al., 2017). It is used for applying colors and tracers (e.g., fluorescent dyes); protectants (e.g., pesticides); soil adjuvants (e.g., soil hydrophilic materials and hydro-absorbers); compounds that stimulate germination, growth, and stress resistance (e.g., salicylic acid, gibberellic acid, and abscisic acid); and macronutrients and micronutrients and PBM inoculants (Scott, 1989; Ehsanfar and Modarres-Sanavy, 2005; Pedrini et al., 2017). Coating crop seeds with PBM allows a precise application of minor amounts of inocula at the seed–soil interface (Scott, 1989), ensuring that the PBMs are readily accessible at germination and early development plant stages, stimulating healthy and rapid establishment, and consequently maximizing crop production (Colla et al., 2015a).



Ingredients, Types, and Equipment

Seed coating can vary from simple on-farm applications to sophisticated and industrialized procedures. Although the processes used by farmers and industrial companies may differ, the principle is basically the same. Overall, it includes, seeds inside a container (e.g., rotating drum, cement mixer), where a binder (e.g., adhesive compound), a filler (bulking agent) if needed, and active ingredients (e.g., nutrients, protectants, and PBM) are mixed (Scott, 1989; Accinelli et al., 2016; Padhi and Pattanayak, 2018). Fillers can be single or mixed components, and the most commonly applied are peat (Georgakopoulos et al., 2002; Hartley et al., 2004; Hameeda et al., 2010), talc (Mukherjee and Sen, 1998; Sabaratnam and Traquair, 2002; Berninger et al., 2016), and lime (Brockwell and Phillips, 1970; Gault and Brockwell, 1980; Padhi and Pattanayak, 2018). These components can function as microbial carriers and modify seed size, shape, and weight. Some ingredients like alginate can be used both as filler and binder (Heo et al., 2008; Khan et al., 2011; Anis et al., 2012; Lally et al., 2017). Recently, biochar and chitosan have been also considered as fillers/carriers for microbial seed coating (Głodowska et al., 2016; Głodowska et al., 2017; Ruiz-de-la-Cruz et al., 2017). Binders, natural or synthetic polymers such as methyl cellulose (Hartley et al., 2004; Haikal, 2008; Swaminathan et al., 2016; Amutha, 2017; Lopisso et al., 2017), carboxymethyl cellulose (Sharma et al., 2003; Roesti et al., 2006; Nawar, 2007; Zhou et al., 2017), gum arabic (Kyei-Boahen et al., 2001; Ehteshamul-Haque et al., 2007; Dawar et al., 2008; Singh et al., 2014), or polysaccharide Pelgel (Jensen et al., 2000; Li et al., 2002; Ugoji et al., 2006) are generally added during or toward the end of the coating process in order to bind the exogenous materials and reduce the amount of dust in the final product (Pedrini et al., 2017). Some adhesives (e.g., gum arabic and xanthan gum) can also be used to extend the survival of PBM applied to seeds (Jambhulkar et al., 2016). The selection of the proper type and concentration of binder and filler is crucial for seed germination, plant development, and viability of the applied microbial inoculant. Other characteristics such as availability, cost, origin, and environmental impacts should also be taken into consideration when choosing the most adequate coating materials.

The classification of seed coating types is usually based on the weight, size, and grouping properties of the coated seeds. Most studies do not specify the type of coating used, yet when reported, the most frequent are seed dressing, film coating, and pelleting (Hartley et al., 2004; Shaharoona et al., 2008; Domaradzki et al., 2012; Accinelli et al., 2016; Celly et al., 2016; Jacob et al., 2016; Shahzad et al., 2017; Accinelli et al., 2018b; Rocha et al., 2019a). Moreover, other terms such as slurry coating can also be found in the literature related to microbial seed coating (Pill et al., 2009; Hartley et al., 2013; Rozier et al., 2017; Rehman et al., 2018).

The most basic coating treatment is seed dressing, which refers to the application of finely milled solids dusted onto the surface of seeds in small amounts, and it is normally used for pesticide application (Scott, 1989). Yet, some studies use the term seed dressing, not as a type but as synonym for seed coating (Shaharoona et al., 2008; Choi et al., 2016; Murphy et al., 2017; Shahzad et al., 2017). Film coating is considered as a more recent method, and it consists on the application of a thin layer of external material with little change of the seed shape, size, and weight (Halmer, 2000; Halmer, 2008). It can be considered an improved version of slurry coating, where a solution or suspension is also applied onto the seeds, but in a less firm and uniform layer (Taylor et al., 2001; O’Callaghan, 2016). Also, film coating allows better treatment precision and minimizes the production of dust. It is considered a well-established technique for coating of several high-value horticultural species and other important agricultural crops, such as maize, sunflower, soybean, and canola (Accinelli et al., 2016). In comparison with other seed coating types, film coating has a lower interference with seed germination and a prompter release of active components (Halmer, 2008). Finally, pelleting comprises fillers and liquid binders applied to the seed that may cause a significant increase in weight and volume. Pelleting usually modifies seed morphology into a spherical or ovoid shape, making it impossible to discriminate the initial seed shape (Halmer, 2000). If the original seed shape is still maintained, the term used is encrusting (Pedrini et al., 2017). Pelleting and encrusting increase the amount of applied active ingredients and improve seed handling and sowing, especially for irregularly shaped seeds (Halmer, 2008).

Depending on the type of coating, specific equipment is considered [for some examples, see Pedrini et al. (2017)]. The rotating pan is the most common device used for seed coating (e.g., pelleting, encrusting, dressing, and film coating) (Hartley et al., 2013; Oliveira et al., 2016a; Rouphael et al., 2017; Accinelli et al., 2018a; Rocha et al., 2019a; Rocha et al., 2019b). It usually consists of an inclined round pan rotating in slow motion, where materials are gradually added, followed by size sorting (sieving and screening) and then drying (Halmer, 2000; Pedrini et al., 2017). Film coating and encrusting can also be carried out using a fluidized or spouted bed, a cylindrical apparatus where seeds are kept in suspension by a constant vertical/bottom-up hot airflow, while being sprayed with coating materials. The warm airflow allows moisture evaporation. This is a slow and costly process (Robani, 1994). Another device used for most seed coating types is the rotary coater or rotor–stator, a cylindrical drum with two rotating base disks, a concave one, whose rotation causes seeds to move steadily along the drum walls, and a smaller one that allows the atomization and projection of liquid/slurry coating to the rotating seed mass (Pedrini et al., 2017). Unfortunately, the majority of scientific publications disclose scarce information regarding equipment and methodological details, with a considerable number reporting seed coating procedures performed by specialized companies (Ugoji et al., 2006; Diniz et al., 2009; Junges et al., 2013; Rozier et al., 2017).




Formulation and Microbial Survival

The formulation of microbial inoculants generally consists of three basic elements: the selected microorganism, a suitable carrier (that can be solid or liquid), and different additives. It is worth to note that factors such as incorrect inoculant formulation or limited shelf-life (i.e., inoculant viability on the seed surface) can hamper a wider use of seed coating (O’Callaghan, 2016). Formulation has a major impact on the microbial survival during the process of product elaboration, storage, and application, in its efficiency once applied on the target plant and in the economic feasibility of the application (John et al., 2011; Herrmann and Lesueur, 2013). Although the formulation of microbial inoculants is a critical issue, little research on this topic has been conducted (Parnell et al., 2016). Georgakopoulos et al. (2002) evaluated pre-selected bacterial and fungal antagonists responsible for biological control of damping-off in sugar beet and cucumber with the intention of developing potential commercial formulations based on a peat carrier material for seed coating. Pseudomonas antagonists were the most effective biocontrol agents and survived for 2 years at ambient temperature in the peat formulation. Moreover, a biochar-based seed coating with Bradyrhizobium japonicum inoculum allowed the maintenance of a high bacterial population for over 4 months, which ensured efficient nodulation of soybean (Głodowska et al., 2017). Bacterial survival was strongly affected by the physical and chemical properties of biochar. In fact, out of five applied biochar carriers, only two provided suitable conditions to maintain bacterial viability for long periods of time (9 months). On the other hand, alginate beads can also be used as carriers, which allow a slow and constant release of bacteria. Bashan (1986) developed synthetic beads made of sodium alginate and skim milk, which are biodegradable and have no negative impact on the environment. The final product that consists of lyophilized beads containing immobilized bacterial inoculants can be coated onto crop seeds and then stored at ambient temperature at least for 3 months without loss of bacterial viability. Under high-humidity conditions and without any drying procedure, coated seeds with the immobilized bacteria maintained high viability; however, the downside was that seeds germinated before sowing. Maintaining the viability of PBM coated onto seeds can be challenging, but it is essential for commercial applications. Nevertheless, the shelf-life of seeds coated with microbial inoculants, including the viability of both seeds and coated microbes, is still an overlooked topic in the literature.




Delivery of Beneficial Microbes

An analysis of the published literature since 1960 has showed that a great majority of studies on microbial seed coating were conducted with PGPB (Figure 1). Rhizobia and Trichoderma are also among the most studied microbial inoculants. Within PGPB, Pseudomonas and Bacillus are the most commonly applied genera, which are mainly used as plant growth promotors (Bashan, 1986; Junges et al., 2013; Kumar et al., 2015; Choi et al., 2016; Głodowska et al., 2016; Rehman et al., 2018) and BCA (Georgakopoulos et al., 2002; Pereira et al., 2007; Sim et al., 2008; Singh et al., 2012; Moussa et al., 2013; Zhou et al., 2018). Co-coating of Pseudomonas and Bacillus increased seed vigor and decreased the infection level of Xanthomonas oryzae pv. oryzae in rice (Palupi et al., 2017) and enhanced canola height and biomass under greenhouse and field conditions (Lally et al., 2017). As the most frequently used rhizobial genus, Rhizobium has also been successfully coated singly and in consortia with other PBM, which resulted in positive effects on plant growth and yield (Fatima et al., 2006; Dawar et al., 2008; Dal Cortivo et al., 2017; Zhou et al., 2017; Padhi and Pattanayak, 2018). In some cases, the application of a certain ingredient for seed coating can limit the positive role of Rhizobium in plants. Adams and Lowther (1970) assessed the combined effect of lime and Rhizobium spp. via direct soil inoculation and seed coating on the establishment and growth of different clover species. Direct soil inoculation significantly increased nodulation and caused a threefold rise in plant yield after 32 weeks. Lime also greatly improved nodulation and yield with less intensity compared to direct soil inoculation. Yet, coating of inoculated seeds with lime had little or no effect on clover nodulation or yield. In fact, inoculated seeds coated with lime seemed to display reduced rhizobial survival. Similarly, the application of certain fungicides [e.g., N-(tri-chloromethylthio)-4-cyclohexene-1,2-dicarboximide, metalaxyl-M, carbathiin, oxycarboxin, and thiram] to seeds can be harmful to Rhizobium spp. depending on the species or strain, bacteria–fungicide contact period prior to planting, fungicide concentration, and environmental variables (e.g., high temperatures and dehydration). The survival of Rhizobium ciceri that was coated onto chickpea seeds and simultaneously treated separately with four commercial fungicides under laboratory conditions was reduced, according with the applied fungicide. In pot experiments, the negative effects of fungicides on Rhizobium sp. were less intense, due to the buffer effect of the rhizosphere soil or the possible migration of inoculated strains from the fungicide zones. Kyei-Boahen et al. (2001) described discrepancies between the obtained results and previous reports and highlighted the importance of selecting an adequate fungicide compatible with the specific Rhizobium strain for seed coating application. Despite its ability to increase plant productivity and nutrition under greenhouse experiments (Oliveira et al., 2016a; Rocha et al., 2019a) and yield of different agricultural crops under field conditions (Cely et al., 2016), the potential of AM fungi inoculation via seed coating to enhance plant performance is still poorly explored (Figure 1). On the other hand, as the most used group of fungi for seed coating, Trichoderma shows great ability to increase seed germination and plant growth (Nawar, 2007; Domaradzki et al., 2012; Accinelli et al., 2016), and control pathogenic agents such as Rhizoctonia solani (Mihuta-Grimm and Rowe, 1986; Dawar et al., 2008; Haikal, 2008), Pythium spp. (Hadar et al., 1984; Sivan et al., 1984; Lifshitz et al., 1986; Taylor et al., 1991), Sclerotium cepivorum (McLean et al., 2005), and Fusarium spp. (Sivan and Chet, 1986; Sivan et al., 1987; Babychan and Simon, 2017) under greenhouse and field conditions. For instance, simultaneous seed coating with inocula of G. intraradices, G. mosseae, and Trichoderma atroviride enhanced growth, nutrient uptake, grain yield, and quality of winter wheat (Colla et al., 2015a). Other fungi such as Aspergillus spp. and G. virens were inoculated via seed coating mainly for biocontrol purpose (Dawar et al., 2008; Haikal, 2008; Singh et al., 2012). Combining different PBM in consortia can improve plant growth and performance (Nadeem et al., 2014). However, only 19% of studies (from a total of 191 papers published between 1960 and 2019) used seed coating with more than one type of PBM. Singh et al. (2014) developed chickpea seed coating with different combinations of Pseudomonas aeruginosa PHU094, T. harzianum THU0816, and Mesorhizobium sp. RL091 using gum arabic as a binder. The aim was to evaluate the effectiveness and potential of the PBM to promote plant growth and phenolic acid biosynthesis in chickpea infected with the fungal pathogen Sclerotium rolfsii. The consortium led to superior plant growth and higher amounts of phenolic compounds in chickpea grown under biotic stress when compared to their single inoculations and untreated control. Equally, significantly reduced wilt incidence caused by Ralstonia solanacearum and higher fruit yield were observed when talc-based consortium formulation of Trichoderma parareesei + Pseudomonas fluorescens + Bacillus subtilis + Azotobacter chroococcum was applied onto tomato seeds (Nath et al., 2016). Besides, the co-inoculation can also have a negative impact on plant performance. According to Diniz et al. (2006), co-inoculation of Trichoderma spp., B. bassiana, Metarhizium anisopliae, and AM fungi greatly reduced the germination of lettuce seeds. Sometimes single inoculation can perform better than co-inoculation with several microbes. For instance, Ma et al. (2019) reported no benefit of R. irregularis applied via seed coating in combination with soil inoculated Pseudomonas libanensis on cowpea performance. On the contrary, when singly inoculated, P. libanensis was effective in enhancing cowpea biomass and seed yield. So far, it is not clear whether microbial consortia applied via seed coating can be advantageous. The most appropriate microbial combinations according to the plant species and growing conditions should be selected, and factors that affect the functioning of microbial consortia and their survival onto coated seeds must be investigated.
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Figure 1 | Bipartite network of interactions between plant beneficial microbes (PBMs) and agricultural crops (from a total of 191 papers published between 1960 and 2019). Each colored line represents a specific association. In each case, the size of boxes is proportional to the number of interactions considered (a single study can include several interactions). Plant growth-promoting bacteria (PGPB) (blue), Trichoderma (green), rhizobia (red), arbuscular mycorrhizal (AM) fungi (yellow), and others [fungi (e.g., Aspergillus spp., Beauvaria bassiana) and the oomycete Pythium oligandrum] (purple). Percentages represent the proportion of interactions where the specific groups of PBM or plant species are participating.








Comparison of Seed Coating With Other Methods

Published data of comparisons between the efficiency and feasibility of inoculation of PBM via seed coating and other methods are still scarce. In a greenhouse experiment, after comparing seed coating of Rhizobium strains with soil drench application for the management of root-knot nematode Meloidogyne incognita on soybean, Ahmed et al. (2016a) found that seed dressing was more effective in controlling the reproduction of M. incognita and increasing plant height, and fresh and dry root and shoot weight. In a trial using maize, Rocha et al. (2019a) compared the delivery efficiency of R. irregularis via soil inoculation (4860 AM fungal propagules per plant) with seed coating (273 AM fungal propagules per seed) under greenhouse conditions. Results showed a similar root AM colonization between the two inoculation methods, despite the 20-fold difference in the amount of applied inocula. Schoina et al. (2011), in a greenhouse trial, evaluated the biocontrol efficacy of bacterial strain Paenibacillus alvei K-165 against the cotton phytopathogenic fungus Thielaviopsis basicola using the following: (1) seeds coated with a K-165 bacterial formulation in 10% xanthan gum-talc, (2) seeds coated with K-165 encapsulated in sodium alginate-Pyrax, and (3) solely K-165 encapsulated in sodium alginate-Pyrax pellets. Seed coating with K-165 xanthan gum and talc mixture was the most effective treatment in reducing disease symptoms and increasing plant height and fresh weight compared to sodium alginate-Pyrax encapsulated treatments. This might be due to the fact that coating with a bacterial formulation delivered higher bacterial concentration to the seeds and consequently to the rhizosphere, in comparison with other methods. In another study, Amutha (2017) compared four different inoculation methods (seed immersion, seed coating, foliar spray, and soil drenching) and found that all delivered B. bassiana to cotton plants, though with different levels of efficacy. Foliar application followed by soil drenching was considered the most effective inoculation method for B. bassiana. Müller and Berg (2008) tested Serratia plymuthica inoculation onto canola seeds using three different techniques (pelleting, film coating, and bio-priming) against Verticillium dahlia in greenhouse trials. Overall, Serratia-treated plants had significantly inferior disease severity compared to non-inoculated control, yet the efficiency varied with the employed technique. Film coating resulted in 5.2% disease suppression, while plants treated by pelleting and bio-priming showed 13.4% and 14.3%, respectively. In a field trial conducted by Rehman et al. (2018), Pseudomonas sp. MN12 was applied in combination with zinc (Zn) using four different methods (soil application, foliar spray, seed priming, and seed coating) to evaluate the interactive effect on wheat productivity. Results revealed that Zn application through any method including seed coating improved grain yield and grain Zn biofortification of bread wheat. Yet, maximum improvement of grain yield was recorded when Zn was applied in combination with strain MN12 through seed priming. The results from the above studies indicate that further investigations comparing different formulations and techniques can contribute to perfect seed coating. Notwithstanding, it is also important to ponder the economic feasibility of the method, since it can compromise large-scale applications.




Agricultural Applications

In general, the application of microbial seed coating in agriculture is aimed at improving crop productivity. Seed coating with PBM has been successfully applied to a wide range of seeds with many different sizes, shapes, textures, and germination types (Figure 1). The most explored agricultural crops regarding inoculation via seed coating are cereals like wheat and maize, and fruit/vegetable crops such as tomato, cucumber, and sugar beet. Soybean, chickpea, and pea are some of most commonly reported oil and seed pulses crops. In addition, fiber crops like cotton or forage crops like alfalfa have also been addressed in PBM seed coating research.

In most reported studies, application of PBM via seed coating is able to promote crop growth (Sharma et al., 2003; Geetha and Balamurugan, 2011; Choi et al., 2016; Lally et al., 2017; Rozier et al., 2017; Accinelli et al., 2018b) or biocontrol of phytopathogens (Massoud et al., 2000; Anjaiah et al., 2006; Perelló et al., 2006; Haikal, 2008; Heo et al., 2008; Xue et al., 2013; Ahmed et al., 2016b).



Crop Production and Nutrition

Seed inoculation can improve not only plant growth and yield, but also nutritional value of the crops. Recently, Rouphael et al. (2017) evaluated two-seed propagated artichoke cultivars “Romolo” and “Istar” regarding planting time and seed coating with a consortium of AM fungi (R. intraradices and F. mosseae) and T. atroviride. They found that microbial seed coating improved both plant yield and nutritional value (such as antioxidant activity, total phenolics, caffeoylquinic acids, and flavonoids). The results showed that coating seeds with a consortium of PBM could assist host plants to achieve optimal yield with high nutraceutical properties when in combination with appropriate cultivar selection and agronomical practices. The increase in grain yield and yield stability with seed coating treatment was associated with higher nutrient uptake, soil plant analysis development index, and photochemical activity of photosystem II. The seed coating formulation with the above-mentioned AM fungi and Trichoderma consortium was based on previous results reporting enhancement of productivity of winter wheat and vegetable crops. In Colla et al. (2015a), the same consortium was inoculated via seed coating and significantly improved seedling growth (increase of 23%, 64%, and 29% in shoot and root biomass and the number of leaves, respectively), yield (increase of between 8.3% and 32.1%, depending on the growing season), and grain quality (increase of 6.3% in protein concentrations and general increase in K, P, Fe, and Zn concentrations) of winter wheat. When inoculated to the soil in the form of tablets, the same consortium of PBM increased the shoot dry weight by 167%, 56%, 115%, 68%, and 58% of lettuce, melon, pepper, tomato, and zucchini, respectively, in greenhouse experiments, and the shoot and root dry weight of lettuce by 61% and 57%, respectively, and the yield of zucchini by 15% under field conditions (Colla et al., 2015b). Seed coating with PBM can be particularly pertinent in low-input agriculture, due to its potential to reduce the application of fertilizers and improve food nutritional value. Oliveira et al. (2016a) showed that a silicon dioxide-based seed coating was a successful tool to inoculate the AM fungal isolate R. irregularis BEG140 that increased dry weight of shoot and seed spikes and nutritional contents (K and Zn) of wheat under reduced fertilization. The same coating formulation was used by Rocha et al. (2019a), where maize was grown without fertilization. Single inoculation with R. irregularis resulted in shoot nutrient concentration increments of 110%, 93%, 88%, and 175% for N, P, K, and Zn, respectively. In fact, the efficacy of some microbial inoculants for improving plant growth and yield can be influenced by nutrients addition/presence. In the study of Shaharoona et al. (2008), two ACC deaminase-producing P. fluorescens strains were coated with peat onto wheat seeds. Both pot and field trials revealed that the efficacy of P. fluorescens for improving growth and yield of wheat decreased with increasing rates of NPK added to the soil. Results showed that the right combination between proper doses of fertilizer and P. fluorescens could be used to improve plant growth while reducing fertilizer application.




Biocontrol

BCA and inducers of systemic acquired resistance (SAR) have been studied in order to reduce the use of fungicides in agricultural crops. Perelló and Bello (2011) evaluated the effectiveness of two T. harzianum strains (Th1 and Th2) and two synthetic compounds (acibenzolar-S-methyl and thiamethoxam) on wheat growth and suppression of tan spot caused by the fungal pathogen Pyrenophora tritici-repentis. Both biological and chemical agents were considered as SAR inducers. While acibenzolar-S-methyl solution was sprayed on wheat leaves, Trichoderma and thiamethoxam were coated onto seeds. Field trials showed that both biological and chemical agents can generally reduce the severity of tan spot, increasing plant height and weight in comparison with control. Th1 was responsible for reducing the presence of necrotic lesions (>50%), increasing foliar fresh weight (50%), and dry mass (25%). Activation of SAR in plants can be an alternative to maintain crops healthy and vigorous. The right combination of SAR inducers applied via seed coating with reduced rates of appropriate fungicides is a promising option for farmers. Further studies showed that the efficacy of plant disease control of fungicides and BCA applied via seed coating can be comparable. Mahmood et al. (2015) found that in a greenhouse study, both fungicides and BCA are almost equally effective against the chickpea wilt pathogen F. oxysporum. A treatment combining T. harzianum coated onto seeds with 1% methylcellulose solution and soil drench of fungicide carbendazim was proven to be more effective than individual treatment of the fungicide or the biocontrol agent. Mcquilken et al. (1990) showed that coating cress and sugar beet seeds with P. oligandrum oospores can control a range of damping-off diseases, in some cases, with the same efficiency as fungicide application. Seed coating with BCA could be used to reduce the amount of fungicide necessary to efficiently suppress disease in a susceptible cultivar. In some cases, the synergetic effect of BCA combined with reduced levels of fungicides can suppress disease equally to a fungicide application at full strength (Howell, 1991). Coating BCA onto agricultural crops can also be a viable, economical, and environmentally friendly strategy for weed control (Elzein et al., 2010). Elzein et al. (2006) showed that coating sorghum seeds with Fusarium oxysporum and gum arabic was an effective way to control the root parasitic weed Striga. They observed reductions of healthy emerged Striga shoots of 81% and 77% in sterilized and non-sterilized soil, respectively.




Abiotic Stress Tolerance

A small portion of the published research concerning PBM inoculation via seed coating is focused on improving crops resistance to abiotic stress. Recently, Rocha et al. (2019b) reported that coating cowpea seeds with P. putida using silicon dioxide and starch significantly increased biomass and seed yield under water deficit. The use of microbial inoculants is also considered as a promising option to enhance the production of cereals under salinity stress. Shahzad et al. (2017) showed that seed coating with Bacillus spp. improved gas exchange (e.g., photosynthetic rate, transpiration rate, and stomatal conductance), ionic content (e.g., N, P, and K of grain and straw), biochemical parameters (e.g., chlorophyll, carotenoids, and crude protein contents), growth, and yield attributes of wheat in saline soils. A greenhouse experiment using chickpea seeds coated with Paenibacillus lentimorbus B-30488 in combination with sodium alginate and calcium chloride (CaCl2) increased germination percentage and the number of colony-forming units of B-30488 in the rhizosphere, resulting in amelioration of drought stress by positively influencing the dehydration-induced physiological responses (Khan et al., 2011). The study revealed the potential role of sodium alginate and CaCl2 in affecting the biofilm formation of B-30488, and its adequacy for seed coating formulation in stress adaptation and protection of plants under drought stress.




Bio-Priming

Bio-priming is a process of biological seed treatment that combines seed hydration and seed inoculation with PBM to accomplish seed protection against soil-borne pathogens improving germination, seedling establishment, and vegetative growth (Meena et al., 2017). It is commonly used for biocontrol purposes. The inoculation of PBM in bio-priming can be done either by soaking seeds into a microbial suspension or by seed coating. In a study by Srivastava et al., 2010, tomato seeds were bio-primed by seed coating with inoculum of T. harzianum and P. fluorescens (either singly or in combination) using a slurry of talc (carrier) and gum arabic (binder). Application of T. harzianum and P. fluorescens by seed bio-priming significantly decreased the time needed for germination, increased germination rate, and reduced the incidence of Fusarium wilt in pot and field trials. The combinations of inoculants were more effective than single-isolate treatments. Pill et al. (2009) tested non-primed and primed slurry-coated cucumber seeds with commercial preparations of T. harzianum on seedling emergence and growth in Phythium aphanidermatum-infested growth medium. While T. harzianum-coated primed seeds had higher seedling emergence and seedling shoot fresh weight, non-primed T. harzianum-coated seeds displayed low incidence of damping-off caused by P. aphanidermatum. Rao et al. (2009) showed that coating and priming P. fluorescens onto sunflower seeds increased the control effect against Alternaria blight.




Limitations and Inconsistencies

Benefits of microbial seed coating on crop yield can be of short-term or null according to the growing conditions (Kubota et al., 2008). In fact, not all published research shows positive effects on plant performance of PBM inoculation via seed coating. No beneficial effect on crop productivity, nodulation, and biological N fixation (Knight, 2007), no economic gains when compared with fungicide application (Hartz and Caprile, 1995) and reduced biocontrol effect (Kay and Stewart, 1994) of inoculated seeds have been reported. For example, Diniz et al. (2009) coated sweet pepper seeds with a mixture of PBM (Trichoderma viride, T. polysporhum, T. stromaticum, B. bassiana, M. anisopliae, and AM fungi) and observed a negative impact on germination rate and plant height. The same undesirable effects were described regarding germination rate of lettuce seeds coated with the same mixture of PBM (Diniz et al., 2006).

Studies on microbial seed coating have been conducted in a similar proportion under laboratory, greenhouse, and field conditions (Figure 2). Still, only a small number of reports include all scales (e.g., laboratory, greenhouse, and field). Inconsistency of field performance can be one of the main restraints for the wide application of seeds coated with PBM. Thus, results that clearly validate the efficacy of the delivery system and the microbial application covering all stages of the process are essential. Shaharoona et al. (2006) tested the effect of ACC deaminase containing Pseudomonas spp. inoculated onto maize via seed dressing on plant growth in pot trials. The most efficient strains in promoting plant height, root weight, and biomass of maize were selected and tested under field conditions. Results indicated that rhizobacteria containing ACC deaminase are effective in improving growth and yield at low levels of fertilizer. Shaharoona et al. (2008) validated the positive effects of ACC deaminase producing P. fluorescens on growth, yield, and nutrient use efficiency of wheat under reduced levels of NPK in both pot and field trials. According to Anjaiah et al. (2006), Pseudomonas sp., Bacillus sp., and Trichoderma spp. inoculated onto groundnut via seed dressing were successfully used for biocontrol of pre-harvest seed infection by Aspergillus flavus under both greenhouse and field conditions.
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Figure 2 | Scale of experiments of seed coating inoculation, expressed as percentage of studies (from a total of 191 papers published between 1960 and 2019).





The efficacy of microbial application methods may also vary according to the experimental scale. For instance, Kazempour (2004) evaluated the ability of P. fluorescens isolates to inhibit R. solani in rice under greenhouse and field conditions using different inoculation methods (seed coating, soil drenching, and foliar spray). P. fluorescens isolates were found to be more effective when delivered via seed coating under greenhouse conditions, while in the field, the best results were obtained with seed coating and foliar spray joint application.

Microbial seed coating is becoming more popular. From the 191 studies evaluated in this review, about 41% were developed over the last 9 years. This tendency is in accordance with the growing demand of the global market for biological seed treatment (Markets and Markets, 2018). Figure 3 presents the distribution of studies regarding inoculation of PBM via seed coating worldwide. North American countries such as the United States of America and Canada, and from Asia like, India, and Pakistan, exhibited the higher number of studies. Nevertheless, Asian and European continents have the biggest increase in research regarding PBM seed coating during the last decade.
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Figure 3 | World map representing the number of studies dealing with seed coating with plant beneficial microbes by country and continent (from a total of 191 papers published between 1960 and 2019). Charts (green bars) indicate the number of published studies by continent, organized by intervals. Intervals correspond to decades (1990–99, 2000–10, and 2010–20), with the exception of the first interval, which collects studies of a larger period (1960–89) due to the low publication record during this period. Note the different scale of the y axis in the Asia chart.






Noteworthy that microbial seed coating market will only reach its potential if bio-inoculants can be produced and applied in a cost-effective way and with efficient functionality regarding the purpose of application. Regardless of the abundant scientific literature on the capacity of several microbial inoculants to improve crop performance and tolerance to abiotic and biotic stresses, few of this work has been scaled up to commercial products or properly adapted for large-scale agricultural application.






Conclusions and Future Opportunities

Driven by the need for sustainable and environmentally friendly farming practices and safer and healthier food, the demand for microbial inoculants is rising. Nevertheless, despite the well-known and proven benefits of PBM in improving yield, quality, and stress resistance of agricultural crops, few studies were focused on feasible delivery systems to apply microbial inocula in large-scale agriculture, frequently hampering its commercial exploitation and scale-up. Seed coating has the potential to be a cost-competitive and time-saving approach for crop production and protection, reducing application efforts and providing extra and desirable characteristics to the seeds. Yet, research on microbial seed coating has gaps that hinder its broader use. Research on inoculant formulation (e.g., microbial survival and viability, selection of ingredients, production cost) is still poorly explored. Even when considering the same type of ingredients (e.g., biochar), it is important to consider the chemical and physical properties that can differ and dictate the efficiency of the coating material as filler/carrier. On the other hand, although some materials (e.g., alginate) have the ability to increase microbial survival, they can also hamper germination, reduce shelf life of the coated seeds, or increase the cost of the final product. Choosing the right formulation for microbial inoculants can be truly challenging in seed coating; thus, more studies comparing different coating materials with different crops and microbes should be further explored. Overall, more clarity regarding the equipment and methodological details of seed coating with PBM is required. The combination of different PBM can also be challenging, since the functioning of consortia and their survival onto coated seeds are influenced by the plant species and growing conditions. The scarcity of studies comparing seed coating with other inoculation methods does not allow acknowledgement of the most suitable method to be used for microbial inoculation, yet some indicate that seed coating is very promising. Studies showed that selected PBM coated onto seeds can help to reduce the need for fertilizers and pesticides or to improve plant resilience to abiotic stress. Benefits of microbial seed coating for agricultural purposes are not always guaranteed, varying with the plant species, growing conditions, or experimental scale. Nonetheless, application of PBM via seed coating is gaining ground and claiming for more research and collaboration between seed companies and academics in order to overcome the technological and commercial hindrances.

The future of microbial seed coating is related to formulations that best adjust to local growing conditions and to agricultural practices (e.g., use of pesticides/fertilizers, irrigation management). Microbial formulations that compare and include native strains under local conditions and agricultural practices should be further explored as the awareness of potential risks by inoculation of non-native microbes is growing. Besides being able to improve microbial survival, coating materials (e.g., carriers and binders) could improve the performance/of the target crop. Since different PBM (species, strains, or isolates) could react differently to coating, the development of coating materials that are compatible with a wide range of inoculants could be crucial to the industry. Thus, new eco-friendly ingredients (e.g., compost; residues from forest and agriculture) with benefits to crops and soil should be considered for novel seed coating microbial formulations. In addition, studies on the economic viability of seed coating, including spending and gains (e.g., increased yield, reduction of fertilizers/pesticides and irrigation costs), should be conducted.

On the other hand, with the unavoidable climate change scenario, the roles of PBM in alleviating abiotic stress conditions (i.e., drought and salinity) of crops become of great importance and are promising lines of research for seed coating. In addition, the interest in areas such as ecosystem restoration is growing (as a result of the environmental degradation and climate change), which can also represent an interesting opportunity for seed coating as a microbial delivery tool. Therefore, revegetation of disturbed areas, conservation, or reintroduction of native plant species using microbial inoculation via seed coating are practices worth exploring.

The microbial inoculants have certainly huge potential for future agriculture good practice. However, it is important to assure that they are successfully applied in order to fulfill their role in a more sustainable agriculture. Seed coating is a potential tool for that chore. Further development and investment may allow its wider application and integration in agricultural management strategies, both in developed and developing countries.
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Currently, fertilization with synthetic chelates is the most effective agricultural practice to prevent iron (Fe) deficiencies in crops, especially in calcareous soils. Because these compounds are not biodegradable, they are persistent in the environment, and so, there is the risk of metal leaching from the soils. Thus, new, more environment-friendly efficient solutions are needed to solve iron-deficiency-induced chlorosis (IDIC) in crops grown in calcareous soils. Therefore, the central aim of this work was to prepare new freeze-dried Fe products, using a biotechnological-based process, from two siderophores bacterial (Azotobacter vinelandii and Bacillus subtilis) cultures (which previously evidenced high Fe complexation ability at pH 9) and test their capacity for amending IDIC of soybean grown in calcareous soils. Results have shown that A. vinelandii iron fertilizer was more stable and interacted less with calcareous soils and its components than B. subtilis one. This behavior was noticeable in pot experiments where chlorotic soybean plants were treated with both fertilizer products. Plants treated with A. vinelandii fertilizer responded more significantly than those treated with B. subtilis one, when evaluated by their growth (20% more dry mass than negative control) and chlorophyll development (30% higher chlorophyll index than negative control) and in most parameters similar to the positive control, ethylenediamine-di(o-hydroxyphenylacetic acid). On average, Fe content was also higher in A. vinelandii-treated plants than on B. subtilis-treated ones. Results suggest that this new siderophore-based formulation product, prepared from A. vinelandii culture, can be regarded as a possible viable alternative for replacing the current nongreen Fe-chelating fertilizers and may envisage a sustainable and environment-friendly mending IDIC of soybean plants grown in calcareous soils.
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Introduction

Iron (Fe) deficiency-induced chlorosis (IDIC) is a yield-limiting factor in an extensive range of crops worldwide (Hansen et al., 2006; Briat et al., 2015), especially severe in calcareous soils. It is estimated that calcareous soils cover ~30% of the world’s land surface (Hansen et al., 2006). In the specific case of soybean culture, the incidence of Fe deficiency is increasing and potentially affects nearly two million hectares (Hansen et al., 2006). Therefore, new, cheaper, and more environment-friendly iron fertilizer strategies are needed to overcome this agronomic problem.

Although commonly found in soil, due to its low solubility and dissolution kinetics, Fe availability for plants is very limited, especially in aerated alkaline and calcareous soils (Mengel, 1994; Shenker and Chen, 2005). Fe is essential for, but not only, chlorophyll synthesis; as a result, insufficient Fe in leaves causes low chlorophyll levels and the resultant yellowing of new leaves (Lucena, 2000; Chatterjee et al., 2017). As a consequence, many crop yields are negatively affected and impaired by low Fe bioavailability in soils (Martins et al., 2017).

The strategic requirements for the production of sustainable crops should: i) have a low impact on the environment, ii) be feasible, and iii) have low costs. However, in the case of the Fe fertilizers, available nowadays, these objectives are far from being reached. The most effective Fe correctors used in neutral and alkaline soils [mostly aminopolycarboxylic acid (APCAs) compounds, such as o,o-ethylenediamine-di(o-hydroxyphenylacetate)-Fe(III) and o,o-EDDHA/Fe(III) chelate (García-Marco et al., 2006; Bin et al., 2016)] have scarce degradability (Bucheli-Witschel and Egli, 2001) and can only be applied in cash crops due to their high price (Rajaie and Tavakoly, 2018). Thus, the introduction of alternative cheaper compounds with Fe-complex forming comparable to those synthetic compounds and showing better biodegradability is needed.

Many siderophores (namely those containing catechol and hydroxamic acid groups), which are produced by microorganisms in response to low Fe availability in the environment, are Fe-effective chelators, more selective to Fe(III) than to divalent metals and better biodegradable than synthetic APCAs (Pierwola et al., 2004; Crumbliss and Harrington, 2009; Fazary et al., 2016). These facts, together with others that demonstrated that microbial cultures containing siderophores were able to supply Fe to plants when cultivated in hydroponic medium (Yehuda et al., 1996; Chen et al., 2000; Hördt et al., 2000), suggest that siderophores may have potential to substitute the synthetic APCAs traditionally used for Fe fertilization in calcareous soils. However, the direct application of microbial cultures containing siderophores on soils is not feasible and raises several problems. The handling (transport and storage) and direct use of the supernatants of the microbial culture containing siderophore(s) for the fertilization of soils is not a feasible solution due to the large volumes needed. Moreover, siderophores are natural compounds and, thus, potentially biodegradable. A long storage period of the supernatants of these cultures would undoubtedly lead to partial or complete degradation of the siderophores with the consequent decrease of its concentration and effectiveness. Therefore, in this work, our first aim was to prepare sustainable Fe-chelate fertilizers based on a novel formulation made of freeze-dried products of two filtrates of cultures of Azotobacter vinelandii and Bacillus subtilis.

The formulation of a Fe fertilizer for Fe chlorosis correction of plants grown in calcareous soils constitutes a much vaster and complex problem. The performance of a Fe chelate to supply Fe to plants depends on numerous interactions of Fe chelates with soils that may reduce their presence in the soil solution. Among them, replacement of Fe from the chelates by other metal ions, namely, Ca2+ and Mg2+, which are present at high concentrations in calcareous soils and/or sorption of the Fe chelate(s) onto the soil surfaces regulate the Fe-chelate concentration in solution. Thus, to evaluate the ability of the new freeze-dried products for maintaining Fe in solution, their interactions with soil components and soil were initially assessed.

As it was mentioned above, Fe deficiency continues to be a challenge in soybean production. Therefore, the efficiency of the two freeze-dried formulations in mending IDIC in soybean plants grown in calcareous soil was studied by measuring plant development (dry mass), chlorophyll production, and plant tissue Fe content.

At the end, it is expected that this innovative strategy will contribute to producing environment-friendly (chelating compounds of biological origin constitute it) and cheaper (no separation processes of siderophores, which increase the price of the final product, were employed) Fe-chelate fertilizers that overcome the problems associated with the handling, transport, and storage of microbial cultures and are effective for correcting iron deficiencies of soybean plants grown in calcareous soil conditions.




Materials and Methods



Preparation of the Freeze-Dried Products

In this study, two bacteria strains were used: A. vinelandii Deutsche Sammlung von Mikroorganismen und Zellkulturen (DSM) 2289 and B. subtilis DSM 10. A. vinelandii was grown in Burk’s medium (BM) (Newton et al., 1953), whereas B. subtilis was grown in a minimal mineral medium (MM).

Bacterial filtrates were produced as described elsewhere (Ferreira et al., 2019b). Shortly, bacteria were grown in Fe-depleted media until siderophore concentration was stable (72 and 48 h for A. vinelandii and B subtilis, respectively). Bacterial biomass was pelleted by centrifugation, and the supernatant was filtered through a 0.45-µm pore size filter. The resulting filtrate was mixed with corn starch (5 and 15 g L−1 for B. subtilis and A. vinelandii, respectively), which was used as an anticaking agent. Then, the mixture was freeze dried (Labconco FreeZone 2.5 L coupled with a VacuuBrand RC 6 pump, USA). The resulting powder was homogenized and stored at 4°C until use.




Preparations of Iron Siderophore Solutions



Solution and Soil Interaction Assays

To study the suitability of each bacterial media for Fe chlorosis remediation in soil applications, an Fe-siderophore solution (ISS) was prepared by rehydrating to the same volume the previously obtained powders; this procedure allowed to achieve the same initial concentration of siderophores. Then, a soluble salt of Fe(III), FeCl3.6H2O (Sigma), was added to the maximum complexation capacity at pH 9.0 (A. vinelandii ≈ 188 µmol L−1 and B. subtilis ≈ 225 µmol L−1) of each solution, which was previously determined (Ferreira et al., 2019b). During the process, the pH of the solution was kept between 7.0 and 9.0, and the final pH was set at 9.0. The solution was allowed to settle overnight and filtered (0.45-µm pore size filter). The initial Fe concentration was then measured by atomic absorption spectroscopy with flame atomization (AAS-FA) using a Perkin-Elmer AAnalyst 400 spectrometer (Norwalk, CT, USA).




Application in Calcareous Soil and Soybean Response

For soybean chlorosis amendment, a more concentrated ISS was used. Therefore, ISS were produced by dissolving the powder, obtained previously, in deionized water (20 and 120 g L−1 for B. subtilis and A. vinelandii, respectively) and a soluble salt of Fe(III), FeCl3.6H2O, was added to achieve 120 and 110 mg L−1 of Fe for B. subtilis and A. vinelandii, respectively. In the process, the pH of the solution was kept between 7.0 and 9.0, and the final pH was set at 9.0. The solutions were allowed to settle overnight and filtered (0.45-µm pore size filter). The initial Fe concentration was then measured similarly, as described in Section 2.2.1.





Equilibrium and Stability of Fe Chelates in Soil

To understand the suitability of each ISS for Fe chlorosis amendment of soybean plants in soil applications, a sequence of tests was performed.

The first test addressed the effect of pH solution and the presence of Ca2+ on the ISS stability. Five sets of replicas (three per set), corresponding to the pH values tested, were prepared by mixing 5 ml of ISS with 5 ml of a buffered solution [10 mmol L−1 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, 10 mmol L−1 2-(N-morpholino)ethanesulfonic acid, 10 mmol L−1 N-cyclohexyl-3-aminopropanesulfonic acid, and 10 mmol L−1 N-cyclohexyl-2-hydroxyl-3-aminopropanesulfonic acid] of 100 mmol L−1 CaCl2. The tubes were covered with aluminum foil to prevent light exposure. Then, the pH of each set of replicas was adjusted to 7.0, 7.5, 8.0, 8.5, and 9.0, respectively. The tubes were shaken (150 revolutions per min, rpm) in an orbital shaker (Grant Ols200, UK) at 25°C for 3 days. In the end, samples were filtered (0.45-µm pore size filter), acidified with nitric acid (HNO3) (Merck) (1%), and the soluble Fe was determined as described above.

The second test consisted of the interaction study of ISS with different soils and soil components. For this purpose, 25 mL of each ISS was added separately to two types of soil (5.0 g): a sandy clay soil from Picassent (Valencia, Spain) and a standard soil prepared in our lab, as described by Álvarez-Fernández et al. (1997); individual soil constituents were also tested: CaCO3 (2.0 g), Ca-montmorillonite (0.5 g), goethite (0.25 g), ferrihydrite (0.25 g), and organic matter (0.5 g). Tubes were covered with aluminum foil to prevent light exposure, and each experimental condition was conducted in triplicate. Samples were shaken (150 rpm, 1 h) in an orbital shaker (Grant Ols200, UK) and then left to stand for 3 days at 25°C. In the end, samples were filtered (0.45-µm pore size filter), acidified with HNO3 (1%), and the soluble Fe was determined by AAS-FA, as described above.

The third and last test was conducted using a mixture of the soils with calcareous sand (50/50%), for a total of 5 g. To the mixture, 0.5 mL of ISS was added, intercalating with 0.5 mL of deionized water, before and after (for a total of 1.5 mL added). This resulted in a more reactive condition as the soil/solution ratio was higher [soil/solution (g mL-1) = 3.33] compared to the one used in the previous experiment [soil/solution (g mL-1) = 0.20]. Samples were kept in the dark at 25°C for 3 days, and the moisture level of the soils was checked regularly and maintained by adding water when necessary. Three replicates were done for each ISS. At the end of the 3 days, the soluble Fe was extracted by adding 10 mL of water to each sample, which was then manually shaken and filtered. Finally, the soluble Fe was determined by AAS-FA, as described above.




Evaluation of the Soybean Response to Fe Chelates Application in Calcareous Soil



Experimental Setup

First, Glycine max cv. AG 1833 seeds were germinated in perlite on sterile trays placed in distilled water. Trays were kept at 30°C and 60% relative humidity for 4 days, and the water level inside the trays was monitored to prevent dryness.

Seedlings were then examined, selected, and transferred to a tray, with a perforated plate floating on top of nutrient solution [macronutrients (mmol L−1): 1.0 Ca(NO3)2, 0.9 KNO3, 0.3 MgSO4, and 0.1 KH2PO4; buffered micronutrients (μmol L–1): 2.5 MnSO4, 1.0 CuSO4,10 ZnSO4, 1.0 NiCl2, 1.0 CoSO4, and 115.5 Na2EDTA; other micronutrients (μmol L−1): 35 NaCl, 10 H3BO3, and 0.05 Na2MoO4. The pH was buffered with 0.1 mmol L−1 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid and adjusted to 7.5 with 1.0 mol L−1 KOH] (Nadal et al., 2012) and left for 7 days. Then, plants were transferred to the experiment pots.

Methacrylate cylinders (7 cm diameter, 16 cm high) were used as pots, coated with aluminum foil on the outside to protect the content from light and a piece of mesh on the bottom to allow aeration. A mixture of sandy clay soil (70%) from Picassent (Valencia, Spain) and calcareous sand (30%), in a total of 0.6 kg, was used to fill the pots. Two days before the plants’ transfer, pots were irrigated to 80% of the soil water capacity and, henceforth, watered with sufficient solution to preserve it. The irrigation was conducted using a pH buffered nutrient solution containing the same macronutrients and 1 mmol L−1 of CaCO3 and 1.19 mmol L−1 of NaHCO3 (pH 8.0–8.5). The pots were placed on Petri dishes plates to control chelate leaching. The experiment was carried out in a growth chamber (Dycometal-type CCKF 0/16985) using a daily cycle of 16 h/8 h (day/night); at day: 25°C and a relative humidity of 40%; at night: 20°C with a relative humidity of 60%.

A total of six-pot sets were prepared: one without any treatment (negative control, C−), one for o,o-EDDHA (positive control, C+), two for A. vinelandii ISS (A), and two for B. subtilis ISS (B). Each pot set had five pots, totaling five pots for the negative control, five for positive control, and ten for A. vinelandii [A and A(2)] and B. subtilis ISS [B and B(2)], respectively, according to the scheme presented in Figure 1. To each pot (unless negative control pots), enough volume of chelate or ISS solution was applied to have 2.5 mg of Fe(III) per kilogram of soil. At the 15th day after the first treatment applications, to one set (five pots) of each A. vinelandii and B. subtilis sets [A(2) and B(2), respectively], a second treatment was applied (Figure 1). Plants were harvested 7 and 21 days after treatment (DAT) application. Major nutrients (K+, Mg2+, PO43-, NO3−, NH4+, and Ca2+) present in ISS were quantified and balanced by the addition of appropriate nutrient solutions (Table S1) so that the same quantity of major nutrients was present in all pot sets. Solutions A and C were used for the correction of Ca2+ and NO3−, and Mg2+, respectively. As A. vinelandii ISS and B. subtilis ISS had different K+ and PO43− concentrations, solution B was used to equal these nutrients between the two treatments, while solution D was used to balance the K+ and PO43− content on the soils where no ISS treatment was applied.
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Figure 1 | Treatment schedule for application of iron siderophore solutions (ISS) to chlorotic soybean in calcareous soils. DAT: days after treatment; C−: negative control; C+: positive control (o,o-EDDHA); (A) A. vinelandii ISS; (B) B. subtilis ISS. A(2) and B(2) correspond to second application of A. vinelandii ISS and B. subtilis ISS, respectively.









Plant and Soil Analysis

The level of plant “greenness” was carried out using a soil and plant analyzer development (SPAD) meter (Minolta SPAD-502; Minolta, Osaka, Japan). This equipment allows the evaluation of the chlorophyll index of plant leaves without damaging the leaf. SPAD index was evaluated in all leaf stages from the cotyledons to the last developed plant stage.

At the seventh DAT, two plants shoots were harvested. At 21st DAT, the remaining plant was harvested and all roots recovered from the soil. Plant tissues were washed with 0.1% hydrochloric acid (HCl) and 0.01% of a nonionic detergent solution (Tween 80, Probus, Barcelona, Spain) to remove inorganic contaminants and dirt and subsequently rinsed twice with distilled water. Then, leaves, stems, and roots were separated and dried in a forced-air oven at 60°C for 72 h. Once dried, plant parts were weighted for the dry mass determination and calcinated at 480°C. Iron concentration was analyzed by AAS-FA, as described above, after acid digestion of the resulting ashes with HNO3 (Merck).

The remaining soil in each pot was also analyzed for Fe speciation, namely, the soluble and available Fe concentrations. For this purpose, two subsequent extraction steps were undertaken. First, the aqueous soluble Fe fraction was extracted: the total soil content of the pot was submerged and mixed with 600 mL distilled water and shaken for 10 min. Then, 40 mL of the mixture was centrifuged, and the supernatant was filtered (20−25 µm pore size filter) and acidified with HNO3 .Second, the available Fe was extracted: 25 ml of an extractant solution [diethylenetriaminepentaacetic acid (DTPA) and ammonium bicarbonate] (Soltanpour and Schwab, 1977) was added to the soil that remained after the previous extraction, and the mixture was shaken in an orbital shaker (180 rpm, 10 min). After centrifugation, the supernatant was filtered through a filter paper (20–25 µm pore size) and recovered. This procedure was repeated three times, and the extracts were joined. Enough concentrated HNO3 was added to neutralize the present ammonium bicarbonate and, then, to acidify the solution; the final volume was set to 100 mL. For all samples, the concentration of Fe was analyzed as described previously.





Data Statistical Analysis

All solution and soil interactions of ISS experiments were conducted at least twice, independently, with three replicates each, for a total of at least six samples. For soybean response to ISS application, each set was composed of five replicates. The SPAD indexes were read in triplicate for each leaf stage, in all five replicates, for a total of up to 15 (or 45, for measurements before the seventh day after treatment) measurements per level and treatment. Unless stated otherwise, data are presented as mean ± standard deviation.

The statistical analysis was performed using SPSS software (Ver. 25, SPSS Inc., Chicago, USA). When comparisons were required, an analysis of normality was first conducted using the Shapiro–Wilk test (a 99% level of confidence was used), followed by a Levene test of homogeneity of variance (95% confidence level). When normality and homogeneity of variance assumptions were verified, an ANOVA test was conducted to assess the significance of differences. A post-hoc test was also used, either a Dunnett’s t test (>negative control) or a Tukey’s honestly significant difference (HSD) test (95% confidence level), to compare differences to the negative control or to create subgroups of samples, respectively. Otherwise, when the two assumptions failed, the nonparametric Kruskal–Wallis test was conducted with a post-hoc pairwise comparison for subgrouping of sample sets.





Results



Calcareous Soil Interactions

The stability of ISS Fe chelates in the presence of Ca(II) (as a solution of 50 mmol L−1 CaCl2) was evaluated at different pH values. The media obtained from A. vinelandii exhibited greater stability at 3 days than the one from B. subtilis. In the case of A. vinelandii, ~60% of the initial Fe remained solubilized, while <10% was found for B. subtilis. For each bacterial ISS, there were no substantial differences in the Fe-chelate stability efficiency within the pH range tested (Table 1).





Table 1 | Influence of the pH on the stability of the iron-siderophore solution (ISS) Fe chelates.
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To have more clues regarding the interaction and properties of both media with soil, ISS of A. vinelandii and B. subtilis were tested in solution with soil and with the main components of the soil (Table 2). Again, both media have shown a different outcome. Whereas A. vinelandii ISS has shown higher quantities of Fe(III) still in solution, B. subtilis ISS showed higher losses at the end of the 3 days experiment. This behavior was visible with the soil components as well as with the soils. In addition, higher losses of soluble Fe were found in wet conditions for B. subtilis’ ISS, compared to A. vinelandii’s ISS: about 37 and 17% of initial Fe was recovered in Picassent soil for A. vinelandii and B. subtilis ISS, respectively, while about 41 and 9% were recovered for the standard soil.









	
Table 2 | Influence of soil and soil components on the stability of ISS Fe chelates.





	
Solid phase (in solution)


	
Bacterial origin of ISS





	
A. vinelandii

Fe solubilized (%)a


	
B. subtilis





	
Ca-montmorillonite-


	
50.7 ± 4.1


	
8.7 ± 5.3





	
Peat


	
77.1 ± 5.3


	
50.4 ± 10.7





	
Goethite


	
99.2 ± 7.0


	
38.8 ± 9.6





	
Ferrihydrite


	
78.8 ± 9.8


	
80.0 ± 7.4





	
Calcium carbonate


	
92.5 ± 6.5


	
13.4 ± 5.4





	
Picassent soil


	
53.3 ± 12.5


	
10.8 ± 3.5





	
Standard soil


	
31.2 ± 3.6


	
9.4 ± 4.7





	
Solid phase (wet condition)





	
Picassent soil


	
36.9 ± 7.9


	
16.6 ± 6.3





	
Standard soil


	
41.5 ± 17.6


	
8.7 ± 3.0





	
aThe amount of Fe in solution was measured after 3 days of equilibrium and expressed in percent relative to the initial Fe added. The data correspond to the mean values and standard deviations of two independent experiences performed in triplicate (n = 6).
















Application of Iron Siderophore Solution in Calcareous Soil and Soybean Response



Dry Plant Weight Evaluation

At the moment of sampling, plants were sectioned into their different main organs, namely, leaves, stems, and roots (these last only at the final sampling at 21 DAT). Then, after drying, plant parts were weighted (Table 3).









	
Table 3 | Dry weight (g plant−1) of the different plant organs versus different treatmentsa. 





	
Treatment


	
Plant organ


	
Days after treatment


	
Differenceb





	
7


	
21





	
No Fe (C-)


	
Leaves


	
0.38 ± 0.05


	
0.46 ± 0.16


	
0.27 ± 0.15





	
Stems


	
0.30 ± 0.05


	
0.36 ± 0.11


	
0.21 ± 0.10





	
Roots


	
–


	
0.58 ± 0.25


	
–





	
Shoots


	
0.68 ± 0.10


	
0.82 ± 0.27


	
0.48 ± 0.24





	
Total


	
–


	
1.40 ± 0.51


	
–





	
o,o-EDDHA (C+)


	
Leaves


	
0.36 ± 0.10


	
0.62 ± 0.10


	
0.44 ± 0.15





	
Stems


	
0.24 ± 0.08


	
0.41 ± 0.08


	
0.29 ± 0.11





	
Roots


	
–


	
0.56 ± 0.10


	
–





	
Shoots


	
0.60 ± 0.17


	
1.03 ± 0.18


	
0.73 ± 0.25





	
Total


	
–


	
1.59 ± 0.26


	
–





	
A. vinelandii 


	
Leaves


	
0.38 ± 0.16


	
0.60 ± 0.09


	
0.40 ± 0.14





	
Stems


	
0.27 ± 0.09


	
0.42 ± 0.06


	
0.27 ± 0.09





	
Roots


	
	
0.63 ± 0.08


	
 





	
Shoots


	
0.65 ± 0.25


	
1.02 ± 0.14


	
0.67 ± 0.22





	
Total


	
–


	
1.66 ± 0.20


	
–





	
A. vinelandii (2)c 


	
Leaves


	
–


	
0.62 ± 0.10


	
0.44 ± 0.14





	
Stems


	
–


	
0.40 ± 0.05


	
0.28 ± 0.06





	
Roots


	
–


	
0.67 ± 0.04


	
– 





	
Shoots


	
–


	
1.02 ± 0.14


	
0.72 ± 0.20





	
Total


	
–


	
1.69 ± 0.15


	
– 





	
B. subtilis 


	
Leaves


	
0.47 ± 0.17


	
0.44 ± 0.05


	
0.19 ± 0.14





	
Stems


	
0.28 ± 0.06


	
0.33 ± 0.03


	
0.20 ± 0.02





	
Roots


	
–


	
0.55 ± 0.13


	
–





	
Shoots


	
0.75 ± 0.21


	
0.77 ± 0.08


	
0.39 ± 0.15





	
Total


	
–


	
1.31 ± 0.19


	
–





	
B. subtilis (2)c 


	
Leaves


	
–


	
0.50 ± 0.11


	
0.28 ± 0.09





	
Stems


	
–


	
0.33 ± 0.06


	
0.18 ± 0.06





	
Roots


	
–


	
0.46 ± 0.10


	
–





	
Shoots


	
–


	
0.83 ± 0.16


	
0.46 ± 0.12





	
Total


	
–


	
1.29 ± 0.25


	
–





	
aThe data correspond to the mean values and standard deviations of at least five plants measured in triplicate (n = 15).

bAverage difference of dry mass in plants from 7th day until 21st day.

cTreatments with (2) represent plants with a second application performed 15 days after starting the treatment.

















Data from the sampling conducted on the seventh day after treatment (7 DAT) shows no significant difference between the various treatments and the negative control. The stem average weights were particularly even. The leaves’ average values were even between controls and A. vinelandii ISS-treated plants, while B. subtilis ISS-treated plants had slightly higher dry weights. However, the scenario changed radically by the 21st day after treatment (21 DAT). Although again, no statistically significant differences (p > 0.05) in weight were found, two sets of data can be identified: o,o-EDDHA and A. vinelandii ISS-treated plants vs. negative control and B. subtilis ISS-treated plants. At 21 DAT, in the first group, the values measured for leaves, stems, and shoots were around 0.6, 0.4, and 1.0 g, respectively. However, roots on average had higher dry weights on A. vinelandii ISS-treated plants than on o,o-EDDHA ones. On the other hand, the second group averaged at about 0.4, 0.3, and 0.7 g for leaves, stems, and shoots, respectively.

The mass plant development can be seen when calculating the difference between 7 and 21 DAT plant mass. On average, leaves, stems, and shoots of the plants treated with o,o-EDDHA, and A. vinelandii ISS have grown more 50, 33, and 43%, respectively, than the negative control and B. subtilis ISS-treated plants. Moreover, 21 days after treatment application, plants supplied with Fe-A. vinelandii ISS or Fe-o,o-EDDHA fertilizers were greener than the negative control (Figure 2). On the other hand, plants of the negative control evidenced chlorosis and had a significantly impaired plant development (Figure 2).
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Figure 2 | Photographs of representative plants at the 21st day after treatment (21 DAT). Negative control (C−); positive control (C+; o,o-EDDHA); A. vinelandii ISS (A) and Bacillus subtilis (B) ISS. A(2) and B(2): second application of A. vinelandii ISS (A) and Bacillus subtilis (B) ISS, respectively, at 15th day after treatment (15 DAT).








Soil and Plant Analyzer Development

The evolution of plant “greenness” was evaluated using the chlorophyll meter SPAD in all leaf stages after the cotyledons to the last developed plant stage. The results for plant stage two can be seen in Figure 3. This stage was chosen because all plants had fully developed this stage at the start of the trial (0 DAT) and had relatively similar initial values between treatments; therefore, a better comparison of the treatment effect is achievable.
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Figure 3 | Stage 2 leaves average and standard error of the soil and plant analyzer development (SPAD) index evolution on the course of the 21 days after treatment(s) (DAT). At 15 DAT, a second treatment was applied to half of A and B plants [designated as A(2) and B(2), respectively], splitting both sets (n = 10) into two sets (n = 5). Each plant SPAD was read in triplicate. Different letters denote a significant difference of SPAD levels within each treatment (95% confidence interval), as shown by Dunnett’s t test (> negative control): a = both o,o-EDDHA (C+) and A. vinelandii ISS-treated plants [A and A(2)] were statistically different (p < 0.05) than the negative control (C−); b = Only A. vinelandii ISS-treated plants were statistically different (p < 0.05).







As can be seen in Figure 3, plants treated with o,o-EDDHA and A. vinelandii ISS developed higher levels of chlorophyll than those of the negative control and plants treated with B. subtilis ISS. An ANOVA analysis revealed that this difference was significant (p < 0.05) from the eighth day after treatment (8 DAT) onward until the end of the experiment. A Dunnett’s t post-hoc test also showed that, for all days after 8 DAT, o,o-EDDHA and A. vinelandii ISS-treated plant sets were statistically different (p < 0.05) than the negative control (Figure 3).

Further examination was conducted on data from 21 DAT, which allowed to examine the influence of each treatment on each stage level. The analysis of Figure 4 allows us to draw three different patterns: o,o-EDDHA’s (positive control) leaf stages showed no statistically significant differences within all leaf stages; the negative control and both B. subtilis ISS-treated plants had a sharp decrease from the third to the fourth leaf stages, whereas the fifth stage remained equally low as forth; both A. vinelandii ISS-treated sets had a moderate decrease in SPAD from third to fourth/fifth leaf stages (Figure 4).
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Figure 4 | Intratreatment leaf stage comparison of the SPAD average read and standard error at 21 DAT. Different letters denote a significant difference of SPAD levels within each treatment (95% confidence interval) as shown by Tukey’s HSD test. For intraleaf stage treatment comparison, please check Figure S1 in the supplementary material. C−: no iron treatment (negative control); C+: o,o-EDDHA (positive control); (A) A. vinelandii ISS; (B) B. subtilis ISS. A(2) and B(2) represent plants with a second application performed 15th day after the first treatment (n = 5).








Fe Content in Soybean and Soil Fe Speciation

Dry plant matter was subjected to calcination, and the resulting ashes were digested in HNO3. Metal content was subsequently measured. Data from Fe content in leaves, stems, and shoots, per plant, are presented in Figure 5.
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Figure 5 | Boxplot representation of Fe content per plant found at 21 DAT. C−: no iron treatment (negative control); C+: o,o-EDDHA (positive control); (A) A. vinelandii ISS; (B) B. subtilis ISS. Different letters denote a significant difference of Fe content levels for each organ within a 95% confidence interval, as shown by the pairwise comparisons of the nonparametric Kruskal–Wallis test (n = 5).





Plants treated with o,o-EDDHA evidenced the highest Fe content among all treatments, within both leaves and stem. Conversely, on leaves, both negative control and B. subtilis ISS-treated plants showed the lowest amount of Fe. In stems, all but o,o-EDDHA, were equally low. Using the pairwise comparisons of the nonparametric Kruskal–Wallis test (since no homogeneity of variance was found in the samples), significant differences were found between o,o-EDDHA and negative control in leaves and shoots. In addition, using the same test, differences in all tested tissues between both B. subtilis samples and o,o-EDDHA were found. From this pairwise comparison, two subsets always resulted: one subset containing o,o-EDDHA and another one containing negative control and B. subtilis. A. vinelandii samples were placed in both subsets, as it can be seen in Figure 5.

The analysis of the soil Fe speciation may shed some clues on the outcomes of treatments applied. Two fractions were analyzed: the water-soluble phase (WSP) and the DTPA extracted (available Fe) phase (DEP) (Table 4).

For WSP, significant amounts of Fe were found only in the case of soils treated with o,o-EDDHA, with an average of 0.68 mg kg−1. All other soils had very limited or null concentrations found (Table 4). On the other hand, for DEP, in both controls and A. vinelandii ISS-treated soils, low amounts of Fe were extracted (between 6.80 and 8.41 mg kg−1). Statistical analysis has shown that, in WSP conditions, all samples but o,o-EDDHA were grouped, while in DEP, o,o-EDDHA, A. vinelandii, and negative control are grouped with the lower quantity of Fe found, whereas both B. subtilis conditions were each separated with higher amounts of available Fe.










	
Table 4 | Average of Fe concentration in soil (mg kg−1) in two different phases for different treatments.





	
Treatment


	
Fe concentration (mg kg−1)a





	
WSP


	
DEP





	
No Fe (C−)


	
0.03 ± 0.04 b 


	
7.08 ± 0.70 c





	
o,o-EDDHA (C+)


	
0.68 ± 0.03 a


	
6.80 ± 0.41 c





	
A. vinelandii


	
0.02 ± 0.04 b


	
7.29 ± 0.91 c





	
A. vinelandii (2)


	
0.01 ± 0.03 b


	
8.41 ± 0.82 b,c





	
B. subtilis


	
0.00 ± 0.03 b


	
10.58 ± 2.39 b





	
B. subtilis (2)


	
0.00 ± 0.04 b


	
15.70 ± 2.11 a





	
aWater-soluble phase (WSP) and DTPA extraction phase (DEP). Different letters denote a significant difference on Fe concentration within 95% confidence interval, as shown by Tukey’s HSD test. Treatments with (2) represent plants with a second application performed 15th day after the first treatment. Average ± standard deviation (n = 5).



















Discussion



Calcareous Soil Interactions

As a first step, the suitability of the ISS was evaluated for IDIC amendment, and their properties were studied by performing solution and soil interaction studies. These assays provide an idea of how effective (or ineffective) a Fe-chelating solution agent might be (Álvarez-Fernández et al., 1997). They may also provide information about possible interactions, which may occur in the calcareous soils (López-Rayo et al., 2014). These data are potentially useful for predicting the outcome in field application as well as will help in understanding the results obtained latterly.



ISS Stability for Soil Application

It is possible to see that some or most Fe have precipitated in A. vinelandii and B. subtilis ISS, respectively (Table 1). In a previous work (Ferreira et al., 2019b), it was verified that the siderophores produced by both bacteria evidenced high affinity for Fe, especially at neutral to alkaline pH. Thus, based on our previous results, a higher Fe complexation efficiency (namely, with B. subtilis ISS) would be expected in the presence of Ca(II) solution. The fact that part or most of Fe precipitated after 3 days (Table 1) may be due to one, or a combination, of the following reasons: 1) the simple inability of the ISS Fe chelates to compete with the considerable amount of Ca(II) ions present in solution; 2) degradation of the Fe chelates over time; 3) the presence of a mix of different Fe chelates with different stabilities; 4) coprecipitation phenomena that took out Fe from the solution.

The first hypothesis seems to be unlikely. The literature describes the values of the Fe-chelate constants for the main siderophores produced by A. vinelandii and B. subtilis. For example, in the case of protochelin, the tri-catecholate siderophore produced by A. vinelandii, the Fe formation constant is 1043.9, identical to that of ferrioxamine B (Cornish and Page, 1998), whereas, for bacillibactin, the tri-catecholate produced by B. subtilis, the Fe formation constant is equally high (1047.6) (Dertz et al., 2006). To our knowledge, no formation constants for any of these siderophores with Ca(II) were described; therefore, a theoretical analysis of the competition of Ca(II) for the binding sites is not possible. Nonetheless, the catecholate moieties are very selective to hard trivalent metal ions (Hider and Kong, 2010), such as Fe(III), relatively to divalent ions as is the case of Ca(II). The decrease in selectivity from trivalent to divalent ions is notoriously visible by the reduction in the formation constants values from Fe(III) to Fe(II) (Hider and Kong, 2010). Based on all these facts, the Ca(II) competition in solution should not be a major deterring factor.

On the other hand, the second possibility is somewhat feasible: siderophores, as natural products, are likely to be biodegradable. In addition, the abiotic degradation of siderophores has been reviewed (Harrington et al., 2015). The factors usually involved in abiotic degradation, such as radiation exposure or high temperatures, were prevented. However, and in particular, in the cases where no low molecular weight organic acids were present, reactions at the surface of soil components, especially in the Fe minerals, may result in the degradation of coordinating moieties with consequent loss of Fe (Harrington et al., 2015). Therefore, the degradation by biotic or abiotic processes is a possibility and may explain part of the decrease in the Fe(III) chelation efficiency. However, the considerable differences between the two ISS are unlikely related to this phenomenon. In a previous work (Ferreira et al., 2019b), the analysis of the culture filtrates of A. vinelandii and B. subtilis revealed the presence of catechol-type siderophores, which is compatible with the possible presence of several siderophores described in the literature for each bacterium, namely azotobactin and protochelin for A. vinelandii and bacillibactin for B. subtilis (Ferreira et al., 2019a).

The third reason is also plausible since other different Fe-chelating molecules may be present at various quantities. Different media compositions are expected due to the various culture media initially used for growing the bacteria as well as different exudates produced by the bacteria. Different mild Fe-chelating agents may be present, which are capable of complex Fe(III). One such example may be gluconic acid, resultant from the activity of glucose dehydrogenase, produced during the sporulation of B. subtilis (Fujita et al., 1977), which is known to complex Fe(III) (Sawyer, 1964). However, the resulting complexes are likely weak and may lose their capacity when disturbed by the addition of high concentrations of Ca(II).

The occurrence of coprecipitation as a cause of Fe loss is also possible. In fact, during the experimental procedure, it was possible to see that upon the addition of Ca(II) to the B. subtilis ISS, a white-reddish precipitate was formed, and a change in solution hue and saturation was also observed, indicating the precipitation of the iron previously present in solution. In A. vinelandii medium, such behavior was not found. Different concentrations of phosphate in ISS, as a result of different initial phosphate concentrations used in the two different growth media (higher in B. subtilis than in A. vinelandii), may explain the distinct results. The presence of different organic exudates may also help to explain the discrepancies for the two ISS.

Regarding the interaction of ISS with soils and its components (Table 2), the behavior of both ISS in the presence of CaCO3 mimics the profile recorded in the previous experiment (Table 1). While in the case of A. vinelandii medium, an average of 92% of the Fe initially added was recovered at the end of the experiment, in the case of B. subtilis medium, only 13% of Fe was recovered. The lower precipitation of Fe observed for both ISS, compared to the previous experiment, may be related to the lower concentration of Ca(II) in solution. While in the last experiment, CaCl2 was dissolved to 50 mmol L−1, the latter was conducted in the presence of less amount of soluble CaCO3. Based on the solubility product of CaCO3 (10−8.48) (Martell and Smith, 2004), the concentration of free Ca soluble under these conditions should be under 5 mmol L−1, which is substantially lower than the value previously used (50 mmol L−1). Therefore, it is plausible that the higher precipitation previously observed on B. subtilis ISS is correlated with the formation or presence of inorganic Ca precipitates, such as calcium phosphates, or other inorganic/organic compounds as seen previously for Mn chelates (López-Rayo et al., 2014). For both solutions, Ca-montmorillonite was the soil component that evidenced the lower amount of Fe(III) solubilized (Table 2): at the third day, 50.7 and 8.7% in the case of A. vinelandii and B. subtilis ISS, respectively. This observation is in agreement with the observations that siderophores produced by microorganisms are adsorbed in the clays (Siebner-Freibach et al., 2004). The substantial difference of adsorption between both may be due to the charge and hydrophobicity of the siderophore(s) present in each ISS (Crowley, 2006) and/or the difference of ionic composition of the media, which was shown to influence the adsorption of siderophores to Ca-montmorillonite (Siebner-Freibach et al., 2004). Regarding the Fe (oxy)hydroxides tested, the interaction of ferrihydrite with both media had similar results (~80% of Fe remained soluble at the end of the third-day experiment). In contrast, goethite had different behaviors in the two ISS: for A. vinelandii ISS, an average of 99% Fe was found in solution, while only 39% was found in the case of B. subtilis ISS. For some samples, the Fe dissolved content at the end of the experiment was higher than in the beginning. These substantial differences may be the result of two actions taking place: adsorption of siderophores to the mineral’s surface and promotion of mineral dissolution by siderophores and other organic acids present in solution (Kraemer, 2004). The presence of organic acids can also be an important factor in the dissolution of goethite (Vinet and Zhedanov, 2011).

In a previous work, similar tests were carried out with two synthetic siderophores, one being azotochelin, a catecholate siderophore produced by A. vinelandii (Ferreira et al., 2019c). In it, Fe-azotochelin chelates had lower interaction profiles with soil components and with soil, and thus, Fe-azotochelin chelates remained dissolved. Regarding the stability of Fe(III) in the presence of Ca(II) solution, our results are in fair agreement with those obtained for Fe(III)-azotochelin solution. Azotochelin evidenced lower interactions with the different soil components than A. vinelandii’s ISS. The differences found may be attributed to a different siderophore composition and/or the presence of other organic and inorganic compounds in solution. The variances in the siderophore composition can justify some differences in the adsorption profiles; however, the presence or absence of other organic molecules explains better the discrepancies. For example, ferrihydrite is more soluble than goethite and more easily dissolved by siderophores when acting alone (Kraemer, 2004), whereas goethite dissolution may be improved by the presence of organic acids (Vinet and Zhedanov, 2011), which would justify the increase in A. vinelandii ISS case. On the contrary, the presence of different electrolytes in A. vinelandii ISS (and the absent in azotochelin study) may be a key element in stabilizing the adsorbed siderophores on the other solid phases tested.

Compared to other synthetic chelating agents, such as N,N’-bis(2-hydroxyphenyl)ethylendiamine-N,N’-diacetic acid (HBED), N,N’-bis(2-hydroxy-5-methylphenyl)ethylendiamine-N,N’-diacetic acid (HJB), or o,o-EDDHA (López-Rayo et al., 2009), both A. vinelandii ISS and particularly B. subtilis ISS underperform under similar conditions, since these ISS formulations showed little to no interactions with the soil components or mobilization in the pH range tested in this work. However, compared to other natural-based chelating agents, namely, lignosulfonates, amino acids, gluconates, and humates (Lucena et al., 2010), and despite the slightly worse stability that A. vinelandii’s ISS evidenced in Ca(II) alkaline solutions, these compounds underperform when in contact with soils or soil components compared to A. vinelandii’s ISS.




Chelate Stability in Soil

With the purpose to mimic the soil irrigation under agronomic conditions, a smaller volume of a chelate solution may be applied to simulate soil experiments. Many authors considered this setup as an ideal experimental setting (Limousin et al., 2007; Hernández-Apaolaza and Lucena, 2011). The lower solution/soil ratio is preferred because it allows better observation of the chelates retention, which is difficult to study when high solution/soil ratios are used (Hernández-Apaolaza and Lucena, 2011). The results obtained for both bacterial ISS can be seen in Table 2 [see Solid phase (wet condition)].

The results obtained with this setup mimic those found for the solution experiments described earlier. Recently, similar tests were conducted with Fe-azotochelin solutions, prepared from chemically synthetized azotochelin (Ferreira et al., 2019c). Some differences in the total amount of soluble Fe(III) at the end of the 3 days were visible in the different tests conducted in solution and wet conditions, as well as between the two soils tested (standard soil vs. Picassent soil). Contrary to these findings, here in this study, not only no substantial difference in the amount of soluble Fe(III)-chelates between both soils under test was found for A. vinelandii ISS but also no significant decrease was observed when moving to a more intimate soil interaction (Table 2). For B. subtilis, the results obtained for this experiment are also in good agreement with those obtained with the previous solution experiments. Since comparable amount of soluble Fe(III) was registered in both experiments [in Table 2, Solid phase (in solution) and Solid phase (wet condition), respectively], the results from both ISS seem to indicate that no significant changes in the adsorption profile occurs when the solution/soil ratio is changed relative to the experiments with solid-phase in solution.



Solid Phase (In Solution)

The higher retentions on the standard soil may be a result of the finer texture of the soil and high clay composition. Despite the low Fe recovery results, the average Fe concentration found in the soil solution in all experiments was found to be in the range between 10−4 and 10−5 mol L−1. These concentrations can be considered suitable for soil application since they are within the required Fe concentration range described for plants (10−4 to 10−9 mol L−1) (Kim and Guerinot, 2007).

In conclusion, from these solution and soil interactions tests with the ISS, both ISS behaved differently: A. vinelandii ISS was more stable and maintained more Fe in solution than B. subtilis, keeping ~40% of the initial Fe in wet soil conditions. The latter showed a higher degree of adsorption and soluble Fe loss, with more than 85% of initial Fe lost under the same conditions. However, both were able to maintain Fe in a concentration range adequate for plant development (10−4 to 10−9 mol L−1) (Kim and Guerinot, 2007).






Application of Iron Siderophore Solution in Calcareous Soil and Soybean Response



Soil and Plant Analyzer Development

The results found for the SPAD of stage 2 leaves along the 21 days after the treatment (Figure 3) are comparable to the SPAD data obtained by Martins et al. (2018) and Ferreira et al. (2019c) when synthetic siderophores [Fe(III)-azotochelin] or analogs thereof [Fe(III)-N,N′-dihydroxyN,N′diisopropylhexanediamide] chelates were tested as Fe sources to cucumber plants in hydroponic conditions and soybean (G. max) in calcareous soils, respectively. In addition, when examining the data from the SPAD of the 21 DAT (Figure 4), it is possible to observe that, unless for o,o-EDDHA, all other treatments had shown a decrease in the effectiveness over time, in particular, B. subtilis ISS. With the use of o,o-HBED and o,o-EDDHMA Fe chelates, similar SPAD profiles to those of A. vinelandii ISS were obtained for the last fully developed trifoliate 28 DAT (Bin et al., 2016). In this study, Bin et al. (2016) reported that both Fe(III)-HBED and Fe(III)-EDDHMA chelates performed good, with just slightly lower performance than o,o-EDDHA. On the contrary, the effectiveness of B. subtilis ISS was comparable to the one registered for the negative control.

Moreover, the intrastage treatment statistical analysis, presented in Figure S1, upholds the previous assumption. Consistently, B. subtilis ISS-treated plants were grouped with the negative control in all stages, whereas A. vinelandii ISS-treated plants were paired with o,o-EDDHA set in the second and third stages and arranged alone in the fourth and fifth stages (Figure S1). A typical result for both bacterial ISS corresponds to the apparent loss of Fe provision efficiency over time (B. subtilis much more than A. vinelandii). In the data obtained by Yehuda et al. (2000) for rhizoferrin Fe chelates in a nutrient solution, it was possible to observe a relationship between chelate concentration and a decrease in SPAD readings in latter leaf stages. The results obtained in our study, in particular in B. subtilis ISS, may be due to biodegradation of the siderophore(s) and/or insufficient Fe provided in the solution. Conversely, the o,o-EDDHA exerts its effect throughout the entirety of the trial due to its persistence, whereas possible degradation decreases the effect of bacterial ISS over time, in particular in A. vinelandii ISS, as it appears to be effective in the early stages of the experiment. Comparing A. vinelandii ISS results with those of B. subtilis’, the first evidenced to be more stable than the last. Besides the possible biodegradation of the siderophore(s), soil adsorption phenomena may also contribute to decreasing the availability of Fe siderophores in both cases; in fact, previous experiments have demonstrated high levels of Fe losses to the soils in the case of B. subtilis ISS, while less Fe adsorption was recorded for A. vinelandii ISS (Table 2). On a final note, the second application of ISS has resulted in little effect. Schenkeveld et al. (2010) have demonstrated that when Fe chelates (o,o-EDDHA in their case) were applied to chlorotic plants, some time was needed for SPAD values to increase significantly. Therefore, the lack of effect of the second application may be due to the short time that plants were allowed to recover from chlorosis (Schenkeveld et al., 2010).

The SPAD results (Figure 3) are in agreement with those obtained for plant dry mass (Table 3). Therefore, the comparable development of plants treated with o,o-EDDHA and those treated with A. vinelandii ISS lead us to conclude that A. vinelandii ISS had a positive effect on the plant development and chlorosis amendment. On the other hand, the comparable behavior of B. subtilis ISS-treated plants with the one recorded for the negative control, evidenced that B. subtilis ISS had no significant effect on the plant growth of chlorotic soybean plants. This fact might be due to the effect of Fe chelates in A. vinelandii ISS being able to deliver iron to soybean plants during the first days after application. Therefore, an accumulation of enough Fe in the early developed and developing leaves to allow chlorophyll production in these leaves occurred. However, sometime after the application, Fe chelates in A. vinelandii ISS became less efficient (possibly due to degradation), and the Fe uptake decreased. The newly developed leaves had a lower Fe supply and developed less green (see Figure S2 and the following section for clarification).




Fe Content in Soybean and Soil Fe Speciation

Considering the dry mass (Table 3) and chlorophyll content (Figure 3) results, the plant Fe values found in A. vinelandii ISS (Figure 5) seems particularly low when compared with those obtained for o,o-EDDHA. At a median of ~20 µg of Fe per plant, they were lower than previously reported for the siderophore azotochelin synthetically produced in the lab (Ferreira et al., 2019c). Considering that the effectiveness of siderophores in providing Fe to strategy 1 and 2 plants has been demonstrated before (although for shorter periods of time) (Yehuda et al., 1996; Chen et al., 2000), it is unlikely that the reason for the lower amount of Fe in plants was due to incompatibility of siderophores with plants. Given the evolution of the SPAD values registered in the different plant growth stages (Figure 4), one possible explanation can be that latter leaf stages had less Fe content than the first ones (see Figure S2 for clarification). Since all the leaf dried mass was ground and homogenized, the low content of Fe present in the upper part of the plant (leaves and shoots) decreased the overall leaf and shoot Fe content. Nonetheless, the initial quantities of Fe taken by the plant were sufficient for the initial recovery of soybean plants and chlorophyll production. A ratio between Fe content determined in leaves and the stem was calculated (Table 5) to obtain information about the translocation of Fe from the stem to leaves. Higher values of the translocation ratios can be related to faster Fe uptake by leaves: as Fe moves from the transport organ (stem) into leaves, less is found in the first and more in the latter, increasing the ratio value (Bauer and Hell, 2006). On average, o,o-EDDHA presented the highest ratio, followed by the values found for A. vinelandii and B. subtilis treatments. Control negative showed the lowest value. The value found for o,o-EDDHA was higher than those obtained by Ferreira et al. (2019c) but of the same order of magnitude of those calculated from the data collected by Gonzalo et al. (2013). Using an ANOVA, followed by a Tukey’s HSD test, two sets were found: plants with high translocation ratios [o,o-EDDHA, A, A(2) and B(2)] and those with lower translocation ratios [C−, A(2), B and B(2)]. However, differences in translocation ratios within both A. vinelandii and B. subtilis-treated plants [A vs. A(2) and B vs. B(2)] were due to differences in leaf Fe content and not because of Fe content in the stem, as it remained similarly low (Figure 5). We can conclude that, in both cases, Fe translocation from stem to leaves occurs, and therefore, any Fe absorbed by roots shall, in theory, reach leaves easily. The B. subtilis-treated plants had a lower ratio in the result of the overall lower Fe uptake and consequent translocation of Fe to leaves.











	
Table 5 | Average leaves Fe content to stem Fe content ratio in different treatments.





	
Treatment


	
Fe contentleaves / Fe contentstema





	
Without Fe (C−)


	
1.52 ± 0.72 b





	
o,o-EDDHA (C+)


	
3.72 ± 1.72 a





	
A. vinelandii


	
3.66 ± 1.43 a





	
A. vinelandii (2)


	
2.87 ± 1.15 a,b





	
B. subtilis


	
1.99 ± 0.55 b





	
B. subtilis (2)


	
2.48 ± 0.55 a,b





	
aAverage ratio of Fe content found in leaves to Fe content found in stem for each treatment at DAT 21. Different letters denote a significant difference of ratio within 95% confidence interval, as shown by Tukey’s HSD test. Treatments with (2) represent plants with a second application at 15th day after first treatment.














The results found for the soluble soil Fe extraction are similar to those found recently by Martín-Fernández et al. (2017), where only o,o-EDDHA presented a high quantity of soluble Fe in the soil, whereas it was less for other biodegradable organic chelating agents tested. On the other hand, in DEP values, considering the value of the negative Fe control (C−), most Fe present likely resulted from the dissolution of Fe oxy-hydroxides, which were dissolved by DTPA solution. DTPA extractions are generally considered a good representation of metal availability to plants although with some limitations (Contin et al., 2007). However, given the similar concentrations found in DEP of A and A(2) to those of the negative control, there is no apparent correlation of DEP concentrations with the Fe intake or chlorophyll production. The slightly larger quantities found for A. vinelandii ISS-treated soils may be due to some adsorption phenomena of the added Fe chelates, as it was witnessed previously in the soil interaction assays. A significant different profile was observed with both B. subtilis ISS-treated soils, where higher quantities of Fe were extracted. Again, although higher amounts of Fe in DEP were found in soils treated with B. subtilis ISS, these did not translate in higher chlorophyll production or Fe intake. These differences are consistent with the proposition that B. subtilis’ siderophores (or Fe chelates thereof) adsorb to the soil phases and remain bio-unavailable. Furthermore, DEP concentrations found for all other cases are very likely linked to the presence of Fe oxy-hydroxides, which are not available for plants. Consequently, Fe found in this manner is not available and is not provided to plants, which lead for example on the development of chlorosis, as it was observed for B. subtilis ISS-treated soybean plants (Figure 2), with less Fe in tissues (Figure 5).

The ISS application to chlorotic soybean plants grown in calcareous soil has resulted in two different outcomes for each of the ISS tested: A. vinelandii ISS-treated plants had a dry mass and chlorophyll development similar to that of the positive control (o,o-EDDHA), while B. subtilis ISS-treated plants had a development similar to that of negative control. Iron intake was lower in both cases compared to positive control; however, in A. vinelandii case, it was higher than the negative control.

Although the effect of culture media components (like carbohydrates) or other compounds (for example, secondary metabolites produced during the bacterial growth) can affect the growth of plant roots, they should not play an important role in the context of the present work (correction of iron deficiency). Compatible with this possibility, similar dry weight values of the roots of soybean plants, quantified after 21 DAT, in the positive control (o,o-EDDHA) and treated with A. vinelandii or B. subtilis ISS were observed (Table 3), which indicate that the growth of roots were not affected (positively or negatively) by the presence of the remaining media components or possible metabolites. Regarding other elements present in the medium, as it was mentioned above, the major macronutrients present in each ISS solution were analysed, and at the moment of the application of ISS, the addition of appropriate solutions were applied in order to balance the quantities of macronutrients added (the same quantity of major nutrients was present in all pot sets) and thus eliminating the effects of additional nutrients that may occur.






Conclusions

In this work, the ability of two new Fe freeze-dried fertilizer products, prepared from the filtrate cultures of A. vinelandii and B. subtilis, for amending IDIC of soybean plants grown in calcareous soils was evaluated.

Plants treated with A. vinelandii Fe fertilizer developed a dry mass comparable to that of o,o-EDDHA and a significant increase in the SPAD levels when compared to the negative control plants. Conversely, plants treated with B. subtilis iron fertilizer had a response (dry mass and SPAD) comparable to the one registered for the negative control. A. vinelandii-treated plants had higher Fe content than B. subtilis-treated plants. Therefore, higher efficiency for correcting IDIC was observed when A. vinelandii Fe fertilizer was used comparatively to B. subtilis one. Together, the results pointed out that the freeze-dried product, prepared from A. vinelandii, represents a very promising, sustainable, and environment-friendly Fe-fertilizer alternative for application in the IDIC amendment in calcareous soils.
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Availability of nitrogen (N) in soil changes the composition and activities of microbial community, which is critical for the processing of soil organic matter and health of crop plants. Inappropriate application of N fertilizer can alter the rhizosphere microbial community and disturb the soil N homeostasis. The goal of this study was to assess the effect of different ratio of N fertilizer at various early to late growth stages of rice, while keeping the total N supply constant on rice growth performance, microbial community structure, and soil protein expression in rice rhizosphere. Two different N regimes were applied, i.e., traditional N application (NT) consists of three sessions including 60, 30 and 10% at pre-transplanting, tillering and panicle initiation stages, respectively, while efficient N application (NF) comprises of four sessions, i.e., 30, 30, 30, and 10%), where the fourth session was extended to anthesis stage. Soil metaproteomics combined with Terminal Restriction Fragment Length Polymorphism (T-RFLP) were used to determine the rhizosphere biological process. Under NF application, soil enzymes, nitrogen utilization efficiency and rice yield were significantly higher compared to NT application. T-RFLP and qPCR analysis revealed differences in rice rhizosphere bacterial diversity and structure. NF significantly decreased the specific microbes related to denitrification, but opposite result was observed for bacteria associated with nitrification. Furthermore, soil metaproteomics analysis showed that 88.28% of the soil proteins were derived from microbes, 5.74% from plants, and 6.25% from fauna. Specifically, most of the identified microbial proteins were involved in carbohydrate, amino acid and protein metabolisms. Our experiments revealed that NF positively regulates the functioning of the rhizosphere ecosystem and further enabled us to put new insight into microbial communities and soil protein expression in rice rhizosphere.

Keywords: nitrogen utilization efficiency, T-RFLP, soil enzyme, soil metaproteomics, rice


INTRODUCTION

Rice is the staple food for more than half of the world’s population (Xing and Zhang, 2010). Global demand for food is predicted to grow by 70% in next few decades (FAO, 2009), which may put enormous pressure on already threatened agricultural system. In China, the scope for expansion of the irrigated rice area is limited. Researchers have succeeded to increase the crop yield by developing improved rice varieties through molecular breeding, but the efforts are continued to further enhance the yield traits of rice genotypes in order to meet the growing demand for food (Kato et al., 2007; Xing and Zhang, 2010). However, modern cultivation practices such as sustainable fertilizers management may help to boost the potential of existing varieties to get higher yield.

Nitrogen, which is typically applied in the form of urea, is the most essential element that determines the yield of rice (Witt et al., 1999). Therefore, for improving Nitrogen Use Efficiency (NUE) of crops and reducing off-field losses, it is pertinent to understand the molecular mechanisms accountable for N homeostasis in intensively N fertilized agriculture system. Denitrifying bacteria expressing narG or napA, where the most representative one is narG (Smith et al., 2007; Reyna et al., 2010), encode for nitrate reductase (NR) and convert [image: image] to [image: image], which is then reduced to NO by another bacteria harboring nirK or nirS gene (Priemé et al., 2002; Yan et al., 2003). Nitric oxide reductase encoded by the norB gene reduces NO to N2O, and in the final step nosZ encoding nitrous oxide reductase reduces N2O to N2 (Chon et al., 2011). Estimation and monitoring of the N2O or N2 emission in rice paddy field is technically difficult, however, expression analysis of the catabolic genes regulating biological denitrification and production of N2O and N2 could be useful biomarkers for the determination of N loss in the system (Morales et al., 2010; Bouskill et al., 2012).

In search of minimizing the environmental pollution and enhancing NUE, researchers have regulated the timing and dosage of N application according to plant demand to facilitate maximum cycling of plant available N and to ensure sustainable rice production (Iwasaki et al., 1992; Ramasamy et al., 1997; Zhang et al., 2014). Our previous study showed that appropriately extending N application has the advantages such as delaying leaf senescence, enhancing photosynthetic rate at middle-to-late stage of grain filling, and stable synthesis and transportation of assimilates (Zhang et al., 2011). However, there is no reports hitherto regarding proteomics focusing on the role of rice fertilizer regimes inflicting upon the soil microbial communities.

Microbes residing in the rhizosphere play key roles in nutrient acquisition, nitrogen cycling, and carbon cycling (Nannipieri et al., 2003; Cardon and Whitbeck, 2007). The diverse soil nutrients and plant secondary metabolites present in the exudates enhance the enrichment of specific functional or taxonomic bacterial groups residing in the rhizosphere (Bais et al., 2006; Zahar et al., 2008). Currently, various DNA-dependent strategies, such as denaturing gradient gel electrophoresis (DGGE) (Muyzer and Smalla, 1998; Chen et al., 2017), terminal restriction fragment length polymorphism (T-RFLP) (Osborn et al., 2000; Chen et al., 2018), and 16S rRNA gene sequence have been utilized to determine the biological diversity and composition of microbial communities in soil ecosystems (Kim et al., 2012; Arafat et al., 2017). However, comprehensive characterization of biological processes needs integrated approaches (Griffin et al., 2002). Metaproteomics is a recognized tool that is used to determine soil ecological processes and the environmental factors that affect the functioning of the rhizosphere soil ecosystem (Bastida et al., 2009). This approach has been used to elucidate the functioning of the microbial community, particularly, their role in ecosystem services, such as agriculture (Lin et al., 2013; Zampieri et al., 2016; Bastida et al., 2017; Starke et al., 2017), bioremediation (Williams et al., 2010; Guazzaroni et al., 2013; Bastida et al., 2016a), C cycling (Schneider et al., 2012; Chourey et al., 2013; Bastida et al., 2015a, b, 2016b; Starke et al., 2016), and climate change factors (i.e., temperature) (Hultman et al., 2015; Bastida et al., 2017; Liu et al., 2017). Both nucleic acids and proteomics studies have shown good correlation, at least at the phylogenetic level (Hultman et al., 2015; Bastida et al., 2016b, 2017). Therefore, a metaproteomics approach, to investigate ecosystem functioning in rhizosphere is significant because it provides both phylogenetic and functional information (Bastida et al., 2016b; 2017; Starke et al., 2016, 2017).

Studying the effect of N amendment on soil properties, rhizosphere microbial activities and their correlation with crop performance is therefore crucial for understanding the impact of sustainable N fertilization. In this study, we investigated the effects of N (in the form of urea) application in four sessions (NF) on (i) soil N availability, uptake and percent nitrogen use efficiency (% NUE), enzymatic activity and crop productivity; (ii) the associated microbial diversity using T-RFLP; and (iii) the protein profile of the NT and NF rhizospheric soils at late growing stage of rice through metaproteomics.



MATERIALS AND METHODS


Plant Material and Cultivation

The large-panicle rice cultivar Jinhui 809 (indica) was used in this study. The experiment was carried out at the experimental station of Fujian Agriculture and Forestry University, Fuzhou, China in 2012 and 2013 (119.280 E, 26.080 N). Seedlings were transplanted at the 5-leaf stage (one seedling per hill with a spacing of 0.15 m × 0.15 m). Each plot measured 4 m × 4 m and received N (225 kg ha–1), P2O5 (112.5 kg ha–1), and K2O (180 kg ha–1) fertilizer. The experiment was designed as a complete randomized block (CRB design) with three replicates. Phosphorus was applied as a basal dressing, and the potassium was used as the top dressing. Two different application ratios of nitrogen were used as treatments. NT treatment was applied in three sessions, i.e., 60% before transplanting, 30% at tillering, and 10% at panicle initiation. NF treatment was applied in four sessions, i.e., 30% before transplanting, 30% at tillering, 30% at panicle initiation, and 10% at anthesis (Supplementary Figure S1). The physical and chemical properties of the soil were investigated before the experiment was initiated. Soil was sandy loam, pH value of 6.2, and total nitrogen of 2.20 g kg–1, available nitrogen of 40.6 mg kg–1, total phosphorus of 0.65 g kg–1, available phosphorus of 26.6 mg kg–1, total K of 1.05 g kg–1 and available K of 30.16 mg kg–1. The annual temperature and average yearly precipitation were 25–32°C and 900–1362 mm, respectively.



Plant Physiological Data and Nitrogen Utilization

Chlorophyll content was determined at seven growth stages of rice using SPAD 502 (Minolta Camera, Co., Osaka, Japan) chlorophyll meter, i.e., the early booting stage, the late booting stage, and five other periods that were measured every 7 days from the full panicle stage to maturity. At booting stage, the three uppermost fully expanded leaves were selected from each treatments. Three chlorophyll meter readings were taken around the midpoint of each leaf blade on one side of the midrib. At full panicle stage, SPAD measurements were made on the flag leaves of each treatments.

Rice plants were harvested, subjected to 105°C for 30 min to deactivate enzymatic activity and then dried at 80°C for 48 h until a constant weight was reached. The plant samples were ground and digested with H2SO4. Grain production efficiency (NUEg), Nitrogen dry matter production efficiency (NUEb) and the nitrogen physiological efficiency (NPE) were calculated as the following equation: NUEg = YR/TN, NUEb = TD/TN, NPE = Δ (YR-Y0)/Δ (TN-TN0), respectively. Among them, YR represents yield of rice with nitrogen; TN represents the sum of the nitrogen contents in each plant; TD represents total plant dry matter; Y0 represents yield of rice without nitrogen; TN0 represents the sum of the nitrogen contents in each plant with nitrogen (Bremner and Mulvaney, 1982).



Grain and Yield Parameters of Rice

In 2012 and 2013, number of grains per panicle, seed setting rate, 1000 grain weight, and grain yield of each treatment were recorded.



Soil Sampling of the Rice Rhizosphere

Soil samples were collected (three replications) 14 days after anthesis (in which the strong grain filling reaches peak while weak grain filling just begun, Supplementary Figure S1), from NT and NF treated soil for nutrient (NPK), enzymatic, microbial community, and metaproteomic analyses. Soil samples were collected after digging the plant samples, removing the loosely attached soils and then scraping the soil that was still attached to the rice. Fresh samples were used for soil enzyme and nutrition analysis. Other samples were stored at −80°C for soil microbial community and metaproteomics analyses (Yang and Zhang, 2009; Zhang et al., 2012).



Determination of Soil Nutrients (NPK) and Soil Enzymatic Activities

Soil urease [EC 3.5.1.5] activity was measured by incubating 5 g fresh soil with 30 ml of extracting solution at 37°C for 24 h. The formation of ammonium was determined spectrophotometrically at 578 nm (Wang et al., 2009). Soil invertase [EC 3.2.1.26] activity was measured by incubating 5 g fresh soil with 15 ml of 8% sucrose solution at 37°C for 24 h. The suspension reacted with 3, 5-dinitrosalicylic acid and absorbance was measured at 508 nm (Wang et al., 2009). Nitrate reductase [EC 1.7.1.3] activity of the soil was determined according to the method already described (Abdelmagid and Tabatabai, 1987).

The available and total amounts of principle nutrient components (NPK) of rice plants were measured using the methods described by Jackson and Barak (Jackson, 2005). All determinations were performed in triplicate, and means were assessed for significant differences (P ≤ 0.05) using SPSS 20.0.



Soil DNA Extraction and T-RFLP Analysis

Soil (1 g) from each treatment was used to extract DNA by using the BioFast Soil Genomic DNA Extraction Kit (Hangzhou, China). Extracted DNA was subsequently stored at −20°C until further use. The forward primer 27F-FAM (5′-AGAGTTTGATCCTGGCTCAG-3′) and reverse primer 1492R (5′-GGTTACCTTGTTACGACTT-3′) were used for 16S rRNA amplification. All PCR products were visualized with 1.2% agarose gel electrophoresis and were purified using the Gel Extraction Kit (OMEGA Bio-Tek, United States) according to the manufacturer’s instructions. Purified PCR products were digested separately with four enzymes (HaeIII, MspI, AluI, and AfaI), and the digested products were sent to Shanghai Sheng Gong for analysis (ABI automated sequencer analyzer; Model 3130 Applied Bio systems).

T-RFLP profiles were analyzed using Gene Marker software (Version 1.2). The terminal fragments between 30 and 600 bp were selected for further analysis. Affiliations of the fragments were determined via online T-RFLP analysis of the Ribosomal Database Project II (RDP II1). The relative abundance (Pi) of terminal restriction fragments (TRFs), Shannon’s diversity index (H), the Shannon-Wiener index (H’), Simpson’s diversity Index (D) and Pielou’ index were calculated according to the following formulas using EXCEL2013:Pi = n/N, H = −Σ Pi log (Pi), H′ = −Σ Pi ln (Pi), D = 1–Σ Pi2, E = H′/ln(S).

Where n is the peak area that can be recognized from the TRFs segments; N is the total peak area of the TRFs segments; and S is the number of peak areas that can be recognized from the TRFs segments.



Quantification of Functional Communities Involved in Denitrification

Real-time PCR quantification of genes encoding the key enzymes of nitrate reduction (narG encoding membrane-bound nitrate reductase) and denitrification (nirK encoding cd1 and copper nitrite reductase) were used to estimate the density of functional communities involved in nitrogen cycling by using primers and conditions previously described (Hallin et al., 2009). In brief, PCR was performed in 15 μl reaction containing 7.5 μl 2 × SYBR green I SuperReal Premix (TransGen Biotech, Beijing, China), 0.5 μl of each primer (10 μM) and template DNA (20 ng of total soil DNA or a serial dilution of plasmid DNA for standard curves).



Protein Extraction and 2D-PAGE

The soil proteins from two samples were extracted and purified using the following protocol developed in our laboratory (Wang et al., 2010). The protein concentration was determined using the Bradford assay. For the 2D-polyacrylamide gel electrophoresis, immobilized pH 4–7 gradient (IPG) precast gels (24 cm in length) were purchased from GE Healthcare (Bjellqvist et al., 1982). For protein separation, a 1300-μg soil protein sample was loaded onto each IPG strip. The samples were separated by IEF in the first dimension, and the second dimension SDS-PAGE was performed on 26 cm × 20 cm, 12% (v/v) polyacrylamide gels using an Ettan Dalt six multiple apparatus (GE Healthcare) at 16°C. After electrophoresis, the gels were stained with Coomassie Brilliant Blue G250, scanned with Imagescan, and analyzed with the ImageMaster software 5.0. Protein spots with more than 1.5- or 0.667-fold change from the normalized volume were considered differentially expressed. Differentially expressed protein spots were extracted from the gels and sequenced using tandem mass spectrometry (MS/MS) with a fuzzy logic feedback control and a Reflex III MALDI-TOF system (Bruker) equipped with delayed ion extraction.



RESULTS


Plant Physiological Data and Nitrogen Utilization

By varying the ratio of N input with the rice growth stages, a significant effect on chlorophyll content was observed (Table 1, P ≤ 0.05). High chlorophyll content was observed at early full panicle stage (7–14 days) under both NF and NT, however NF significantly enhanced chlorophyll content at late booting stage (30 days) and late full panicle stage (7–21 days) compared to NT. A significantly higher N accumulation (281.11 ± 5.43) for NF than the NT (265.52 ± 325) was observed (Table 2, P ≤ 0.05). Similarly, nitrogen physiological efficiency and grain production efficiency (47.30 ± 207 and 56.75 ± 101) respectively were significantly higher under NF than NT (38.56 ± 1.63 and 53.57 ± 146) treatment. However, no significant difference was seen in nitrogen dry matter production efficiency with NT and NF treatments.


TABLE 1. The SPAD values of the leaves of rice plants subjected to different nitrogen treatments.

[image: Table 1]
TABLE 2. The nitrogen utilization efficiencies of rice under different nitrogen treatments.
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Grain and Yield Parameters of Rice

The measurement of yield and yield components is an important aspect to investigate the better cropping model based on two nitrogen rates. In 2012, NF treatment significantly increased number of grains per panicle by 5.02%, seed setting rate by 6.38%, 1000 grain weight by 4.53% and grain yield by 17.07%. However, for the number of productive panicles, no significant difference has been shown between NF and NT treatments. In 2013, the seed setting rate and grain yield (10.08 and 15.25%) respectively were significantly higher under NF than the NT (Table 3, P ≤ 0.05).


TABLE 3. The grain yield and its components of rice in the treatments with different nitrogen rates.
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Soil Enzymatic Activity and Nutritional Status

Soil enzymes activity showed significant variability with N amendment. With NF significantly higher activity of urease and invertase (8.4 ± 0.32 and 34.11 ± 3.34) respectively was observed compared to urease (7.15 ± 0.21) and invertase (25.01 ± 0.16) under NT treatment (Table 4, P ≤ 0.05). However, under NT, nitrate reductase activity (2.35 ± 0.16) was higher than the NF, i.e., (1.44 ± 0.08). Similarly, high N and potassium (K) availability (98.28 ± 174 and 76.54 ± 301) respectively has been exhibited by NF compared to N (88.01 ± 1.59) and K (66.08 ± 2.91) in NT. Activities of soil enzymes (urease and invertase) was higher in the NF than that in the NT treatment, while no significant difference in Phosphorus (P) availability was observed for NT and NF treatments.


TABLE 4. The biochemical properties of the rhizosphere soils of rice under different nitrogen treatments.
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Effect of Different Nitrogen Treatments on the Diversity and Evenness of Soil Microbes

The 16S rRNA fragments were digested by four restriction enzymes, i.e., MspI, HaeIII, AfaI, and AluI. These enzymes were combined for diversity and evenness analysis using the T-RFLP technique. The results showed that Shannon’s index, Pielou’s and Simpson’s indices were significantly higher in the NF than those in the NT treatment (Table 5).


TABLE 5. Diversity and evenness analysis of microbial community in the rhizospheric soil based on TRFLP data.
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Effect of Different Nitrogen Rates on Soil Microbial Community

The presence and relative abundance of the main bacterial groups in the soil samples were estimated using NCBI databases from the T-RFLP profiles obtained in the MspI, HaeIII, AfaI, and AluI digests as mentioned above. A total of 135 bacteria were identified in the two treated soil samples, 67 and 68 types of bacteria were identified in the NF and NT treatments, respectively. These bacteria were grouped into Actinobacteria, Firmicutes, Chlorobi, Bacteroidetes, Tenericutes, Clostridium, Nitrospira, and some others (Figure 1). NF treatment increased the relative abundance of Proteobacteria by 2.59%, Actinobacteria by 0.19%, Tenericutes by 1.56% and some unknown bacteria by 9.03%, however, the relative abundance of Firmicutes, Chlorobi, and Bacteroidetes was decreased by 8.27, 0.24, and 8.42% respectively in NF treatment.


[image: image]

FIGURE 1. T-RFLP results showing Bacterial phyla percentage in the rice rhizosphere under different nitrogen rates. NT, traditional nitrogen application; NF, efficient nitrogen application. Vertical bars show standard deviations.


Dominant phyla with a relative abundance greater than 1% were further used for functional analysis. The results indicated that Proteobacteria, Actinobacteria, Firmicutes, and Bacteroidetes were the dominant phyla in the two soil samples. Some bacteria in the soil of the NF treatment have been studied to perform multiple ecological functions including bacteria participate in cellulose degradation, e.g., MspI 147 (Aneurinibacillus aneurinilyticus) (Raj et al., 2007), AluI 241 (Cytophaga spp.) (Li et al., 1997) and AluI 250 (Paenibacillus curdlanolyticus) (Schoina et al., 2011), bacteria involved in N cycle including AluI 228 (Moorella thermoacetica) (Silaghi-Dumitrescu et al., 2003), in nitrification, HaeII 331 (Nitrospira) (Dionisi et al., 2002), bacteria linked to pathogenicity, MspI 538 (Spiroplasma) (Tully et al., 1977) and HaeIII 209 (Staphylococcus kloosii) (Peer et al., 2011), and those of unknown function including AluI 282 (Haemophilus), AluI 229 (Aquifex pyrophilus), MspI 538 (Spiroplasma) (Supplementary Table S1). The bacteria identified in NT soil included the S cycle bacteria, MspI 74 (Desulfohalobium retbaense) (Ollivier et al., 1991), denitrification bacteria, MspI 88 (Neisseria denitrificans) (Stupak et al., 2015), mosquito eradication bacteria, HaeIII 308 (Bacillus sphaericus) (Myers and Yousten, 1978), the C cycle bacteria including HaeIII 338 (Weissella) (Choi et al., 2002), AluI 232 (Lactobacillus) (Cheng et al., 1991) and bacteria associated with pathogenicity are HaeIII 310 (Staphylococcus) (Lowy, 1998), MspI 148 (Aerococcus urinae) (Aguirre and Collins, 1992), AfaI 100 (Mycoplasma corogypsi) (Wettere et al., 2013), AfaI 106 (Mycoplasma neurolyticum) (Aleu and Thomas, 1966), and AluI 243 (Mobiluncus curtisii) (Meltzer et al., 2008) (Supplementary Table S2).



Effect of NF on Gene Copies of Enzymes Involved in Denitrification

The T-RFLP results indicated clear bacterial responses to the different nitrogen regimes with respect to nitrogen cycling. We performed qPCR analysis to confirm and quantify the genes involved in denitrification (narG encoding membrane-bound nitrate reductase and nirK encoding cd1 and copper nitrite reductase) in the soil samples (Figure 2). As expected, the qPCR results showed the amounts of the narG and nirK gene copies were increased by 272.00 and 99.92% respectively in the NT treatment, compared with those in the NF treatment.
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FIGURE 2. Relative changes in the genes encoding the key enzymes of nitrate reduction (narG encoding membrane-bound nitrate reductase) and denitrification (nirK encoding cd1 and copper nitrite reductase) based on real-time PCR quantification involved in N cycling. Bars with different letters indicate significant differences at P ≤ 0.05. Different letters show significant differences determined by LSD’s test (P < 0.05, n = 4).




Metaproteomics Analysis of the Rice Rhizosphere Soil in Response to Different Nitrogen Treatments

Approximately 1021 and 970 protein spots were detected on the gel of the proteins extracted from the NF and NT soil samples respectively (Figure 3). At the same time, highly reproducible 2-DE maps were obtained from the two different soil samples with significant correlations among scatter plots. The correlation index between the NF and NT soil was 0.674 (Supplementary Figure S2). To obtain a metaproteomic profile for the rice soil, 167 protein spots with high resolution and repeatability, including all 67 differentially expressed proteins and 100 constitutively expressed proteins (Figure 3), were selected for identification and 128 protein spots were successfully analyzed using MALDI TOF-TOF MS (Supplementary Table S3).
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FIGURE 3. (A) 2-D gel of proteins extracted from the NF soil. Arrows in figure point at proteins with differential expression compared to the NT. (B) 2-D gel of proteins extracted from the NT soil. Black circles in figure represent the same expression level.


According to Gene Ontology (GO) annotations, the identified proteins were classified into 14 Cellular Component (CC), 11 Molecular Function (MF), and 20 Biological Process (BP) categories (Supplementary Figure S3). Highly represented categories of the GO annotated proteins in MF were associated with cell (47.6%), cell part (47.6%), and catalytic activity (56.6%) and binding (48.8%), while metabolic process (71.4%) and cellular process (63.3%) in BP.

According to the putative physiological functions assigned using the KEGG database, these soil proteins were categorized into 11 groups, of which 88.28% were derived from microbes, 5.74% from plants, and 6.25% from fauna (Figure 4A). Most of these identified proteins were associated with protein metabolism constituting (19.53%), energy metabolism (11.72%), cell development and motility (13.28%), carbohydrate metabolism (9.38%), transcription (7.81%), signal transduction (7.81%), and defense response (11.72%). Based on the metaproteomic data, a tentative metabolic model for the rhizosphere soil proteins was proposed as shown in Figure 5. These soil proteins are collectively involved in carbohydrate/energy, protein and amino acid metabolism, transcription, signal transduction, defense response, genetic information processing, etc. Most of the microbe proteins were specifically related to carbohydrate/energy metabolism, and microbes might use the necessary energy and organic materials for their growth and material exchange. At the same time, some microbial proteins related to cell development and motility (including the surface layer protein, outer membrane protein A, flagellin, outer membrane porin OmpC family, ABC transporter, periplasmic oligopeptide-binding protein, OppA, etc.), signal transduction (including TonB-dependent receptor, UspA domain-containing protein, signal peptide protein, etc.), defense responses (including anti-oxidant AhpC-TSA family protein, heat shock protein Hsp70, Hsp20, superoxide dismutase, alkyl hydroperoxide reductase, etc.) and transcription (including DNA-directed RNA polymerase subunit alpha, transcriptional regulator, phage shock protein A, uroporphyrinogen decarboxylase, ribosomal RNA large subunit methyltransferase, spermidine synthase, etc.) were identified in the soil from the rice rhizosphere. However, some plant and fauna proteins were also identified in rhizosphere soil, and these may play an important role in the root colonization by microbes.
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FIGURE 4. (A) Functional classification of all of the identified proteins. (B) The functional category distribution of all of the differentially expressed proteins originating from the microbes.
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FIGURE 5. Proposed metabolic model for rhizosphere soil proteins as inferred by metaproteomic data. Identification numbers [E.C.-.-.-.-.] refer to the identified proteins. Red Upward arrows indicate the up-regulated proteins and green downward arrows show the down-regulated proteins. EMP, Embden-Meyerhof pathway; TCA, tricarboxylic acid cycle; GAC, glyoxylic acid cycle.




Differentially Expressed Proteins and Their Roles in the Rhizosphere Soils

The differentially expressed proteins have been shown to be originated from microbes (constituting 92.16%), plants (constituting 3.92%), and fauna (constituting 3.92%) (Table 6). Among these differentially expressed proteins of microbial origin, the largest functional group comprising 26.09% were the proteins involved in protein metabolism, 19.57% were related to cell development and motility, followed by 17.40 and 17.39% were of proteins associated with carbohydrate/energy metabolism and transcription respectively. The remainder of the proteins that originated from the microbes were related to defense response (13.04%), signal transduction (4.35%), and amino acid metabolism (2.17%) (Figure 4B). Furthermore, most of the microbial proteins related to protein metabolism (including spot 4, peptidase, M42 family protein; spot 8, elongation factor Tu; spot 19, co-chaperonin GroES; spot 42, elongation factor Tu and spot 67, chaperonin GroEL), cell development and motility (including spot 13, 20, 27 surface layer protein; spot 24, outer membrane protein A and spot 29, flagellin), energy metabolism (spot 28, nitroreductase family protein; spot 34, mitochondrial F-ATPase beta sub unit and spot 54, F0F1 ATP synthase subunit beta) and amino acid metabolism (spot17, dihydroorotase) were up-regulated in the NF soil compared with the NT soil (Table 6). These up-regulated microbe proteins involved in protein, energy, motility, and amino acid metabolism provide the necessary energy and organic materials for microbial growth, microbial mobility, and material exchange. It is likely that the microbes move to the rhizosphere to obtain carbohydrates originating from rice rhizosphere secretions. Most of the proteins related to plant stress defense (including spot 38, anti-oxidant AhpCTSA family protein; spot 37 and 50, heat shock protein Hsp20 and spot 64, heat shock protein 70) were up-regulated in the NF soil compared with the NT soil (Table 6). Several plant proteins related to amino acid metabolism (including spot 14, ethylene-responsive methionine synthase) and carbohydrate metabolism (including spot 61, glucanase) were up-regulated in the NT soil. In addition, one genetic information processing protein (spot 18, proteasome subunit beta type 3) and one protein with an unknown function (spot 51, female sterile) that originated from fauna were identified.


TABLE 6. Differentially expressed proteins identified by MALDI TOF-TOF MS.
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DISCUSSION

To achieve the sustainable development goals (SDGs), it is vital to investigate the impact of inorganic fertilizer applications on the structure and dynamics of the plant rhizosphere microbial community. The synchronization of N supply and crop need is essential for maximum uptake and utilization. In rice cultivation, appropriate reduction of N supply on the basal dressing accompanied by an increase during the late growth stage could significantly promote plant growth, especially at filling stage (Iwasaki et al., 1992; Ramasamy et al., 1997). Rice yield is significantly correlated with soil chemical properties and fertility (Lv et al., 2011). Some studies have confirmed the importance of available N and available K for the rice yield and soil fertility (Mussgnug et al., 2006; Boling et al., 2010). The present results clearly showed that, extending N application to the late growth stage of rice (NF treatment), highly synchronized N supply with the rice nutritional need, this in turn led to significant (P ≤ 0.05) increase in the chlorophyll content at late growth stage of rice. Moreover, utilization efficiency, seed-setting percentage and grain yields enhanced significantly compared to the traditional method of nitrogen application (NT). Other studies (Iwasaki et al., 1992; Ramasamy et al., 1997) also explained that an appropriate reduction of N supply on the basal dressing accompanied by an increase during the late growth stage could significantly promote rice growth, especially at filling stage.

Soil enzymes activities can reflect the status of soil microbial community and physico-chemical conditions of the soil (Puglisi et al., 2006; Burke et al., 2011). Soil nitrogen mineralization is a vital process, which supplies adequate amount of N needed for the plant growth and development (Chang et al., 2007). For N uptake by plants, an essential step in the process of N mineralization is the hydrolysis of urea by the activity of urease in the soil, which releases NH4 + -N (Sardans et al., 2008; Tao et al., 2009). Invertase is also crucial in releasing low molecular weight and simple forms of carbohydrates, which act as energy resources for microbes (Eliasson et al., 2005). Invertase catalyzes the hydrolysis of sucrose into glucose and fructose, and its activity determines the structure and abundance of the soil microbial community (Tao et al., 2009). The activities of the soil enzymes, such as urease and invertase, were significantly higher (P ≤ 0.05) in the NF than in the NT soil (Table 5), however, an opposite trend was true in the case of nitrate reductase. Low expression of narG and nirK genes, which encode the key enzymes of nitrate reduction under NF treatment, is consistent with the nitrate reductase activity. Knowles (1982) has indicated that nitrate reductase is a key enzyme in the process of denitrification under anaerobic conditions, which led to N2O emission to the atmosphere. A lower activity of nitrate reductase in NF soil can be linked to the shift in relative abundance of denitrifying bacteria, such as Neisseria denitrificans was lower in NF soil, while nitrite-oxidizing bacteria (NOB) were enhanced in NF soil, which catalyzes the conversion of NO2 to NO3, a major step in nitrification (Vanparys et al., 2007; Erguder et al., 2009), and hence restricting the N losses in the form of N2O or N2 gas (Knowles, 1982). Previously, it is reported that much of the added N may be lost to the system by denitrification (Thomas et al., 2006).

Soil microorganism diversity is crucial to determine soil organic matter decomposition, nutrient cycling, soil degradation, and bioremediation of soil contamination (Li et al., 2012). Shifts in the structure and composition of the microbial community are strong indicators of soil biological activity, soil quality and crop productivity of terrestrial agro-ecosystems (Edmeades, 2003). Based on results of diversity, the NF led to a significant increase (P ≤ 0.05) in the Shannon, Pielou, and Simpson diversity indices compared with the NT soil (Table 5), which led to more stable soil environment for plants (Chen et al., 2018). As we know, soil contains the largest pool of carbon on earth (Batjes, 1996). It was also found that the NF treatment increased the relative abundance of soil bacteria involved in cellulose degradation and the C cycle (Supplementary Table S1). Cellulose is the most abundantly produced biopolymer within this large carbon pool in the terrestrial environment and each year, photosynthetic fixation of CO2 yields more than 1011 tons of dry plant material worldwide (Li et al., 2009). As a large component of the plant structural carbon (30 to 50% of plant dry weight) (Schmidt, 2006), cellulose is one of the major constituents of soil carbon. The degradation of plant cellulose in soil is an important part of the terrestrial carbon cycle.

It is therefore suggested that the introduction of N cycle and C cycle bacteria have been shown to change NUE, the amount and composition of available nitrogen, and other essential nutrients in the rhizosphere soil. Shifts in the patterns of nitrogen and carbon utilization and the fixation potential of the microbial community in response to NF can have long-term effects on rice crop productivity.

In order to further unravel the rhizospheric biological process and its underlying mechanisms mediated by different nitrogen treatments (NF and NT) at late growing stage of rice, comparative metaproteomics was utilized to detect intricate interactions between nitrogen treatments, soil microflora and the plant root response in the form of root exudates in the rhizosphere ecosystem. Based on the metaproteomic data, most of the proteins (88.28%) were derived from microbes, with only 5.74% from plants, and 6.25% from fauna (Supplementary Table S3). In this study, the nitroreductase family protein [EC: 1.13.11.79] (spot 28) had a higher expression level in the NF compared with the NT soil. This family of proteins is commonly described as oxidoreductases (De Oliveira et al., 2007) and comprises a group of flavin adenine dinucleotide (FAD) or flavin mononucleotide (FMN) dependent enzymes that are able to metabolize nitroheterocyclic and nitroaromatic derivatives through the reducing power of nicotinamide adenine dinucleotide (NAD(P)H). These enzymes are found in bacterial species and to a lesser extent in eukaryotes (De Oliveira et al., 2010a). There is a little information on the biochemical functions of nitroreductases. Some studies suggest their possible involvement in the oxidative stress response (De Oliveira et al., 2010b).

The result of T-RFLP has shown that C cycles were accelerated in the NF treatment. Moreover, the analysis of differential soil metaproteomics showed that the mitochondrial F-ATPase beta subunit (spot 34), which had a higher expression level in the NF compared with the NT soil, undergoes a sequence of conformational changes leading to the formation of ATP from ADP (Leyva et al., 2003). The F0F1 ATP synthase subunit beta [EC: 3.6.3.14] (spot 54) also had a higher expression level in the NF soil; bacterial enzyme membrane-bound ATP synthases (F0F1-ATPases) catalyze the synthesis of ATP from ADP and inorganic phosphate through the power of an electrochemical ion gradient. On the other hand, ATP synthases function as ATPases under conditions of low driving force and ultimately generate a transmembrane ion gradient due to ATP hydrolysis (Deckers-Hebestreit and Altendorf, 1996). The terminal enzyme of the oxidative phosphorylation pathway, F0F1ATP synthase, is responsible for the majority of ATP synthesis in all living cells (Boyer, 1997). It was also found that TonB-dependent receptor (spot 62), a signal protein, had a higher expression level in the NF compared with the NT soil. From the outside of bacterial cells, TonB complexes sense signals and transmit them into the cytoplasm, which leads to transcriptional activation of target genes. The TonB protein interacts with outer membrane receptor proteins in Escherichia coli and carries out energy-dependent uptake of specific substrates and high-affinity binding in the periplasmic space (Chimento et al., 2003). TonB-dependent transporters (TBDTs) bind and transport ferric chelates called siderophores, as well as vitamin B12, nickel complexes, and carbohydrates (Noinaj et al., 2010).

Differential metaproteomics analysis also indicated that superoxide dismutase (SOD) [EC: 1.15.1.1] (spot 44) and alkyl hydroperoxide reductase/Thiol specific antioxidant/Mal allergen [EC: 1.11.1.15] (spot 56) related to defense responses were up-regulated in the NF compared with the NT soil. Superoxide dismutases (SOD) [EC: 1.15.1.1] catalyze the dismutation (or partitioning) of the superoxide ([image: image]) radical into either hydrogen peroxide (H2O2) or ordinary molecular oxygen (O2). Superoxide production is a by-product of oxygen metabolism and if not regulated properly, creates many kinds of cell damage. Hydrogen peroxide is also damaging, but less and is degraded by other enzymes such as catalase. Thus, SOD is an important antioxidant defense in almost all living cells exposed to oxygen. A ubiquitous family of antioxidant enzymes, i.e., peroxiredoxins (Prxs) [EC 1.11.1.15], also control cytokine-induced peroxide levels and therefore mediate signal transduction in mammalian cells (Rhee et al., 2005). Thiol-specific antioxidant (TSA), also referred to as TPx, is part of a novel family of antioxidant enzymes and was isolated initially from yeast and was later found in mammalian tissues. In the presence of a thiol reductant such as dithiothreitol (DTT) or thioredoxin, it has the capability to protect biomolecules from oxidative damage (Kim et al., 1988). One of the few proteins such as glucanase derived from plants was up-regulated. Glucanases are enzymes that break down glucans, i.e., polysaccharides comprised of several glucose sub-units, and play an important role in carbohydrate cycling. The up-regulated expression of the network of proteins involved in nitrification, cellulose degradation, energy, defense, and signaling mechanisms indicate the efficiency of the soil community to maintain the agricultural soil ecosystem to ensure healthy plant growth.

Although the number of the identified soil protein was limited, combined with soil enzyme assays and T-RFLP analysis, our metaproteomic results afford us a solid foundation to understand the interactions between the soil microorganisms and plants in the soil ecosystem.



CONCLUSION

Our study provides evidence that the application of nitrogen in four sessions (NF) was able to improve the physiological status of rice, especially at late growing stage, indicating higher leaf chlorophyll contents, increased NUE along with rice productivity in the NF treatment. Which resulted from the interaction of rice plants with the nitrogen nutrient and microbial flora in the rhizosphere soil at late growing stage of rice. It was found that the NF could elicit beneficial shifts in the composition and diversity of soil microbial communities at late growing stage of rice, enhance N availability, enzymatic activity, the abundance of bacteria functioning in cellulose degradation, C and N cycling as well as nitrification in contrast to the NT. In which there existed the higher abundance of undesired denitrification and S cycle bacteria detected by T-RFLP and qPCR approaches. The metaproteomic study indicated the abundance of microbe-derived proteins related to nitrogen fixation, energy, signaling, defense, carbohydrate metabolism, and the candidate proteins involved in these functions were up-regulated in NF soil, indicating a healthy network for nutrient cycling through the enhancement of the beneficial microbial community. Our results could open new avenues for modulating the root microbiome to enhance crop production and sustainability.
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Cultivation of medicinal and aromatic plants (MAPs) is persistently increasing due to excessive demands of naturals. Agricultural land and its microbial diversity are primarily adapted to conventional crops, and introduction of MAP and their continuous monocropping may disturb the ecological stability of soil microbiome. Here, the effect of cultivation of MAPs on soil microbial diversity was studied. The aim of the study is to examine the effects of cultivation of MAPs on the possible shift in soil microbial diversity and to restore such impacts by using organic amendments or intercropping. Terminal restriction fragments polymorphism (TRFLP) and next-generation sequencing (NGS) studies showed that of the various selected MAPs, maximal modulation in the soil microbial diversity patterns was noticed in fields of Mentha arvensis and Artemisia annua, and the traces of essential oil/phytochemicals were detected in bulk and rhizospheric soil. In both Artemisia- and Mentha-cultivated soil, the total operating taxonomic unit (OTU) declined in both bulk and rhizospheric soil in comparison to control (Zea mays), but the bacterial richness of Mentha soil was slightly higher than that of control. However, cultivation of Mentha improved the evenness of the microbial community. The inclusion of crops like Sesbania and Chlorophytum and the application of vermicompost (VC) enhanced the microbial richness and evenness, thereby restoring the soil microbial state shift and resulting in higher productivity in the continuously Mentha cropped field. Our study concludes that long-term cultivation of some MAPs may affect the richness but promote the evenness of microbial diversity. The state shift could be restored to some extent, and crop productivity could be enhanced by the inclusion of selected crops and organic manures in cropping systems.

Keywords: medicinal and aromatic plants, rhizosphere, microbial richness, microbial diversity, evenness, state shift


INTRODUCTION

The rhizosphere is an active portion of the soil where root influences the processes arbitrated by soil microbiome (Pinton et al., 2007). The composition of root exudates is affected by the interaction of biological, climatic, and physicochemical characteristics of the habitat (Walker et al., 2003). Plant selects certain types of microbes from the rhizospheric diversity through modulating the nature of root exudates and other processes (Wang et al., 2018). Root exudates like sugars, sterols, amino acids, and organic acids affect the pH of rhizospheric soil and solubilize nutrients bound with minerals (Bowsher et al., 2016). This cocktail of chemicals shapes the microbial community within the rhizosphere.

Presence of secondary metabolites and essential oils makes plant the most important source of medicine and drugs (Wink, 2015). With increased global interest toward naturals, there has been considerable interest toward the cultivation of medicinal and aromatic plants (MAPs). In India alone, these crops are expected to cover about 500,000 hectares of farmland in future, and 50,000 tons of essential oil is expected to be produced annually for perfumery, cosmetics, and pharmaceuticals industries generating business of about Rs. 5000 crores. Cultivation of MAPs introduces some novel antimicrobial chemicals in the cropping system, which can negatively affect the indigenous microbial community. It can disturb established microbial networks that have been contributing to crop production and health.

Mints (Mentha sp.) are well-known aromatic crops, cultivated for their essential oils, which are commonly used as flavors and stimulants; are carminative in nature besides possessing antimicrobial, antiviral, and insecticidal activities; are quite popular in the Indo-Gangetic plains; and are being cultivated year after year because of their high income-generating potential. Similarly, cultivation of an antimalarial plant Artemisia annua has gained importance as Artemisia yields artemisinin, an alkaloid recommended by WHO as artemisinin-based combination therapies (ACTs) for the treatment of uncomplicated malaria (Steketee and Thomas, 2017). Introduction of novel crops in a new area can affect the ecological state of pre-existing agro-ecosystems. Many MAPs possess invasive characters, and their wild relatives are strong invaders (Hejda et al., 2009). MAPs can release novel chemical compounds in soil – many of them are antimicrobial in nature – that have never been experienced by soil biodiversity. Such perturbations result in the state shift in soil microbial community, which, in turn, affect the plant–soil feedback and the productivity of agroecosystems. It is expected that their long-term cultivation may affect the diversity and abundance of microbial species because of the antimicrobial impact caused by litter deposition, which may contain a substantial amount of essential oil/aroma chemicals and alkaloids. This can result in major shifts in diversity, which may impact the growth and yield of successive crops.

However, consistent exposure may promote tolerance and adaptation in microbial populations. Such processes may lead to alternative ecological state and evolutionary rescue of microbial communities in the long term. Therefore, the structure and function of soil microbial community will vary with time after the introduction of MAPs. These uncertainties for growing MAPs are great concerns. Moreover, agricultural practices like the addition of the chemical as well as organic fertilizers, crop rotation, mixed and intercropping, etc., can also influence the impact of MAPs on soil microbial diversity. Organic fertilizers including farmyard manure (FYM) and vermicompost (VC) are preferred globally to increase soil fertility, productivity, and sustainability. They are known to improve plant growth by improving enzymatic activity, soil aeration, and maintenance of high microbial populations and activities (Okwuagwu et al., 2003). The introduction of Sesbania as green manure in cropping systems increases the yield of the subsequent crops, possibly through the significant improvement of the soil carbon and nitrogen status. Intercrops are known to potentially reduce weeds, diseases, and pests (Trenbath, 1993; Altieri, 1999) and are often regarded as determinant factors influencing crop production (Seran and Brintha, 2010; Steketee and Thomas, 2017).

However, no report is available on the effect of long-term cultivation of MAPs on microbial diversity, which may affect soil health and productivity. This information will help to identify good agricultural practices that could restore the state shift, minimizing loss in soil health and maintaining ecosystem functionality and environmental sustainability. This study was mainly aimed at assessing the possible impact of long-term cultivation of various species of MAPs on the soil microbial diversity. The other objective of the study was to identify the plant species and organic manures that may greatly help the microbial diversity to rescue or resilience and to strategize the inclusion/exclusion of such crops in the MAPs-based cropping system to maintain the microbial richness for higher productivity on sustainable agriculture basis.



MATERIALS AND METHODS

A preliminary experiment was designed to analyze the differences in rhizospheric microbial diversity of various medicinal and aromatic crops (A. annua, Andrographis paniculata, Mentha arvensis, Ocimum basilicum, Chrysopogon zizanioides, Pelargonium graveolens, Bacopa monnieri, and Cymbopogon citratus) and compared with conventional crop maize (Zea mays). Rhizospheric soils of various MAPs cultivated in the demonstration area of CSIR-Central Institute of Medicinal and Aromatic Plants (CSIR-CIMAP) were subjected to Terminal restriction fragments polymorphism (TRFLP). On the basis of more pronounced changes, wide cultivable area under cover, and the higher expected expansion of the crops, M. arvensis and A. annua were selected among the different MAPs under study (Experiment 1). To further investigate the diversity change at the taxonomic level, bulk and rhizospheric soil of both Mentha (MB and MR, respectively) and Artemisia (AB and AR, respectively) fields were compared with a conventional crop (Z. mays) that served as control (CB and CR), by using the next-generation sequencing (NGS) technique.

The plant–microbe interaction and soil microbial diversity are not only dependent on plant type but also influenced by agricultural practices. To evaluate the effect of various agri-input/agronomical interventions on soil microbial diversity and plant productivity, another study was designed (Experiment 2) involving Mentha, which covers a large area, and it was thought appropriate to study its long-term cultivation effects on microbial diversity as about 600,000 farming families are involved in cultivation of this crop on about 300,000 hectares.


Experimental Plan (Experiment 2)

The experimental design consisted of planting M. arvensis in the earthen pots (12″ dia) that were supplemented with chemical (NPK at 37.5, 60, and 50 kg ha–1, respectively)/organic fertilizers (VC at 19.76 t ha–1 and FYM at 10 t ha–1) (Reddy, 2005; Maji et al., 2017) in the month of February (first plantation). VC of the same origin (prepared from distilled waste of lemongrass) has been used for this study. Sterilized VC and FYM were used for all the treatments to minimize the impact/interference of microbiota present in VC and FYM. For the experimental pots where green manures/other crops followed after the first harvest, only basal dose chemical fertilizers (NPK at 37.5, 60, and 50 kg ha–1, respectively) were given. The pots receiving chemical/organic fertilizers were maintained with Mentha throughout the experiment. The crop was harvested after 90 days in the month of May. The pots were replanted with Mentha and/or other crops in rotation and were harvested in August (second plantation). To check the influence of monocropping of Mentha, Mentha with some rotational crop and MA with ample use of organic fertilizers on its productivity, all the pots were replanted with Mentha (third plantation) that were harvested in the month of October (see Supplementary Material for Experimental plan). Mentha pots receiving only chemical fertilizer and a non-aromatic crop (maize) were also included in the study, but on the basis of preliminary results (TRFLP), only samples exhibiting prominent changes [Mentha (M), Mentha + VC (M + VC), Mentha_Sesbania (M_S), and Mentha_Chlorophytum (M_C) of the second plantation] were included for the NGS analysis.

Plant weight of above ground herb was recorded and essential oil extraction in the fresh herbage was performed at the time of first and third harvesting by using hydro-distillation in Clevenger’s apparatus (Maji et al., 2013). The oil yield (grams per pot) was calculated by multiplying the amount of oil obtained (ml) with a value of specific gravity (0.89) of Mentha oil.



Soil Samples

The soil samples were collected in triplicate from the fields of CSIR-CIMAP continuously grown with MAPs, i.e., A. annua, A. paniculata, M. arvensis, O. basilicum, C. zizanioides, P. graveolens, B. monnieri, and C. citratus. To ensure that change in rhizospheric microbial diversity is a result of the cultivation of the selected crops, soil samples were taken from the field just before the harvesting of crops. The rhizospheric soil (soil firmly adhering to the root) was collected and stored at −20°C for further experimentations. To reduce the sample to sample variation, three to five samples from each of the three plots were drawn and mixed to form a plot sample and three such plot samples were mixed to form a composite sample for each treatment for NGS analysis.



TRFLP (Terminal Restriction Fragment Length Polymorphism)

Total DNA extraction was done by using the Power Soil DNA Extraction Kit (Mo Bio Laboratories) according to the manufacturer’s instructions. Isolated DNA from soil samples was checked qualitatively and quantitatively on 0.8% agarose gel electrophoresis and Nanodrop yield, respectively. PCR was performed using a standard protocol (Bharti et al., 2015). PCR mixtures containing 25 ml of Premix Taq (Takara Biotechnologies), 2 ml of the DNA template, and 1.5 ml of each primer were made up to a volume of 50 ml with sterilized Milli-Q water. The samples were amplified in an Eppendorf Thermal Cycler. Tetra base cutter restriction enzymes AluI and HhaI (Promega) were used to digest the fluorescently labeled PCR amplicons.



T-RFLP Analysis

For TRFLP, 1 μl of the restriction-digested product was mixed with 12 μl of freshly deionized formamide containing 0.5 μl of LIZ 500 marker (PE Applied Biosystems). 3130xl Genetic Analyzer (Applied Biosystems, United States) of Gene Scan mode (Moeseneder et al., 1999) was used for detection as well as for the separation of DNA fragments. Raw data from Gene MapperTM were exported to T-REX, online software for the processing and analysis of T-RFLP data1 (Culman et al., 2009). Raw files were analyzed by the Past 2.02 software package (Hammer et al., 2001).



Next-Generation Sequencing

Soil samples from experiment 1 were outsourced to Genotypic Technology Pvt. Ltd., and soil samples from experiment 2 were outsourced to Bionvid Technology Pvt. Ltd., for metagenomic studies. Samples outsourced were processed and sequenced by using Illumina MiSeq as per sequencer manufacturer’s protocol. Sequence data have been deposited in the NCBI Sequence Read Archive (SRA) database. The sequences were submitted to NCBI, and the accession numbers obtained are SUB2488937 and SUB2604678 for 16S and SUB2604678 and SUB 2659621 for ITS for experiment 1 and SRP150923 for 16S and SRP150978 for ITS for experiment 2.



Statistical Analysis for Metagenomic Sequencing

The dataset was analyzed using Qiime2 v 1.9.0 by using the Greengenes3 v 13.8 database at the backend. The dataset was clustered at 97% similarity and mapped to the reference using the UCLUST ref method. Abundance graphs were plotted based on the number of hits. Comparative taxa summary plots and heatmap were generated across the samples at phyla level considering relative abundance (RA) values using a cutoff greater than 0.1%. Krona charts were plotted using Krona5 tools for each sample. Pie charts were generated for each sample from phylum to species with a cutoff of 0.5% based on the absolute abundance count. Alpha diversity was calculated using Chao1, observed operating taxonomic units (OTUs), Shannon, and Simpson index. All the data and graphs were analyzed by R software (Vegan and ggPlot packages), SPSS 16.0, and PAST 2.02 (details in Supplementary Material).



GC-MS/HPLC of Soil Samples of the Selected Crops

Five grams of soil samples are used for analysis to check the signatures of essential oil/artemisinin in bulk and rhizosphere soil samples of maize, Mentha, and Artemisia using standard protocols (Gupta et al., 2002; Dundek et al., 2014).



Soil Samples and Their Physiochemical Study

The pH of collected soil samples was determined using Equiptronic’s pH meter as described by Jackson (1967). The electrical conductivity (EC) of a soil sample was determined by Equiptronic‘s digital EC bridge. Nitrogen (N) in the soil is mainly present in organic form together with small quantities of ammonium and nitrate ions and was determined by distilling soil with alkaline potassium permanganate according to Subbiah and Asija (1956). Soil-available phosphorus (P) is found as orthophosphate and was extracted by Olsen’s extract 0.5 M NaHCO3 (pH 8.5) (Olsen et al., 1954) and measured calorimetrically by the ascorbic acid method (Murphy and Riley, 1962). The ammonium acetate method followed by flame photometric detection (Hanway and Heidel, 1952) was employed to estimate the available potassium (K) of samples. Organic carbon (OC) of all the soil samples was measured using the chromic acid titration method proposed by Walkey and Black (1934).



Statistical Analysis

All statistical analyses [one-way ANOVA and Correspondence Canonical Analysis (CCA)] for physicochemical properties of soil, plant biomass, and oil yield were carried out using SPSS 16.0, PAST 2.02.



RESULTS


Experiment 1


Screening of MAPs

Cultivation of MAPs, as shown by the preliminary TRFLP experiments, reflected marked changes in total rhizospheric microbial diversity. The change reflected in the results showed that though some MAPs, like Chrysopogon, increased the number of TRFs in the soil over the native soil microbial diversity, some other important MAPs resulted in a decline in microbial diversity. The decline in the microbial diversity was noticed in plots cultivated with Artemisia, Andrographis, Mentha, Ocimum, Pelargonium, Bacopa, and Cymbopogon; the decline being maximum in Mentha and Artemisia (Supplementary Table S1).



Diversity, Richness, and Dominance

Higher values of Shannon, Simpson, and Fisher’s Alpha indicating higher richness and dominance, as well as alpha diversity, were noticed in Pelargonium and Chrysopogon cultivated soils (Supplementary Table S1). Although the values of Simpson and Shannon in soil of other MAPs were lower than maize, maximum decline was observed in Mentha (Fisher’s alpha value, 7.542 for bacterial community and 5.916 for fungal community), followed by Artemisia (Fisher’s alpha value, 10.76 for bacterial community and 6.308 for fungal community), while an increase in total diversity was noticed in Chrysopogon soil (Fisher’s alpha value, 61.48 for bacterial community and 23.55 for fungal community).

To substantiate the role of essential oils/aroma chemicals/alkaloids affecting the microbial diversity, and to detect the presence of the essential oils/artemisinin in the soil, samples were collected after the harvest of the crops and were subjected to GC-MS/HPLC analysis. Limonene, menthyl acetate, and menthol were present in both the bulk and rhizospheric soil of Mentha, while neomenthol could be detected in bulk soil only (Supplementary Figure S1a). Relatively more components, as well as the concentrations of aroma chemicals, were detected in bulk than rhizospheric soil. Similarly, the signatures of artemisinin were detected in the AR as well as the AB soil (Supplementary Figures S1c,d) and the amount of artemisinin was higher in AB (0.25 ± 0.01 ppm) than in AR (0.16 ± 0.004 ppm) (Supplementary Table S2). No such signatures were recorded from soil cultivated with maize in both bulk and rhizosphere (Supplementary Figures S1b–d).



Physiochemical Parameters of Bulk and Rhizospheric Soil (Mentha, Artemisia, and Control)

As shown in Supplementary Table S3, the changes in the pH value for both bulk and rhizospheric soils showed fluctuation with an upward trend in all the samples (control, Mentha, and Artemisia) from bulk to rhizosphere, and EC showed a similar downward pattern in both Mentha and Artemisia but upward in control soil from bulk to the rhizosphere. Available N and P contents decreased significantly in bulk than the rhizospheric soil in both Mentha and Artemisia as well as in control. Nevertheless, there was no significant difference in K content of AR, MB, and MR, which were significantly different from AB and control soil (CB and CR). OC content of control bulk and rhizospheric soils was found to be different from Mentha and Artemisia (bulk and rhizosphere).



Soil Diversity Analysis Using the NGS Technique

Though the TRFLP experiment clearly indicated a loss in diversity in most of the MAPs, the maximum loss in soil microbial diversity was noticed in Mentha and Artemisia samples, and the GC-MS and HPLC experiments confirmed the signature/traces of oil and artemisinin, respectively, which may be the reason for these variations. To gain insight into the actual changes occurring in the rhizosphere and bulk soil, and to identify the species deleted, introduced, or shifted because of cultivation of MAPs, soil samples of Mentha and Artemisia were subjected to NGS using Illumina as the sequencing platform. Taxonomic assignments of the OTUs were done at phylum, class, order, family, genus, and species level for 16S/ITS sequences. Bacterial and fungal community richness and diversity are shown in Table 1.


TABLE 1. Diversity indices and OTUs obtained by NGS analysis of bacterial 16S and fungal ITS sequences from bulk and rhizospheric soil of Mentha arvensis, Artemisia annua, and Zea mays (control).

[image: Table 1]In the case of a bacterial community, differences in alpha diversity were not prominent in bulk soil but in rhizospheric soil of both plants (Mentha and Artemisia) and values slightly differed in comparison to maize. The number of OTUs for the bacterial community in AB (5241) was considerably lesser than CB (7164); however, in the case of MB (8336), a higher number of OTUs was recorded. On the other hand, OTUs of the fungal community in bulk soil of AB (2717) and MB (2364) were considerably lower than CB (4375). Similarly, for the bacterial community, in rhizospheric soil, both AR (6313) had lower OTUs in comparison to CR (6529), but MR (6913) had a slightly higher number of OTUs and the difference was not well defined; however, marked differences were noticed in the case of the fungal community; the number of OTUs in AR (3538) and MR (5541) was substantially lower than that in CR (12,566).



The Composition of Bacterial Communities

Different soils comprised a diverse number of identified phyla, class, order, family, genus, and species. The RA (represented in heatmap) of the assigned phyla across the (Mentha and Artemisia soil) samples was compared with control (Figure 1A). The dominant classified bacterial phyla obtained were from Proteobacteria (24–39%), Actinobacteria (16–36%), Firmicutes (9–26%), Chloroflexi (8–14%), Acidobacteria (3–11%), Bacteroidetes (3–6%), Planctomycetes (0.7–5%), Verrucomicrobia (2–3%), Cyanobacteria (1–8%), and Armatimonadetes (1–2%) (Supplementary Figure S2a); the heatmap representing their RA was also generated (Supplementary Figure S2c). The 95–97% of total bacterial OTUs with RA of >1% were Proteobacteria, Actinobacteria, Firmicutes, Chloroflexi, Acidobacteria, Bacteroidetes, Planctomycetes, Verrucomicrobia, TM7, Cyanobacteria, and Armatimonadetes. In addition, Gemmatimonadetes, Nitrospirae, Elusimicrobia, Fibrobacteres, Chlorobi, Euryarchaeota, Creanarchaeota, Tenericutes, OD1, FBP, BRC1, Thermi, WS3, Chlamydiae, and OP11 were present in most samples but at relatively low abundances (RA 0.1–1%), as well as 21 other rarer phyla (RA < 0.01%).


[image: image]

FIGURE 1. Heatmap representing the relative abundance at the phylum level (A) for bacterial and (B) for fungal community. AB = Artemisia bulk, AR = Artemisia rhizosphere, MB = Mentha bulk, MR = Mentha rhizosphere, CB = Control bulk, CR = Control rhizosphere.




The Composition of Fungal Communities

In the fungal community, three dominant phyla (Ascomycota, Basidiomycota, and Zygomycota) were observed that accounted for 86% of the total fungal sequences obtained. The RA (represented in heatmap) of the assigned phyla across the (Mentha and Artemisia soil) samples was compared with control (Figure 1B). The dominant classified phyla were Ascomycota (28–79%), Basidiomycota (9–23%), Zygomycota (1–15%), Chytridiomycota (0.4–2%), and Glomeromycota (0.1–2%) (Supplementary Figure S2b); the heatmap representing their RA was also generated (Supplementary Figure S2d). The most abundant phyla in case of the fungal community were Ascomycota, Basidiomycota, Zygomycota, Chytridiomycota, and Glomeromycota with a RA of >1%; some unclassified phyla with RA < 1% were also noticed across all the samples (Figure 1B).

The long-term cultivation of Mentha and Artemisia resulted in a change in the abundance of microbes. The bacterial community abundance pattern in control soils (in both bulk and rhizosphere) showed a similar pattern with a higher abundance of Proteobacteria followed by Actinobacteria and Firmicutes. In the case of Mentha, an abundance of bacterial OTUs differed in MB and MR soil. Although the abundance of Firmicutes was found to be higher, which superseded the abundance of Proteobacteria, Actinobacteria, Chloroflexi, Bacteroidetes, and Verrucomicrobia in MB soil, the abundance of Acidobacteria, Planctomycetes, Armatimonadetes, and Cyanobacteria was lower as compared to CB soil. In MR soil, higher abundance of Firmicutes, Actinobacteria, and Chloroflexi was recorded, whereas Proteobacteria, Acidobacteria, Bacteroidetes, Planctomycetes, Verrucomicrobia, and Armatimonadetes were less abundant in comparison to CR soil. In the case of the fungal community of MB soil, lesser abundance of Basidiomycota, Ascomycota, and Chytridiomycota members was found as compared to CB soil. In MR soil, the same pattern was recorded with higher abundance of Zygomycota (Supplementary Figure S2b).

In Artemisia soil, the AB bacterial community included Proteobacteria, Firmicutes, Acidobacteria, Actinobacteria, Chloroflexi, Planctomycetes, Bacteroidetes, Cyanobacteria, Verrucomicrobia, and Armatimonadetes, but was less abundant than CB. However, in AR, Chloroflexi, Acidobacteria, Cyanobacteria, and Planctomycetes were more abundant than CR. In the fungal community, abundance of Ascomycota and Basidiomycota were less in AB than CB, but Zygomycota, Chytridiomycota, and Glomeromycota were more abundant. AR had a lower abundance of Ascomycota, Basidiomycota, and Chytridiomycota but a higher abundance of Zygomycota and Glomeromycota in comparison to CR soil (Supplementary Figure S2b).

Similarities and differences in bacterial/fungal community structure and their correlation with physicochemical parameters were carried out using CCA (Figure 2). CCA showed that the first PC explained 55.38 and 77.13% of the total bacterial and fungal variation, respectively. For bacteria, the first component (PC1), which explained 55.38% of the total variation, separated the MA- and AA-associated soil samples from that of maize (Figure 2A). As shown by their close groupings and vectors, the dominant bacterial phyla in MA-associated soil were Actinobacteria (MR), Firmicutes (MB), Verrucomicrobia (AR), and Chloroflexi (AB), which were found to be affected by pH, EC, N, and OC content. The dominant bacterial phyla in maize-associated soil samples were Proteobacteria and Bacteroidetes. In the case of fungi, the first component (PC1), which explained 77.13% of total variation of fungal phyla, separates rhizosphere from bulk soil samples (Figure 2B). The grouping and vectors of the plot showed that the top fungal phylum in all treatment was Ascomycota and was found to be affected by N, P, pH, and EC.
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FIGURE 2. Correspondence Canonical Analysis (CCA) based on OTUs and physiochemical parameters (A) for bacterial and (B) for fungal community; P-value > 1. Similarities and differences in microbial structure and their correlation with physiochemical parameters were carried out using CCA. AB = Artemisia bulk, AR = Artemisia rhizosphere, MB = Mentha bulk, MR = Mentha rhizosphere, CB = Control bulk, CR = Control rhizosphere.




Experiment 2


Distribution, Richness, and Dominance Based on TRFLP Analysis

To evaluate the effect of various agricultural practices on soil microbial diversity, organics like VC and FYM (major organics used by farmers) were applied to the soil. The physicochemical parameters of the soil samples from first, second, and third harvesting were recorded and are represented in Supplementary Table S4. After the harvesting of the first plantation, Mentha soils supplemented with VC showed higher microbial diversity and richness among the other treatments in relation to both bacterial and fungal communities (Supplementary Table S5). In case of bacterial community, the values of Simpson varied from 0.7747 to 0.9075 and those of Shannon varied from 1.992 to 3.043, and for the fungal community, Simpson values ranged from 0.7175 to 0.9348 and Shannon values ranged from 2.153 to 3.268.

The application of VC increased the total richness in terms of the increased value of Margalef (7.738 for bacterial and 5.211 for fungal diversity) and Fisher’s alpha diversity (16.21 for bacterial and 10.7 for the fungal community) in comparison to soil samples with only Mentha (without any organic manure). RA (Heatmap) also indicated the shifting of some specific bands in M + VC samples.

The addition of all the organic inputs led to an increment in the soil microbial diversity. The enhancement in the bacterial diversity was maximum when Sesbania was included in crop rotation after Mentha, followed by the application of VC, whereas in the case of fungal diversity, plantation of Chlorophytum after Mentha maximally increased diversity, which was closely followed by the application of VC.

In the third plantation, Mentha was replanted in all the pots, and the rhizospheric soil samples were subjected to TRFLP. In the case of the bacterial community, M + VC and M_S_M, and in fungal community, M_S_M and M_C_M maximally restored the loss in soil microbial diversity. Values of Simpson (0.8394), Shannon (2.382), Margalef (4.907), and Fisher’s alpha diversity (8.412) were found to be highest in M_S_M in the bacterial community, whereas M_C_M had a maximum value of Simpson (0.9358), Shannon (3.229), Margalef (8.493), and Fisher’s alpha diversity (18.71) in the case of the fungal community (Supplementary Table S5).



Total Structural Variance in Microbial Diversity

The coverage of all the soil samples was more than 96%, which showed that the depth of sequencing met the needs of our experiment. The bacterial community was restored to the maximum extent in the treatments M + VC and M_S, where the number of OTUs was brought back from 230 (M) to 244 (M + VC) and 234 (M_S); for the fungal community, M + VC was successful in restoring the diversity loss to the maximum extent [OTUs were brought from 427 (M) to 448 (M + VC)]. In context to diversity indices, a higher value of richness in terms of Shannon index (4.12 for bacterial and 3.47 for the fungal community) and minimum dominance (0.43 for the bacterial community and 0.051 for the fungal community) was recorded in M_C (Table 2).


TABLE 2. Alpha diversity and OTUs obtained by NGS of bacterial 16S and fungal ITS sequences from restoration experiment of second plantation.

[image: Table 2]On the basis of total abundance at the phylum level (Supplementary Figure S3a), an abundance of Proteobacteria (29.18%), Bacteroidetes (4.92%), and Acidobacteria (12.82%) was higher when VC was applied to Mentha (M + VC) and in pots where Sesbania was planted after Mentha (M_S). RA of all the bacterial and fungal phyla are shown in heatmap (Figures 3A,B). In the case of the fungal community, a respective reduction in the abundance of Ascomycetes (46.20 and 54.79%) and Basidiomycetes (4.69 and 6.3%) was observed in both M + VC and M_S, and abundance of Glomeromycetes (17.86%) was higher in Mentha supplemented with VC (M + VC) (Supplementary Figure S3b). At the order level, some groups were found to be higher in M + VC, M_S, and M_C as compared to M, but the use of M+CF negatively affected the soil microbial abundance. The bacterial community showing higher resilience or those having being rescued at the order level after the application of VC and organic and green manure were Planctomycetales, Rhizobiales, Actinomyceteales, Anaerolineales, Clostridiales, Xanthomonadales, Acidomicrobiales, Chromatiales, Nitrospirales, Methylophilales, Caldilineales, and Bacillales (Figure 4A). On the other hand, in the fungal community, abundance of Mucorales, Pezizales, Sordariales, Dothideales, and Divesisporales was found to be highest in M-grown soils; only Hypocreales could be rescued in M_S-grown soil (Figure 4B).
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FIGURE 3. Relative abundance (heatmap) of (A) bacterial and (B) fungal community after second harvesting soil. M = Mentha, M + VC = Mentha with vermicompost, M_S = Mentha before Sesbania, M_C = Mentha before Chlorophytum.
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FIGURE 4. Community rescue profile of (A) bacterial and (B) fungal communities after application of organic manures and intercropping with Sesbania and Chlorophytum. M = Mentha, M + VC = Mentha with vermicompost, M_S = Mentha before Sesbania, M_C = Mentha before Chlorophytum.


Correspondence Canonical Analysis was used to study the similarities and differences in bacterial as well as fungal community distribution along with their correlation with physicochemical soil properties (Figure 5). Significant correlations were found in both bacterial and fungal communities; a total variation of PC 92.54% was observed in the bacterial community and 99.65% in the case of the fungal community (Figure 5A). In the case of the bacterial community, the first principal component (73.71%) separated the M_C and M + VC from other samples. According to their grouping and vectors, the dominant bacterial phylum was Proteobacteria, which was found to be related to N.
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FIGURE 5. CCA based on OTUs and physiochemical parameters for (A) bacterial and (B) fungal community; P-value > 1. Similarities and differences in microbial structure and their correlation with physiochemical parameters were carried out using CCA. M = Mentha, M + VC = Mentha with vermicompost, M_S = Mentha before Sesbania, M_C = Mentha before Chlorophytum.


On the other hand, in the case of fungi, the first component (PC1) explained 97.94% of the total variation in fungal community distribution, which separated the M_S and M_C from other samples. On the basis of grouping and vectors, the dominant fungal phylum was Ascomycota and was found to be closely related to K (Figure 5B).



Plant Biomass and Oil Yield

In the first plantation, harvesting of Mentha yielded significantly higher plant biomass in terms of both fresh weight (96.04 g) and oil yield (0.722 g yield per pot), when Mentha was supplemented with VC (M + VC) (Supplementary Table S6) while Mentha not supplemented with any kind of fertilizer yielded 75.82 g of herb and 0.61 g of oil. During the harvesting of Mentha after the third plantation, maximum yield of fresh biomass and essential oil could be achieved when Mentha was rotated with Sesbania (M_S_M) followed by Mentha, which was continuously supplemented with vermicompost (M + VC) and Mentha rotated with Chlorophytum (M_C_M); the values were 90.50, 75.14, and 65.71 g for fresh biomass and 0.759, 0.624, and 0.580 g per pot for oil yield, respectively (Supplementary Table S7), which indicated that fertility and productivity of Mentha-grown soil could be restored in treatments involving Sesbania, VC, and Chlorophytum.



DISCUSSION

Medicinal and aromatic plants are grown for essential oils and several phytopharmaceutically important compounds known for their antimicrobial properties. Our study clearly indicates that changes/differences in the microbial commune structure are brought about by monocropping of several MAPs. This could be a result of the cross-talk between some factors including the presence of secondary metabolites released in the soil from defoliated leaves in soil. Though the nature of the response in both bacterial and fungal community was somewhat similar (both the communities affected by MAPs), the extent of response varied greatly. The initial leaf litter decomposition is carried out by the fungal community because they have the ability to break the plant organic matter, but as the succession takes place, the bacterial community gets involved in the decomposition process and help the fungal community to solubilize the complex organic matter (Llado et al., 2017).


Soil Diversity Changes Brought About by Cultivation of MAPs and Conventional Crops

Plant residues are an important and decisive source of nutrients for the microbial community (Dilly et al., 2000; Schloter et al., 2003). However, the presence of some unique and structurally diverse bioactive molecules called secondary metabolites causes MAPs to harbor a distinctive and specific microbiome (Wu et al., 2015). Reduction in the total soil microbial diversity of Mentha and Artemisia as compared to maize was reflected by the diversity analysis, which could be attributed to the presence of such bioactive compounds with antimicrobial properties as revealed by GC-MS/HPTLC studies of soil. These bioactive volatile compounds may act as phytoncides for some group of microbes, but the community shift stabilizes the community structure by maintaining the evenness. Components of essential oil in this study, which were found in rhizospheric and bulk soil are known for their antimicrobial properties. While menthyl acetate and menthol are relatively more effective against the bacteria, neomenthol and limonene have been found to be more effective against fungi (Sokovic et al., 2008; Kuriata-Adamusiak et al., 2012; Vieira-Brock et al., 2017). The presence of limonene in both bulk and rhizospheric soil could have played a role in affecting fungal diversity, whereas the greater reduction of fungal diversity in bulk soil might be because of the presence of neomenthol, which was not detected in the rhizospheric soil. In case of bacterial diversity, the presence of menthol and menthyl acetate in both the soils (bulk and rhizosphere) could have resulted in greater reduction in bacterial diversity as compared to the control where no such peaks were detected.

Artemisinin mainly found in trichomes of leaves (Muranaka and Saito, 2010) and excessive leaf fall may release more of this compound in the soil post litter decomposition and its antimicrobial property might have affected both the bacterial and fungal diversity, which was more profound in bulk soil than in rhizospheric soil (Tajehmiri et al., 2014), which again could be correlated with the presence of relatively higher amounts in bulk soil. Moreover, cultivated plant type has a profound influence in determining the microbial species composition of the rhizosphere resulting in distinct community structures for different plant species grown in the same soil (Grayston et al., 1998; Miethling et al., 2000; Patkowska and Konopiński, 2014) explaining the significant difference found in the diversity pattern of Mentha and Artemisia as compared to maize and other MAPs included in the study.



Structural Changes in Bulk and Rhizospheric Microbial Communities

Species diversity is a community parameter, which is related to the degree of stability of that community (Bardgett et al., 2014). In the rhizosphere, the plant selects those microbes that can utilize the nutrients efficiently from total microbial diversity (Hartmann et al., 2009; Berendsen et al., 2012), thereby creating a selection pressure. The higher number of OTUs in the maize rhizosphere was because of the presence of high amounts of simple sugars in the root exudates that attracted bacterial and fungal communities in a manner similar to the establishment of mycorrhizal associations (Broeckling et al., 2008; Berg and Smalla, 2009).

In bulk soil of both Mentha and Artemisia, the presence of leaf fall with antimicrobial activity caused a reduction in the number of OTUs as compared to rhizospheric soil. Mentha was less severely affected probably because it is a short-duration (3–4 months) crop and the leaf fall with antimicrobial essential oil is volatile in nature, whereas Artemisia is a long-duration crop with continuous leaf fall continuously leaving artemisinin into the soil, which is not volatile and less degradable as compared to the Mentha essential oil. As the leaf fall covers more of bulk soil, artemisinin content was found to be higher in bulk soil, so the results are more marked in AB than in MB.



Diversity Shift in Bacterial and Fungal Communities

Bacterial commune responded less severely than the fungal commune to the presence of bioactive compounds in the soil. The unicellular and smaller size of bacteria make them exposed only to their immediate surroundings, i.e., microniche (Vos et al., 2013) with very specific conditions separating them from the direct influence of plant root, and this could be the reason why bacterial communities are not significantly different under different plants (Urbanova et al., 2011). In the case of fungi, the root-associated mycelia extending from the rhizosphere to the bulk makes them more sensitive to plantation type and other factors (Urbanova and Baldrian, 2015). Similar observations were made in our study where bacterial OTUs were not considerably affected in Mentha and Artemisia, whereas the decrease in fungal OTUs was drastic.

In case of Mentha, high leaf fall at the time of maturity and their decomposition probably improved the growth of degrading bacteria, which may attract diverse communities capable of utilizing sugars (Jiang et al., 2017) as well as secondary metabolites, making it more diverse and richer than rhizospheric bacterial community as observed in MB soil. The outcome of these complex processes is the development of a rhizospheric microbial community that differs noticeably from the source communities of bulk soil (Fan et al., 2017). However, the above condition reversed in AB soil, where considerable defoliation occurred in the bulk soil increasing the signatures of secondary metabolites with little input of sugar source, decreasing both bacterial and fungal community richness/diversity.

At the phylum level, known bacterial phyla were detected, which accounted for 99.5%, while the unknown ones occupied only about 0.5% of the total population. Among all the phyla identified, the members of Proteobacteria, Actinobacteria, Firmicutes, and Acidobacteria were highly abundant in all the soils. Proteobacteria is a functionally diverse group of fast-growing Gram-negative bacteria, especially plant growth promoters (Gupta, 2000) and possess the ability to utilize a broad range of root-derived carbon substances (Philippot et al., 2013a, b), making their population highest in each soil type. Actinobacteria have an important role in the decomposition of organic material (Baldrian et al., 2012) and thus play an important role in organic matter turnover and nutrient cycling. Increased abundance of Actinobacteria in MB soil may replace or reduce the abundance of other microbes, including those found useful in improving productivity and reducing the population of phytopathogens. Firmicutes are spore-forming phyla that live in the soil in small pockets of anaerobic habitats created by them, thereby reducing the effect of secondary metabolite (fallen litter of Mentha) firmicutes, making them highly abundant in MB soil samples. Members of phylum Acidobacteria are oligotrophic and enriched in soils with very low resource availability, whereas Chloroflexi is an anaerobic heterotroph that plays an important role in litter decomposition (Purahong et al., 2016). Acidobacteria and Chloroflexi are slow-growing entities (Jones et al., 2009) but were substantially higher in abundance in MB and AR, probably because of the sufficient amount of litter availability and nature of root exudates, respectively. Besides this, a higher abundance of Cyanobacteria, Planctomycetes, Bacteroidetes, and Verrucomicrobia were found in rhizospheric soil. All the phyla members decreased drastically in both bulk and rhizospheric soil of Artemisia except Chloroflexi and Cyanobacteria, which were found to be higher in AR as compared to CR. In all the cases, bacterial diversity was higher than fungal diversity, and bacterial communities were more even.

In the case of a fungal community, at the phylum level, Ascomycota and Basidiomycota are known to produce various organic matter digestive enzymes, thereby occupying the highest abundance. Glomeromycota forms arbuscular mycorrhizal association with roots of higher plants, so they were found to be higher in rhizosphere as compared to bulk soil of Mentha and Artemisia. Members of Zygomycota and Chytridiomycota (known to utilize dead plant material) were higher in bulk soil, as bulk soil contained more organic matter due to high litterfall, which served as an effective nutrient source for them. More unidentified phyla were found in bulk soil in comparison to rhizospheric soil samples in all the plant type. This suggests that although a vast number of microbes have been identified, there is still a significant proportion of unidentified microbial genera (Uroz et al., 2010).



Use of Intercropping and Organics in Mitigating the Diversity Loss (State Shift vs. Community Rescue)

Biodiversity includes species richness (the number of species) and evenness (how well distributed abundance or biomass among species), which are considered among the most important measures (Wittebolle et al., 2009). The community evenness confers the functional stability of an ecosystem and highly uneven communities or extreme dominance of one or a few species results in an ecosystem vulnerable to environmental stress (Chapin et al., 2000; Wittebolle et al., 2009). In our study, higher evenness in MA indicates the existence of stable microbial community, which may provide functional stability during environmental fluctuations (Balvanera et al., 2005; Awasthi et al., 2014).

Monocropping damages the soil ecology and crop productivity by depleting the soil nutrient, resulting in an unbuffered niche (Marais et al., 2012). The same crop when grown incessantly causes a continuous loss of the similar type of nutrients, creating a nutrient shock for the microbial community, thereby decreasing the soil microbial diversity and increasing the abundance of only some specific candidates (Marais et al., 2012). In the case of Mentha, a considerable leaf fall of essential oil-bearing leaves could have greatly affected the microbial diversity because of the antimicrobial nature of these oils. This was clearly reflected in our experiments where the soil that was continuously cropped with Mentha had low microbial diversity. The other objective of the study was to look at the ways that could restore the microbial diversity losses by the introduction of some organic/green manures and selected crops which have shown some promise in improving microbial diversity and abundance in our preliminary studies (unpublished data). Sesbania, a nitrogen fixer (Dreyfus and Dommergues, 1980), may have supported the abundance of phosphate solubilizers secreting higher amounts of organic acids, lowering the soil pH, and thereby influencing the microbial diversity. As green manure, Sesbania might have increased the organic matter of soil supporting the microbial growth and increasing microbial diversity as reflected in our study. In our experiment, higher numbers of OTUs were observed in M_S, and M + VC cultivated soil as compared to other plants. Chlorophytum borivilianum (safed musli), an eminent medicinal plant, also improved the evenness of the microbial community, which could be functionally more efficient, thereby playing a role in enhancing productivity. Amendment of organics (VC/FYM) helps the soil to mitigate the imbalance caused by monocropping (Xiong et al., 2015). The higher water holding capacity and organic matter content of VC makes it highly suitable for replenishment of microbial diversity (Lim et al., 2015). It indicates that after the leaf fall of Mentha in the soil (which starts after about 70 days), secondary metabolite/essential oils are immediately released to the soil environment because of the presence of oil glands on the surface of the leaves. These essential oils may cause a drastic reduction in the microbial richness including degraders initially, which may cause a nutrient shock for the microbes. On the other hand, the presence of organic matter and abundant nutrients in VC may alleviate microbes from such stress. Later, with the loss of volatile essential oils from the soil, there could be a revival of many degraders, which may start the degradation of defoliated leaves and provide nutrients to the plants. Though samples were not collected at the initiation of leaf fall in Mentha, it is assumed that the loss of diversity could be much higher at that time than at the time of harvesting, which occurs after 90–100 days. Our results suggest that the effect of MAPs cultivation on soil microbial diversity is difficult to generalize under negative or positive impacts. However, it induces the shifts in microbial community structure, which may affect soil health and productivity. Some communities, by using organic and green manure as well as other MAPs, rescue itself or resilience takes place, which will be beneficial for soil health. Higher abundance of decomposers and growth-promoting microbes may minimize the effect of essential oil-bearing leaves by quickly decomposing the leaves aiding in faster volatilization of oil, and the resultant manure may support the rest of the microbiome to colonize efficiently there.



CONCLUSION

These essential oil-bearing crops, especially Mentha, are gaining popularity because of their potential to generate higher incomes and they fit well into the cropping systems. We presumed that the continuous incorporation of defoliated essential oil-bearing leaves into the soil might affect the microbial diversity, resulting in the loss of productivity. Studies conducted in our laboratory indicated that the microbial diversity was low in fields continuously cropped with Mentha for 4 years, with the effects being more pronounced in the case of the fungal community. Efforts were made to reduce the loss in microbial diversity using various organic/green manures and some rotational crops, and it was observed that the use of organics and green manure could not only prevent the loss and richness of microbial community but also maintain the evenness that promotes the ecosystem function and improves fertility as well as productivity of the soil. This was also demonstrated in pot experiments where supplementation of VC and inclusion of Sesbania as a rotational crop could negate the adverse effects of loss in diversity and thereby improves the yields of Mentha even after continuous cropping.
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Pepper seedling wilt disease is the main cause of crop yield reduction. Biocontrol agents are widely used to control plant diseases caused by pathogenic fungi and activate plant defense systems. Our preliminary work showed that Bacillus subtilis SL-44 played a significant role in the reduction of wilt disease severity on pepper plants. To evaluate biological control mechanism of B. subtilis SL-44 on wilt disease caused by Rhizoctonia solani, the activities of the related enzymes were detected in the pepper seedling with different treatment in this study. Fluorescence microscopy combined with different dyes showed that B. subtilis SL-44 induced a large amount of active oxygen and callose accumulation in pepper leaves. The defense-related enzyme activities in pepper were improved significantly when treated with B. subtilis SL-44, including peroxidase, catalase, superoxide dismutase, polyphenol oxidase, and phenylalanine ammonia lyase. The activity of chitinase and β-1,3-glucanase in B. subtilis SL-44-treated pepper was also enhanced. Furthermore, the expression level of pepper-resistance gene CaPIN II was significantly increased in B. subtilis SL-44 treatment. Besides, B. subtilis SL-44 filtrate led to the death of the pathogenic fungus by fracturing the mycelia and leaking of the cell contents. Surfactin, iturin, and fengycin were found in B. subtilis SL-44 crude extracts, which could be effective antifungal compounds against R. solani. The results suggest that B. subtilis SL-44 could not only activate induced systemic resistance of pepper seedling against wilt disease caused by R. solani by jasmonic acid-dependent signaling pathway but also produce antifungal compounds to inhibit or even damage the mycelium growth of R. solani. The findings of this study provide novel guidance in plant protection development.
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INTRODUCTION

Pepper is an important cash crop with high nutritional and medicinal value (Sundaramoorthy et al., 2012). It contains various forms of vitamins (such as vitamin A, B, C, E, K), mineral substances, dietary fibers, and natural pigments that are good for human health (Mishra et al., 2017). However, the growth and production of pepper are affected by indigenous pathogens resulting in pepper yield reduction. Wilt disease caused by Rhizoctonia solani is responsible for pepper yield losses. Usually, these pathogens are controlled by chemical pesticides, which cause environmental pollution and potential drug resistance from long-time usage. In organic agriculture, there are restrictions on the use of more pesticides. Therefore, the application of biological control in the prevention of phytopathogen infection has gradually gained attention because it is environment-friendly. In our previous works, Bacillus subtilis SL-44 (SL-44) has been studied with strong antifungal activity against the mycelial growth of pathogenic fungus Rhizoctonia solani. Furthermore, SL-44 also has the significant capability of phosphate dissolving, IAA producing, and root colonizing and could significantly increase pepper’s biomass and promote the growth of the pepper (Huang et al., 2017). However, the discovery and understanding of SL-44 on the biological control mechanism of pepper have not been fully described on a molecular level.

It is reported that beneficial bacteria can inhibit phytopathogenic fungi by several strategies inducing cellular defense responses of plants, including cell wall thickening (Benhamou et al., 1996), active oxygen bursts (Lu et al., 2017), callose deposition, and defense-related enzyme accumulation (Yang et al., 2011). To survive in the adverse environment, plants have to evolve a variety of defense mechanisms that enable them to avoid tissue damage when pathogens attack. Systemic acquired resistance (SAR) and induced systemic resistance (ISR) are involved in plant systemic immunity. SAR is a salicylic acid (SA)-mediated broad-spectrum disease-resistance response of plants to pathogens, which usually was triggered by necrotic pathogenic bacteria (Stout et al., 1999). While, ISR was triggered by beneficial microorganisms such as plant growth-promoting rhizobacteria (PGPR) to regulate jasmonate (JA)- and ethylene (ET)-dependent signaling pathways for enhancing plant immunity rather than directly activate plant defense (Bostock, 2005; Van Wees et al., 2008; Pieterse et al., 2009). Induction of plant defenses is a new biological method for the control of plant disease. Many Bacillus spp. are investigated for inducing plant systemic resistance to resist pathogenic fungi. There are obvious evidences in systemic activity of defense-related enzymes such as peroxidase (POD), superoxide dismutase (SOD), polyphenol oxidase (PPO), and phenylalanine ammonia lyase (PAL) and expression of defense-related genes enhanced by Bacillus sp. in soybean, tomato, and Arabidopsis thaliana (Niu et al., 2011; Kurabachew and Wydra, 2014; Chandrasekaran and Chun, 2016; Jain et al., 2017). Differences in the expression of Capsicum annuum pathogenesis-related protein (CaPR) genes indicate that plant systemic immunity is elicited through SA or JA signaling pathway by different treatments (Yang et al., 2011). The main purpose of this study was to describe the effect of SL-44 on pepper plant seedling against wilt disease caused by Rhizoctonia solani using different strategies.

In order to reveal the mechanisms of pepper systemic resistance induced by SL-44, we characterized the defense-related enzyme activities in pepper cellular defense response. We also measured the expression levels of pathogen-associated proteins such as β-1,3-glucanase and chitinase and defense-related genes. In addition, we investigated the antifungal mechanisms of SL-44 by determining the antimicrobial compounds produced by SL-44, which is considered as a potential factor for inducing pepper’s systemic resistance or inhibiting or damaging the pathogen R. solani. The results of this study show that biological control of wilt disease in pepper seedling caused by Rhizoctonia solani via induction of the defense mechanism and production of antimicrobial compounds by Bacillus subtilis SL-44 gives an insight into the interaction of plant-microbe mechanism and provides a vast potential for future development in plant protection.



MATERIALS AND METHODS


Microorganisms and Plant Materials

The pathogenic fungus Rhizoctonia solani was obtained from Agricultural College of Shihezi University. R. solani was incubated on PDA plate for 3–4 days at 28°C. The biocontrol strain B. subtilis SL-44 was previously originated from the rhizosphere of tomato with R. solani infected in Shihezi of Xinjiang in China. SL-44 was inoculated into NB (Nutrient Broth) medium for growth at 37°C, 180 rpm for 24 h in a shaker until it reached 108 cfu/ml (Huang et al., 2017). Pepper seeds (Capsicum annuum L., Kebao) were purchased from a local market in Shihezi, Xinjiang of China.

Pepper seed surface was sterilized with 6% sodium hypochlorite, then washed four times with sterile distilled water, and then kept at 25°C for 3 days, until germinated on sterilized filter paper. A 7-day-old pepper seedling was transferred into a flowerpot (9 cm in diameter, 12 cm depth) containing a sterile vermiculite and perlite mixture (6:4, v:v) and placed in a growth chamber (25°C, 12/12 h photoperiod, 80–85% relative humidity). Eight plants were found in each tray and eight trays per treatment. Water and 30 ml Hoagland’s solution were added regularly for normal growth.

The 35-day-old pepper seedlings were treated in six treatments: CK (control group treated with water), SL-44 (inoculated with SL-44), R.s (inoculated with R. solani), SL&R.s (SL-44 inoculation and R. solani infection), SA (pepper foliage treated with 0.5 mM salicylic acid), and MeJA (pepper foliage treated with 0.1 mM methyl jasmonate). Method of microorganism inoculation is as follows: 5 ml per flowerpot of the overnight cultured SL-44 broth was pipetted into the 2 cm depth soil around root of the pepper seedlings with a sterile syringe; the mature R. solani hyphae cultured in the potato dextrose liquid medium for 5 days was taken out, and the hyphae ball with a diameter of about 1 cm was selected and buried at a depth of 2 cm around the root of the pepper seedling; when pepper seedling was inoculated with both biocontrol bacteria and plant pathogens, the fungus was inoculated at first; and staged spray 5 ml of salicylic acid at a concentration of 0.5 mM onto the leaves of the pepper on each flowerpot. After salicylic acid was completely absorbed by leaves, it can be used as samples of SA treatment. The method of MeJA treatment was same with SA treatment but concentration of methyl jasmonate was 0.1 mM.



Detection of Hydrogen Peroxide and Callose by Histochemistry and Fluorescence Staining

Histochemical and fluorometric staining assays were conducted in different treatment of pepper plant 24 h post inoculation (hpi). Six mature leaves are collected and tested by 3, 3′-diaminobenzidine (DAB) staining to detect H2O2 and aniline blue staining to detect callose (method by Thordal-Christensen et al., 1997). Three repeats of every treatment were carried out.

The leaves of pretreated were stored in a 50% (v/v) ethanol solution for microscopic examination. The coloration was observed under a 40 × magnification using a ZEISS optical microscope and photographed.

According to the method of Conrath et al. (1998), the pretreated leaves were stored in distilled water for microscopic examination. The OLYMPUS BX51TR fluorescence microscope was used to observe the coloration under ultraviolet excitation light (λ = 385 nm) and photographed.



Defense-Related Enzyme Activity Detection

Samples were collected 1, 3, 5, 7 and 9 days after inoculation (dai). About 0.5 g of pepper leaves of fresh weight was ground in a pre-cooled mortar. The grounded powder was added into 3 ml different PBS buffers with the corresponding pH required for different enzyme activity assays. The homogenate was centrifuged at 10,000 × g for 20 min at 4°C. The crude enzyme extracts (supernatants) were collected and stored in a refrigerator at −20°C for detection.

The method of activity detection of SOD was photoreduction of nitroblue tetrazolium (NBT). One SOD enzyme activity unit refers to the amount of enzyme needed to inhibit 50% NBT photoreduction reaction. The method of guaiacol was used for POD detection, 0.01 increase in A470 per minute is a POD enzyme activity unit. The activities of catalase (CAT), PAL, and PPO were tested by UV absorption, the amount of enzyme that reduces the A240 by 0.1 per minute is CAT enzyme activity unit. The amount of enzyme that changes A290 by 0.01 per minute is PAL enzyme activity unit. The increase of A398 by 0.01 per minute was defined as a PPO enzyme activity unit. All of these enzyme activity detection methods were according to Gao (2006). In each of the enzyme studies, each treatment is composed of six replicates and spectrophotometric readings using a UV-VIS Spectrophotometer (UV 752 N, YUANXI, Shanghai).



Detection of β-1,3-Glucanase and Chitinase in Pepper Leaves

About 0.5 g of treated pepper leaves (3 dai) was placed in a pre-cooled mortar and quickly ground to powder with liquid nitrogen protection; 5 ml of 0.05 M acetic acid-sodium acetate buffer (pH 5.0) was added to the extract and then centrifuged at 8,000 × g for 30 min at 4°C; and the crude enzyme extract obtained was stored in the refrigerator at −20°C until use.

Boller and Mauch’s (1988) method was used for chitinase activity detection. OD540 was determined by UV-VIS Spectrophotometer (UV 752 N, YUANXI, Shanghai) and repeated three times for each treatment.

Pan et al.’s (1991) method was used for β-1,3-glucanase detection. The absorbance of the mixture was determined at 540 nm by UV-VIS Spectrophotometer (UV 752 N, YUANXI, Shanghai). The experiment was repeated three times.



Determination of Transcripts Levels of Induced Systemic Resistance Defense-Related Gene

RNA samples were isolated from four treated pepper leaves using real-time polymerase chain reaction (RT-PCR) to verify the differential expression of selected genes. Expression of C. annum pathogenesis-related 1 (CaPR1), C. annum basic β-1,3-glucanase (CaPR2), C. annuum pathogenesis-related protein 4 (CaPR4), and C. annuum proteinase inhibitor II (CaPIN II) (Table 1) have been previously reported to be related to the defensive responses (Marrs, 1996; Shin et al., 2001; Park et al., 2002; Yang et al., 2011). CaACT1 was used as an internal reference gene to calibrate the expression of other mRNA genes (GenBank accession no. AY572427).



TABLE 1. Primers used in this study.
[image: Table1]

Total RNA was isolated using RNAprep Pure Plant Kit (TIANGEN, China). The first strand cDNA was reverse transcribed using PrimeScript™ RT reagent Kit with gDNA Eraser (Takara Bio. Inc., Japan). The Oligo(dT) primer was synthesized by GENEWIZ (Suzhou, China).

Quantitative RT-PCR reactions were performed on the Light Cycler 96 system (Roche, USA) using SYBR®Premix Ex Taq™ II according to the instruction. The extracted sample to be tested in condition of pre-denatured at 95°C for 30 s, and then the PCR cycle is started, and followed by 40 cycles. Dissociation curve analysis at 95°C for 0 s, 65°C for 15 s, and 95°C for 0 s. All genes evaluated were identical for the qRT-PCR parameters. The qRT-PCR experiments were conducted twice with three replicates for each treatment.



Effect of Culture Filtrates of Bacillus subtilis SL-44 on Rhizoctonia solani Mycelial Growth

To detect the disruption of the culture filtrate of SL-44 against the pathogenic fungus R. solani, SL-44 was inoculated into 50 ml NB medium and placed in a shaking incubator with 170 rpm at 30°C. After culturing for 36 h, the bacterial suspension was collected and centrifuged at 10,000 × g for 10 min at 4°C. The supernatant was filtered using a 0.22 μm filter. R. solani was inoculated on PDA, grown, and covered with agar medium surface, and then we used a 10-mm diameter punch holes in the fungus-coated medium to obtain a 10-mm diameter mycelial disk of R. solani. About 10-mm diameter mycelium of R. solani was mixed with SL-44 filtrate and incubated at 28°C for 24 h. The same size of mycelium was added into sterile water as a control. The experiment was repeated three times for each treatment. The sample was observed under an optical microscope (ZEISS, Germany) to observe changes in the mycelium.



Isolation and Identification of Antimicrobial Compounds From Bacillus subtilis SL-44 Filtrates

Five milliliters of activated SL-44 culture was inoculated into 200 ml LB medium and cultured at 30°C for 36 h. The cultured SL-44 broth was first centrifuged (4°C, 12,000 × g for 20 min) and removed the cells, the supernatant was filtered using a 0.22 μm sterile filter, and then the filtered supernatant was mixed with the equal volume of n-butanol. The antibacterial lipopeptide in the supernatant was extracted into the n-butanol phase for three times, then concentrated with rotary evaporation to dry at 50°C, and residual was dissolved in a small amount of sterile water prior to use (Huang et al., 2014).

Iturin A in the antimicrobial crude extract was identified by reversed-phase high-performance liquid chromatography (HPLC, LC-A10, Shimadzu, Japan) with an ultraviolet detector. A reversed phase column Agilent ZORBAX Eclipse Plus C18 (4.6 mm × 250 mm, 5 μm) was used and the detection wavelength was 230 nm. Mobile phase A was HPLC grade methanol and B was 0.1% acetic acid solution, A:B = 40:60 at a flow rate of 0.8 ml/min at 40°C.

To further determine lipopeptides in antimicrobial crude extracts, the molecular weight of the crude extracts was determined by LC-MS/MS (HPLC: Agilent 1,290, USA, MS/MS: TSQ Quantum Ultra, USA). The column was a liquid column Thermo HYPERSIL GOLD C18 (100 mm × 2.1 mm, 1.9 μm). Mobile phase A was a 0.1% formic acid solution and mobile phase B was 100% acetonitrile at a flow rate of 0.3 ml/min. Mass spectrometry detection conditions are as follows: cone voltage 3 kV, electrospray temperature 300°C, capillary temperature 350°C, and scan range 800–1,600 m/z. Data were acquired using a positive ion mode.



Statistical Analysis

All data were presented using mean ± standard deviation (SD). Significant differences between the means were determined using one-way analysis of variance (ANOVA) and Duncan’s multiple range tests (p < 0.05) to compare the difference in enzyme activity of control and treatments and defense-related gene expression of different treatments in the same time intervals (p < 0.05, SPSS 18.0 statistical software. IBM Corp., Armonk, NY).




RESULTS


Bacillus subtilis SL-44 Stimulated Hydrogen Peroxide Accumulation and Callose Deposition

In order to clarify the mechanism of potential activation of cell defense responses in pepper plants by SL-44, the accumulation of H2O2 in different treatments of pepper foliage was examined. Compared to the control treatment (Figure 1A), reddish-brown precipitates were obviously observed in both R. solani (Figure 1B) and SL-44 (Figure 1C) treatments, respectively. In addition, the pepper leaves which were treated with SL-44 showed a darker color of reddish-brown precipitates than those treated with pathogenic fungus at the same time. H2O2 production was detected in pepper foliage in two treatments, indicating that the addition of exogenous microorganisms primed a cellular defense reaction produced in pepper plant.

[image: Figure 1]

FIGURE 1. Production of ROS in pepper foliage in different treatments of control (A), Rhizoctonia solani (B), and SL-44 (C).


To assess whether SL-44 activates the pepper defense responses, callose deposition in peppers was assessed (Figure 2). A clear blue fluorescence was observed both in R. solani (Figure 2B) and SL-44 (Figure 2C) treatments when compared with water treatment with almost no fluorescence observed (Figure 2A). Treatments with R. solani (Figure 2B) and SL-44 (Figure 2C) led to an increase in callose deposition in leaves at 24 hpi, indicating that the addition of exogenous microorganisms could cause the accumulation of callose in the leaves of pepper plants for producing a defense reaction of plant cells.

[image: Figure 2]

FIGURE 2. Fluorescent staining of callose of pepper foliage in different treatments of control (A), Rhizoctonia solani (B), and SL-44 (C).




Induction of the Activity of Superoxide Dismutase, Peroxidase, Catalase, Phenylalanine Ammonia Lyase, and Polyphenol Oxidase in Pepper Leaves by Bacillus subtilis SL-44

The defense enzyme activities of SOD, POD, CAT, PAL, and PPO were determined to investigate the effect of induced resistance on pepper by SL-44. The activities of SOD, POD, CAT, PAL, and PPO in pepper leaves reached maximum at 7, 7, 3, 5, and 9 dai in SL-44 treatment, which were 71.3, 17.3, 15.8, 22.3, and 23% better than that of CK treatment (Figure 3), respectively. Meanwhile, SOD (Figure 3A), CAT (Figure 3B), PAL (Figure 3D), PPO (Figure 3E), and POD (Figure 3B) activities of SL-44 treatment were 63.7, 15.4, 37.6, 42.1, and 31.4% higher than that of MeJA treatment, and also SOD, CAT, PAL, and PPO of SL-44 treatment were 61.8, 14.7, 21, and 32.9% better than that of SA treatment, respectively. While POD activity in SL-44 treatment was 33.5% lower than that of in SA treatment. In addition, the enzyme’s activity of SL&R.s treatment was also significantly higher than that of CK, which were 72.8, 68.3, 33.9, 49.8, and 31% higher than CK in 7, 5, 3, 1, and 5 dai, respectively. The pepper defensive enzymes activity decreased significantly with increasing inoculation time of R.s. such as SOD, POD, and PAL, while some enzyme activities such as CAT and PPO showed a first increase and then decrease in different inoculation time.
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FIGURE 3. Activities of different defense-related enzymes of pepper foliage. (A) SOD, (B) POD, (C) CAT, (D) PAL, and (E) PPO. Each value represents the mean ± SD (n = 6). Different letters above the columns indicate significant differences at p < 0.05.


In this study, all enzyme activities were significantly increased in SL-44 treatment compared to CK treatment at 7, 7, 3, 5, and 9 dai, respectively (Figure 3). MeJA and SA treatments as a positive control to active ISR and SAR in pepper, respectively. When all enzyme activity reached the maximum in SL-44 treatments at 7, 7, 3, 5, and 9, these enzyme activities of pepper make SL-44 treatment even higher than that in MeJA and SA treatments. The above results indicate that SL-44 induces the enhancement of SOD, POD, CAT, PAL, and PPO activities thereby protecting pepper plant against pathogen infection.



Chitinase and β-1,3-Glucanase in Pepper Leaves

The activities of chitinase and β-1,3-glucanase reflect the ability of plants to resist external aggressions. In this study, the effect of plant pepper resistance inoculated with SL-44 was evaluated by testing chitinase and β-1,3-glucanase activities. As shown in Figures 4A,B, chitinase activity of SL-44 treatment was significantly lower than that of CK, SL&R.s, SA, and MeJA treatments by 48.9, 65.6, 67.4 and 39.6%, respectively. While, β-1,3-glucanase activity was significantly lower than that of CK, SL&R.s, SA, and MeJA treatment by 23.7, 74.3, 44.3 and 29.5%, respectively. Chitinase and β-1,3-glucanase activities in pepper foliage were not enhanced by SL-44 treatment (Figure 4). This result showed that SL-44 could not induce plant pepper systemic acquired resistance (SAR) by activating SA-dependent signaling pathways.
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FIGURE 4. Chitinase and β-1,3-glucanase of pepper foliage in different treatments of chitinase activity (A) and β-1,3-glucanase activity (B). Each value represents the mean ± SD (n = 6). Different letters above the columns indicate significant differences at p < 0.05.




Relative Expression of Systemic Acquired Resistance and Induced Systemic Resistance Defense-Related Genes

Induction of pepper defense genes by SL-44 was assessed in foliage using RT-PCR. The transcription of basic β-1,3-glucanase (CaPR2) in pepper leaves treated with SL-44 was lower than those treated with water in 24 hpi (Figure 5C). There was no significant increase in CaPR1 and CaPR4 transcription of pepper in SL-44 treatment when compared with other treatments (Figures 5A,D). While the expression level of CaPIN II in pepper treated with SL-44 was significantly higher than that of other treatments (Figure 5B).
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FIGURE 5. Expression level of the different defense-related gene of pepper foliage in different treatments. (A) CaPR1, (B) CaPIN II, (C) CaPR2, and (D) CaPR4. Each value represents the mean ± SD (n = 3). Different letters above the columns indicate significant differences at p < 0.05.




Rhizoctonia solani Suppression Using Bacillus subtilis SL-44 Culture Filtrates

The destruction of the mycelium growth of R. solani by the SL-44 filtrate was examined by light microscopy. The results showed high vascularization, protoplasm leakage, cell wall damage and breakage in pathogens when compared to the normal growth of the control (Figure 6A) when the pathogenic hyphae were treated with SL-44 filtrate for 16 h (Figure 6B). When treated for 24 h, a large number of irregular growth, distortion, and fracture of the pathogenic mycelium of R. solani were obviously observed (Figure 6C).

[image: Figure 6]

FIGURE 6. The strain SL-44 suppressed mycelial growth of Rhizoctonia solani in different treatments of control (A), 16 hpi (B), and 24 hpi (C) treated with SL-44 culture filtrates.




Preliminary Detection and Species Analyses of Antimicrobial Compounds Produced by Bacillus subtilis SL-44

Preliminary identification of the SL-44 antibacterial crude extract was performed by HPLC compared with the iturin A standard. The results are shown in Figure 7. The iturin A standard consists of three homologues with similar structures but different molecular weights. The presence of iturin A in crude extract samples was identified by comparison of the peak times with standard chromatograms (Figure 7A). The signal peaks with the same retention time in the two liquid chromatograms were preliminarily considered to be the same substance. There are also three suspected iturin A substances present in the n-butanol extract at 2.251, 2.539, and 3.616 min (Figure 7B), respectively. They all exhibited absorption peaks at 230 nm. Therefore, the initial identification of SL-44 antibiotic substance could contain iturin A.
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FIGURE 7. HPLC preliminary identification of iturin A (A) and crude extracts of SL-44 (B).


The crude extract of SL-44 was also analyzed by LC-MS/MS, and the results of the molecular weight determination are 1007.12, 1034.92, 1079.12, 1433.27, 1449.20, 1477.85, and 1506.66. Each set of peaks can be attributed to different lipopeptide isoforms compared with the mass number previously reported for lipopeptide complexes from other Bacillus strains. Each isoform may have the same amino acid sequence, but the length of the fatty acid chain is different. Among them, 1007.12 is consistent with the molecular weight of surfactin A (C13) (Figure 8C); 1034.92 and 1079.12 correspond to the molecular weights of bacillomycin L (C15) and iturin A (C15) (Figures 8A,C), respectively, while 1433.27, 1449.20, 1477.85, and 1506.66 correspond, respectively, to fengycin A (C14, 6-Ala) (Figure 8B), fengycin A (C15, 6-Ala) (Figure 8A), fengycin B (C15, 6-Val) (Figure 8B), and fengycin B (C17, 6-Val) (Figure 8B) and are consistent (Wang et al., 2004; Luo et al., 2015; Mnif et al., 2015). Based on the above results, the antibacterial crude extract of SL-44 contain surfactin A, iturin substances (including bacillomycin L and iturin A), and fengycin A and fengycin B substances.
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FIGURE 8. LC-MS/MS analyses on SL-44 crude extracts in different signal peak retention time: (A) 3.72 min, (B) 7.35 min, and (C) 11.89 min.





DISCUSSION

The root rot caused by R. solani in the world has become an urgent problem to be solved. The use of chemical fungicide to control this disease has been limited because of drug resistance, environmental pollution, and restricted for use in organic agriculture. In previous study, the use of SL-44 as a biological control agent and its effect on R. solani were examined and the result obtained was promising (Huang et al., 2017). This work is expected to further study the biocontrol mechanisms of SL-44 on pepper and against R. solani. SL-44 was found to induce resistance in pepper and produce lipopeptides against R. solani. And this is the first time to extensively illustrate the biocontrol mechanisms of SL-44 on pepper against R. solani.

B. altitudinis JSCX-1 can effectively reduce the occurrence of Phytophthora sojae by increasing the accumulation of reactive oxygen and callose in soybean (Lu et al., 2017). Wild-type Arabidopsis thaliana Col-0 was inoculated with B. cereus AR156, which also activated plant defense responses and detected the accumulation of large amounts of H2O2 and callose in plant leaves (Niu et al., 2011). Similarly, Wu et al. (2018) reported that H2O2 and callose in Arabidopsis thaliana play a key role in the early stage of defense responses against Verticillium dahliae, which is consistent with the results of this study. In Figures 1, 2, SL-44 caused massive accumulation of H2O2 and callose deposition, which showed that SL-44 activates pepper defense reactions to pathogens.

In the interaction of plant-pathogens, ROS plays a dual role. ROS can stimulate host disease resistance response, yet the accumulation of active oxygen in excess of a certain amount will also damage the host’s own cells. Fortunately, a series of antioxidant enzymes are used to scavenge ROS in plant, such as SOD, POD, and CAT (Chandrasekaran and Chun, 2016). PAL can synthesize phenols, lignin, and other substances that are associated with disease resistance by catalyzing the key enzyme of phenylalanine and play an important role when plants are attacked by pathogens. PPO can participate in the oxidation of phenolic compounds and synthesize anthraquinones that passivate pathogens (Li et al., 2015). As an endogenous signal molecule, MeJA can participate in plant response to pathogen and other adverse stresses and signal transmission, and it also can be used as an exciton to induce plant disease resistance (Zhang et al., 2010). SA is an important pathogenic signal molecule, and it can also induce the expression of pathogenesis-related proteins (PRs) genes and enhances plant resistance to pathogen (Mandal et al., 2009). Similar studies have been reported, when two strains of B. subtilis EPCO16 and EPC5 were mixed and then inoculated into the pepper. Pepper was found to be a good resistance to (Sundaramoorthy et al., 2012). It was reported that the different defense-related enzymes such as PPO, POD, and PAL were the highest in Glycine max L. Merrill and were clearly expressed in the root tissue on the 8th day treated with Bacillus SJ-5 after R. solani and Fusarium oxysporum challenge inoculation (Jain et al., 2017). Bacillus subtilis CBR05 may play a key role in alleviating ISR oxidative stress by increasing the activity of enzymes and antioxidant enzymes (SOD, POD, CAT, PPO and PAL) in early defense against bacterial soft rot in tomato (Chandrasekaran and Chun, 2016). Similar results were obtained in pepper plant of SL-44 treatment, suggesting SL-44 increased the defense-related enzyme activity and activated cellular defense response thereby inducing pepper systemic resistance (ISR) against pathogens.

Beneficial microbes can induce plant systemic resistance (ISR) by activating two signaling pathways, the JA/ET-dependent (major) signaling pathway and the SA-dependent (minor) signaling pathway. When the SA-dependent signaling pathway is activated, the contents of pathogenesis-related (PR) proteins, such as chitinase and β-1,3-glucanase, will increase in the plant. It was reported that B. subtilis can increase expression of PR protein such as β-1,3-glucanase as well as induce tomato systemic resistance against soft rot disease (Chandrasekaran and Chun, 2016). In the present study, SL-44 may activate the pepper systemic resistance by JA/ET-dependent (major) signaling pathway. Further experiments should be performed to verify the special findings in the current study.

Pathogenesis-related genes CaPR1, CaPIN II, CaPR2, and CaPR4 were discovered from pepper (Capsicum annuum L.) by researchers (Marrs, 1996; Shin et al., 2001; Park et al., 2002; Yang et al., 2011). CaPR1 is closely related to the SA-responsive signaling pathway, CaPIN II is mainly for JA-responsive signaling, CaPR2 is for ET/SA signaling, and CaPR4 is for JA/ET signaling. The transcription level of CaPR1, CaPR2, and CaPR4 in pepper foliage treated with SL-44 had no significant difference compared to that of CK treatment (Figures 5A,C,D). It is worth mentioning that CaPR2 is a gene that controls β-1,3-glucanase expression, while it has not been significantly expressed in the SL-44 treatment (Figure 5C). However, the expression level of CaPIN II of SL-44 treatment was noticeably higher than that of CK, R.s, and SL&R.s treatments (Figure 5B). The results above showed that SL-44 cannot induce increase activity of β-1,3-glucanase in pepper (Figure 4B). However, SL-44 stimulates JA-dependent signaling pathway rather than ET-dependent signaling pathway in ISR mechanisms. There are several studies, which prove that microorganisms could stimulate JA-dependent signaling pathway in ISR mechanisms. In the Whitefly-induced resistance gene expression analysis of pepper, the gene expression of CaPR1, CaPR4, CaPR10, and CaPIN II was significantly increased after the treatment with benzothiazole (BTH) and/or whitefly, which indicated that SA and JA signaling pathways in AG and below ground (BG) were induced by above-ground (AG) whitefly infestation (Yang et al., 2011). It has been reported that the same genes (CaPR1, CaPR4, CaPR10, and CaPIN II) were not only activated both in SAR and ISR systems that are incompatible in pepper but also showed significant difference on expression between the whitefly-treated and control group except CaPR4 gene (Yang et al., 2009). The transcription of CaPR2 was increased when pepper was soaked in 2,3-butanediol produced by B. subtilis, which suggested that the strain activated plant defenses mainly via SA and ET signaling pathways (Yi et al., 2016). The transcription of all pathogenesis-related genes under the treatment of SL-44 suggested that ISR is primed in pepper mainly via JA-dependent signaling pathway and pepper produced defense resistance against pathogen.

Antifungal compounds act directly on pathogens. For example, Bacillus pumilus can produce antifungal metabolites, which inhibit the growth of many species of mycelial such as Penicillium, Aspergillus, and Fusarium (Lu et al., 2017). In this work, the filtrate of SL-44 had a destructive effect on R. solani. It can destroy the cell wall of R. solani and also cause pathogenic mycelium to appear highly vacuolated, protoplasm leakage, irregular growth, distortion, and broken (Figure 6). Similarly, it has been reported that the supernatant of B. subtilis V26 can cause an increase of cytoplasmic vacuoles, cell wall disintegration, and protoplasm leaks in the mycelium of R. solani. The reason was that antifungal compounds in culture supernatant produced by B. subtilis V26 inhibit mycelial growth of R. solani or kill pathogenic fungus (Chen et al., 2016). B. altitudinis JSCX-1 can induce morphological changes in Phytophthora sojae, and the production of antifungal compounds is one of the mechanisms for controlling Phytophthora rot (Lu et al., 2017). B. amyloliquefaciens PG12 suppresses the growth of Botryosphaeria dothidea by damaging the mycelial growth, and the lipopeptides were considered as the main role of PG12 biological control ability (Ben et al., 2015). Morphological changes of R. solani mycelium caused by SL-44 were consistent with the conclusions of Ben et al. (2015) and Chen et al. (2016), which also revealed that there is a great possibility that antifungal compounds present in SL-44 filtrates play a key role in biological control mechanisms.

Several Bacillus spp. have been reported as biological control agents for plant diseases (Mnif et al., 2015; Ali et al., 2016; Gu et al., 2017). They have convincing antagonistic properties because these microorganisms synthesize broad-spectrum antibacterial compounds (Huang et al., 2014). Antimicrobial compounds from Bacillus protect plants either by directly inhibiting the pathogens or by stimulating ISR in the host (Asaka and Shoda, 1996). In this study, B. subtilis SL-44 showed antagonism against R. solani (Figure 6). This result showed that SL-44 can secrete a large number of antibacterial compounds. We attempted to isolate the antifungal compounds produced by SL-44 to explain the biological control mechanisms. By extraction, precipitation, and identification, three types of lipopeptide were observed and identified, surfactin (C13, surfactin A) (Figure 8C), iturin (C15, bacillomycin L; C15, iturin A) (Figures 8A,C), and fengycin A (C14, 6-Ala; C15, 6-Ala) (Figures 8A,B) and B (C15, 6-Val; C17, 6-Val) (Figure 8B) according to previous studies (Wang et al., 2004; Mnif et al., 2015). Liu et al. (2014) reported that three isoforms, surfactin, iturin, and fengycin can affect spore germination and membrane permeability of four fungal plant pathogens (Alternaria solani, Fusarium sambucinum, Rhizopus stolonifer, and Verticillium dahliae). Mnif et al. (2015) extracted lipopeptides, iturin subtype structural material, and fengycin from B. subtilis SPB1 and found that it had a strong inhibitory effect on the growth of R. solani and R. bataticola. Zhu et al. (2012) detected the antagonistic effect of lipopeptides (one of which was a surfactin) produced by B. amyloliquefaciens XZ-173 on R. solanacearum QL-Rs1115. Gu et al. (2017) reported that bacillomycin D produced by B. amyloliquefaciens FZB42 has an antagonistic effect on corn and wheat on F. graminearum. Antifungal compounds can also resist pathogenic bacteria by inducing plant resistance to prevent pathogen infection (Choudhary and Johri, 2009; Lu et al., 2017). B. subtilis UMAF6639 secretes lipopeptides to protect plants against powdery mildew by activating JA- and SA-dependent defense responses (García-Gutiérrez et al., 2013). In this study, the antimicrobial lipopeptides, iturin A, bacillomycin L, surfactin, and fengycin, produced by SL-44 were identified and were considered to play essential role in biological control against R. solani and induce pepper defense resistance such as to trigger cellular defense response, induce defense-related enzyme enhancement, and stimulate the JA-dependent signaling pathway.

In conclusion, this study gives a preliminary explanation to prevention mechanism of SL-44 against wilt disease caused by Rhizoctonia solani in pepper. SL-44 is a beneficial bacterium that has successfully performed the outstanding act of biological control in pepper seedling via two main strategies. On the one hand, SL-44 induced pepper plant systemic resistance by activating JA-mediated signaling pathway and enhanced plant immunity to defense pathogen aggression in pepper. On the other hand, it also produced lipopeptides such as fengycin and iturin that inhibit mycelium growth of R. solani and can also damage this pathogenic fungus. This work will provide novel guidance in plant protection development.
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Reductive soil disinfestation (RSD) has recently attracted much attention owing to its effectiveness for controlling pathogens. In this study, we aimed to evaluate the effects of different C/N substrates on RSD and to explore the changes in microbial community structure during RSD treatment. The experimental set up included 10 groups, as follows: CK, without substrates; RSD treatments with alfalfa (Medicago sativa L.)[AL], maize (Zea mays Linn. Sp.) straw [MS], and rice (Oryza sativa L.) straw [RS], with three levels of addition (0.5% [L], 2% [M], and 5% [H]), yielding ALL, ALM, ALH, MSL, MSM, MSH, RSL, RSM, and RSH groups. Compared with CK, RSD treatments significantly increased the content of [image: image]-N, and effectively eliminated the accumulated [image: image]-N in the soil. The relative abundances of organic acid producers, including Clostridium, Coprococcus, and Oxobacter, in all RSD groups were significantly higher than those in the CK by day 21. Moreover, on day 21, Aspergillus and Fusarium in all RSD groups were significantly lower than those in the CK. In summary, RSD treatments clearly increased the relative abundances of organic acid generators and effectively inhibited pathogens; however, when the C/N was too low and the amount of addition too high, ammonia poisoning and rapid growth of some microorganisms (e.g., Pseudallescheria and Arthrographis) may occur.

Keywords: reductive soil disinfestation, tomato, organic matter, C/N ratio, soil microbial community


INTRODUCTION

Tomatoes are a global economic crop and China is the leading producer of tomatoes worldwide. However, as the cultivation period increases, accumulation of soil-borne plant pathogens in the soil also increases (Fu et al., 2017). These pathogens can survive in the soil for long periods, thereby impairing plant growth. Traditional chemical fungicides have been phased out because of increasing concerns regarding sustainable development of agriculture and human health (Butler et al., 2012; Huang et al., 2016). Therefore, non-chemical soil sterilization methods, including reductive soil disinfestation (RSD) have been rapidly developed.

Reductive soil disinfestation refers to the addition of easily decomposable organic matter to the soil, saturation of the soil with water, and then covering of the soil with a plastic film and incubation at a high temperature for 3–4 weeks; this kills pathogens by creating anaerobic reducing conditions (Momma et al., 2013; Butler et al., 2014). This method was developed in the Netherlands in the year 2000 and has now been applied to many crop production systems (Blok et al., 2000), including tomatoes (Di Gioia et al., 2017; Guo et al., 2018), potatoes (Messiha et al., 2007), strawberries (Shennan et al., 2014), and watermelons (Liu et al., 2018), which are prone to the problems associated with continuous cropping. RSD has significant effects on inhibition of soil-borne diseases. For example, in an anaerobic environment, some aerobic pathogens will not survive (Serrano-Pérez et al., 2017). Additionally, the organic acids produced during the decomposition of organic matter can effectively kill some soil-borne plant pathogens, including Fusarium oxysporum (Butler et al., 2012; Huang et al., 2014; Meng et al., 2017). Significant changes in the microbial community structure have also been noted after RSD treatment (Huang et al., 2016; Guo et al., 2018; Mazzola et al., 2018), and rapid growth of anaerobic bacteria can lead to decreases in aerobic pathogens.

The choice of organic matter is important for disease control under anaerobic conditions. RSD uses easily decomposable organic matter, such as plant residues, diluted ethanol, molasses, or manure (Di Gioia et al., 2017; Zhao et al., 2018). The application of different organic materials in RSD treatment may result in different effects. Wen et al. (2015) found that application of maize straw in RSD treatment can effectively inhibit Artemisia selengensis root rot pathogens and the inhibition efficiency can reach 90% when the application rate is 2%. The combined application of molasses and composted poultry litter has been shown to have strong effects on inhibiting fungi and nematodes (Rosskopf et al., 2014). Additionally, the separate use of molasses can also suppress F. oxysporum (Butler et al., 2012). Wheat bran used as the carbon source in RSD can control Fusarium wilt by reducing the viability of F. oxysporum f. sp. lycopersici chlamydospores (Momma et al., 2006; Mowlick et al., 2012). Treatment with crop straw has also been explored in China (Gadde et al., 2009; Li et al., 2018).

Examining the effects of substrate input amount on pathogens may facilitate optimization of the application rate of organic matter (Wen et al., 2015). Although previous studies have shown that greater input of organic material increases pathogen inhibition (Blok et al., 2000), the amount of organic material added needs to be controlled based on the growth of crops in the soil. Additionally, the amount of soil-borne pathogens can be significantly reduced, and the community structure of microorganisms can be clearly changed, by using RSD to treat continuous cropping soil. However, few studies have evaluated the specific trends in microbial community structure during soil treatment. Therefore, in this study, we aimed to investigate the effects of different C/N substrates on RSD and explore specific changes in the community structure of bacteria and fungi by RSD during soil treatment and after tomato planting.



MATERIALS AND METHODS


Soil Sampling and Experimental Design

The soils used in this test were from a greenhouse located in Changzhou, Jiangsu Province (31°55′, 119°51′), East China. The soils were rotated for tomato cultivation for the past 4 years, and soil samples were collected after the tomatoes were harvested. Physical and chemical properties of soils were as follows: pH 6.60; total N 1.47 g kg–1; total P 0.66 g kg–1; total K 9.06 g kg–1; [image: image]-N 25.47 mg kg–1; [image: image]-N 473.41 mg kg–1; and organic matter 21.94 g kg–1.

Pots (15 cm × 15 cm) were filled with 2 kg soil, and treatments were set up as follows: (1) CK, without substrate; (2) ALL, RSD with 0.5% alfalfa [AL] (Medicago sativa L.) (substrate/soil ratio [w/w], the same below); (3) ALM, RSD with 2% AL; (4) ALH, RSD with 5% AL; (5) MSL, RSD with 0.5%maize straw [MS] (Zea mays Linn. Sp.); (6) MSM, RSD with 2% MS; (7) MSH, RSD with 5%MS; (8) RSL, RSD with 0.5% rice straw [RS] (Oryza sativa L.); (9) RSM, RSD with 2% RS; (10) RSH, RSD with 5% RS. The C/N ratios of the three substrates used in the test are shown in Table 1. Each treatment included three replicates. All treatments were cultured at 35°C for 21 days under flooding and covered with transparent plastic film (Thickness = 0.12 mm). Sampling was performed on days 7, 14, and 21. After 21 days, the plastic films were removed, and the soils in all treatments were drained for 1 week and dried. Next, 21-day-old tomato seedlings, each with the same growth, were selected and transplanted into the pots. The tomato plants were incubated in a walk-in incubator, with average day and night temperatures of 30 and 20°C, respectively, during the tomato growth period. Moreover, the soils were equally amended with urea (100 mg N kg–1) and KH2PO4 (100 mg K kg–1) for all treatments. The tomato plants were harvested after 60 days, and rhizosphere soil samples were collected after planting.


TABLE 1. Nutrient contents of maize, rice straw, and alfalfa.

[image: Table 1]


Soil Characteristics and Plant Nutrient Analysis

Soil pH was measured in a 1:2.5 (v/v) soil/water ratio using an Accumet XL600 pH meter (Fisher Scientific, Inc., United States). Soil dissolved organic carbon (DOC) was extracted with 0.5M K2SO4 at a soil/solution ratio of 1:5 and detected using a TOC-VCPH/CPN analyzer (Shimadzu Inc., Japan). Soil [image: image]-N and [image: image]-N was extracted with 1M KCl at a soil/solution ratio of 1:10 on a shaker for 60 min at 250 rpm at 25°C. The extract was filtered, and the concentrations of [image: image]-N and [image: image]-N were determined with a continuous-flow analyzer (SAN + +; Skalar, Breda, Holland).



DNA Extraction and Real-Time Quantitative Polymerase Chain Reaction (qPCR)

A FastDNA Spin Kit for Soil (MP Biomedicals, Cleveland, OH, United States) was used for extraction of DNA from 0.5 g soil samples according to the manufacturer’s recommendations. Next, the quality and concentration of DNA were detected using a NanoDrop 2000 spectrophotometer (Thermo, Waltham, MA, United States). The DNA samples were stored in a −20°C refrigerator for subsequent analysis.

qPCR amplification was performed on a Light-Cycler Roche 480 instrument (Roche Molecular Systems, Switzerland). The reaction system had a total volume of 20 μL, including 10 μL Go Taq qPCR master mix (Promega, Madison, WI, United States), 0.4 μL forward and reverse primers (10 μM), and 1 μL template DNA. The abundances of bacteria and fungi were determined using the 16S rRNA geneV4–V5 and ITS1 region respectively, and using the primer pair 515F (GTGCCAGCMGCCGCGG)/907R (CCGTCAATTCMTTTRAGTTT) and ITS1F (CTTGGTCATT TAGAGGAAGTAA)/ITS2R (GCTGCGTTCTTCATCGATGC), respectively. The conditions for bacterial 16S rRNA gene qPCR amplification were based on the protocol described by Long et al. (2018). The thermal cycling conditions for the fungal internal transcribed spacer (ITS) gene were as follows: an initial denaturation step at 95°C for 5 min; followed by 45 cycles of 95°C for 15 s, 55°C for 40 s, 72°C for 45 s, and 84°C for 15 s (fluorescence intensity detection); a final extension at 72°C for 60 s; and finally, melting curve analysis. All standard curves were prepared by a 10-fold gradient dilution method for environmental sample plasmid DNA, and the R2 values of the standard curves of bacteria and fungi were greater than 0.9992 and 0.9965, respectively. The amplification efficiencies of qPCR for bacteria and fungi were greater than 95% and 90%, respectively.



Illumina HiSeq2500 Sequencing and Data Processing

In total, 120 DNA samples (10 treatments × three replicates × four time points) were selected for HiSeq. DNA samples were subjected to sequencing at Biotechnologies, Inc. (Beijing, China) on an Illumina HiSeq instrument (United States). The bacterial 16S rRNA gene V4–V5 region was amplified using 515F and the individual barcode reverse primer 907R (Xu et al., 2012; Long et al., 2016), and ITS1F and the individual barcode reverse primer ITS2R (Huang et al., 2016) were used to amplify the fungal ITS1 region. The results of high-throughput sequencing have been uploaded to NCBI (SRA accession: PRJNA523309).

The default settings of the Quantitative Insights into Microbial Ecology (QIIME 1.9.1) platform were used for analysis of bacterial 16S rRNA genes and fungal ITS genes (Caporaso et al., 2010). Only the targeting sequence was retained in subsequent analyses. Operational taxonomic units (OTUs) were identified with a cutoff of 97% similarity using RDP classifier (Claesson et al., 2009). The annotation databases for 16S rRNA gene sequencing data and fungal ITS region sequencing data are the Greengenes database (13.8) and the UNITE database (12.11), respectively. For bacteria, the sampling depth for rarefaction curve analysis was optimized to 21590 sequences for soil DNA samples during RSD treatments and 26911 sequences for soil DNA samples after tomato planting. For fungi, the sampling depth for rarefaction curve analysis was optimized to 15118 sequences for soil DNA samples during RSD treatments and 3402 sequences for soil DNA samples after tomato planting.



Community Data and Statistical Analysis

The rarefied OTU table for each treatment was used to calculate the microbial community alpha-diversity. Principal coordinate analysis (PCoA) was performed based on both weighted_unifrac and Bray_Curtis distance matrices in bacteria and fungi, respectively, to visualize the pairwise community dissimilarities between samples. Duncan tests (P < 0.05) in IBM SPSS 20.0 (SPSS, Inc., Chicago, IL, United States)were used to test significant differences among treatments by one-way analysis of variance, and the significant differences in soil microbial community structures have been analyzed using PERMANOVA.



RESULTS


Changes in Soil Properties During RSD Treatment

Compared with the CK group, on days 14 and 21, the pH of all RSD treatments was clearly increased. At the end of incubation, the pH values were highest in the ALH and ALM groups (Figure 1A). Input of organic matter increased the content of soluble DOC in the soil. For the same substrate treatment, the content of DOC increased as the amount added increased. Moreover, over time, the DOC content in each group gradually decreased (Figure 1B). On days 7, 14, and 21, sampling results indicated that the [image: image]-N content in all RSD treatments was higher than that in the CK group. Following treatment with MS and AL, the [image: image]-N content increased as the amount of substrate added increased over time. At the end of the RSD, the [image: image]-N content in the ALH group reached up to 978.8 mg kg–1 (Figure 1C). However, throughout the entire soil treatment period, the [image: image]-N content in the rice straw treatment group was maintained at a lower concentration at all three treatment levels. In contrast, the RSD treatment clearly eliminated the [image: image]-N in soil. Additionally, RSD treatments reduced the [image: image]-N content in the soil to a lower level within 7 days. However, the results of the CK treatment showed that flooding alone could not eliminate the [image: image]-N accumulated in the soil (Figure 1D).


[image: image]

FIGURE 1. The soil pH (A), DOC content (B), ammonia nitrogen content (C), and nitrate nitrogen content (D) during RSD. Bars with different letters represent significant differences among the 10 treatments at the same time, as determined using Duncan’s tests (P < 0.05). Error bars indicate standard errors.




Effects of Tomato Planting on Soil Properties and Plant Biomass

After the tomato planting, the pH was lower and the [image: image]-N and DOC contents were significantly higher in the ALH group than in the other groups. Additionally, in the ALH group, the [image: image]-N content reached up to 279.5 mg kg–1, second only to the CK group (Supplementary Figures S1a–d). The results of [image: image]-N analysis showed that MS, RS, and AL treatments showed similar trends; 5% addition of the substrate yielded significantly higher [image: image]-N levels than 0.5% and 2% substrate (Supplementary Figure S1b). Analysis of DOC contents yielded similar results (Supplementary Figure S1c). In soil samples with MS and RS treatments, the [image: image]-N contents tended to decrease as the amount of added substrate increased; the opposite trend was observed in soils treated with AL (Supplementary Figure S1d).

Leaf dry weight decreased in the following order, with significant (P < 0.05) differences represented by “>”: MSL > MSM > MSH, RSL > RSM > RSH, ALL > ALM > ALH, and MSL > ALL > RSL. Stem and root dry weight showed the same results in MS and AL treatments. However, in RS treatments, the results of stem and root dry weight were not significantly different at the three input levels. After cultivation for 60 days, the plant height and stem diameter in the MSL group were notably higher than in the other treatments. Additionally, plant height and stem diameter were 36.9% and 23.1% greater, respectively, than in the CK group (Supplementary Table S1).



Changes in Bacterial Microbial Community Structure During RSD Treatment


Fluctuation of Bacterial Population

From days 7 to 14, bacterial 16S rRNA gene copies in the CK, MSM, MSH, RSL, RSH, and ALM groups varied significantly (P < 0.05, Supplementary Figure S2). However, from day 21 to after tomato planting, only the bacterial 16S rRNA gene copies in the CK and MSL groups were significantly altered (P < 0.05). Additionally, after tomato planting, the bacterial 16S rRNA gene copies in all RSD treatments were higher than those in the CK group. For all three substrate treatments, the population of bacteria in the treatment with 5% added substrate was clearly higher than those in treatments with 0.5% and 2% added substrate (Figure 2).


[image: image]

FIGURE 2. Determination of bacterial populations in samples from the 10 treatments at different time points. Error bars represent standard errors of the means of three replicates. ∗P < 0.05.




Soil Bacterial Composition

During soil treatment, the dominant phyla across all samples were Acidobacteria, Actinobacteria, Bacteroidetes, Fibrobacteres, Firmicutes, Nitrospirae, and Proteobacteria (Figure 3A and Supplementary Figures S3a,b). Compared with the CK group, the relative abundance of Firmicutes phyla increased in all RSD treatments, and the higher substrate addition improved the relative abundance of Firmicutes. On days 7 and 14, there were negative relationships between the relative abundance of Firmicutes and the C/N ratio of the substrate. Additionally, on day 21, the relative abundance of Firmicutes in all RSD treatments tended to be the same, except for that in the ALH group. The bacterial community composition in all treatments tended to become more and more similar after planting of the tomatoes (Figure 3B). The relative abundance of Proteobacteria in all treatments was higher than 35%, making this the dominant phylum after tomato planting (Figure 3B).


[image: image]

FIGURE 3. Relative abundances (%) of individual taxonomic groups of the bacterial phyla present in samples from the 10 treatments. (A,B) Day 21 and after tomato planting, respectively. Bacterial phyla with relative abundances lower than 1% in all the treatments were clustered as “other.”


The bacterial community structure changed in the soil over time, the initially dominant genera of bacteria gradually disappeared, and the relative abundances of the various genera became balanced (Supplementary Figures S4a–c). At the end of soil incubation (day 21), the ALH treatment significantly increased the relative abundances of Caloramator, Oxobacter, and Sedimentibacter compared with that in other treatments. Moreover, the relative abundances of Clostridium and Coprococcus were notably higher for all RSD treatments than those in the CK treatment, which were lower than 1% within 21 days (Table 2). During soil incubation, compared with 5% substrate addition, 0.5% substrate addition distinctly increased the relative abundances of Flavisolibacter and Symbiobacterium in the MS and AL treatments (Supplementary Figures S4a–c). On day 21, the highest relative abundances of Bacillus and Desulfosporosinus were found in the AL treatments, and lower substrate amounts were associated with higher relative abundances of Bacillus and Desulfosporosinus. For Kaistobacter spp., the relative abundance was significantly higher in the CK group than in all RSD treatments. After tomato planting, the relative abundances of Stenotrophomonas, Pseudomonas, and Brevundimonas were obviously higher in the ALH group than in the other groups. The relative abundance of Bacillus decreased in the following order, where “>” represents a significant difference (P < 0.05) and “=” represents no significant difference (P > 0.05): MSL > MSH, RSL > RSH, ALL > ALH, ALL > MSL = RSL > CK. The relative abundance of Clostridium in CK, MSL, RSL, and RSM groups was clearly lower than that in other treatments, with that in the ALM group showing the highest abundance. The relative abundances of Flavisolibacter in the MSL and RSM groups reached as high as 5.0% and 4.3%, respectively, showing significantly higher levels than in other treatments. In the Acidobacteria phylum, compared with 5% and 2% substrate addition, 0.5% substrate addition distinctly increased the relative abundances of Streptomyces in the MS, RS, and AL treatments (Table 3 and Supplementary Figure S4d).


TABLE 2. Relative abundances of dominant functional genera and pathogenic genera of bacteria and fungi during RSD treatment.

[image: Table 2]

TABLE 3. Relative abundances of dominant functional genera and pathogenic genera of bacteria and fungi in tomato rhizosphere soils.
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PCoA of Bacterial Communities

During the 3-week study period, PCoA showed that RSD treatments significantly (P = 0.001) influenced soil bacterial community structures compared with the CK treatment. During soil treatment, the bacterial community structures tended to diverge first and then converge (Figure 4A and Supplementary Figures S5a,b). Compared with the bacterial community structure after RSD treatments, the microbial community structure in the soil was changed after tomato planting (Figures 4A,B).


[image: image]

FIGURE 4. Principal coordinate analysis (PCoA) for the dissimilarity of the bacteria microbial communities in the different soils. (A,B) Day 21 and after tomato planting, respectively. The PCoA of bacterial was based on weighted-unifrac indexes.




Changes in Fungal Microbial Community Structure During RSD Treatment


Fluctuation of Fungal Population

On day 7, the copies of fungal ITS genes decreased in the following order: 0.5% > 2% > 5% (P < 0.05). On day 14, the numbers of fungal ITS genes did not differ significantly in all groups except for the CK, MSM, MSH, and RSL groups as compared with day 7 (Supplementary Figure S6). However, compared with that before tomato planting, tomato planting notably increased the copies of fungal ITS genes in the soil (P < 0.05; Figure 5).


[image: image]

FIGURE 5. Determination of fungal populations from the 10 treatments at different time points. Error bars represent the standard errors of the means of three replicates. ∗P < 0.05.




Soil Fungal Composition

During soil treatment, Ascomycota was the dominant phylum in all soils, with a relative abundance higher than 90% (Figure 6A and Supplementary Figures S7a,b). However, after planting tomatoes, although the relative abundance of Ascomycota was the highest, the relative abundance of Basidiomycota was increased in all soils (Figure 6B).


[image: image]

FIGURE 6. Relative abundances (%) of individual taxonomic groups of the fungal phyla present in samples from the 10 treatments. (A,B) Day 21 and after tomato planting, respectively. The fungal phyla with a relative abundance lower than 1% in all the treatments were clustered as “other.”


Specifically, at the fungal genus level, significant variations were observed in relative abundances of dominant genera (Table 2 and Supplementary Figures S8a–c). During soil treatments, the relative abundances of Aspergillus and Fusarium in the RSD treatments tended to decrease over time. However, by day 21, the relative abundance of Aspergillus in CK still remained high (47.6%), and the relative abundances of Aspergillus and Fusarium were significantly higher than those in all RSD treatments. Notably, at the end of soil treatment, compared with CK treatment, the ALH and MSH treatments clearly reduced the relative abundances of Acremonium, also leading to a dramatic increase in the relative abundance of Pseudallescheia. After tomato planting, the relative abundance of Aspergillus was significantly higher in the CK group than in all RSD treatments, and its relative abundance in the CK group exceeded 50% of all fungi. Similar to Aspergillus, the relative abundance of Fusarium was the highest in the CK group, and there were no clear differences between all RSD treatments (Table 3). For the Arthrographis genera, the relative abundances in the ALM and ALH groups were obviously higher than in the other groups, reaching up to 25.5% and 62.7%, respectively (Table 3 and Supplementary Figure S8d).



PCoA of Fungal Communities

During soil treatments, compared with the CK treatment, the fungal community structures of RSD treatments gradually changed over time. When the C/N ratio and the added amount of the substrate differed, the response of the fungal community also differed (Figure 7A and Supplementary Figures S9a,b). After tomato planting, PCoA showed that the CK and ALH treatments were clearly (P = 0.001) separated from the other groups. However, the other eight groups clustered together (P = 0.1); that is, the fungal community structures in the MSL, MSM, MSH, RSL, RSM, RSH, ALL, and ALM groups tended to be similar after tomato planting (Figure 7B).
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FIGURE 7. Principal coordinate analysis for the dissimilarities of fungal microbial communities in different soils. (A,B) Day 21 and after tomato planting, respectively. PCoA of fungi based on the bray_curtis index.




DISCUSSION

The C/N ratio is a key factor in RSD treatment (Liu et al., 2016; Shrestha et al., 2018). The results of [image: image]-N content analysis showed that higher C/N ratios were associated with lower [image: image]-N contents when the substrate input amount and treatment time were the same. Thus, the high C/N ratio may limit [image: image]-N accumulation (Khalil et al., 2005). Because the amount of nitrogen consumed for carbon assimilation is constant, there will be less N remaining after carbon assimilation in the presence of a high C/N ratio (Rosskopf et al., 2015). In contrast, Butler (2014) observed that the high C/N ratio of organic matter may cause loss of nitrogen. Moreover, previous studies (Mary et al., 1996) have also shown that organic amendment with a high C/N ratio is more conducive to immobilization of nitrogen and that mineralization of low C/N ratio organic residues is higher than that of high C/N ratios during decomposition. In addition to mineralization, anaerobic conditions and high soil temperatures may also affect the activities of nitrifying soil bacteria (Butler et al., 2014; Rosskopf et al., 2015), leading to accumulation of [image: image]-N. At the end of the RSD treatment, the [image: image]-N content in the ALH group (with the lowest C/N ratio) was as high as 979 mg kg–1, which may result in ammonium toxicity. The results of [image: image]-N analysis showed that RSD treatments could effectively eliminate [image: image]-N accumulated in the soil; lower C/N ratios were associated with better effects. Increased DOC contents in the soil are conducive to the growth of soil microorganisms (Martínez-García et al., 2018), including bacteria related to denitrification. In our study, we found that when the substrate input amount and the treatment time were the same, the DOC content in the soil decreased as the C/N ratio increased. Therefore, low C/N ratios could provide more DOC for denitrifying bacteria and enhance denitrification, resulting in decreased [image: image]-N contents in the soil. An anaerobic environment also promotes this process. The products of denitrification are mainly N2O and N2, and release of N2O causes a greenhouse effect (Ciarlo et al., 2006). Thus, in order to reduce nitrogen losses, the release of greenhouse gases (N2O), and the toxic effects of high ammonia nitrogen levels on plants, a C/N ratio about 30–35 should be selected for RSD amendments.

In this study, soil microbial communities were distinctly changed during RSD treatments, and this change is one of the mechanisms of RSD (Huang et al., 2016; Zhao et al., 2018). During the RSD treatments, the microbial diversity (α and β) in each treated soil decreased with both bacteria and fungi (Huang et al., 2019). This is due to the fact that most aerobic bacteria and fungi are inhibited from growing in an anaerobic environment. The relative abundance of anaerobic bacteria, such as the Firmicutes, rises sharply and becomes the dominant bacteria in each treatment.

In bacteria, during the RSD treatment, the products N-acetyl-β-glucosaminidase and β-glucosidase from Flavisolibacter (Yoon and Im, 2007) (phylum Bacteroidetes) and the β-N-acetylhexosaminidase and exo-type β-glycosidase produced by Symbiobacterium (phylum Firmicutes) (Suzuki et al., 1988; Ohno et al., 2000; Ogawa et al., 2006) possibly contributed to the degradation of organic material. In our study, the relative abundances of Flavisolibacter and Symbiobacterium in the MSL, RSM, and ALL groups were higher than those in the CK group, and a low level of substrate addition (0.5%) resulted in significantly higher abundances than a high level of substrate addition (5%) in the MS and AL treatment groups. Compared with days 7 and 14, on day 21, Flavisolibacter was significantly reduced in the MSL, RSL, RSM, and ALL groups. There were two possible reasons for this result. First, Flavisolibacter is an aerobic bacterium (Kim et al., 2018); greater substrate addition would result in more favorable formation of an anaerobic environment (Wen et al., 2015), and therefore, a high addition amount was not conducive to the growth of Flavisolibacter. Second, during the early stage of cultivation, residual oxygen in the soil and dissolved oxygen in the water could provide conditions for the survival of Flavisolibacter; Flavisolibacter increased rapidly in the presence of a sufficient carbon source. Therefore, lack of oxygen during the later period led to a decrease in the abundance of Flavisolibacter.

Previous reports have demonstrated that organic acids produced in RSD treatment have important inhibitory effects on pathogens (Momma et al., 2006; Huang et al., 2014). Most of the producers of these organic acids belong to Firmicutes, such as Sedimentibacter, Desulfosporosinus, Oxobacter, Clostridium, and Coprococcus. Sedimentibacter (Imachi et al., 2016), Desulfosporosinus (Stanley and Southam, 2018), Oxobacter (Bengelsdorf et al., 2015), Clostridium (Braun et al., 1981), and Coprococcus (Holdeman and Moore, 1974) are effective producers of acetic acids, butyric acid, and propionic acid. During RSD treatment, some genera of Firmicutes showed significant changes compared with the CK group, and the relative abundances of organic acid producers in the CK group were less than 1% throughout the soil treatment period. However, after RSD treatments, the relative abundances of organic acid producers increased, particularly in the AL groups, potentially because many Firmicutes are anaerobic bacteria and the low C/N ratio is more conducive to the formation of an anaerobic environment (Liu et al., 2016). In addition, the higher addition of substrate was related to higher relative abundance of organic acid producers, similar to the results of a study by Wen (2015). Once pathogens are inhibited, toxic organic acids are degraded during the drying process of the soil due to destruction of the anaerobic environment, thereby preventing toxicity during crop cultivation. In addition to producing these organic acids to inhibit pathogens, Desulfosporosinus and Bacillus have been shown to produce sulfide and low-valence metal ions (Fe2+, Mn2+) (Boone et al., 1995; Stanley and Southam, 2018), respectively, and are also involved in the disinfestation process of RSD (Runia et al., 2014). Notably, during RSD treatment, the relative abundance of Desulfosporosinus reached a maximum of only 0.1% in the CK group, which could also explain why there was a lack of pathogen inhibition. After tomato planting, the relative abundances of genera with disease resistance, phosphorus solubilization, or nitrogen fixation ability, such as Bacillus (Ji et al., 2008; Jeong et al., 2012), Clostridium, Streptomyces (Watve et al., 2001), and Flavisolibacter (Mpanga et al., 2018), were significantly higher in the RSD treatment with 0.5% substrate addition than in the CK group, corresponding to the results of tomato plant biomass.

Reductive soil disinfestation treatments clearly reduced the levels of fungal pathogens. Penicillium and Fusarium can cause plant disease (Larkin and Fravel, 1998; Meng et al., 2017). Additionally, the abundances of Penicillium and Fusarium in some RSD treatments were higher than those in the CK group on day 7; notably, addition of more substrate increased the abundances of Penicillium and Fusarium. Moreover, over time, the abundances of Penicillium and Fusarium in the RSD treatments gradually decreased. However, the abundance of Penicillium in the CK group also decreased with time, indicating that the CK treatment could effectively inhibit Penicillium under pure flooding and anaerobic conditions. For Fusarium, pure flooding did not inhibit Fusarium; however, the RSD treatments significantly reduced the abundance of Fusarium. On day 21, the relative abundances of Fusarium in RSD treatments, except the MSM and RSL treatments, were reduced to less than 1%, and those in AL treatment groups were reduced to below 0.1%. This confirmed the findings of Liu (2016), demonstrating that lower C/N ratios were associated with better disinfestation efficiencies. Many previous studies have also shown that RSD can effectively suppress Fusarium (Larkin and Fravel, 1998; Huang et al., 2014; Meng et al., 2017). Notably, for the pathogen Aspergillus (Wang et al., 2017), by day 21, RSD treatments effectively suppressed Aspergillus, and the relative abundance in the CK group was clearly higher than those in all RSD treatment groups, consistent with the results of Huang et al. (2016). Furthermore, after tomato planting, the abundances of Fusarium and Aspergillus in the CK group were dramatically higher than those in the RSD treatment groups, demonstrating that RSD had persistent effects.

Interestingly, some fungi (Pseudallescheria before planting, Arthrographis after planting) were extremely abundant in the ALH group, both before and after planting. These results could be explained by the high nitrogen concentrations encountered after ALH treatment, which would be suitable for the survival and rapid propagation of these fungi. However, this will reduce the microbial diversity in the soil and is not conducive to soil health.

Reductive soil disinfestation treatments can effectively inhibit soil-borne diseases (Meng et al., 2019), but plant growth is not only dependent on healthy soil, but also inseparable from adequate nutrition. In our study, the dry weights of the leaf, stem, and root of the MSL treatment were significantly higher than in the CK treatment, while the leaf, stem and root dry weights of the ALH and RSH treatments were notably lower than CK treatment. In fact, in terms of pathogenic bacteria, these three treatments have significant inhibitory effects on pathogenic bacteria, but in terms of nitrogen, when the substrate is added at 5%, the low C/N in ALH treatment caused ammonia toxicity. High C/N in the RSH treatment caused a serious deficiency of nitrogen. This has a certain negative impact on the growth of tomatoes. Based on the results of Penicillium, Fusarium, Pseudallescheria, and Arthrographis, in order to balance the relationships among pathogens, substrate addition, and disinfestation effects, we must consider the optimal amount of organic materials in the RSD treatments. For example, in soils in which soil-borne diseases are not serious, we can give priority to adding 0.5% substrate and achieving a C/N ratio of about 30:1 (e.g., MS) for the substrate. Additionally, if RS is applied, sufficient nitrogen fertilizer should be added during crop cultivation. In contrast, for soils with more serious soil-borne diseases, lower C/N ratios for the substrate can be selected, and the amount of input can be increased.



CONCLUSION

We examined the effects of different RSD treatments on microbial community structures. Notably, the biomasses of tomatoes in the MSL, MSM, and ALL groups were higher than those in the CK group. Corresponding to changes in microbial communities, after tomato planting, the relative abundances of some beneficial bacteria, such as Bacillus, Clostridium, Flavisolibacter, and Streptomyces, were significantly increased in the MSL, MSM, and ALL groups compared with those in the CK group. At the same time, the relative abundances of pathogenic bacteria, such as Fusarium and Aspergillus, were significantly lower than in the CK group. Although pathogen inhibition was better for treatments with higher substrate concentrations, when the C/N ratio was too low, ammonia toxicity occurred in tomato plants, and rapid proliferation of some fungi that were detrimental to plant growth and soil health was observed, particularly for the ALH group. Therefore, in this study, based on our comprehensive analysis of disinfestation effects and tomato growth status, 0.5% substrate addition was found to be suitable for RSD treatment, compared to 2% and 5% substrate addition. However, when the C/N ratio is higher than 33, the addition amount could be appropriately increased. If considering some fungi (e.g., Pseudallescheria and Arthrographis) that can grow rapidly in a low C/N environment, the optimal substrate C/N ratio may be approximately 30.
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Bacillus velezensis is a novel species of Bacillus that has been widely investigated and used because of its direct or indirect growth improvement effect for many plants. B. velezensis FKM10 was previously isolated from rhizosphere soil of apple trees and shows potential as a plant growth-promoting and biocontrol bacterium. In this study, strain FKM10 was verified to inhibit some fungal pathogens of soil-borne plant diseases, produce siderophores to absorb ferric iron for plants, and degrade proteins. Pot experiments showed that the application of strain FKM10 could directly promote the growth of Malus hupehensis Rehd. by increasing biomass, promoting the absorption of nutrients, improving soil fertility, changing the soil microbial community structure, and reducing fungal diversity. The results of this study provided a basis for using strain FKM10 to improve crop yield and overcome diseases of plants. The mechanism of strain FKM10 to control the phytopathogenic fungus Fusarium verticillioides was studied by interoperation with RNA sequencing. Strain FKM10 can destroy the cell wall and cell membrane of F. verticillioides. The secretion of glucosidases, such as β-glucanase, might be one of the causes of the destruction of the fungal cell wall. The regulation of amino acid metabolism might also play an important role in the antibacterial process of strain FKM10. During the antibacterial process, strain FKM10 attacks F. verticillioides and strain FKM10 itself is also affected: the expression of spores is increased, the number of viable cells is decreased, and the ribonucleoprotein complex and flagellar assembly-related genes are downregulated. The results of this study indicate that both strain FKM10 and F. verticillioides have mutually inhibitory activities in a liquid environment. Comparative genome analysis of B. velezensis FKM10 reveals that the general features of their genomes are similar overall and contain the core genome for this species. The results of this study further reveal that B. velezensis can also serve as a basis for developing new biocontrol agents or microbial fertilizers.
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INTRODUCTION

Plant growth-promoting rhizobacteria (PGPR) possess functions of improving plant growth by inhibiting plant pathogens, producing phytohormones, producing siderophores, solubilizing phosphate, and fixing nitrogen, for example (Beneduzi et al., 2012; Bhattacharyya and Jha, 2012; Bulgarelli et al., 2013). One of the most important applications of PGPR is defending the plant from pathogenic or parasitic organisms by direct or indirect inhibition, such as competing nutrients or producing antimicrobial compounds (Kim et al., 2011; Eastman et al., 2014). In agriculture, PGPR has the capability and value to replace some chemical fertilizers and pesticides (Bhattacharyya and Jha, 2012). Therefore, identifying a variety of PGPR is meaningful.

Many plant growth-promoting and biocontrol Bacillus strains have been recently reported, including Bacillus subtilis, Bacillus amyloliquefaciens, and Bacillus velezensis. B. velezensis is a widespread Gram-positive bacterium, which was named in 2005 by Ruiz-García et al. (2005), and it has later heterotypic synonyms: Bacillus methylotrophicus (Liu et al., 2018), B. amyloliquefaciens subsp. Plantarum (Pinto et al., 2018), and “Bacillus oryziocola” (Dunlap et al., 2016). They belong to PGPR and could be used in agriculture (Chen et al., 2007; Jeukens et al., 2015), for example, to promote plant growth and control pathogenic microorganisms by producing some secondary metabolites or antibiotics, and efficient colonization of plants (Adeniji and Babalola, 2019). Auxin secretion by B. velezensis FZB42 could increase the exudation of organic carbon and promote root growth for Triticum aestivum (Talboys et al., 2014). B. velezensis GH1-13 was reported to benefit plant growth by nutrient uptake and secreting secondary metabolites such as asindole-3-acetic acid to promote the system development of plant roots (Kim et al., 2017). B. velezensis BAC03 promoted plant growth by secreting several substances such as asindole-3-acetic acid and ammonia (Meng et al., 2016). B. velezensis CBMB205, a phosphate-solubilizing bacterium isolated from the rhizosphere soil of rice, was also reported to efficiently promote plant growth (Hwangbo et al., 2016). B. velezensis could also cowork with other PGPR; for example, B. velezensis S141 coinoculated with Bradyrhizobium diazoefficiens USDA110 could increase soybean growth, nodulation, and N2 fixation efficiency (Sibponkrung et al., 2017). To date, B. velezensis was reported to inhibit the growth of many pathogenic fungi, such as Cryphonectria parasitica (Xu et al., 2016), Helicobasidium purpureum (Xu et al., 2016), Cylindrocladium quinqueseptatum (Xu et al., 2016), Ralstonia solanacearum (Cao et al., 2018), Fusarium oxysporum (Cao et al., 2018), Aspergillus flavus (Chen et al., 2019), and Rhizoctonia solani AG1-IB (Chowdhury et al., 2013), by the biosynthesis of β-1,3-1,4-glucanase, lipopeptide antibiotics (surfactin, iturin, and fengycin, for example), polyketides (actinomycin D, bacitracin, and cyclosporin A, for example), and iron carriers (Stein, 2005; Chen et al., 2007; Meng et al., 2016; Kim et al., 2017; Fan et al., 2018). B. velezensis can also trigger systemic resistance in plants (Rabbee et al., 2019). Many studies of this species were focused on its properties and application to improve plant growth and control fungal pathogens of plant disease. However, the mechanisms of B. velezensis for promoting plant growth and inhibiting fungal pathogens remain basically clear.

Bacillus velezensis FKM10 was formerly isolated by our group from the rhizosphere soil of apple trees in Shandong, China. Strain FKM10 was tested to promote plant growth and inhibit some pathogenic fungi. The characteristics of strain FKM10 for promoting the growth of Malus hupehensis Rhed., a valuable and scarce rootstock resource of apple trees in China, were performed through pot experiments. At the same time, the mechanism of strain FKM10 for inhibiting the growth of pathogenic Fusarium verticillioides was also revealed by intertranscriptomic analysis. Genomic comparison further elaborated the genomic and functional conservation of B. velezensis species.



MATERIALS AND METHODS


Determination of Biological Traits


Analysis of Degrading Protein

The capacity of degrading protein was tested on medium containing 1.5% (w/v) skim milk powder and 1.6% (w/v) agar at pH 7.0–7.2. Strains were inoculated and cultured at 37°C for 2 days to observe the transparent region produced by degrading the skim milk powder.



Analysis of Antagonistic Activities (Du et al., 2019)

The pathogenic hyphae were taken as a rondure of 6-mm diameter and then placed on the center of a potato dextrose agar (PDA) plate. The plate was then incubated for 2 days at 28°C. Strains were then streaked at a distance of 1 cm from the edge of the pathogenic fungal hyphae and cultured at 28°C for another 2 days. The inhibition zones were measured to judge the antagonistic activities.



Qualitative Analysis of Siderophores

Clones were cultivated overnight on LB plates at 37°C. The clones were then inoculated on a CAS-agar plate for qualitative analysis of siderophores (Guo et al., 2016). The yellow circles appeared around the colonies were measured (Schwyn and Neilands, 1987).



β-Glucanase Activity Analysis (Xu et al., 2016)

Strains were inoculated on the glucanase identification medium (0.2% β-glucan, 0.2% NaNO3, 0.1% K2HPO4, 0.05% KCl, 0.05% MgSO4, 0.001% FeSO4, 0.005% Congo red, 2% agar, pH 7.2) and incubated at 37°C for 3 days. The transparent circles around the colonies were observed.



Pot Experiment

The pot experiment of M. hupehensis Rehd. was begun on May 8. The strain FKM10 was applied on May 27 and plants were harvested on October 18, for a total of 163 days of growth. Pots 16 cm in height and 25 cm in diameter were used per pot with 4 kg continuous cropping soil of apple tree. The seedlings of M. hupehensis Rehd. were planted and watered according to the weather and other conditions, and managements such as deworming, spraying, and loosening were carried out according to the growth conditions. Two treatments were set up with 15 replicates per treatment. The seedlings of M. hupehensis Rehd. with five leaves and one core, which have the same growth status, were selected and transplanted into new pots, one plant per pot. The transplanted seedlings were first treated with strain FKM10 after 10 days. The amount of strain FKM10 applied per pot: 8 ml (2 × 109 CFU/ml) of the bacterial suspension with bean juice culture was added to 800 ml of clear water and poured in the rhizosphere of M. hupehensis Rehd. The seedlings were treated a second time with strain FKM10 after the first application for 70 days. The control treatment was applied in the same volume of bean juice culture without the bacteria FKM10.

The agronomic traits of M. hupehensis Rehd., including plant height, stems, and leaves, were measured every 10 days after 30 days of the first application of strain FKM10. Determination of active iron in the leaves of M. hupehensis Rehd.: 0.1 g of dried leaves (less than 0.3 mm) was collected and placed in 25 ml of 1 mol/ml hydrochloric acid, kept at room temperature for 24 h, and shaken three to four times. After filtration, the extract was tested by atomic absorption spectrophotometry, as reported (Pierson and Clark, 1984). The leaves of M. hupehensis Rehd. were also collected at 30, 45, 60, 75, and 90 days after the application of strain FKM10. A total of 0.5 g leaves were placed in a mortar and ground with a small amount of liquid nitrogen. A total of 5 ml extract liquid (precooled at 4°C) and a small amount of quartz sand were added and then centrifuged at 12,000 g/min for 20 min at 4°C. The supernatant was the crude enzyme solution that was used for testing the superoxide dismutase (SOD) and peroxidase (POD) enzyme activities by the method of Farhangi-Abriz and Torabian (2017). Determination of chlorophyll: 0.1 g of the top leaves of apple seedlings (the same leaf position taken for each treatment) was collected, immersed in 95% ethanol, and then placed in the dark for 40 h, during which it was shaken five to six times. The extracted liquids were taken to measure the absorbance at 663 and 645 nm (Palta, 1990). Determination of the biomass of M. hupehensis Rehd.: the potted plants were collected after the application of strain FKM10 for ∼140 days, washed with deionized water, and then measured for the fresh weight. After drying, the dry weight of M. hupehensis Rehd. was also measured. The total amounts of nitrogen, phosphorus, and potassium contents of M. hupehensis Rehd. were extracted for decoction by the H2SO4-H2O2 digestion method (Bowman, 1988). The total phosphorus was then determined by the vanadium-molybdenum yellow colorimetric method (Ku et al., 2018), the total potassium was determined by the flame photometry method (Ahamed and Abdalla, 2019), and the total nitrogen was determined by a flow analyzer (Schuman et al., 1973).

Determination of available iron in soil: The air-dried soil from each treatment was extracted by DTPA, and the content of available iron in the soil was determined by atomic absorption spectrophotometry (mg/kg) as reported (Pierson and Clark, 1984). Determination of soil enzyme activity: (1) Urease activities were determined by a colorimetric method. The enzyme activities were shown by the mass (mg) of NH3-N in 1 g soil after 24 h. (2) Phosphatase activities were determined by the colorimetric method of phenylphosphonate. The mass (mg) of phenol indicated the enzyme activities. (3) Soil invertase activities were determined by the colorimetric method of 3,5-dinitrosalicylic acid, and the amounts of produced glucose in 1 g dry soil after 24 h showed the invertase activities. (4) Soil catalase activities were determined by potassium permanganate titration. The enzyme activities were determined as the consumed volume of 0.02 mol/l KMnO4 per 1 g dry soil in 1 h (Sun et al., 2017). The soil available nutrient contents: the soil available phosphorus was extracted with 0.5 mol/l sodium bicarbonate-molybdenum antimony colorimetric method; the soil available potassium was diluted with 1 mol/l ammonium acetate Lift-flame photometer method; and the soil available nitrogen was extracted by a calcium chloride-flow injection analyzer (Yu et al., 2015).

At the end of the pot experiments, the rhizosphere soil that closely attached to the root surface of M. hupehensis Rehd. was collected and the total DNA of the soil genome was extracted using the E. Z. N. A. Soil DNA Kit (Omega Bio-tek, Norcross, GA, United States). The 16S rDNA V4 region-specific primers B341F (5′-CCTACGGGNGGCWGCAG-3′) and B785R (5′-GACTACHVGGGTATCTAATCC-3′) (Klindworth et al., 2013) were used to amplify the 16S rDNA sequences. The ITS1 region-specific primers EF4 (GGAAGGGRTGTATTTATTAG) and fung5 (GTAAAAGTCCTGGTTCCCC) (Smit et al., 1999) were used to amplify the sequences of ITS1 rDNA. The DNA samples were sent to Shanghai Paisen Bioengineering Co., Ltd., for sequencing and then analyzed by Illumina MiSeq sequencing. Clean reads were obtained when the raw data were filtered to eliminate the reads with sequencing adapters, ambiguous N base, poly base, or average base quality scores less than 20. Using USEARCH and UPARSE (Edgar, 2013), the sequences were clustered to operational taxonomic unit (OTU) at 97% sequence similarity and analyzed. The mothur or R software is used to generate the Venn diagram of the inter-sample (or inter-group) OTU, and the Alpha diversity index is calculated using mothur (Schloss et al., 2009).



Strain FKM10 Interacts With F. verticillioides

Strain FKM10 and F. verticillioides were inoculated into PDA liquid medium and cultured for 12 h at 28°C. Strain FKM10 was then inoculated in 20 ml PDA liquid medium with 1% inoculation; meanwhile, F. verticillioides was inoculated into 40 ml of PDA liquid medium with 1.5% inoculation for 10 h at 28°C. For the treatment group (DT), where strain FKM10 and F. verticillioides were inoculated together, 20 ml culture of strain FKM10 was mixed with 40 ml culture of F. verticillioides. For the bacterial control group (FKM10), 20 ml culture of strain FKM10 was mixed with 40 ml PDA liquid medium. For the fungal control group (FV), 20 ml PDA liquid medium was mixed with 40 ml culture of F. verticillioides. After coculture for 3 h, the samples underwent intertranscriptomic analysis.



Total RNA Extraction and Intertranscriptomic Analysis

Total RNA was extracted from tissue samples using the TRIzol® Reagent (Invitrogen, Carlsbad, CA, United States) following the manufacturer’s protocol. The concentration and purity of extracted RNA were detected using Nanodrop 2000 spectrophotometer, RNA integrity was evaluated by agarose gel electrophoresis, and RNA Integrity Number was determined by Agilent 2100 (Agilent, Santa Clara, CA, United States). The samples with RNA Integrity Number ≥ 7 were subjected to the following analysis. For strain FKM10, rRNA was removed by Ribo-Zero Magnetic kit (EpiCentre, Madison, WI, United States) and mRNA was obtained. For F. verticillioides, using beads with Oligo (dT) to pair with ployA for A-T pairing, mRNA can be obtained from total RNA. Qualified RNA was further purified by Certified Low Range Ultra Agarose (Bio-Rad, Hercules, CA, United States). The fragmentation buffer was then added to break the mRNA into approximately 200-bp fragments. RNA-Seq libraries were prepared by TruseqTM RNA sample prep Kit and sequenced using Illumina HiSeq 4000 sequencer (Illumina Inc., San Diego, CA, United States).

After sequencing, 150/300-bp paired-end reads were generated. Raw data were filtered to obtain high-quality sequencing data (clean data). The reads containing ploy-N and the low-quality reads were removed, and then the clean reads were obtained1. Then the clean reads were mapped to the reference genome using Bowtie22. Identification of differentially expressed gene (DEG) and annotation: FPKM (fragments per kilobase of exon per million fragments mapped) (Trapnell et al., 2010) of each gene was calculated using RSEM3. DEGs were identified using the edger4. | log2FC| ≥ 1 and p-value < 0.05 were set as the threshold for significantly differential expression. Kyoto Encyclopedia of Genes and Genomes (KEGG5) pathway enrichment analysis of DEGs was performed using KOBAS6.



Determine Spores and Viable Cells

The cells were taken at different time points for dilution and then placed at 80°C for 15 min to kill the viable cells. The mature spores survived due to good heat resistance. The treated samples were inoculated on LB plates to cultivate at 37°C. The number of viable cells was also determined at different time points for dilution and then inoculated on LB plates to cultivate at 37°C. The formed colonies were calculated to determine the number of spores and viable cells.



Analysis of Core and Specific Genes

Core/Pan genes of strain FKM10 with strains FZB42, JJ-D34, YJ11-1-4, and JS25R were clustered by the CD-HIT (Li and Godzik, 2006) rapid clustering of similar proteins software with a threshold of 50% pairwise identity and 0.7 length difference cutoff in amino acids. The core genes are homologous genes that contain all strains. The dispensable genes are obtained by removing the common genes. All the dispensable genes combined with the core genes are pan genes. Specific genes are the ones owned by only one strain.



COG Functional Categorization

The clusters of orthologous groups (COGs) (Tatusov et al., 1997, 2003) were determined according to the National Center for Biotechnology Information7. Using BLAST software, protein sequences were blasted and then annotated into different COGs, which were consisted by orthologous sequences and could predict the function of protein sequences. As the alignment results of each sequence might be more than one, the gene annotation was retained by the optimal matching result.



Statistical Analysis

The data were analyzed using ANOVA and Duncan’s multiple-range test (p ≤ 0.05) using statistical software SPSS version 19.0 (SPSS Inc., Chicago, IL, United States). The significance between the means of different treatments was evaluated using Duncan’s (D) test (Tahir et al., 2017).



RESULTS


General Characteristics of Strain FKM10 Identified as PGPR

Bacillus velezensis FKM10 (formerly named B. methylotrophicus and now reclassified as B. velezensis) was isolated by our group from an apple rhizosphere in Shandong, China. The whole-genome sequence of strain FKM10 was also obtained (Wang et al., 2016) and uploaded to GenBank (accession number LNTG00000000). Strain FKM10 was verified here to inhibit some fungal pathogens of soil-borne plant diseases (Figure 1), to produce siderophores to absorb ferric iron, and to degrade protein (Figure 2). These features of strain FKM10 indicated that it could act as an important plant growth-promoting rhizobacterium.
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FIGURE 1. Strain FKM10 inhibits some pathogenic fungi of soil-borne plant diseases. (A) Botrytis cinerea, (B) Fusarium Solani, (C) F. proliferatum, (D) F. vasinfectum, (E) F. solani (Mart.) Sacc., (F) F. oxysporum, (G) F. sp., (H) Sclerotium rolfsii Sacc., and (I) F. verticillioides. The preserved pathogenic fungus hyphae were placed in the center of PDA plates. The plates were incubated for 2 days in a 28°C incubator. FKM10 was then streaked at a distance of 1 cm from the edge of the pathogenic fungus hyphae and cultured at 28°C for another 2 days.
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FIGURE 2. Tests of siderophores and protease production capacity of strain FKM10. (A) Qualitative analysis of siderophores. Single clones of strain FKM10 were cultivated on LB plates overnight at 37°C. The bacterial lawn was then inoculated on a CAS-agar plate for qualitative analysis of siderophores. (B) Protease production capacity test. Strain FKM10 was inoculated on a skim milk powder medium and cultured at 37°C for 2 days to yield a transparent circle generated around the colonies.




Strain FKM10 Promotes the Growth of M. hupehensis Rehd.


Effects of Strain FKM10 on Agronomic Characteristics of M. hupehensis Rehd.

Malus hupehensis Rehd. is a valuable and scarce rootstock resource for apple trees in China (Benson et al., 2001; Lin and Sun, 2017). Moreover, the roots of M. hupehensis Rehd. are sensitive to soil environmental changes, and there is a significant correlation between plant shoot variation and root variation, which has important research and utilization value in apple rootstock breeding and production (Yang et al., 2008; Yang and Fan, 2012).

Bacillus velezensis FKM10 could significantly promote the growth of M. hupehensis Rehd. In pot experiments, the seedlings of M. hupehensis Rehd. were cultivated to grow, transplanted, and then treated with strain FKM10. The plants were harvested after a total growth of 163 days. The final plant chart is shown in Figure 3A. The height, basal diameter, and number of leaves of M. hupehensis Rehd. at different growth periods after the application of strain FKM10 were determined (Figures 3B–F, respectively). After strain FKM10 application for 30 days, the agronomic traits of the treated group were better than those of the control group. From 30 to 66 days after strain FKM10 application, the plants of the treatment group were significantly higher than the control group (p < 0.05). The number of leaves in the treatment group was also more than that of the control group at 30, 39, 48, 57, and 75 days after the application of strain FKM10 (p < 0.05), increasing by 17.05, 17.59, 18.85, 10.45, and 8.42%, respectively. At 48, 66, 75, and 93 days after strain FKM10 application, the stem diameters of the treated group were significantly different from that of the control group (p < 0.05), increasing by 15.56, 9.68, 10.80, and 19.39%, respectively. Strain FKM10 can promote the growth of the aerial parts of M. hupehensis Rehd. at the test growth stages. After growth for 163 days, the roots of M. hupehensis Rehd. were washed with water and dried with absorbent papers to determine the fresh weight of the aerial part and the underground part. The results showed that the fresh weight of the treated group was higher than that of the control group, as shown in Figure 3C. However, only the fresh weight of the aerial part reached a significant difference (p < 0.05) compared with the control group, which was increased by 17.1%. The plants were then treated at 105°C for 30 min, then dried at 60°C to constant weight, and the dry weight was measured (Figure 3D). The dry weight of the treated group and control group reached a significant difference (p < 0.05), where the dry weights of the aerial part, underground part, and total plant were increased by 15.87, 19.94, and 18.20%, respectively. These results indicated that strain FKM10 can significantly increase the biomass of M. hupehensis Rehd.
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FIGURE 3. The agronomic characteristics of M. hupehensis Rehd. The amount of strain FKM10 applied: 8 ml (2 × 109 CFU/ml) of the bacterial suspension (with bean juice culture) was added to 800 ml of clear water and poured in the rhizosphereof M. hupehensis Rehd. The control group was treated with the same volume of bean juice culture without bacteria. The final potted effect of M. hupehensis Rehd. was observed (A). The agronomic traits of M. hupehensis Rehd. were determined every 10 days after the first application of strain FKM10 for 30 days: plant height (B), number of leaves (C), and diameter of stems (D). After growth for 163 days, the roots of M. hupehensis Rehd. were washed with water and dried with absorbent papers to determine the fresh weight of the aerial part and the underground part of M. hupehensis Rehd. (E). The plants were then treated at 105°C for 30 min and dried at 60°C to constant weight, and the dry weights were measured (F). A total of two treatments were set up in the pot experiments with 15 replicates for each treatment. Error bars indicate the SD from the mean.




Effects of Strain FKM10 on Active Components of M. hupehensis Rehd.

Iron is essential for chlorophyll synthesis and some enzyme activities. The active iron content of leaves is a reference index to iron nutrition in plants. The application of strain FKM10 could significantly increase the active iron content of leaves, which contributes to the synthesis of chlorophyll and promotes the growth of the plant. After the application of strain FKM10, the content of active iron in M. hupehensis Rehd. leaves was increased by 29.26%, reaching a significant difference compared with the control group (p < 0.01) (Figure 4A). Iron deficiency can cause yellowing in plants and seriously reduces the synthesis of chlorophyll. Although the chlorophyll contents of plants were also increased after the application of strain FKM10 (Figure 4B), they did not reach a significant difference.
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FIGURE 4. Active components of M. hupehensis Rehd. The active iron (A) and chlorophyll (B) contents of leaves. Chlorophyll was extracted by 95% ethanol for 40 h in the dark, and the extract was measured at 663 and 645 nm. The activity of superoxide dismutase (SOD) (C) and peroxidase (POD) (D) of leaves. The SOD activities of leaves were determined every 15 days after the application of strain FKM10 for 30 days. The contents of total nitrogen (E), phosphorus (F), and potassium (G) in different parts of M. hupehensis Rehd. Error bars indicate the SD from the mean.


After treatment with strain FKM10 for 30, 45, 60, 75, and 90 days, functional leaves were collected and their SOD and POD activities were measured. The SOD activities of leaves in the treated group were significantly different from those in the control group at 30, 45, 75, and 90 days after the application of strain FKM10 (Figure 4C), increasing by 45.6, 17.47, 96.83, and 17.20%, respectively. At 30, 45, 60, 75, and 90 days, the POD activities of the treated group and the control group reached a significant difference, increasing by 150.53, 38.76, 69.93, 204.97, and 69.95% (Figure 4D), respectively. The results showed that strain FKM10 could stably induce the systemic resistance of M. hupehensis Rehd. for a long time and improve the stress resistance, which benefits the growth of M. hupehensis Rehd.

The contents of total nitrogen, phosphorus, and potassium in the roots, stems, and leaves of M. hupehensis Rehd. were determined (Figures 4E–G, respectively). The nitrogen contents of roots, stems, and leaves in the treated group were higher than those in the control group, increasing by 7.22, 11.63, and 12.86%, respectively. After strain FKM10 application, the contents of total phosphorus in roots and stems in the treated group were increased compared to the control by 17.30 and 48.07%, respectively. The contents of potassium in roots and leaves of the treated group were increased by 15.31 and 6.53%, respectively, compared to the control. Strain FKM10 could promote the accumulation of nitrogen, phosphorus, and potassium in M. hupehensis Rehd.



Effects of Strain FKM10 on the Features of the Rhizosphere Soil of M. hupehensis Rehd.

Soil enzymes involved in biochemical processes and chemical reactions in the soil are closely related to the cycle of mineral elements, the transfer of energy, and the environmental quality. Soil enzyme activities can reflect not only the level of microbial activities in the soil but also the ability of soil nutrient transformation and transfer, which is one of the important indexes for evaluating soil fertility (Marx et al., 2001; Vepsäläinen et al., 2001; Boerner et al., 2005). Strain FKM10 can significantly affect the rhizosphere soil properties. The activities of urease, phosphatase, sucrose, and catalase in the rhizosphere soil of M. hupehensis Rehd. were measured (Table 1). The activities of soil urease, phosphatase, and sucrase in the treated group were all higher than those in the control group, increasing by 35.08, 19.72, and 36.26%, respectively. However, the catalase activities were lower. Soil catalase activity is related to the soil respiration intensity and microbial activity, which is a reflection of microbial activity intensity. The reduced catalase activity in the treated group might be because strain FKM10 can antagonize fungi and reduce the richness and diversity of fungi in the soil.


TABLE 1. Properties of the rhizosphere soil of M. hupehensis Rehd. after the application of strain FKM10.

[image: Table 1]The amounts of ammonium and nitrate nitrogen in soil can reflect the nitrogen supply of the soil. After the application of strain FKM10, the contents of ammonium and nitrate nitrogen in the treatment group were higher than those in the control group, increasing by 14.6 and 39.28%, respectively (Table 1). Soil available phosphorus refers to the water-soluble and easily converted phosphorus among the total phosphorus in the soil, which has a close correlation with the amount of phosphorus absorbed by plants from the soil. Soil available potassium refers to the potassium that plants can absorb and utilize in a short time. The content of available iron in rhizosphere soil can reflect the actually available iron for plants. Compared with the control group, available phosphorus and potassium showed no significant changes in the treatment group, but available iron in the soil was significantly increased by 28.98% (Table 1).



Effects of Strain FKM10 on the Microbial Communities of the Rhizosphere Soil of M. hupehensis Rehd.

The microbial community structures of rhizosphere soil of the treated group and the control group were studied by Illumina sequencing. The sequence information and the calculated index of microbial diversity are listed in Supplementary Table S1. Compared with the control group, the ACE and Chao index of bacteria and fungi were all increased in the treated group. The Shannon index of the treated group was higher compared with the control group in the bacterial community but was lower in the fungal community. The results indicated that the diversity of bacteria was increased and the diversity of fungi was reduced after the application of strain FKM10. The Venn diagram was used to evaluate the distribution of OTUs in different treatments. In the bacterial community (Figure 5A), a total of 5715 OTUs (containing 87.36% of the sequences) were common, 375 OTUs were specific for the treated group, and the control group had 452 unique OTUs. In the fungal community (Figure 5B), a total of 612 OTUs (containing 83.15% of the sequences) were common, 53 OTUs were specific for the treated group, and the control group had 71 unique OTUs.
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FIGURE 5. Composition and relative abundance of major bacterial phyla and genera. Venn analysis of OTU in different treatments based on 16S rDNA (A) and ITS1 (B). Composition and relative abundance of different bacterial (C,D) and fungal (E,F) community structures at the phylum and genus levels (the top 20).


Bacteria from the treated and control groups showed different abundances. The relative abundance of bacterial communities at the phylum level is shown in Figure 5C. A total of 21 identified phyla were obtained; Acidobacteria, Proteobacteria, and Gemmatimonadetes were the dominant phyla in the two groups. The relative abundances of phyla, especially for the main phyla, were changed by the application of strain FKM10. In the control group, Acidobacteria was 25.44% of the total bacteria, while the percentage in the treatment group was reduced to 23.50%. Bacteroidetes were significantly enriched in the treated group, accounting for 3.00%, compared with 1.28% in the control group. The relative abundance of bacterial communities at the genus level was further analyzed (Figure 5D). A total of 246 genera were classified among all the soil samples. The genera Uliginosibacterium, Lactobacillus, Pseudomonas, Bacillus, and Gemmata were dominant. Compared with the control group, Bifidobacterium, Lactobacillus, and Streptococcus were drastically reduced in the treated group, while Bradyrhizobium, Kaistobacter, and Luteimonas were significantly increased.

The relative abundance of the fungal communities at the phylum level is shown in Figure 5E. There were six classified phyla; Ascomycota, Basidicota, and Zygomycota were the dominant phyla. In the control group, Ascomycota was 65.00% of the total fungi and was enriched to 70.28% in the treatment group. The phylum Rozellomycota was 0.45% of the total fungi in the control group and was increased to 0.83% in the treatment group. Further analysis was conducted to illustrate the relative abundance of fungal communities at the genus level (Figure 5F). A total of 173 genera were classified among all samples. Humicola, Mortierella, Guehomyces, Penicillium, and Ilyonectria were the dominant genera. Compared with the control group, Basidiobolus, Acaulospora, and Lophiostomas were drastically reduced in the treated group, while Humicola, Rhizoctonia, and Monacrosporium were significantly increased.

The application of strain FKM10 can directly promote the growth of M. hupehensis Rehd. and optimize the properties of the rhizosphere soil (Table 1), reflecting the direct promoting function of strain FKM10. Meanwhile, strain FKM10 can inhibit fungal pathogens of soil-borne plant diseases (Figure 1) and lead to the decreased diversity of soil (Figures 5E,F), which can reduce plant diseases and indirectly promote plant growth.



The Intertranscriptomic Analysis of FKM10 Inhibiting the Growth of F. verticillioides

The transcriptome analysis of the antagonistic interaction between strain FKM10 and fungi can further elucidate the gene regulatory mechanism of strain FKM10 on pathogenic fungi. F. verticillioides is a common plant pathogen and strain FKM10 could effectively inhibit the growth of F. verticillioides (Figure 1). The mycelium condition of F. verticillioides could be observed by trypan blue staining, commonly used to test the integrity of cell membranes (Zhi et al., 2013). When strain FKM10 and F. verticillioides were cocultivated for 3 h, some of the mycelia of F. verticillioides were dyed blue (Figure 6). This result indicates that the cell membrane of F. verticillioides has been damaged. With time, more and more mycelia of F. verticillioides were dyed blue, and the damage to the cell membrane was more serious. Thus, we performed intertranscriptomic analysis by the coculture of strain FKM10 and F. verticillioides for 3 h.
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FIGURE 6. The mycelium morphology of F. verticillioides that was cocultivated with or without strain FKM10. “Control” was the group that was only cultivating F. verticillioides. “DT” was the group that was cultivating F. verticillioides with strain FKM10. Samples were taken at 3, 6, and 9 h after strain FKM10 and F. verticillioides were cocultivated. After staining with 0.4% trypan blue, the mycelium morphology was observed by microscopy using an OLYMPUS biological microscope at 1000×.


To investigate the gene expression profiles of strains FKM10 and F. verticillioides when they were cocultivated, intertranscriptomic analysis was performed. A total of 375 genes of strain FKM10 were significantly different under cocultivated conditions, among which 87 genes were upregulated and 288 genes were downregulated (Supplementary Table S2). A total of 792 genes in F. verticillioides were significantly different under cocultivated conditions, among which 535 genes were upregulated and 257 genes were downregulated (Supplementary Table S3). To identify the functions of DEGs during coculture, annotated pathways of DEGs were analyzed using the KEGG database. A total of 90 pathways were enriched in the FKM10 group (Supplementary Figure S1A), among which the most significantly enriched pathways (p < 0.05) were ribosome (ko03010); histidine metabolism (ko00340); alanine, aspartate, and glutamate metabolism (ko00250); and ABC transporters (ko02010). The F. verticillioides group enriched 243 pathways (Supplementary Figure S1B); nonribosomal peptide structures (ko01054); biosynthesis of amino acids (ko01230); citrate cycle (TCA cycle) (ko00020); 2-oxocarboxylic acid metabolism (ko01210); carbon metabolism (ko01200); valine, leucine, and isoleucine biosynthesis (ko00290); legionellosis (ko05134); sulfur metabolism (ko00920); steroid biosynthesis (ko00100); and nicotinate and nicotinamide metabolism (ko00760) were significantly enriched (p < 0.05).


Interaction Between Strain FKM10 and F. verticillioides Affects the Cell Wall Formation of Each Other

The fungal cell wall is composed of chitin, 1,3-beta-glucan, 1,6-beta-glucan, mannose, and proteins (Adams, 2004). The characterized hydrolases of the fungal cell wall have chitinase or glucanase activities. In the results of the interaction transcriptome, β-glucanase of strain FKM10 was upregulated, with a 4.56-fold change compared to the results of the strain FKM10 transcriptome (Supplementary Table S2). We also proved that strain FKM10 produced high levels of glucanase (Figure 7), which could hydrolyze the fungal cell wall. We proposed that glucanase might play a role in the process of strain FKM10 inhibiting the growth of F. verticillioides.


[image: image]

FIGURE 7. The glucanase activity of strain FKM10. Escherichia coli DH5α (A) and strain FKM10 (B). Strain FKM10 was inoculated on the glucanase identification medium and incubated at 37°C for 3 days, and then the transparent circle around the colony was observed. E. coli DH5α was used as the control.


During the interaction of strain FKM10 and F. verticillioides, the synthesis of strain FKM10 cell walls was also reduced due to the lack of nutrients. Cell walls determine the shape of the bacteria and form a protective barrier between the cell and the environment. Peptidoglycan constitutes the cell wall of Gram-positive bacteria, which is covalently linked by anion polymers such as teichoic acid. PhoPR TCS mediates one of the cellular responses of B. subtilis to phosphate-limiting conditions (Supplementary Figure S2) (Hulett, 2002), and many of the PhoPR regulator genes have effects, such as alkaline phosphatase (phoA, phoB, phoD) and high-affinity phosphate transporter (pstSCAB1B2) (Bisicchia et al., 2010). Under phosphate-limiting conditions, PhoP ∼ P inhibits tagAB transcription and activates tuaABCDEFGH transcription, which leads to the conversion of teichoic acid to teichuronic acid to conserve phosphorus for cell metabolism and nucleic acid synthesis (Botella et al., 2014). The cell multiplication rate and cell morphology are also affected (Bisicchia et al., 2010). The expression of phoD is also coregulated with that of tatAd and tatCd (Pop et al., 2002). In the results of the interaction transcriptome of strain FKM10 (Table 2), the TCS system PhoPR of strain FKM10 sensed phosphorous-limiting signals and phosphorylation, repressed tagAB transcription, and activated tuaABCDEFGH transcription synthesis of teichuronic acid. Moreover, the phosphate transport operon pstSACBP was highly expressed to assist in the transport of phosphate groups.


TABLE 2. The expression of genes in phosphate metabolism in B. velezensis FKM10.
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Protease and Amino Acid Metabolism May Play Key Roles in the Process of Strain FKM10 Inhibiting the Growth of F. verticillioides

Bacillus subtilis can produce a large amount of extracellular degrading enzymes, such as extracellular proteases (extracellular proteases encoded by the gene aprE and bacillus peptidase encoded by the gene bpr) (Lopez et al., 2008). Extracellular proteases are essential for bacteria to obtain amino acid substrates. The basic physiological function of extracellular protease is to degrade extracellular high molecular proteins into peptide compounds, which will be further decomposed into oligopeptides and amino acids by peptidase. Therefore, extracellular protease is mainly synthesized and expressed at the end of the logarithmic phase and the early stage of the stable phase, providing more nutrients for the rapid growth of bacteria (Kada et al., 2013). Studies have shown that the overexpression of extracellular protease AprE can significantly increase the valences of bacteriocin A (Barbieri et al., 2016). In the results of intertranscriptomic analysis (Supplementary Table S2), genes of aprE and bpr of strain FKM10 were upregulated 2.93 and 12.38 times, respectively, and the protein export and bacterial secretion system were upregulated, suggesting that FKM10 might secrete degrading enzymes extracellularly.

Transcriptome analysis of strain FKM10 revealed a large number of DEGs related to amino acid metabolism, including histidine, alanine, aspartate, glutamate, and arginine metabolism. Among these, histidine metabolism genes were significantly downregulated, while arginine metabolism genes were significantly upregulated (Table 3).


TABLE 3. Histidine- and arginine-related genes of B. velezensis FKM10.
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The Activity of Strain FKM10 Decreased and Spore Synthesis Increased During the Interaction Process of Strain FKM10 and F. verticillioides

During the interaction between strain FKM10 and F. verticillioides in the liquid environment, their vitalities were also affected. As seen in the transcriptome data, a large number of ribonucleoprotein complex and flagellar assembly genes in strain FKM10 were downregulated (Supplementary Table S2), which indicated that bacterial activity was decreased. Therefore, the number of living cells in the interaction process was counted (Figure 8A). The results showed that the number of live FKM10 in the interaction group was much lower than that in the group of strain FKM10 only.
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FIGURE 8. The number of viable cells and spores of strain FKM10 during the interaction process. (A) During the interaction process, the number of viable cells of strain FKM10 was determined in the different groups. “FKM10” was the group that was only cultivating strain FKM10. “DT” was the group that was cultivating strain FKM10 with F. verticillioides. Samples were taken at different time points, and the diluted samples were applied to LB plates and cultured at 37°C; then the number of single colonies was counted. (B) Spore number in the process of interaction. Samples were taken at different time points, and the diluted samples were placed in a constant temperature water bath at 80°C for 15 min to kill the cells. The samples were applied to LB plates and cultured at 37°C, and then the number of single colonies was counted.


Spore formation is reported to initiate by a series of phosphorylation of phosphokinases (KinA, B, C, D, E) and a series of transmission of phosphate groups to Spo0A. The phosphorylated Spo0A initiates the expression of spore-related genes and produces spores (Supplementary Figure S3) (Lopez et al., 2008). KinA is the main kinase of phosphorylation, which is necessary for phosphorylation of Spo0A (Veening et al., 2005). RapA is an aspartamyl phosphatase that has been shown to be critical for maintaining bistable expression of Spo0A (Veening et al., 2005). After the interaction between strain FKM10 and F. verticillioides, spo0A and spore formation-related genes were upregulated, while those related to spore germination were downregulated (Supplementary Table S4). In addition, more spores were produced by the interaction group than by the group of strain FKM10 (Figure 8B). In addition, abrB can negatively regulate spore formation (Shu et al., 2018), and abrB is downregulated in the transcriptome results for the interaction group. This result indicates that strain FKM10 was also suppressed during the interaction process and somehow survived by forming a large number of spores.



Comparative Genomic Analysis of FKM10 to Exhibit the General Features of Species B. velezensis

To date, many B. velezensis have been reported and 169 genome sequences were obtained. To improve our genetic understanding, comparative genome analysis of strain FKM10 with the other four strains [B. velezensis FZB42 (CP000560.1) (Chen et al., 2007), B. velezensis JJ-D34 (accession number CP011346) (Jung et al., 2016), B. velezensis YJ11-1-4 (accession number CP011347), and B. velezensis JS25R (accession number CP009679 and CP009680)] were performed to investigate the similarity of genetic characteristics for this species.

Core and specific genes are used to analyze the functional differences among five genomes (Supplementary Figure S4). The five strains contain 3020 core genes, and this revealed a conversed core genome. Orthologous gene analysis of two strains revealed that strain FKM10 shares fewer orthologous genes with YJ11-1-4 than others. Compared with FZB42, JS25R, and JJ-D34, strain FKM10 possesses the fewest number of specific genes. The specific genes in the strain may benefit their adaptation to different environmental conditions, for example, strain FKM10 in the apple rhizosphere.

The method COGs is useful for systematically compiling the annotated genes and deducing the function of protein families in genomes (Chen et al., 2007). The COGs of the five strains were generated to represent the annotated genes and predict the potential application of the strains (Supplementary Figure S5). The analyzed COG categories of the five genomes are consistent in general. Most genes have been annotated, and the 19% more or less uncharacterized genes are assigned to the S groups. The genes encoding amino acid transport and metabolism, transcription, energy production and conversion, carbohydrate transport and metabolism, and cell wall/membrane/envelope biogenesis account for a larger proportion (each more than 5.8%). The amino acid transport and metabolism genes are the most abundant, accounting for 10.71–10.91% in the five genomes, indicating a better amino acid absorption capacity and response ability to rich amino acids in the living environment. The signal transduction mechanism genes of FKM10 and YJ11-1-4 are enriched compared to FZB42, JJ-D34, and JS25R. FKM10, FZB42, and JS25R have more genes for carbohydrate transport and metabolism. The difference in the COG categories of the five genomes also suggests the genetic diversity and conceivable difference in biological function.

This study enhances our genetic understanding of B. velezensis FKM10 for plant-growth promotion. The comparative analysis of the five B. velezensis strains at the genetic level also contributes to highlight the shared molecular genetic mechanism of B. velezensis. Plant growth-promoting traits of B. velezensis species as PGPR are determined by B. velezensis FKM10, which will also guide the application of B. velezensis to improve crop production as a biocontrol agent or microbial fertilizer.



DISCUSSION

Bacillus velezensis FKM10 was formerly isolated from the apple rhizosphere. In this study, we examined the characteristics of B. velezensis FKM10 as a plant growth-promoting rhizobacterium. B. velezensis FKM10 can inhibit some fungal pathogens of soil-borne plant diseases effectively, produce siderophores, and degrade proteins. B. velezensis FKM10 impacts the growth of M. hupehensis Rehd. and the diversity of the rhizosphere microbial community. Moreover, the mechanism of the biocontrol of strain FKM10 toward pathogenic F. verticillioides was further illustrated by transcriptome sequencing. Genome comparison further indicated the conservation of the growth promotion and biocontrol of B. velezensis.

The results of pot experiments demonstrated that strain FKM10 effectively promoted plant growth. The strain FKM10 could promote the rhizosphere soil nutrients of M. hupehensis Rehd., and at the same time, it could change the microbial diversity of rhizosphere soil. The ACE and Chao index can reflect the microbial richness. The Shannon–Weaver and Simpson index can indicate microbial diversity (Zhu et al., 2013). The indexes of the treated group changed, indicating that it can change the bacterial community structure. The microbial biomass and activity act as sensitive indicators for assessing soil quality (Zhang et al., 2016). In addition, differences in soil microbial community structure often indicate differences in nutrient dynamics (Grayston and Prescott, 2005). Therefore, the change in microbial community composition reflects soil nutrient status to some extent (Fierer et al., 2007). In this study, the diversity and richness of the bacterial community structure were increased after applying strain FKM10 compared with the control group, and Planctomycetes was significantly increased. While the richness and diversity of fungal community structure in the treated group were lower than those in the control group, those of Ascomycota were significantly increased, indicating that the number and species of fungi in the soil will decrease after the application of strain FKM10. B. velezensis FZB42 was reported to colonize the rhizosphere of lettuce, but not change the composition of rhizosphere bacterial community during 2–5 weeks of plant growth. However, during inoculation with the pathogen and FZB42, the rhizosphere microbial community structure changed (Chowdhury et al., 2013, 2015; Kröber et al., 2014). In our results, the diversity and richness of the bacterial community structure were increased after applying strain FKM10 for a total of 163 days. The B. velezensis species might need a long time to change the composition of rhizosphere bacterial community, but the existence of the pathogen could improve the process. Strain FKM10 and FZB42 are both antagonistic bacterium, which can produce a variety of antagonistic substances and inhibit the proliferation of fungi, thereby reducing the richness and diversity of fungi in the soil. Strain FKM10 can improve the ability of inhibiting plant pathogens and indirectly promote the growth of plants (Figures 3, 4). The contents of ammonium nitrogen, nitrate nitrogen, and available iron in the soil were significantly increased, which further indicated that the change in microbial community composition after the application of strain FKM10 had a positive effect on soil nutrients.

To further study the mechanism of B. velezensis FKM10 in controlling fungi, F. verticillioides was used as an indicator. When strain FKM10 interacted with F. verticillioides, strain FKM10 could destroy the cell wall and cell membrane of fungi (Figure 6); at the same time, fungi could also affect the cell wall synthesis of strain FKM10. B. velezensis LM2303 was previously reported to damage the cell membrane permeability of Fusarium graminearumon by cyclic lipopeptides (fengycin, iturin, surfactin) (Chen et al., 2018). However, the reason that destroyed fungal cell wall and cell membrane is not clear. Moreover, histidine and arginine might also play a positive role in the process of strain FKM10 controlling F. verticillioides. On the other hand, strain FKM10 accelerated the formation of spores during the interaction process, and the number of viable cells decreased. The ribonucleoprotein complex and the flagellar assembly gene were all downregulated, indicating that strain FKM10 is also inhibited while antagonizing fungi in a liquid environment.

Some studies have shown that B. velezensis can produce a variety of metabolites associated with disease resistance, including antibacterial proteins, lipopeptide antibiotics, polyketides, siderophores, and NH3 (Stein, 2005; Chen et al., 2007; Meng et al., 2016; Kim et al., 2017; Adeniji and Babalola, 2019). B. velezensis FZB42 was reported to produce high concentrations of siderophores, which could inhibit fungal through depriving essential irons (Rabbee et al., 2019). In this study, strain FKM10 was also able to secrete proteases, such as extracellular protease (aprE), bacillus peptidase (bpr), and β-glucanase. In the process of interaction, the three genes were all upregulated. It was also reported that Xu et al. (2016) used purified β-1,3-1,4-glucanase (produced by B. velezensis ZJ20) to treat three pathogenic fungi, and the mycelium morphology was completely destroyed. The biosynthesis genes for lipopeptide antibiotics, polyketide, and siderophores were also predicted in the genome of strain FKM10 using antiSMASH, including bacilysin, amylocyclicin, difficidin, fengycin, bacillomycin, bacillaene, macrolactin, lantibiotic, and surfactin. However, their biosynthesis genes in strain FKM10 were not upregulated during the interaction process; meanwhile, the biosynthesis genes of difficidin, macrolactin, surfactin, and fengycin were downregulated. These results indicate that some other substances secreted by FKM10 might act as antagonists instead.

In recent years, many strains of B. velezensis have been isolated. Their effects on plant growth, resistance to diseases and insect pests, and inducing systemic resistance of plants have been studied. Many strains of B. velezensis play important roles as food yield enhancers. To improve our genetic understanding, we analyzed the genome sequence of strain FKM10 to determine its molecular characteristics as PGPR, and further compared with the genomes of four other strains: FZB42, YJ11-1-4, JS25R, and JJ-D34. The gene function analysis of the five B. velezensis strains provided deeper insights into understanding the molecular genetic characteristics of this species. The core and specific genes indicated the genetic diversity among the strains (Adeniji and Babalola, 2019). The COG categories of the five genomes analyzed are generally consistent. The results reveal evolutionary conservation of the molecular genetic mechanism of B. velezensis strains. The results will further serve as a basis for developing new biocontrol agents or microbial fertilizers by B. velezensis.
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Rhizosphere microorganisms play important roles in plant health and nutrition, and interactions among plants and microorganisms are important for establishment of root microbiomes. As yet, plant-microbe and microbe-microbe interactions in the rhizosphere remain largely mysterious. In this study, rhizosphere fungal community structure was first studied in a field experiment with two soybean cultivars contrasting in nodulation grown in two rhizobium inoculation treatments. Following this, recombinant inbred lines (RILs) contrasting in markers across three QTLs for biological nitrogen fixation (BNF) were evaluated for effects of genotype and rhizobium inoculation to the rhizosphere fungal community as assessed using ITS1 amplicon sequencing. The soybean plants tested herein not only hosted rhizosphere fungal communities that were distinct from bulk soils, but also specifically recruited and enriched Cladosporium from bulk soils. The resulting rhizosphere fungal communities varied among soybean genotypes, as well as, between rhizobium inoculation treatments. Besides, Cladosporium were mostly enriched in the rhizospheres of soybean genotypes carrying two or three favorable BNF QTLs, suggesting a close association between soybean traits associated with nodulation and those affecting the rhizosphere fungal community. This inference was bolstered by the observation that introduction of exogenous rhizobia significantly altered rhizosphere fungal communities to the point that these communities could be distinguished based on the combination of soybean genotype and whether exogenous rhizobia was applied. Interestingly, grouping of host plants by BNF QTLs also distinguished fungal community responses to rhizobium inoculation. Taken together, these results reveal that complex cross-kingdom interactions exist among host plants, symbiotic N2 fixing bacteria and fungal communities in the soybean rhizosphere.

Keywords: rhizobium inoculation, soybean, fungal community, rhizosphere, microbiome


INTRODUCTION

Since colonizing land 450 million years ago, plants have co-evolved with associated microbes (Rosenberg and Zilber-Rosenberg, 2016). Roots of soil-grown plants not only function in mineral nutrient uptake but also provide sites for association with soil-inhabiting microbes in the rhizosphere (Hacquard et al., 2015). Microbes also interact with each other while establishing distinct plant microbiomes that play important roles in both the phyllosphere and rhizosphere (Agler et al., 2016). Plant microbiota include archaea, fungi, bacteria, and protists, which, on the whole, critically influence plant nutrition, health and productivity (Lindow and Brandl, 2003; Buée et al., 2009; Berendsen et al., 2012; Vorholt, 2012). Currently available research suggests that the establishment of plant root microbiomes largely depends on root exudates, and is strongly influenced by preferences for specific sets of microbial carbohydrates (Hu et al., 2018; Stringlis et al., 2018; Zhalnina et al., 2018; Huang et al., 2019). Beyond this, there is little information available on specific interactions between prokaryotic and eukaryotic microorganisms responsible for the establishment of plant-associated microbiomes (Hassani et al., 2018).

Although less abundant in soils than bacteria, fungi are nonetheless important for soil health through numerous interactions with plants and other microbes, most notably in the current context, as participants in symbiotic relationships. At present, the most documented soil fungi are arbuscular mycorrhiza fungi (AMF), which form symbiotic partnerships with over 80% of land plants (Field et al., 2015; Brundrett and Tedersoo, 2018). Current estimates associate 320,000–340,000 species of plants with more than 50,000 fungal species (van der Heijden et al., 2015). A benefit of joining mycorrhizal associations for plants is that the host plant receives mineral nutrients, especially phosphorus (P) (Bucher, 2007). Almost 70% of the total P acquired by rice enters symbiotically through AMF (Yang et al., 2012). These soil fungal networks are also more resilient than bacterial networks under drought conditions, and some might tolerate disturbances (de Vries et al., 2018; Igiehon and Babalola, 2018). Fungal and bacterial interactions affect plant participation in symbiotic relationships with mycorrhizal fungi, which further reinforces that multiple positive interkingdom interactions exist in plant-associated microbiota (Garbaye, 1994).

Soil fungal communities may also play crucial roles as biological control agents for associated plant species (Katoch and Pull, 2017; Singh et al., 2017). In agriculture, fungi are often used as biological control agents active against pests or pathogens through competition for nutrients and space, or as parasites of pests and pathogens. Entomopathogenic fungi can be used as biopesticides, as they actively kill insects. Globally, Beauveria bassiana, Metarhizium spp., Hirsutella spp., Paecilomyces (Isaria) spp., and Lecanicillium lecanii are all used as biological insecticides (Deshpande, 1999; Thomas and Read, 2007). In short, soil fungal communities acting as symbiotic partners or in tripartite interactions play a variety of crucial roles that benefit plants.

Beyond AMF contributions to plant associated communities, soil microbes also participate in many other interactions that affect plant health. For example, non-mycorrhizal species, such as Arabidopsis thaliana, may interact with endophytic fungi, such as Colletotrichum tofieldiae and Serendipita indica, with the result of increasing host plant acquisition of P, and thus promoting plant growth under low P conditions (Bakshi et al., 2015; Hiruma et al., 2016). Despite the ubiquity of fungal impacts on plants, some fungi are beneficial for plant and most plant-associated fungi exhibit neutral or detrimental effects on the growth of host plants (Durán et al., 2018).

Meanwhile, bacteria also participate in establishment of soil microbial communities. Recently, it has been reported that bacterial microbiota colonizing the roots of Arabidopsis promote plant survival by antagonizing filamentous fungal and oomycete eukaryotes (Durán et al., 2018). In the same work, they also demonstrated that the introduction of bacteria may shift fungal and oomycete communities both around roots and in the absence of host plants (Durán et al., 2018). Overall, a large variety of reports suggest that microbe-microbe interactions are essential components of plant associated communities, yet most of the complex interactions occurring within plant microbiomes remain uncharted.

As the third largest family of angiosperms, legumes not only form nitrogen (N) fixing nodules in symbiosis with rhizobia, but also establish associations with AMF to facilitate P acquisition from soils to host plant tissues (Doyle and Luckow, 2003; Herridge et al., 2008; Wang et al., 2010; Qin et al., 2011; Pandey et al., 2016). Soybean, as the most important leguminous crop in the world, provides protein and oil for growing human and livestock populations. Among the benefits resulting from associations between soybean and soil microbiota, rhizobia are known to fix large amounts of N2 that becomes available for soybeans and future crops, and is not replaceable in modern agricultural systems (Arslanoglu et al., 2011; Gerland et al., 2014).

Rhizobium inoculation is widely applied to promote soybean productivity and reduce N fertilization (Pandey et al., 2016). As documented in a recent report, rhizobium inoculation might also significantly influence the bacterial community in the rhizosphere of soybean plants (Zhong et al., 2019). To date, the extent to which rhizobium introduction influences fungal communities is unclear, with few interactions between rhizobium and fungal community members of soybean rhizospheres revealed. As hosts, this study included two parental soybean cultivars contrasting in nodulation (P1: low nodulation, P2: high nodulation), along with their low nodulation (LN1-4) and high nodulation (HN1-4) recombinant inbred lines (RILs) that also varied across markers for BNF (Biological Nitrogen Fixation), as determined by qBNF QTL (Yang et al., 2017). ITS1 region amplicon sequencing was used to investigate the structure of fungal communities in bulk soils and in rhizospheres of the two parental soybean lines and their RILs grown under rhizobium inoculation and non-inoculation conditions, in order to reveal the potential complex interactions among rhizobia, soybean plants and fungal community.



MATERIALS AND METHODS


Plant Materials and Field Trials

Two soybean cultivars contrasting in nodulation (P1, Low nodulation; P2, high nodulation), together with eight of their F9:11 recombinant inbred lines (RILs; HN1-4, four lines with high nodulation; LN1-4, four lines with low nodulation) were tested. The RIL lines were selected based on nodule number and the presence (HN) or absence (LN) of at least two QTLs responsible for biological nitrogen fixation (BNF) (Supplementary Figure S1 and Supplementary Table S8; Yang et al., 2017). Field trials were conducted from June to October in 2016 and 2017 on the experimental farm (E114.48°, N38.03°) of the Institute of Cereal and Oil crops, Shijiazhuang City, Heibei Province, China. The basic soil properties are listed in Supplementary Table S1. The rhizobia (Bradyrhizobium sp. Accession No.: EU825988) for the inoculation experiment were previously isolated, identified and studied in our lab, which could form symbiosis with all the tested soybean plants and showed higher nitrogenase activity than USDA110 (Chen et al., 2008). Besides, the Bradyrhizobium spp. strains have been used to identified the QTLs responsible for BNF (Yang et al., 2017).

All soybean accessions were cultivated in split plots containing complete blocks inoculated (R) or not inoculated (N) with rhizobia as previously described (Zhong et al., 2019). The schemes of two years’ field experimental design were shown in the Supplementary Figures S1B,C. In brief, in 2016 there are two blocks for two different rhizobium treatments. In each block, soybean parental genotypes were planted in a split plot with randomized complete blocks, in each block each parental soybean were cultivated in three plots. Totally, there were two big blocks, and 12 plots in 2016 field trial. Thirty seeds were sown in each plot of three 1.5 m rows spaced × 0.5 m apart. In the R treatment, soybean seeds were inoculated with rhizobia as previously described (Qin et al., 2011; Zhong et al., 2019). The field had been used for a wheat and soybean rotation for more than 10 years, with the most recent crop being wheat. No fertilizers were applied during soybean growth, and other field management procedures (e.g., irrigation, pest control, etc.) followed local practices. In 2017, another field trial using eight RILs was carried out in the same field, with a similar experimental design as in 2016. Totally, there were two blocks for two rhizobium treatments and two plots for each RIL in each block with randomized arrange. Hence, there were 32 plots in total in 2017.



Sample Collection

Rhizosphere and bulk soil samples were separately collected when soybeans were at the R5 stage (Reproductive stage 5) of development according to Inceoglu et al. (2010), in which the biomass of soybean plants reach the highest. Soybean plants were harvested as whole plants by first digging out the root system and removing loose soils by shaking the roots. Rhizosphere soils were considered as that which adhered firmly to the roots and were collected using a sterile brush. Then the soil was stored in the liquid nitrogen and transported to the lab and stored at −80°C fridge till the total DNA extraction.

The 2016 parental genotype experiment included three biological replicates for each parent and each treatment, and the 2017 experiment with RILs included two biological replicates for each RIL and each treatment. Since RILs were divided into two groups and subsequently analyzed as two groups (HN or LN) according the QTLs and nodule number, hence, for each group under each treatment condition there were eight biological replicates. For each biological replicate, soils were collected from three independent soybean plants and mixed together. In total, 44 rhizosphere soil samples (12 in 2016 and 32 in 2017) and 6 bulk soil samples (3 each in 2016 and 2017) samples were collected as previously described (Zhong et al., 2019). Bulk soil samples were taken from 0 to 10 cm soils after carefully removing the surface soil from 3 sites near to soybean cultivation field.



ITS1 Amplicon Library Preparation and Sequencing

Total soil DNA was extracted from 500 mg of soil using a PowerSoil DNA Isolation Kit (Mobio Laboratories, Carlsbad, CA, United States) according to the manufacturer’s protocol. DNA concentration and quality were determined using a NanoDrop 1000 spectrophotometer (Thermo Scientific, Waltham, United States). The ITS1 region from 1737 to 2043, which is about 300 bp length, was selected as the target sequencing region. The whole sequence of the Internal Transcribed Spacer 1 region (ITS1) amplicon sequencing libraries were generated using the TruSeq® DNA PCR-Free Sample Preparation Kit (Illumina, United States) following the manufacturer’s recommendations, with index codes added using the following primers: ITS5-1737-F (5’-GGAAGTAAAAGTCGTAACAAGG-3’) and ITS2-2043-R (5’-GCTGCGTTCTTCATCGATGC-3’) (Findley et al., 2013). Library quality was monitored on the Qubit@ 2.0 Fluorometer (Thermo Scientific) and Agilent Bioanalyzer 2100 system. PCR reactions spanning the ITS1 region were carried out using the Phusion® High-Fidelity PCR Master Mix with GC Buffer (New England Biolabs: NEB, United States). PCR products were purified using the QIAquick Gel Extraction Kit (Qiagen, Germany). Purified PCR products were subjected to ITS1 amplicon sequencing at the Novogene Institute using the Illumina Hiseq 2500 platform (Beijing, China).



Sequence Analysis of the ITS1 Amplicons

Raw reads were assigned to the samples according to unique barcodes located on the primers, and both primers and barcodes were removed from the paired-end reads using FLASH (Magoč and Steven, 2011) and merged using Pandaseq (Masella et al., 2012). Low quality and chimeric reads were filtered using QIIME (Quantitative Insights Into Microbial Ecology) to obtain the effective reads, which were used for the subsequent analysis (Caporaso et al., 2010; Bokulich et al., 2013). Effective sequence were then clustered with UPARSE application (version 7.0.1001)1 and sequences with = 97% identity were assigned to the same OTUs (Edgar, 2013). Representative sequences for each OTU were screened for further annotation. For each representative sequence, the Unite Database2 (Kõljalg et al., 2013) was used to annotate taxonomic information (Caporaso et al., 2010) based on the Blast algorithm as calculated in QIIME (version = 1.7.0)3 (Altschul et al., 1990). After that the data for each sample was normalized to the sample with least effective reads and the afterword analysis were all based on this normalized data. A phylogenetic tree was constructed based on multiple sequence alignment conducted in MUSCLE (version 3.8.31)4 (Edgar, 2004). Rarefaction curves of observed species and Chao1 index, which is usually used for the estimation the richness of species in an ecosystem, were analyzed in QIIME. Normalized data were subjected to beta diversity analysis. Non-metric Multidimensional scaling (NMDS) and analysis of similarities (ANOSIM) were carried out using the Vegan package (version 2.3.0, anova.cca) in R (version 3.4.3). The Vegan package in R was also employed for constrained PCoA analysis, along with permutational ANOVA for calculating P values, with the number of permutations set at 999 (Oksanen et al., 2015; R Core Team, 2015). STAMP (version 2.1.3) was used to analyze significant differences in fungal taxa observed between genotypes and rhizobia inoculation treatments in Benjamini-Hochberg FDR corrected two-sided Welch’s t-tests (Parks et al., 2014). Online linear discriminant analysis effect size (LEfSe) analysis was performed to reveal biomarkers for the different sample groups based on a normalized OTU table5. For LEfSe analysis, the Kruskal–Wallis rank sum test was employed to distinguish significantly different species within groups at an alpha value of 0.05 and a threshold of 3.5.

Fungal co-occurrence networks in the soybean rhizosphere were constructed based on Spearman correlation matrices using the R package psych (version: 1.8.4) (Oksanen et al., 2015). Node connectivity, cumulative degree distribution and average path length were analyzed with psych (version: 1.8.4). To filter data, Spearman correlations were required to be statistically significant (P < 0.05) with correlation coefficients exceeding 0.7 (r > 0.7). Nodes of the network represented OTUs and edges connecting these nodes indicated high and significant correlations between the OTUs. Network images were generated using the interactive Gephi platform (Version, 9.2)6.



RESULTS


Fungal Richness Was Similar Between Soybean Rhizospheres and Bulk Soils

To investigate the structure and composition of fungal communities in soybean rhizospheres, amplicon sequencing was employed, with targets selected based on the sequence of the ITS1 region. Sequencing from two years of field trials yielded 3,674,452 raw reads, of which, 3,519,397 could be combined. The average percentage of combined reads was 95.79%, with the average length being 222 bp (Supplementary Tables S2, S3). A total 3,378,293 high quality reads were obtained after removing low quality reads and chimeric reads. The average Q20 and Q30 of reads were 99.10 and 98.29%, respectively (Supplementary Tables S4, S5). Among high quality reads, 2,138,425 could be annotated. After performing OTU cluster analysis with a 97% similarity threshold for grouping sequences, the number of OTUs obtained for each sample ranged from 589 to 1374 (Supplementary Tables S6, S7).

Rarefaction curves suggested that the sequencing depth for most of the samples was enough to discover most of the detectable fungi present in the soil over the 2 year course of these field trials (Supplementary Figure S2). The species observed and Chao1 index values indicated fungal richness was similar between bulk soil and rhizosphere samples (Figures 1A,B and Supplementary Figure S3). In contrast to this similarity between rhizospheres and bulk soil, rhizobium inoculation led to slight but not significant alterations in the richness of fungal communities (Supplementary Figure S3).
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FIGURE 1. Richness and structure of soybean rhizosphere fungal communities. (A,B) Fungal richness was analyzed by calculating the number of observed fungal species (A) and Chao1 index (B) between bulk soil and rhizosphere soil samples collected from roots of P1 and P2 soybean plants. (C) Phylogenetic analysis of the top 100 soybean rhizosphere fungi in relative abundance identified at the genus level.


There were 831 OTUs common to both bulk soil and the rhizospheres of the two parental cultivars (Supplementary Figure S4A). For RILs, there were 880 and 906 OTUs in both bulk soil and rhizospheres of R and N soybeans, respectively (Supplementary Figures S4B,C). Other fungal OTUs specifically existed in soybean rhizospheres (Supplementary Figure S4).

Phylogenetic analysis showed that most of the high abundance fungi belonged to Ascomycota, Basidiomycota, Chytridiomycota, Zygomycota, and Glomeromycota at the phylum level (Figure 1C). Of these, Ascomycota, Zygomycota, and Basidiomycota were the dominant fungi in soybean rhizospheres, with relative abundances ranging between 45 and 65% of the total fungi counted (Supplementary Figure S5). At the family level, Davidiellaceae, Cucurbitariaceae, Mortierellaceae, Rhizopodaceae, and Mucoraceae were more abundant than other families of fungi (Supplementary Figures S6A,C). Cladosporium, Pyrenochaetopsis, Rhizopus, Mortierella, and Actinomucor were dominant at the genus taxonomic level (Supplementary Figure S6). Taken together, these results suggest that the richness of fungi in soybean rhizosphere and bulk soils mostly overlap.



Structure and Composition Analysis of Soybean Rhizosphere Fungal Communities

While overall richness of fungi did not significantly vary between rhizosphere and bulk soils, interactions within each community of microbes might still vary between soil sources. It was further analyzed at the community level. Rhizosphere soil samples were obviously shifted from bulk soil samples (Figure 2A). In addition, ANOSIM analysis suggested that the fungal communities varied significantly between bulk soil and rhizosphere samples (R = 0.849, P = 0.002) (Figure 2A). Further, similar patterns were observed with NMDS analysis, with the result that most bulk soil samples could be separated from rhizosphere samples (Stress value = 0.063) (Figure 2B). Collectively, these results demonstrate that the structure of soybean rhizosphere fungal communities is distinct from that in bulk soils, leaving open the possibility that soybean plants might drive fungal community differentiation from bulk soils to the rhizospheres.
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FIGURE 2. Rhizosphere fungal communities of soybean plants are distinct compared to bulk soil. (A) PCA analysis of bacterial communities performed using a normalized OTU and the STAMP software application (version: 2.1.3). (B) NMDS analysis based on Brad_Curtis distance matrix. The R and P value were calculated in the Vegan R package (version: 2.3.0) running ANOSIM analysis based on a Bray_Curtis distance matrix of bulk soil and rhizosphere samples. In the permutation test, the number of permutations tested was 999.


To analyze which fungi were significantly selected by soybean plants, LEfSe was employed to identify biomarker taxa. In these field samples, Capnodiales, Davidellaceae, Cladosporium, and Mycosphaerellaceae were identified as biomarkers for rhizosphere samples, while Pleosporales, Cucurbitariaceae, Pyrenochaetopsis, Rhizopodaceae, and Rhizopus were biomarkers for bulk soil samples (LDA score > 3.5; Kruskal–Wallis rank sum test, P < 0.05). These results suggest that soybean plants might provide resources most favorable for the proliferation of Capnodiales, Davidellaceae, and Cladosporium (Figures 3A,B). Further investigation of fungal families and genera favored in soybean rhizospheres as determined in the STAMP application was consistent with the results from LEfSe. Cladosporium were significantly enriched in soybean rhizospheres at the genus taxonomic level (adjusted P value < 0.001) (Figure 3C). In addition, Septoria and Phaeosphaeria were also significantly enriched by soybean plants (adjusted P value = 1.52e-3; P = 0.017). At the family level, Davidiellaceae (adjusted P = 2.81e-4), Mycosphaerellaceae (adjusted P = 1.40e-4), and Phaeosphaeriaceae (adjusted P = 0.018) were all significantly recruited by soybean plants (Supplementary Figure S7); and Davidiellaceae was also a biomarker in soybean rhizosphere communities (Figure 3B).
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FIGURE 3. Soybean plants specifically select fungi from bulk soils. (A) Phylogenetic dendrogram of biomarkers identified in bulk soil and soybean rhizospheres. The circles from inside to outside indicate bacterial taxonomic levels from phylum to genus. Yellow dots represent fungi not varying significantly in relative abundance. Biomarker fungi are colored according to the corresponding class colors on the right. (B) LDA scores of biomarker fungi for bulk soil and rhizosphere samples. (C) Fungi strongly selected by soybean plants were analyzed in the STAMP software application (version: 2.1.3). Corrected P-values were calculated using the two-sided Welch’s t-test with the Benjamini–Hochberg FDR correction applied.




Soybean Genotype Influences Rhizosphere Fungal Community

We previously demonstrated that host plant genotype can significantly influence the soybean rhizosphere bacterial community (Zhong et al., 2019). ANOSIM analysis indicated that the rhizosphere fungal community varied significantly between P1 and P2 samples (R = 0.456; P = 0.004), which strongly suggests that traits that vary among soybean genotypes significantly influence the rhizosphere fungal community (Figure 4A). Besides, the PCA suggested that P1 and P2 could be clearly separated by the first principal component, which explained 84.3% of variance (Figure 4A). The result of NMDS was similar with that from the PCA analysis (Stress value = 0.089) (Supplementary Figure S8). Results from LEfSe clustering of rhizosphere biomarkers at the phylum taxonomic level returned a preponderance of Basidiomycetes in P1 samples and Ascomycota in P2 samples, with P1 and P2 being clearly separated in a cladogram (Figure 4B). The identified biomarkers based on LDA scores were Dothidemycetes, Capnodiales, Davidiellaceae, Cladosporium, and Ascomynota for P2, along with Mucorales, Basidiomycota, Rhizopus, and Pyrenochaetopsis for P1 (Figure 4C). Taken together, these results suggest that the two parental soybean genotypes studied herein significantly influence the structure and composition of rhizosphere fungal communities in the rhizosphere.
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FIGURE 4. Soybean genotype has influence on rhizosphere fungal communities. (A) PCA of rhizosphere fungal communities associated with two parental soybean genotypes, P1 and P2, as performed based on a normalized OTU table using STAMP software. ANOSIM analysis of soybean rhizosphere fungal communities was used to calculate the difference between the two parental soybean genotypes, P1 and P2, based on the Bray_Curtis distance matrix. In the permutation test, the number of permutations was 999; R = 0.456, P = 0.004. (B) Biomarker fungi with LDA scores > 3.5 identified in rhizospheres surrounding roots of each parental soybean genotype as determined in the Kruskal–Wallis rank sum test, P < 0.05. (C) Phylogenetic dendrogram of biomarkers in the rhizospheres of two parental soybean genotypes. Biomarker fungi are marked according to the corresponding class colors on the right.




Rhizobium Inoculation Shifts Soybean Rhizosphere Fungal Communities

To study the impacts of rhizobium inoculation on soybean rhizosphere fungal communities, rhizosphere samples were grouped into N_Parent (Parental lines without rhizobium inoculation) and R_Parent (Parental lines with rhizobium inoculation). Analysis with ANOSIM suggested that rhizobium inoculation significantly impacted rhizosphere fungal communities (R = 0.24; P = 0.044) (Figure 5A). Further, NMDS showed that N_Parent and R_Parent rhizospheres could not be clearly separated (Figure 5B). Moreover, samples could be grouped into N_P1, N_P2, R_P1, or R_P2 categories according to the rhizobium treatment and genotype. These groups were clearly separated in CPCoA analysis, with treatment and genotype explaining 39% of the variation and significantly influencing fungal communities in the rhizosphere (P = 0.003) (Figure 5C). These results suggest that both soybean genotype and rhizobium inoculation exert considerable influence on the soybean rhizosphere fungal community.
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FIGURE 5. Influence of rhizobium inoculation on rhizosphere fungal communities and AMF infection rate. (A) Dissimilarity of fungal communities determined by ANOSIM. The P value was calculated by permutation testing with the number of permutation set to 999. (B) Differences in fungal communities of parental line rhizospheres either inoculated (R_Parent) or not inoculated (N_Parent) with rhizobium as calculated by NMDS. (C) Constrained principal component analysis (CPCoA) was carried out to asses clustering of rhizosphere fungal communities among N_P1, N_P2, R_P1, and R_P2 plots using a normalized OTU table and acc.anova in the Vegan R package (version: 2.3.0). The P value was calculated by permutation testing with the number of permutations set to 999. N_P1, Parental line1 without rhizobium inoculation; R_P1, Parental line1 with rhizobium inoculation; N_P2, Parental line 2 without rhizobium inoculation; R_P2, Parental line2 with rhizobium inoculation.


Linear discriminant analysis effect size was further employed to evaluate specific fungi significantly influenced by rhizobium inoculation. In this analysis, the biomarkers for N_Parent and R_Parent were clearly separated in a cladogram (Figure 6A). Eurotiales, Trichocomaceae, Septoria, Myrmecridium, Penicilliumoxalicum, and Mycosphaerella were the biomarkers associated with R_Parent rhizospheres, while Mortierellaalpina, Gymnoascus, Leucothecium, and Zygomycota were associated with N_Parent rhizospheres (Figure 6B).
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FIGURE 6. Influence of rhizobium inoculation on rhizosphere fungal communities. LEfSE analysis revealed soybean biomarkers for the rhizobium non-inoculation and inoculation treatments. (A) Biomarkers for the N_Parent and R_Parent rhizosphere fungi are indicated in the phylogenetic dendrogram by different colors. Red: N_Parent, Green: R_Parent. (B) LDA scores > 3 for biomarker fungi for N_Parent and R_Parent rhizospsheres as calculated in the Kruskal–Wallis rank sum test, P < 0.05. N_Parent: Parental lines grown in plots not inoculated with rhizobium; R_Parent: Parental lines grown in rhizobium inoculated plots.




Soybean Genotype and Rhizobium Inoculation Coordinately Influence Soybean Rhizosphere Fungal Communities

To investigate the extent of soybean genotypic effects on the response of fungal communities to rhizobium inoculation, we tested eight RILs selected from F9:11 recombinant inbred lines (HN1-4, four lines with high nodulation; LN1-4, four lines with low nodulation) varying in nodulation number and BNF genetic markers (Yang et al., 2017). The RILs were cultivated with (R) and without (N) rhizobium inoculation, and their rhizosphere samples were categorized into N_HN, N_LN, R_HN and R_LN groups. In CPCoA results, soybean genotype and rhizobium inoculation significantly influenced the structure of rhizosphere fungal communities (11.6% of variance; P = 0.049) (Figure 7A). Rhizobium inoculation significantly impacted rhizosphere fungal populations around both LN and HN roots (Figure 7B). Interestingly, R_HN rhizosphere fungal communities were not distinct from those in N_LN plots (Figure 7A). In other words, the fungal community of HN under R conditions was similar in comparison to LN under N conditions. These results suggest that rhizobium inoculation induces different responses in HN and LN soybeans.
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FIGURE 7. Differential responses among fungal community members to rhizobium inoculation. Data were grouped into N_HN, R_HN, N_LN, and R_LN categories to investigate the influence of nodulation traits on soybean rhizosphere fungal community responses to rhizobium inoculation. Samples were also grouped into N_Rhizo and R_Rhizo categories according to the rhizobium treatment. (A) CPCoA was carried out based on the Bray_Curtis distance matrix, with the P value calculated through ANOVA-like permutation analysis. (B) LDA scores > 3.0 for biomarkers of N_Rhizo and R_Rhizo grouped treatments. as calculated using the Kruskal–Wallis rank sum test, P < 0.05.


In more granular analysis, biomarkers were compared of P1, P2, HN, and LN between different rhizobium treatment conditions, respectively. These biomarkers ended up being entirely different between tested pairs of rhizospheres, suggesting that soybean responses to rhizobium inoculation may vary among soybean genotypes (Supplementary Figures S9, S10), which was further confirmed in group comparisons of N_HN with R_HN and N_LN with R_LN (Supplementary Figures S11A,B). Taken together, our results demonstrate that soybean rhizosphere fungal community responses to rhizobium inoculation are strongly influenced by genotypic differences at a few key markers associated with N2 fixation.

In a final analysis of impacts of rhizobium inoculation on soybean rhizosphere fungal communities, fungal co-occurrence networks were constructed for N and R communities based on the normalized OTU data. There were 100 nodes for both non-inoculated and inoculated rhizospheres. However, the number of connections varied between networks, with 78 found in the N network and 130 found in the R network (Figure 8). Plus, the hub fungi also changed with rhizobium inoculation. In non-inoculated plots, the hub rhizosphere fungi were Cladosporium, Pyrenochaetopsis, Sporobolomyces, Hannaella, and Phaeosphaeria (Figure 8A), while, with inoculation, the hub fungi shifted to Phaeosphaeria, Sporobolomyces, Septoria, Edenia, and Leptospora (Figure 8B). These results suggest that rhizobium inoculation leads to an increase in the number of connections between fungi, as well as, changes in which species act as hubs in the soybean rhizosphere fungal co-occurrence network.
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FIGURE 8. Rhizobium inoculation shifts rhizosphere fungal communities. Co-occurrence networks were constructed based on correlation analysis of the top 100 fungi in relative abundance as assessed at the genus taxonomic level. (A) Non-inoculated, node size is proportional to node degree, node color matches the taxa level identified for the fungus. Linkers drawn between nodes indicate significant (P < 0.05; Spearman’s rank correlation test) and high (Spearman’s r > 0.70) correlations. The number of nodes is 100 for (A,B). There are 91 connections among nodes in (A) and 81 node connections in (B). (A) The hub fungi for rhizospheres in non-inoculated plots were Cladosporium, Pyrenochaetopsis, Hannaella, Phaeosphaeria, and Sporobolomyces. (B) The hub fungi for LN soybean plants were Phaeosphaeria, Septeria, Sporobolomyces, Leptospora, and Spordidobolus. N_Rhizo: rhizosphere samples from non-inoculated plots. R_Rhizo: rhizosphere samples from rhizobium inoculated plots.




DISCUSSION

Plant-associated microbial communities are essential for plant health and nutrient acquisition (Falkowski et al., 2008; Hacquard et al., 2015). Although microbiota have been reported in associations with many plant species (Edwards et al., 2015; Haney et al., 2015; Durán et al., 2018; Zhong et al., 2019), plant-associated fungi have received little attention. And only 5–10% of fungal community members were detectable by culture-dependent techniques (Hawksworth and Rossman, 1997; Hawksworth, 2001). In addition, interkingdom interactions among host plants and associated microbiota or among microbiota remain rarely reported. As rhizobium inoculation is a widely applied strategy in soybean production, this classic agriculture practice presents a practical means to study complex interactions between host plants and associated microbiota, including interkingdom microbial interactions between rhizobium and rhizosphere fungal community members.


Soybean Plants Select and Enrich Some Species of Fungi in the Rhizosphere

In this study, since most OTU overlapped between rhizospheres and bulk soils, only a few specific fungi appeared to be selected in soybean rhizospheres from bulk soils (Supplementary Figure S4). This is consistent with previous reports that soil type is the major factor determining the fungal and bacterial communities, as the soil is the source of microbes available to colonize plant roots (de Ridder-Duine et al., 2005; Singh et al., 2007; Wang et al., 2009). We found no significant differences in overall fungal richness between bulk soils and rhizospheres (Figures 1A,B and Supplementary Figures S2, S3), which is also consistent with a recent report that fungal community richness only declines in the root compartment, and may not significantly vary between rhizospheres and bulk soils (Almario et al., 2017). Interestingly, this pattern stands in contrast to bacterial community differences between bulk soils and rhizospheres, wherein bacterial richness is significantly lower in the rhizosphere than in bulk soils due to selection by host plants (Bulgarelli et al., 2012; Zhong et al., 2019).

Most of soybean rhizosphere fungi detected in this study were categorized as functionally unknown. However, the most studied plant-associated fungi belonged to Glomeromycota and Ectomycorrhizal (Bonito et al., 2014). These functional known fungi might include members that benefit plants lacking associations with mycorrhizal fungi, such as A. thaliana, Arabisalpina, and Microthlaspi (Glynou et al., 2016; Hiruma et al., 2016; Almario et al., 2017; Hassani et al., 2018). We found that the dominant fungi in soybean rhizospheres were Ascomycota, Zygomycota, and Basidiomycota (Figure 1C and Supplementary Figure S5), which is consistent with previous reports that the two major phyla Ascomycota and Basidiomycota are the dominate fungi in the rhizosphere and within soybean plants (Jumpponen and Jones, 2009; Wang et al., 2009; Toju et al., 2013; Hardoim et al., 2015). Not surprisingly, Ascomycetes and Basidiomycetes have also been reported as the dominated fungi in soils (Anderson et al., 2003; Bastias et al., 2006). At the genus taxonomic level, Cladosporium and Pyrenochaetopsis were the most abundant taxa in the soybean rhizospheres observed herein (Supplementary Figure S6).

Although overall fungal community richness was similar between rhizosphere and bulk soil samples (Figure 1A and Supplementary Figure S3), PCA, NMDS, and ANOSIM analysis suggested that the structure and composition of fungal communities varied between soybean rhizospheres and bulk soils (Figure 2). This result is consistent with previous reports, in which soybean plants could recruit some species of fungi from bulk soils (Mougel et al., 2006; Wang et al., 2009; Almario et al., 2017; Zimudzi et al., 2018). In this study we further identified the fungi which were specific enriched by the soybean plant (Figures 3B,C).

Functional characterization of the fungi abundant in soybean rhizospheres is largely unexplored. Among the few known functions, a Cladosporium sp. isolated from soybean plants is known to exhibit GA biosynthesis activity, along with the capacity to promote plant growth (Hamayun et al., 2009). Other fungi reported to be enriched by soybean plants are Septoria spp. (Figure 6), which have been reported to be phytopathgens of wheat, but with unknown functions in soybean rhizospheres (Arraiano and Brown, 2017). A third type of enriched fungus, Phaeosphaeris, has been reported to produce a variety of chemical compounds, such as pyrazine alkaloids, isocoumarins, perylenequinones, and diterpenes (El-Demerdash, 2018). In short, though few specifics are known, soybean plants appear to select some species of fungi from bulk soils, which leads to distinctive rhizosphere fungal communities that likely fulfill specific functions in partnership with the host plants.



Soybean Nodulation Is Associated With Rhizosphere Fungal Community Dynamics

Previous studies reported that the assembly of plant-associated fungal communities is not only dependent on soil type and plant compartments, but also on plant genotype and other environmental factors (Gottel et al., 2011; Cordier et al., 2012; Balint et al., 2013; Shakya et al., 2013). In this study, we demonstrated that soybean genotype significantly influenced the structure of rhizosphere fungal communities (Figure 4A and Supplementary Figure S8). This result stands in contrast to a former report in which no significant differences were detected among fungal communities associating with three soybean cultivars (Wang et al., 2009), possibly due to differences in profile methods, soil types and soybean genotypes used in the studies (Wang et al., 2009; Simon and Daniel, 2011; Zhong et al., 2019). This indicated the genetic traits that control rhizobium symbiosis might be also involved in the regulation of fungal community or rhizosphere fungi (Genre and Russo, 2016). Consistent with our results, a recent paper showed that the key genes in the symbiotic signaling pathway significantly influenced the enrichment of some fungi in both rhizosphere and within the roots (Thiergart et al., 2019).

In this study, Cladosporium sp. was significantly enriched in the rhizosphere of the high nodulation cultivar P2 (Figures 4B,C). This fungus not only was most abundant in the P2 rhizosphere, but was also exhibited higher relative abundance in high nodulation RILs compared with low nodulation RILs (Figure 3 and Supplementary Figure S6). However, Cladosporium was not included in a previous report on fungal communities in soybean rhizospheres (Wang et al., 2009), which might due to differences in soil types and/or soybean genotypes studied (Wieland et al., 2001; Singh et al., 2007; Wang et al., 2009). Other studies have suggested that Cladosporium spp. were the most frequently isolated fungi from eggplant roots (Narisawa et al., 2002) and soybean plants (Pimentel et al., 2006; Pan et al., 2008; Hamayun et al., 2009). However, outlining the exact functions of Cladosporium sp. in soybean microbiomes will require further experimentation. The other fungus significantly enriched in the P2 rhizosphere, Dothideomycetes, has been most commonly isolated from porous Antarctic rocks (Selbmann et al., 2005, 2008; Egidi et al., 2014). Whatever explanations account for selection processes in soybean rhizospheres, the results generated herein suggest that rhizosphere fungal communities are strongly influenced by variation among soybean genotypes (Supplementary Figure S9). This variation might be attributable to differences in root exudates produced by different genotypes of soybean (Ryan et al., 2001; Hu et al., 2018; Stringlis et al., 2018; Zhalnina et al., 2018; Huang et al., 2019).



Rhizobium Inoculation Shifts the Rhizosphere Fungal Community in a Genotype Dependent Manner

Bacterial and fungal communities are the major microbial constituents of plant rhizospheres (Berendsen et al., 2012). In a previous report, we showed that rhizobium inoculation has a significant influence on the structure of rhizosphere bacterial communities in a genotype dependent manner (Zhong et al., 2019). In contrast, other studies have shown that rhizosphere fungal communities are more stable than rhizosphere bacterial communities (de Vries et al., 2018). In this study, introduction of exogenous rhizobia also changed fungal communities in soybean rhizospheres (Figure 5), with relative abundance of some fungi being significantly increased under rhizobium inoculation condition (Supplementary Figure S10A; Hamayun et al., 2009). Intriguingly, rhizobium inoculation produced different responses in the rhizospheres of two parental soybean genotypes contrasting in BNF traits and markers (Supplementary Figure S10). These results indicated that the influence of rhizobium inoculation to the fungal community is mediated by the plant genotypes, since different genotypes of soybean exhibited different responses to rhizobium inoculation. But does rhizobium inoculation influence the nitrogen status in the plant and then influenced the associated fungi needed further investigation.

After crossing the parent lines, further study with RILs varying across QTLs identified as responsible for much of BNF allowed for more in depth analysis of soybean genotypic effects on rhizosphere fungal communities in a second year of field experiments (Yang et al., 2017). The two RIL groups, categorized on the basis of BNF QTLs, varied in their rhizosphere fungal community responses to rhizobium inoculation (Figure 7A). Taken together, results from experiments with parents and RILs reinforce the conclusion that soybean rhizosphere fungal communities are impacted by soybean genotypic variation (Figure 7A and Supplementary Figures S10, S11). More specifically, QTLs identified in BNF studies, and that are known to contribute to the establishment of bacterial communities, were also found in this study to influence rhizosphere fungal communities. On the whole, results presented here suggest that soybean genotypic influences on rhizosphere fungal communities exhibit differential responses to rhizobium inoculation. While soybean rhizosphere fungal communities appear to be more stable than bacterial communities, rhizobium inoculation still influences the rhizosphere fungal community, which suggests that complex direct and indirect interactions exist between host plants and root microbiota from multiple kingdoms of organisms.



CONCLUSION

In this study, we demonstrated that soybean plants could recruit certain fungi from bulk soils, which led to distinctive fungal communities in soybean rhizospheres. Soybean genotypic variation played an important role in the establishment of the rhizosphere fungal community. In addition, rhizobium inoculation also changed rhizosphere fungal communities, with the relative abundance of certain rhizosphere fungi significantly altered in directions that varied among soybean genotypes. In short, this study contributes to our understanding that complex interkingdom interactions occur in soybean rhizospheres, which might be useful in attempts to develop new strategies to improve crop performance through manipulation of rhizosphere microorganisms.



DATA AVAILABILITY STATEMENT

The raw data supporting the conclusion of this article is deposited in the NCBI: https://www.ncbi.nlm.nih.gov/bioproject/PRJNA597193.



AUTHOR CONTRIBUTIONS

HL, YZ, and YY designed the research. YY and RX performed the research. YZ, HX, and YT analyzed the data. YZ, HX, and HL wrote the manuscript.



FUNDING

This work was jointly supported by the Strategic Priority Research Program of the Chinese Academy of Sciences (XDB15030202) and China National Key Program for Research and Development (2016YFD0100700). HX was supported by the K+S Group scholarship from the International Magnesium Institute.


ACKNOWLEDGMENTS

We thank Dr. Thomas Walk for valuable suggestions and comments.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2019.03135/full#supplementary-material


FOOTNOTES

1
http://drive5.com/uparse/

2
http://unite.ut.ee/

3
http://qiime.org/scripts/assign_taxonomy.html

4
http://www.drive5.com/muscle/

5
http://huttenhower.sph.harvard.edu/galaxy/root/index

6
http://gephi.github.io/

REFERENCES

Agler, M. T., Ruhe, J., Kroll, S., Morhenn, C., Kim, S. T., Weigel, D., et al. (2016). Microbial hub taxa link host and abiotic factors to plant microbiome variation. PLoS Biol. 14:e1002352. doi: 10.1371/journal.pbio.1002352

Almario, J., Jeena, G., Wunder, J., Langen, G., Zuccaro, A., Coupland, G., et al. (2017). Root-associated fungal microbiota of nonmycorrhizal Arabis alpina and its contribution to plant phosphorus nutrition. Proc. Natl. Acad. Sci. U.S.A. 114, 9403–9412. doi: 10.1073/pnas.1710455114

Altschul, S. F., Gish, W., Miller, W., Myers, E. W., and Lipman, D. J. (1990). Basic local alignment search tool. J. Mol. Biol. 215, 403–410. doi: 10.1006/jmbi.1990.9999

Anderson, I. C., Campbell, C. D., and Prosser, J. I. (2003). Diversity of fungi in organic soils under a moorland - Scots pine (Pinus sylvestris L.) gradient. Environ. Microbiol. 5, 1121–1132. doi: 10.1046/j.1462-2920.2003.00522.x

Arraiano, L. S., and Brown, J. K. (2017). Sources of resistance and susceptibility to Septoria tritici blotch of wheat. Mol. Plant Pathol. 18, 276–292. doi: 10.1111/mpp.12482

Arslanoglu, F., Aytac, S., and Oner, E. K. (2011). Effect of genotype and environment interaction on oil and protein content of soybean (Glycine max (L.) Merrill) seed. Afr. J. Biotechnol. 10, 18409–18417.

Bakshi, M., Vahabi, K., Bhattacharya, S., Sherameti, I., Varma, A., Yeh, K. W., et al. (2015). WRKY6 restricts Piriformospora indica-stimulated and phosphate-induced root development in Arabidopsis. BMC Plant Biol. 15:305. doi: 10.1186/s12870-015-0673-4

Balint, M., Tiffin, P., Hallstrom, B., O’Hara, R. B., Olson, M. S., Fankhauser, J. D., et al. (2013). Host genotype shapes the foliar fungal microbiome of balsam poplar (Populus balsamifera). PLoS One 8:e053987. doi: 10.1371/journal.pone.0053987

Bastias, B. A., Xu, Z., and Cairney, J. W. (2006). Influence of long-term repeated prescribed burning on mycelial communities of ectomycorrhizal fungi. New Phytol. 172, 149–158. doi: 10.1111/j.1469-8137.2006.01793.x

Berendsen, R. L., Pieterse, C. M., and Bakker, P. A. (2012). The rhizosphere microbiome and plant health. Trends Plant Sci. 17, 478–486. doi: 10.1016/j.tplants.2012.04.001

Bokulich, N. A., Subramanian, S., Faith, J. J., Gevers, D., Gordon, J. I., Knight, R., et al. (2013). Quality-filtering vastly improves diversity estimates from Illumina amplicon sequencing. Nat. Methods 10, 57–59. doi: 10.1038/nmeth.2276

Bonito, G., Reynolds, H., Robeson, M. S. II, Nelson, J., Hodkinson, B. P., Tuskan, G., et al. (2014). Plant host and soil origin influence fungal and bacterial assemblages in the roots of woody plants. Mol. Ecol. 23, 3356–3370. doi: 10.1111/mec.12821

Brundrett, M. C., and Tedersoo, L. (2018). Evolutionary history of mycorrhizal symbioses and global host plant diversity. New Phytol. 220, 1108–1115. doi: 10.1111/nph.14976

Bucher, M. (2007). Functional biology of plant phosphate uptake at root and mycorrhiza interfaces. New Phytol. 173, 11–26. doi: 10.1111/j.1469-8137.2006.01935.x

Buée, M., De Boer, W., Martin, F., van Overbeek, L., and Jurkevitch, E. (2009). The rhizosphere zoo: an overview of plant-associated communities of microorganisms, including phages, bacteria, archaea, and fungi, and of some of their structuring factors. Plant Soil 321, 189–212. doi: 10.1007/s11104-009-9991-3

Bulgarelli, D., Rott, M., Schlaeppi, K., Ver Loren van Themaat, E., Ahmadinejad, N., Assenza, F., et al. (2012). Revealing structure and assembly cues for Arabidopsis root-inhabiting bacterial microbiota. Nature 488, 91–95. doi: 10.1038/nature11336

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

Chen, F. X., Cao, G. Q., Wang, X. R., Zhao, J., Yan, X. L., and Liao, H. (2008). Isolation and application of effective rhizobium in soybean at acidic and low phosphate soil in South China. Chin. Sci. Bull. 23, 2903–2910.

Cordier, T., Robin, C., Capdevielle, X., Fabreguettes, O., Desprez-Loustau, M. L., and Vacher, C. (2012). The composition of phyllosphere fungal assemblages of European beech (Fagus sylvatica) varies significantly along an elevation gradient. New Phytol. 196, 510–519. doi: 10.1111/j.1469-8137.2012.04284.x

de Ridder-Duine, A. S., Kowalchuk, G. A., Klein Gunnewiek, P. J. A., Smant, W., van Veen, J. A., and de Boer, W. (2005). Rhizosphere bacterial community composition in natural stands of Carex arenaria (sand sedge) is determined by bulk soil community composition. Soil Biol. Biochem. 37, 349–357. doi: 10.1016/j.soilbio.2004.08.005

de Vries, F. T., Griffiths, R. I., Bailey, M., Craig, H., Girlanda, M., Gweon, H. S., et al. (2018). Soil bacterial networks are less stable under drought than fungal networks. Nat. Commun. 9, 1–12. doi: 10.1038/s41467-018-05516-7

Deshpande, M. V. (1999). Mycopesticide production by fermentation: potential and challenges. Crit. Rev. Microbiol. 25, 229–243. doi: 10.1080/10408419991299220

Doyle, J. J., and Luckow, M. A. (2003). The rest of the iceberg. Legume diversity and evolution in a phylogenetic context. Plant Physiol. 131, 900–910. doi: 10.1104/pp.102.018150

Durán, P., Thiergart, T., Garrido-Oter, R., Agler, M., Kemen, E., Schulze-Lefert, P., et al. (2018). Microbial interkingdom interactions in roots promote Arabidopsis survival. Cell 175, 973–983. doi: 10.1016/j.cell.2018.10.020

Edgar, R. C. (2004). MUSCLE: multiple sequence alignment with high accuracy and high throughput. Nucleic Acids Res. 32, 1792–1797. doi: 10.1093/nar/gkh340

Edgar, R. C. (2013). UPARSE: highly accurate OTU sequences from microbial amplicon reads. Nat. Methods 10, 996–998. doi: 10.1038/nmeth.2604

Edwards, J., Johnson, C., Santos-Medellin, C., Lurie, E., Podishetty, N. K., Bhatnagar, S., et al. (2015). Structure, variation, and assembly of the root-associated microbiomes of rice. Proc. Natl. Acad. Sci. U.S.A. 112, 911–920.

Egidi, E., de Hoog, G. S., Isola, D., Onofri, S., Quaedvlieg, W., de Vries, M., et al. (2014). Phylogeny and taxonomy of meristematic rock-inhabiting black fungi in the Dothideomycetes based on multi-locus phylogenies. Fungal Divers. 65, 127–165. doi: 10.1007/s13225-013-0277-y

El-Demerdash, A. (2018). Chemical diversity and biological activities of Phaeosphaeria fungi genus: a systematic review. J. Fungi 5:E130. doi: 10.3390/jof4040130

Falkowski, P. G., Fenchel, T., and Delong, E. F. (2008). The microbial engines that drive Earth’s biogeochemical cycles. Science 320, 1034–1039. doi: 10.1126/science.1153213

Field, K. J., Pressel, S., Duckett, J. G., Rimington, W. R., and Bidartondo, M. I. (2015). Symbiotic options for the conquest of land. Trends Ecol. Evol. 30, 477–486. doi: 10.1016/j.tree.2015.05.007

Findley, K., Oh, J., Yang, J., Conlan, S., Deming, C., Meyer, J. A., et al. (2013). Topographic diversity of fungal and bacterial communities in human skin. Nature 498, 367–370. doi: 10.1038/nature12171

Garbaye, J. (1994). Tansley Review No. 76 Helper bacteria: a new dimension to the mycorrhizal symbiosis. New Phytol. 128, 197–210. doi: 10.1111/j.1469-8137.1994.tb04003.x

Genre, A., and Russo, G. (2016). Does a common pathway transduce symbiotic signals in plant-microbe interactions? Front. Plant Sci. 7:96. doi: 10.3389/fpls.2016.00096

Gerland, P., Raftery, A. E., Sevcikova, H., Li, N., Gu, D., Spoorenberg, T., et al. (2014). World population stabilization unlikely this century. Science 346, 234–237. doi: 10.1126/science.1257469

Glynou, K., Ali, T., Buch, A. K., Haghi Kia, S., Ploch, S., Xia, X., et al. (2016). The local environment determines the assembly of root endophytic fungi at a continental scale. Environ. Microbiol. 18, 2418–2434. doi: 10.1111/1462-2920.13112

Gottel, N. R., Castro, H. F., Kerley, M., Yang, Z., Pelletier, D. A., Podar, M., et al. (2011). Distinct microbial communities within the endosphere and rhizosphere of Populus deltoides roots across contrasting soil types. Appl. Environ. Microbiol. 77, 5934–5944. doi: 10.1128/AEM.05255-11

Hacquard, S., Garrido-Oter, R., Gonzalez, A., Spaepen, S., Ackermann, G., Lebeis, S., et al. (2015). Microbiota and host nutrition across plant and animal kingdoms. Cell Host Microbe 17, 603–616. doi: 10.1016/j.chom.2015.04.009

Hamayun, M., Afzal Khan, S., Ahmad, N., Tang, D.-S., Kang, S.-M., Na, C.-I., et al. (2009). Cladosporium sphaerospermum as a new plant growth-promoting endophyte from the roots of Glycine max (L.) Merr. World J. Microbiol. Biotechnol. 25, 627–632. doi: 10.1007/s11274-009-9982-9

Haney, C. H., Samuel, B. S., Bush, J., and Ausubel, F. M. (2015). Associations with rhizosphere bacteria can confer an adaptive advantage to plants. Nat. Plants 1, 1–9.

Hardoim, P. R., van Overbeek, L. S., Berg, G., Pirttila, A. M., Compant, S., Campisano, A., et al. (2015). The hidden world within plants: ecological and evolutionary considerations for defining functioning of microbial endophytes. Microbiol. Mol. Biol. Rev. 79, 293–320. doi: 10.1128/MMBR.00050-14

Hassani, M. A., Duran, P., and Hacquard, S. (2018). Microbial interactions within the plant holobiont. Microbiome 6, 1–17.

Hawksworth, D. L. (2001). The magnitude of fungal diversity: the 1.5 million species estimate revisited. Mycol. Res. 105, 1422–1432. doi: 10.1128/microbiolspec.FUNK-0052-2016

Hawksworth, D. L., and Rossman, A. Y. (1997). Where are all the undescribed fungi? Phytopathology 87, 888–891. doi: 10.1094/PHYTO.1997.87.9.888

Herridge, D. F., Peoples, M. B., and Boddey, R. M. (2008). Global inputs of biological nitrogen fixation in agricultural systems. Plant Soil 311, 1–18. doi: 10.1007/s11104-008-9668-3

Hiruma, K., Gerlach, N., Sacristan, S., Nakano, R. T., Hacquard, S., Kracher, B., et al. (2016). Root endophyte Colletotrichum tofieldiae confers plant fitness benefits that are phosphate status dependent. Cell 165, 464–474. doi: 10.1016/j.cell.2016.02.028

Hu, L., Robert, C. A. M., Cadot, S., Zhang, X., Ye, M., Li, B., et al. (2018). Root exudate metabolites drive plant-soil feedbacks on growth and defense by shaping the rhizosphere microbiota. Nat. Commun. 9:2738. doi: 10.1038/s41467-018-05122-7

Huang, A. C., Jiang, T., Liu, Y. X., Bai, Y. C., Reed, J., Qu, B., et al. (2019). A specialized metabolic network selectively modulates Arabidopsis root microbiota. Science 364:6440. doi: 10.1126/science.aau6389

Igiehon, N. O., and Babalola, O. O. (2018). Below-ground-above-ground plant-microbial interactions: focusing on soybean, rhizobacteria and mycorrhizal fungi. Open Microbiol. J. 12, 261–279. doi: 10.2174/1874285801812010261

Inceoglu, O., Hoogwout, E. F., Hill, P., and van Elsas, J. D. (2010). Effect of DNA extraction method on the apparent microbial diversity of soil. Appl. Environ. Microbiol. 76, 3378–3382. doi: 10.1128/AEM.02715-09

Jumpponen, A., and Jones, K. L. (2009). Massively parallel 454 sequencing indicates hyperdiverse fungal communities in temperate Quercus macrocarpa phyllosphere. New Phytol. 184, 438–448. doi: 10.1111/j.1469-8137.2009.02990.x

Katoch, M., and Pull, S. (2017). Endophytic associated with Monarda citriodora, an aromatic and medicinal plant and their biocontrol potential. Pharm. Biol. 1, 1528–1535. doi: 10.1080/13880209.2017.1309054

Kõljalg, U., Nilsson, R. H., Abarenkov, K., Tedersoo, L., Taylor, A. F., Bahram, M., et al. (2013). Towards a unified paradigm for sequence-based identification of fungi. Mol. Ecol. 22, 5271–5277. doi: 10.1111/mec.12481

Lindow, S. E., and Brandl, M. T. (2003). Microbiology of the phyllosphere. Appl. Environ. Microbiol. 69, 1875–1883. doi: 10.1128/aem.69.4.1875-1883.2003

Magoč, T., and Steven, L. S. (2011). FLASH: fast length adjustment of short reads to improve genome assemblies. Bioinformatics 27, 2957–2963. doi: 10.1093/bioinformatics/btr507

Masella, A. P., Bartram, A. K., Truszkowski, J. M., Brown, D. G., and Neufeld, J. D. (2012). PANDAseq: paired-end assembler for illumina sequences. BMC Bioinformatics 14:13–31. doi: 10.1186/1471-2105-13-31

Mougel, C., Offre, P., Ranjard, L., Corberand, T., Gamalero, E., Robin, C., et al. (2006). Dynamic of the genetic structure of bacterial and fungal communities at different developmental stages of Medicago truncatula Gaertn. cv. Jemalong line J5. New Phytol. 170, 165–175. doi: 10.1111/j.1469-8137.2006.01650.x

Narisawa, K., Kawamata, H., Currah, R. S., and Hashiba, T. (2002). Suppression of Verticillium wilt in eggplant by some fungal root endophytes. Eur. J. Plant Pathol. 108, 103–109.

Oksanen, J., Blanchet, F. G., and Kindt, R. (2015). Vegan: Community Ecology Package. R Package Version 2.3-0.

Pan, J. J., Baumgarten, A. M., and May, G. (2008). Effects of host plant environment and Ustilago maydis infection on the fungal endophyte community of maize (Zea mays). New Phytol. 178, 147–156. doi: 10.1111/j.1469-8137.2007.02350.x

Pandey, M. K., Roorkiwal, M., Singh, V. K., Ramalingam, A., Kudapa, H., Thudi, M., et al. (2016). Emerging genomic tools for legume breeding: current status and future prospects. Front. Plant Sci. 7:455. doi: 10.3389/fpls.2016.00455

Parks, D. H., Tyson, G. W., Hugenholtz, P., and Beiko, R. G. (2014). STAMP: statistical analysis of taxonomic and functional profiles. Bioinformatics 30, 3123–3124. doi: 10.1093/bioinformatics/btu494

Pimentel, I. C., Glienke-Blanco, C., Gabardo, J., Stuart, R. M., and Azevedo, J. L. (2006). Identification and colonization of endophytic fungi from soybean (Glycine max (L.) Merril) under different environmental conditions. Br. Arch. Biol. Technol. 49, 705–711. doi: 10.1590/s1516-89132006000600003

Qin, L., Jiang, H., Tian, J., Zhao, J., and Liao, H. (2011). Rhizobia enhance acquisition of phosphorus from different sources by soybean plants. Plant Soil 349, 25–36. doi: 10.1007/s11104-011-0947-z

R Core Team (2015). R: A Language and Environment for Statistical Computing. Vienna: R Foundation for Statistical Computing.

Rosenberg, E., and Zilber-Rosenberg, I. (2016). Microbes drive evolution of animals and plants: the hologenome concept. mBio 7, 1–8. doi: 10.1128/mBio.01395-15

Ryan, P., Delhaize, E., and Jones, D. (2001). Function and mechanism of organic anion exudation from plant roots. Annu. Rev. Plant Physiol. Plant Mol. Biol. 52, 527–560.

Selbmann, L., de Hoog, G. S., Mazzaglia, A., Friedmann, E. I., and Onofri, S. (2005). Fungi at the edge of life: cryptoendolithic black fungi from Antarctic desert. Stud. Mycol. 51, 1–32.

Selbmann, L., de Hoog, G. S., Zucconi, L., Isola, D., Ruisi, S., van den Ende, A. G., et al. (2008). Drought meets acid: three new genera in a dothidealean clade of extremotolerant fungi. Stud. Mycol. 61, 1–20. doi: 10.3114/sim.2008.61.01

Shakya, M., Gottel, N., Castro, H., Yang, Z. K., Gunter, L., Labbe, J., et al. (2013). A multifactor analysis of fungal and bacterial community structure in the root microbiome of mature Populus deltoides trees. PLoS One 8:e076382. doi: 10.1371/journal.pone.0076382

Simon, C., and Daniel, R. (2011). Metagenomic analyses: past and future trends. Appl. Environ. Microbiol. 77, 1153–1161. doi: 10.1128/AEM.02345-10

Singh, B. K., Munro, S., Potts, J. M., and Millard, P. (2007). Influence of grass species and soil type on rhizosphere microbial community structure in grassland soils. Appl. Soil Ecol. 36, 147–155. doi: 10.1016/j.apsoil.2007.01.004

Singh, G., Katoch, A., Razak, M., Kitchlu, S., Goswami, A., and Katoch, M. (2017). Bioactive and biocontrol potential of endophytic fungi associated with Brugmansia aurea Lagerh. FEMS Microbiol. Lett. 15:364. doi: 10.1093/femsle/fnx194

Stringlis, I. A., Yu, K., Feussner, K., de Jonge, R., Van Bentum, S., Van Verk, M. C., et al. (2018). MYB72-dependent coumarin exudation shapes root microbiome assembly to promote plant health. Proc. Natl. Acad. Sci. U.S.A. 22, 5213–5222. doi: 10.1073/pnas.1722335115

Thiergart, T., Zgadzaj, R., Bozsóki, Z., Garrido-Oter, R., Radutoiu, S., and Schulze-Lefert, P. (2019). Lotus japonicus symbiosis genes impact microbial interactions between symbionts and multikingdom commensal communities. mBio 5:e1833-19. doi: 10.1128/mBio.01833-19

Thomas, M. B., and Read, A. F. (2007). Can fungal biopesticides control malaria? Nat. Rev. Microbiol. 5, 377–383. doi: 10.1038/nrmicro1638

Toju, H., Yamamoto, S., Sato, H., and Tanabe, A. S. (2013). Sharing of diverse mycorrhizal and root-endophytic fungi among plant species in an oak-dominated cool-temperate forest. PLoS One 8:e078248. doi: 10.1371/journal.pone.0078248

van der Heijden, M. G., Martin, F. M., Selosse, M. A., and Sanders, I. R. (2015). Mycorrhizal ecology and evolution: the past, the present, and the future. New Phytol. 205, 1406–1423. doi: 10.1111/nph.13288

Vorholt, J. A. (2012). Microbial life in the phyllosphere. Nat. Rev. Microbiol. 10, 828–840. doi: 10.1038/nrmicro2910

Wang, G., Xu, Y., Jin, J., Liu, J., Zhang, Q., and Liu, X. (2009). Effect of soil type and soybean genotype on fungal community in soybean rhizosphere during reproductive growth stages. Plant Soil 317, 135–144. doi: 10.1007/s11104-008-9794-y

Wang, X., Yan, X., and Liao, H. (2010). Genetic improvement for phosphorus efficiency in soybean: a radical approach. Ann. Bot. 106, 215–222. doi: 10.1093/aob/mcq029

Wieland, G., Neumann, R., and Backhaus, H. (2001). Variation of microbial communities in soil, rhizosphere, and rhizoplane in response to crop species, soil type, and crop development. Appl. Environ. Microbiol. 67, 5849–5854. doi: 10.1128/aem.67.12.5849-5854.2001

Yang, S. Y., Grønlund, M., Jakobsen, I., Grotemeyer, M. S., Rentsch, D., Miyao, A., et al. (2012). Nonredundant regulation of rice arbuscular mycorrhizal symbiosis by two members of the phosphate transporter1 gene family. Plant Cell 24, 4236–4251. doi: 10.1105/tpc.112.104901

Yang, Y., Zhao, Q., Li, X., Ai, W., Liu, D., Qi, W., et al. (2017). Characterization of genetic basis on synergistic interactions between root architecture and biological nitrogen fixation in soybean. Front. Plant Sci. 8:1466. doi: 10.3389/fpls.2017.01466

Zhalnina, K., Louie, K. B., Hao, Z., Mansoori, N., da Rocha, U. N., Shi, S., et al. (2018). Dynamic root exudate chemistry and microbial substrate preferences drive patterns in rhizosphere microbial community assembly. Nat. Microbiol. 3, 470–480. doi: 10.1038/s41564-018-0129-3

Zhong, Y., Yang, Y., Liu, P., Xu, R., Rensing, C., Fu, X., et al. (2019). Genotype and rhizobium inoculation modulate the assembly of soybean rhizobacterial communities. Plant Cell Environ. 42, 2028–2044. doi: 10.1111/pce.13519

Zimudzi, J., van der Waals, J. E., Coutinho, T. A., Cowan, D. A., and Valverde, A. (2018). Temporal shifts of fungal communities in the rhizosphere and on tubers in potato fields. Fungal Biol. 122, 928–934. doi: 10.1016/j.funbio.2018.05.008


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.

Copyright © 2020 Xu, Yang, Tian, Xu, Zhong and Liao. 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.











	 
	ORIGINAL RESEARCH
published: 22 January 2020
doi: 10.3389/fmicb.2019.03112





[image: image]

The Endophyte Pantoea alhagi NX-11 Alleviates Salt Stress Damage to Rice Seedlings by Secreting Exopolysaccharides
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Endophytes have the potential to enhance the ability of plants to resist salt stress, improving crop development and yield. Therefore, in this study, we isolated an endophyte that produced large amounts of exopolysaccharides (EPSs) from the roots of sea rice and examined its effects on the physiological responses of rice (Oryza sativa L. ssp. japonica “Nipponbare”) seedlings to salt stress using hydroponic experiments. The endophyte was named Pantoea alhagi NX-11 based on its morphological characteristics and 16S ribosomal DNA (rDNA) sequence alignment. Rice seedlings that had been inoculated with P. alhagi NX-11 exhibited a 30.3% increase in fresh weight, a 28.6% increase in root length, a 51.6% increase in shoot length, and a 26.3% increase in chlorophyll content compared with control seedlings under normal conditions. In addition, inoculated rice seedlings had a 37.5% lower malondialdehyde content, a 133% higher K+/Na+ ratio, and a 52.8% higher proline content after 7 days under salt stress, as well as up-regulated expression of proline synthase, down-regulated expression of proline dehydrogenase, and enhanced antioxidant enzyme activities. Interestingly, rice seedlings that were inoculated with an EPS-deficient strain named NX-11eps– that was obtained by atmospheric and room temperature plasma (ARTP) mutagenesis were damaged by salt stress and had similar physiological and biochemical indicators to the control group. Therefore, we speculate that the ability of P. alhagi NX-11 to enhance the salt tolerance of rice seedlings is related to the EPSs it produces.

Keywords: endophyte, Pantoea alhagi, exopolysaccharides, salt stress amelioration, rice


INTRODUCTION

In modern agricultural production, soil salinization is a common abiotic stress that reduces crop growth and yield. Approximately 20% of the total arable land worldwide has been eroded by salt damage to some degree, and the area of salinized soil is continuing to increase at a rate of 10% per year, with current estimates that more than half of the world’s arable land will be affected by salinization by 2050 (Shrivastava and Kumar, 2015). Therefore, improvement of the salt tolerance of crops is of great importance. Plant growth-promoting bacteria (PGPBs) attach to the roots of plants or enter plant tissues and affect their physiological state, particularly under abiotic or biotic stress conditions, and so can enhance the tolerance of plants to salt stress and reduce salt-induced damage in plant cells. Therefore, the use of PGPBs is considered an environmentally friendly and cost-effective strategy for promoting the growth of plants under salt stress (Nadeem et al., 2014; Li et al., 2017).

Among the various PGPBs that are available, endophytes have attracted much attention due to their unique ecological status. Endophytes can promote plant growth through their interactions with the host plant and are considered more suitable than soil microorganisms because they can interact with the host more directly and exhibit better responses to environmental change (Rosenblueth and Martínez-Romero, 2006). Many endophyte strains have been shown to have remarkable effects on the ability of plants to resist salt stress (Hamilton et al., 2012). However, the mechanism by which they do so is not yet fully understood because it is not easy to monitor the physiological state of endophytes in situ and their metabolites have complex effects on the host.

Over the past 20 years, many studies have investigated endophytic bacteria, particularly those in the rhizosphere. These microorganisms, which include species in the genera Rhizobium, Bacillus, Pseudomonas, Pantoea, Paenibacillus, Burkholderia, Achromobacter, Azospirillum, Microbacterium, Methylobacterium, Variovorax, and Enterobacter, increase the tolerance of their host plants to salt and other abiotic stresses (Grover et al., 2011). Based on the different characteristics of these endophytes, particularly the secretions they produce, researchers have proposed some widely recognized modes of action that assist the host in tolerating salt. For instance, Egamberdieva (2009) found that some endophytes produce the auxin indoleacetic acid (IAA), which directly stimulates the growth of host plants and enhances salt tolerance, while Stajner et al. (1997) showed that some endophytes can also secrete antioxidants, such as catalase, promote the accumulation of abscisic acid, and degrade reactive oxygen species (ROS) in plants, thereby alleviating the oxidative damage caused by salt stress. Ashraf et al. (2004) further showed that the inoculation of plants with endophytes that secrete exopolysaccharides (EPSs) could reduce Na+ absorption under salt stress, decreasing its toxic effects, and further stated that this is related to the polyanionic property of EPSs, which makes them capable of binding to cations. However, the effects of endophytes with growth-promoting and salt resistance effects result from a combination of factors and multiple mechanisms, potentially including novel modes of action that have not yet been discovered. Consequently, the analysis of new modes of action for endophytes that improve the host’s ability to resist stress is the focus of current research (Reinholdhurek and Hurek, 2011).

Here, we report for the first time on the effect of the endophyte Pantoea alhagi NX-11 in enhancing salt tolerance in rice (Oryza sativa L. ssp. japonica “Nipponbare”) seedlings. We also investigated the mechanism by which NX-11 enhances salt stress resistance in rice seedlings by evaluating its effects on the growth of rice seedlings under simulated salt stress and measuring various physiological indexes and the expressions of related genes.



MATERIALS AND METHODS


Characteristics of Strain NX-11

An endophyte named NX-11 was isolated from the rhizosphere soil of sea rice on a beach in Lianyungang, Jiangsu Province, China, using a halophilic medium and following the method of Rajput et al. (2013). The characteristics of strain NX-11 were examined with reference to Bergey’s Manual of Systematic Bacteriology (Kreig et al., 1989). Genomic DNA was extracted using a genomic DNA purification kit and utilized as a template for polymerase chain reaction (PCR) amplification of the 16S ribosomal DNA (rDNA) gene using the general bacterial primers 27F (5′-AGAGTTTGATCMTGGCTCAG-3′) and 1492R (5′-TACGGYTACCTTGTTACGACTT-3′). The PCR was performed in 50 μL of reaction mixture containing Taq mix (25 μL), primer 27F (10 nM, 2 μL), primer 1492R (10 nM, 2 μL), DNA template (25 μL), and distilled deionized water (dd-H2O; 19 μL). The PCR conditions were as follows: initial denaturation at 94°C for 5 min; 30 cycles at 94°C for 30 s, 50°C for 30 s, and 72°C for 90 s; and a final elongation at 72°C for 10 min. The PCR products were purified and sequenced with GenScript (Nanjing, China), and the obtained sequences were analyzed using the nucleotide module of the Basic Local Alignment Search Tool (BLASTN) on the National Center for Biotechnology Information (NCBI) website.



Culture Conditions for NX-11

Strain NX-11 was incubated in seed medium containing 1% peptone, 0.5% NaCl, and 0.3% beef extract at 37°C with shaking at 200 rpm for approximately 24 h until the logarithmic phase was reached (5 × 108 cells mL–1). A 3-mL aliquot was then transferred to a 250-mL flask containing 50 mL of fermentation medium consisting of 4% sucrose, 0.5% peptone, 0.5% NaCl, and 0.3% beef extract and fermentation was carried out on a rotary shaker at 200 rpm and 30°C for 48 h. The culture broth was centrifuged at 4,000 g and 4°C for 10 min to separate the cells from the supernatant, and the cells were washed at least three times with double sterile water. The cell suspensions were then used for plant inoculation.



Plant Inoculation and NaCl Treatment

Rice seeds (O. sativa ssp. japonica “Nipponbare”) that had been provided by the Jiangsu Academy of Agricultural Sciences (Nanjing, China) were surface sterilized with 2.5% sodium hypochlorite for 20 min and rinsed with sterile water three times. The seeds were then germinated at 22°C in the dark, following which they were transferred to half-strength modified Hoagland solution (Lei et al., 2015). After 1 week of hydroponic growth, the rice seedlings were randomly divided into four groups: CK, which was an uninoculated control group; NaCl, which was an uninoculated group that was treated with a hydroponic solution containing 100 mM NaCl after 1 week; NX-11, which was inoculated with a hydroponic suspension of NX-11 containing 108 cells mL–1; and NX-11 + NaCL, which was inoculated with NX-11 and treated with NaCl after 1 week. Following treatment, the plants were cultured for a further week. Leaf and root samples were then harvested each day during the third week of culturing for evaluation. The hydroponic solution was replenished every 2 days during the culture period.

The attachment of NX-11 to the roots of the rice seedlings was observed by scanning electron microscopy (SEM). The samples that had been treated with NaCl were first washed in sterilized water to remove any hydroponic particles. The samples from NaCl treatment groups were then fixed with 2% glutaraldehyde in 0.1 M phosphate-buffered saline (PBS; pH 7.2) at 4°C for 4 h, following which they were washed with PBS three times for 15 min each. The samples were then post-fixed with 1% OsO4 in 0.2 M PBS (pH 7.2) at room temperature for 4 h and dehydrated through a graded ethanol series (20, 40, 60, 80, and 100% ethanol) for 15 min. Residual ethanol in the samples was replaced with isoamyl acetate through incubation for 1 h (Dastager et al., 2010), and the samples were sputter coated. The colonization patterns of the endophytes on the surface of the roots were then observed under an S4800 scanning electron microscope (Hitachi, Tokyo, Japan) operating at 10 kV.



Measurement of Plant Growth and Physiological Indexes


The Chlorophyll Contents

The chlorophyll contents of the leaves of the rice plants were determined following the method of Lei et al. (2015) with some modifications. Briefly, leaves [0.5 g fresh weight (FW)] were cut into disks and bleached with 50 mL of 80% (v/v) aqueous acetone solution in the dark at room temperature for 48 h. The suspension was then centrifuged at 10,000 g for 5 min and the absorbance of the supernatant was measured at 645 and 663 nm. The chlorophyll content (CChl) was then calculated using the formula:
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The Na+ and K+ Contents

The Na+ and K+ contents of the shoots of the rice plants were determined following the method of Wangsawang et al. (2018) with some modifications. Briefly, shoots (0.5 g FW) were incubated in 1 M HCl for 1 day and the resulting extract was measured with a flame spectrophotometer (ANA-135; Tokyo Photoelectric, Tokyo, Japan). The ion contents of each sample were then estimated using Na+ and K+ standard curves.



The Malondialdehyde (MDA) Content

The malondialdehyde (MDA) content of the shoots of the rice plants was determined following the method of Del Buono et al. (2011) with some modifications. Briefly, shoots (0.5 g FW) were ground in 5% (w/v) trichloroacetic acid (TCA) and the resulting homogenate was centrifuged at 12,000 g for 15 min. The supernatant was then mixed with 5 mL of 0.5% thiobarbituric acid (prepared with 20% TCA), the mixture was incubated in boiling water for 25 min, and the reaction liquid was cooled to room temperature and centrifuged at 7,500 g for 5 min. The absorbance of the supernatant was then measured at 450, 532, and 600 nm, and the MDA content (CMDA) was calculated using the formula:
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Where A532 is the maximal absorbance of the MDA–TBA complex, A600 is the minimal absorbance of the MDA–TBA complex, and A450 is the error led by sucrose. The MDA content was then expressed as nmol g–1 FW.



The Proline Contents

The proline contents of the shoots of the rice seedlings were determined following the method of Bates et al. (1973) with some modifications. Shoots (0.5 g FW) were cut into pieces and placed in a test tube, and 5 mL of 3% sulfosalicylic acid was then added to the tube. The tube was incubated in boiling water for 10 min, and approximately 2 mL of the supernatant was mixed with 2 mL of acetic acid and 3 mL of 2.5% ninhydrin. Following this, the mixture was incubated again in boiling water for 40 min and then extracted with 4 mL of methylbenzene. The absorbance of the extract was measured at a wavelength of 520 nm and the proline content was calculated based on the linear relationship between the absorbance at 520 nm and the proline content.



Antioxidant Enzyme Assay

Crude enzyme was extracted from the shoots of the rice seedlings following the method of Abedi and Pakniyat (2018). Briefly, shoots (0.5 g FW) were homogenized in 1.5 mL of pre-chilled Tris–HCl buffer (pH 7.5) containing 5% sucrose and 0.1% mercaptoethanol, and the homogenate was centrifuged at 10,000 g and 4°C for 20 min. The resulting supernatant was used as a crude enzyme extract to determine the activities of superoxide dismutase [SOD; Enzyme Commission (EC) 1.15.1.1], chloramphenicol acetyltransferase (CAT; EC 1.11.1.6), and peroxidase (POD; EC 1.11.1.7). In addition, the protein content was determined using Bradford’s method and was considered when calculating the enzyme activities.

Superoxide dismutase activity was determined following the method of Abedi and Pakniyat (2018). The reaction system contained 1.5 mL of 0.05 M phosphate buffer, 0.3 mL of 130 mM methionine solution, 0.3 mL of 750 μM nitroblue tetrazolium (NBT) solution, 0.3 mL of 100 μM ethylenediaminetetraacetic acid (EDTA)-Na2 solution, 0.3 mL of 20 μM lactochrome solution, 0.5 mL of distilled water, and 0.1 mL of crude enzyme extract. The reaction was started and maintained under a light intensity of 4000 lx for 20 min. In addition, a reaction in which the crude enzyme extract was replaced with phosphate buffer and maintained under the same light intensity for 20 min was used as a control and another reaction that contained phosphate buffer but was incubated in the dark for 20 min was used as a blank. At the end of the reaction, the absorbance was measured at 560 nm. One unit of SOD activity was defined as the amount of enzyme that inhibited NBT reduction by 50%, and SOD activity was expressed as units mg–1 protein.

Chloramphenicol acetyltransferase activity was determined following the method of Abedi and Pakniyat (2018). The reaction system contained 0.1 mL of 2% H2O2 and 2 mL of 50 mM phosphate buffer (pH 7.0), and the reaction was started by adding 0.1 mL of crude enzyme extract. At the end of the reaction, the absorbance was measured at 240 nm. CAT activity was defined as the decrease in H2O2 per min and was expressed as nmol min–1 mg–1 protein.

Peroxidase activity was determined following the method of Zhou and Leul (1998). The reaction system contained 2.9 mL of 0.05 M phosphate buffer, 0.5 mL of 2% H2O2, 0.1 mL of 2% guaiacol, and 0.1 mL of crude enzyme extract. At the end of the reaction, the absorbance was measured at 470 nm. POD activity was defined as the amount of guaiacol oxidized per minute and was expressed as nmol min–1 mg–1 protein.



Quantitative Reverse Transcription PCR (qRT-PCR)

Mitochondrial RNA (mRNA) was extracted from the rice seedlings with the RNAiso Plus Kit (TaKaRa Bio, Inc., Shiga, Japan) and was reverse transcribed using the PrimeScript RT Master Mix Kit (TaKaRa Bio, Inc.) according to the manufacturer’s instructions. RT-PCR was then conducted on a StepOnePlusTM system (Applied Biosystems, Foster City, CA, United States) using SYBR Premix Ex TaqTM II (TaKaRa Bio, Inc., Shiga, Japan). Each reaction contained 10 μL of 2× SYBR® Premix Ex TaqII, 0.8 μL of 10 mM forward primer, 0.8 (μL of 10 mM reverse primer, 0.4 μL of 50 × ROX reference dye, 2.0 (μL of complementary DNA (cDNA), and 6.0 μL of sterilized distilled water, and the following two-step reaction procedure was undertaken: stage 1, 95°C for 30 s; stage 2, 95°C for 5 s, and 60°C for 30 s for 40 cycles. The relative changes in gene expression were calculated with the 2–ΔΔCT method (Winer et al., 1999), using actin as a reference gene (Xue et al., 2009) and setting the relative transcript level of each gene on day 1 (i.e., the mean value at the time of salt treatment) to 1. The primers used in this study were designed using the Primer Premier 5.0 software (Premier Biosoft Intl., Palo Alto, CA, United States) and were validated by PCR using cDNA as a template before being used for qRT-PCR. The sequences of these primers are shown in Supplementary Table S1.



Extraction and Fourier Transform Infrared (FTIR) Analysis of the Crude EPSs

The NX-11 culture broth was diluted three-fold with ultra-pure water, mixed with diatomite, and filtered by vacuum filtration. The filtrate was then concentrated to one-fifth of the initial volume and the concentrated supernatant was deproteinated three times using Sevage reagent (isoamyl alcohol:chloroform = 1:4, v/v). Before collection, the crude EPSs were precipitated with ethanol (1:4, v/v) at 4°C overnight and the yield was determined after lyophilization. The organic functional groups in the EPSs were evaluated by blending 2 mg of EPS powder with 200 mg of KBr powder and pressing it into a transparent pellet. FTIR spectroscopy was then performed with a Tensor27 spectrometer (Bruker, Germany) in the frequency range of 4000–400 cm–1.



Acquisition of an EPS-Deficient Strain by Atmospheric and Room Temperature Plasma (ARTP) Mutagenesis

An EPS-deficient strain of NX-11 named NX-11eps– was bred through ARTP mutagenesis according to the method of Cao et al. (2017) with some modifications. Briefly, 15 μL of NX-11 culture (1 × 107 cells mL–1) was coated on a stainless-steel minidisc that was then placed in an ARTP breeding machine (Wuxi TMAXTREE Biotechnology Co., Ltd., Wuxi, China). The settings of the ARTP system were as follows: (1) radio-frequency power, 100 W; (2) treatment distance between the sample plate and the plasma torch nozzle exit, 2 mm; (3) helium gas flow rate, 10 standard liters per minute; and (4) treatment time, 30 s. After the ARTP treatment, the NX-11 cells were suspended in 1 mL of lysogeny broth liquid medium, spread on solid fermentation plates, and incubated at 30°C for 48 h. Any colonies that developed with small radii compared with NX-11 were then picked as mutants and transferred into a new fermentation liquid medium, in which they were incubated at 30°C and 200 rpm for a further 2 days. The yield of EPSs was then determined following the method of Zhu et al. (2019) and the strain with the lowest EPS yield was named NX-11eps–. A secondary metabolite analysis of NX-11 and NX-11eps– was then performed according to Khaled et al. (2019) with some modifications (Supplementary Methods “UPLC-MS Analysis of NX-11 and NX-11eps–”).



Comparison of the Effects of NX-11eps– and NX-11 on the Salt Tolerance of Plants

Rice seeds were sterilized and rice seedlings were grown under the same conditions as outlined in section “Plant Inoculation and NaCl Treatment” with some modifications. After 1 week of hydroponic growth, the seedlings were randomly divided into the following three groups: NaCl-1, which was an uninoculated control group; NX-11 + NaCl-1, which was inoculated with a hydroponic suspension containing 108 cells mL–1 of strain NX-11; and NX-11eps– + NaCl, which was inoculated with a hydroponic suspension containing 108 cells mL–1 of the mutant NX-11eps–. After 1 week of cultivation, the seedlings in all three groups were treated with a hydroponic solution containing 100 mM NaCl and the attachment of NX-11eps– to the roots of the rice seedlings under the NaCl treatment was observed by SEM. During the third week of culture, samples were collected from each seedling and the root length, shoot length, FW, Na+, and K+ contents, MDA content, proline content, and SOD, POD, and CAT activities were measured.



Statistical Analysis

All experiments were performed in triplicate and the results are presented as means ±standard errors (SE). Data were analyzed by analysis of variance, followed by Duncan’s multiple range test using SPSS software v.17.0 (SPSS, Chicago, IL, United States) and a significance level of P < 0.05.



RESULTS


Identification of Pantoea alhagi NX-11

The endophyte NX-11, which was isolated from sea rice growing on a beach in Lianyungang, Jiangsu Province, China, was found to be a gram-negative, rod-shaped bacterium that had a moist, smooth surface and secreted a large amount of a viscous polymer when grown in fermentation medium (Supplementary Figures S1A,B). BLAST analysis revealed that the 16S rDNA gene sequence of NX-11 showed the highest identity (100%) with P. alhagi LYTR-11Z (Supplementary Figure S1C). Therefore, based on its morphology, physiochemical characteristics, and 16S rDNA sequence (GenBank accession number: MN736635), strain NX-11 was named P. alhagi NX-11. NX-11 has been deposited in the China General Microbiological Culture Collection Center (CGMCC NO: 15525).



Pantoea alhagi NX-11 Enhances the Growth of Rice Seedlings Under Salt Stress

Scanning electron microscopy observation showed that there were no bacteria on the root surface of plants in the NaCl group (Figure 1A) whereas a number of bacteria were present on the root surface of plants in the NX-11 + NaCl group (Figure 1B).
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FIGURE 1. Scanning electron micrographs of the roots of rice (Oryza sativa ssp. japonica “Nipponbare”) seedlings under salt stress. (A) Uninoculated rice seedlings. (B) Rice seedlings inoculated with Pantoea alhagi NX-11. (C) Rice seedlings inoculated with P. alhagi NX-11eps–.


Differences were observed in the phenotypes of plants in the four treatment groups under both normal and salt stress conditions (Figure 2). Rice seedlings in the NX-11 group that had been inoculated with P. alhagi NX-11 grew better than uninoculated seedlings in the CK group under normal conditions (0 mM NaCl), exhibiting a 30.3% higher FW, a 28.6% greater root length, a 51.6% greater shoot length, and a 26.3% higher chlorophyll content (Table 1). Following exposure to salt stress for 1 week, uninoculated rice seedlings in the NaCl group exhibited reduced growth and increased leaf chlorosis, whereas inoculated plants in the NX-11 + NaCl group grew normally in the presence of NaCl, exhibiting a 32.6% higher FW, a 30.6% greater root length, a 26.4% greater shoot length, and a 42.5% higher chlorophyll content than seedlings in the NaCl group (Table 1). Together, these findings indicate that P. alhagi NX-11 promotes the growth and enhances the salt tolerance of rice seedlings.


TABLE 1. The fresh weight, root length, shoot length, and chlorophyll content in rice seedlings inoculated with Pantoea alhagi NX-11 and without under normal conditions and salt stress for 7 daysa.
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FIGURE 2. Phenotypes of rice (Oryza sativa ssp. japonica “Nipponbare”) seedlings inoculated with Pantoea alhagi NX-11 (NX-11 and NX-11 + NaCl) and left uninoculated (CK and NaCl) under normal (CK and NX-11) and salt stress (NaCl and NX-11 + NaCl) conditions.




Pantoea alhagi NX-11 Improves the K+/Na+ Ratio in the Shoots of Rice Seedlings Under Salt Stress

Seedlings in the NX-11 group had a higher K+/Na+ ratio in the shoots than those in the CK group under normal conditions (Figure 3). Salt treatment rapidly decreased the K+/Na+ ratio, resulting in this being approximately five times lower in seedlings in the NaCl group than in those in the CK group and approximately three times lower in seedlings in the NX-11-NaCl group compared with those in the NX-11 group after 7 days of treatment. However, interestingly, the K+/Na+ ratio was 133% higher in seedlings in the NX-11+NaCl group than in seedlings in the NaCl group after 7 days of salt treatment.
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FIGURE 3. K+/Na+ ratios in rice (Oryza sativa ssp. japonica “Nipponbare”) seedlings inoculated with Pantoea alhagi NX-11 (NX-11 and NX-11 + NaCl) and left uninoculated (CK and NaCl) under normal (CK and NX-11) and salt stress (NaCl and NX-11 + NaCl) conditions. Values are the means ±SE of three replicates. Different letters indicate significant differences at P < 0.05.




Pantoea alhagi NX-11 Inhibits the Generation of MDA and Improves the Activities of Antioxidant Enzymes in Rice Seedlings Under Salt Stress

Malondialdehyde is the main product of membrane lipid peroxidation, which is closely related to abiotic stress in plants (Miller et al., 2010). Seedlings in the CK and NX-11 groups contained low levels of MDA, with no significant difference between the two groups (Figure 4A). Salt stress had a huge impact on the MDA content, which was almost eight-fold higher in the NaCl group than in the CK group and was also much higher in the NX-11 + NaCl group than in the NX-11 group. However, the MDA content of the seedlings in the NX-11+NaCl group was significantly lower than that of seedlings in the NaCl group throughout the cultivation period and was 37.5% lower on day 7.
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FIGURE 4. Changes in the malondialdehyde (MDA) content and antioxidant enzyme activities in rice (Oryza sativa ssp. japonica “Nipponbare”) seedlings inoculated with Pantoea alhagi NX-11 (NX-11 and NX-11 + NaCl) and left uninoculated (CK and NaCl) under normal (CK and NX-11) and salt stress (NaCl and NX-11 + NaCl) conditions. (A) Changes in the MDA content from the first to seventh days of cultivation under normal and salt stress conditions. (B) Comparison of the chloramphenicol acetyltransferase (CAT) activities on the first and seventh days of treatment. (C) Comparison of the superoxide dismutase (SOD) activities on the first and seventh days of treatment. (D) Comparison of the peroxidase (POD) activities on the first and seventh days of treatment. Values are the means ±SE of three replicates. Different letters indicate significant differences at P < 0.05.


The activities of CAT, SOD, and POD showed similar trends in seedlings in the CK and NX-11 groups, with no significant differences between the two groups (Figures 4B–D). The activities of all three of these antioxidant enzymes increased rapidly under salt stress and were consistently higher in plants grown under salt stress (100 mM NaCl) than in plants that were cultivated without salt (0 mM NaCl). Furthermore, the activities of all three enzymes were higher in seedlings in the NX-11+NaCl group than in those in the NaCl group (Figures 4B–D), showing that P. alhagi NX-11 can increase the antioxidant capacity of rice seedlings.



Pantoea alhagi NX-11 Increases the Accumulation of Proline and the Expression of Proline Synthetases but Decreases the Expression of Proline Dehydrogenase

Under normal conditions, inoculated seedlings in the NX-11 group had a higher proline content than uninoculated seedlings in the CK group (Figure 5A). Under salt stress, the proline content of the rice seedlings increased sharply, with the proline content of uninoculated plants in the NaCl group being 2.3 times higher than that of seedlings in the CK group after 7 days of salt treatment. This difference was even greater in plants that had been inoculated with NX-11, with seedlings in the NX-11 + NaCl group showing a 3.5-fold higher proline content than those in the NX-11 group and a 52.8% higher proline content compared with uninoculated seedlings in the NaCl group after 7 days of salt treatment.
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FIGURE 5. Changes in the proline contents and metabolic gene expression levels in rice (Oryza sativa ssp. japonica “Nipponbare”) seedlings inoculated with Pantoea alhagi NX-11 (NX-11 and NX-11 + NaCl) and left uninoculated (CK and NaCl) under normal (CK and NX-11) and salt stress (NaCl and NX-11 + NaCl) conditions. (A) Changes in the proline content on the first and seventh days of treatment. (B) Comparison of the OsP5CS expression levels on the first and seventh days of treatment. (C) Comparison of the OsP5CR expression levels on the first and seventh days of treatment. (D) Comparison of the OsP5CDH expression levels on the first and seventh days of treatment. Values are the means ±SE of three replicates. Different letters indicate significant differences at P < 0.05.


Under normal conditions, uninoculated seedlings in the NX-11 group had up-regulated expression levels of OsP5CS and OsP5CR, which are key genes in proline synthesis, and a down-regulated expression level of OsP5CDH, which is a key gene in proline metabolism, compared with uninoculated seedlings in the CK group. Under salt stress, there was a significant increase in the expression levels of OsP5CS and OsP5CR and a significant decrease in the expression level of OsP5CDH (Figures 5B–D), and this was enhanced by inoculation with P. alhagi NX-11, with seedlings in the NX-11 + NaCl group exhibiting up-regulated transcript levels of OsP5CS and OsP5CR and down-regulated transcript levels of OsP5CDH compared with those in the NaCl group.



FTIR Analysis of the Crude EPSs

The polymer produced by P. alhagi NX-11 was extracted by filtration, deproteinized, and lyophilized, and the functional groups were then analyzed by FTIR (Figure 6A). A broad, highly intense peak was observed at 3367 cm–1, which corresponded to the stretching vibration of O-H bonds, while the absorption at 2937 cm–1 could be attributed to C-H stretching of CH2 or CH3 groups. The relatively strong peak at 1657 cm–1 indicated the characteristic stretching vibration of the C-O bond (Zhang et al., 2016), and the absorption band at 1407 cm–1 was assigned to the bending vibration of the C-H bond. The peak that was observed in the range of 1160–1020 cm–1 was related to the presence of C-O-C and C-O-H. Finally, the absorption at 925 cm–1 indicated the amount of D-glucopyranosyl (Zhu et al., 2019). These results confirmed that the polymer was an EPS.


[image: image]

FIGURE 6. Characteristics of the exopolysaccharide (EPS) secreted by Pantoea alhagi NX-11. (A) Fourier transform infrared (FTIR) analysis of crude EPS. (B) Quantification of crude EPS in NX-11 and NX-11eps–. Values are the means ±SE of three replicates. Different letters indicate significant differences at P < 0.05.




Characteristics of the EPS-Deficient Strain NX-11eps– Obtained by ARTP Mutagenesis

The EPSs produced by the wild type (NX-11) and mutant (NX-11eps–) strains were extracted from the culture broth after removing the bacteria, proteins, and water through lyophilization. NX-11eps– produced significantly smaller amounts of EPSs than NX-11 (yield = 0.8 g L–1 vs. 12.7 g L–1, respectively) (Figure 6B). Therefore, NX-11eps– was selected as the low EPS yield strain and used in subsequent experiments.

Ultra-performance liquid chromatography-mass spectrometry (UPLC-MS) analysis showed that the composition of the secondary metabolites was consistent between NX-11 and NX-11eps– but the ratio of several substances differed between the two strains (Supplementary Figure S2).



NX-11eps– Is Unable to Enhance the Salt Tolerance of Rice Seedling

Inoculated rice seedlings in the NX-11eps– (+NaCl group exhibited a similar reduction in growth and increased level of leaf chlorosis to uninoculated seedlings in the NaCl-1 group under salt stress, while the seedlings in the NX-11 + NaCl-1 group grew much better than those in the other groups (Figure 7A). It was also found that significantly fewer NX-11eps– bacteria adhered to the rice roots than NX-11 bacteria (Figure 1C). Rice seedlings in the NX-11-NaCl-1 group also had significantly higher K+/Na+ ratios, proline contents, and SOD, POD, and CAT activities and significantly lower MDA contents than those in the NaCl-1 and NX-11eps– + NaCl groups, which did not significantly differ from each other (Figure 7). Together, these results indicate that the high yield EPS-producing strain NX-11 could enhance the salt tolerance of rice seedlings while the EPS-deficient strain NX-11eps– could not.
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FIGURE 7. Differences between the inoculated (NX-11 + NaCl-1 and NX-11eps– + NaCl) and uninoculated (CK) rice (Oryza sativa ssp. japonica “Nipponbare”) seedlings under salt stress. (A) Comparisons of the fresh weight, root length, shoot length, and total chlorophyll content on the seventh day of treatment. (B) Comparisons of the K+/Na+ ratio, proline content, and malondialdehyde (MDA) content on the seventh day of treatment. (C) Comparisons of the chloramphenicol acetyltransferase (CAT), superoxide dismutase (SOD), and peroxidase (POD) activities on the seventh day of treatment. Values are the means ±SE of three replicates. Different letters indicate significant differences at P < 0.05.




DISCUSSION

Sea rice has a relatively high tolerance to salt, allowing it to maintain a high grain yield under the high salt levels that are encountered on a beach (Yang et al., 2016). However, salt stress impairs the normal physiological, morphological, and biochemical processes of non-halophytes, reducing their growth (Shrivastava and Kumar, 2015). It has been shown that the detrimental effects of salt stress can be effectively alleviated by microbe–plant symbioses, which improve the growth conditions of plants (Porcel et al., 2012). Therefore, increasing numbers of studies are investigating whether endophytes or rhizosphere microorganisms derived from halophytes can enhance the salt resistance of crops and are elucidating their mechanisms of action.

Many studies have shown that the small molecules that are secreted by PGPBs, such as gibberellins, IAA, siderophores, and 1-aminocyclopropane-1-carboxylate (ACC) deaminase, play a role in facilitating plant tolerance to various abiotic stresses (Waqas et al., 2012). In particular, it has been reported that the enhancement of plant stress resistance by PGPBs is related to the secretion of ACC deaminase (Blaha et al., 2006; Barnawal et al., 2012). Salt stress can cause a rapid increase in the ethylene content of plants which, in turn, inhibits their growth (Morgan and Drew, 2010). However, the ACC deaminase that is produced by endophytes can degrade ACC, which is a precursor of ethylene, thereby reducing the ethylene concentration in plants and the adverse effects of excess ethylene on plants and enhancing stress tolerance (Gamalero and Glick, 2012). Based on the results of the BLAST search of the NCBI database and PCR analysis, we predict that P. alhagi NX-11 does not secrete ACC deaminase (data not shown), indicating that unlike the bacteria examined in previous studies, NX-11 enhances the salt tolerance of rice via an ACC deaminase-independent mechanism. Interestingly, a large number of the researchers who have proposed that extracellular polymers of PGPBs also play a crucial role in alleviating abiotic stress in plants have focused on polysaccharides and gamma-polyglutamic acid (Livingston et al., 2009; Lei et al., 2017). Here we found that NX-11 secretes large amounts of EPSs (Figure 6B), which benefit the host plants.

Based on the morphological characteristics of NX-11 and phylogenetic analysis of sequences of the 16S region using the neighbor-joining method, we identified this endophyte as P. alhagi (Supplementary Figure S1). The genus Pantoea is closely related to Erwinia (Brady et al., 2008; Supplementary Figure S1C). The first member of Pantoea was classified in 1988 and mistaken for Bacillus agglomerans (Beijerinck, 1888), and in 1989 Gavini et al. recognized that Erwinia herbicola, Erwinia milletiae, and Enterobacter agglomerans were also synonymous, leading to the transfer of these three groups to the proposed name Pantoea agglomerans (Beijerinck, 1888; Beji et al., 1988). Since then, the number of species in the genus Pantoea has increased to more than 20 (Walterson and Stavrinides, 2015), some of which have been shown to possess plant growth-promoting capabilities and consequently have been explored for their potential application in agriculture.

To investigate the ability of the PGPB P. alhagi NX-11 to promote and enhance salt tolerance in rice seedlings, we conducted hydroponic experiments in which 100 mM NaCl was added to simulate salt stress. These showed that inoculation with P. alhagi NX-11 increased the K+/Na+ ratio and proline content and reduced the MDA content of rice seedlings, counteracting the negative effects of salt stress. Similarly, previous studies have demonstrated that PGPBs can alleviate the damage caused by salt stress in other crops, such as soybean (Glycine max) and sunflower (Helianthus spp.) (Tewari and Arora, 2014; Lubna et al., 2018). By contrast, the EPS-deficient strain NX-11eps–, which was obtained through ARTP mutagenesis, did not exhibit the same ability to alleviate salt stress in rice seedlings and had similar physiological and biochemical indicators to uninoculated seedlings in the control group. UPLC-MS analysis showed that NX-11eps– had a similar composition of secondary metabolites to the wild type NX-11 (Figure 6), although there were slight differences in content (Supplementary Figure S2), demonstrating that the absence of EPS production was the main difference between these two strains. Therefore, we speculate that EPSs play a crucial role in alleviating salt tolerance in crops.

Exopolysaccharides are the main components of the extracellular matrices of microorganisms and so are widely present in PGPBs and affect the growth of crops in many ways. Many studies have shown that PGPBs produce viscous extracellular secretions, such as EPSs, to increase their ability to attach to the rhizosphere of plants. Similarly, we found that P. alhagi NX-11 could effectively adhere to the roots of rice seedlings under high salt conditions, whereas NX-11eps– was much less successful in doing so (Figure 1), indicating that the lack of EPSs reduced the ability of these bacteria to adsorb to the roots of plants. EPSs are also capable of maintaining a high moisture content in the rhizosphere due to their high molecular weight, which can also significantly enhance the tolerance of plants under abiotic stress (Silambarasan et al., 2019). In addition, most EPSs are acidic polysaccharides with negative charges and strong adsorption capacities for metal cations, such as Na+ and Mn2+, allowing them to remove metal ions from their host plant (Mukherjee et al., 2019). This characteristic also explains their amazing ability to mitigate the damage caused by salt stress to crops, because a low Na+ concentration or high K+/Na+ ratio is of great significance to the growth of crops. Supporting this, rice seedlings that were inoculated with P. alhagi NX-11 had a significantly higher K+/Na+ ratio under salt stress than uninoculated seedlings in the NaCl group (Figure 3), whereas rice seedlings that were inoculated with NX-11eps– exhibited a similar K+/Na+ ratio to seedlings in the control group (Figure 7B). Similarly, Ashraf et al. (2004) showed that endophytic bacteria that were capable of secreting EPSs could alleviate the damage caused by salt stress to wheat (Triticum aestivum) seedlings. Interestingly, Tewari and Arora (2014) also found that the inoculation of sunflower seeds with EPS-producing microorganisms increased the germination rate by 50% under salt stress. Thus, the inoculation of plants or seeds with EPS-producing bacteria can alleviate the damage caused by salt stress.

Salt stress causes osmotic stress, which can lead to cell dehydration. Plants usually regulate osmotic stress by actively accumulating small molecules in their cells, such as proline, monosaccharides, and free amino acids (Krishnan et al., 2008). In particular, many studies have investigated the role of proline as an osmotic regulatory molecule, which have shown that its exogenous application can enhance the growth of plants under salt stress (Yoshiba et al., 1997; Ahmed et al., 2010). In the present study, we found that P. alhagi NX-11 significantly promoted the accumulation of proline in rice seedlings under salt stress (Figure 5A). Similarly, Zou et al. (2018) found that exogenous polysaccharides increased the proline content in salt-stressed seedlings, increasing their resistance to the salt stress, and Yu et al. (2017) showed that the accumulation of water-soluble polysaccharides in Dendrobium officinale enhanced the salt tolerance of the plants by increasing the intracellular proline content.

The protective effect of proline on plants under salt stress is achieved through an increase in the activity of antioxidant enzymes and thereby the elimination of ROS (Ahmed et al., 2010). It has been well documented that salt stress can lead to high levels of ROS production in plant cells, which causes peroxidization of the lipids in the cell membrane and the production of MDA as the final oxidation product, resulting in severe oxygen toxicity in living cells (Kotchoni et al., 2006). Similarly, rice seedlings that were grown under salt stress were seriously damaged by peroxidation, the most obvious feature of which was the significant increase in MDA content that occurred compared with seedlings growing under normal conditions (Figure 4A). Zou et al. (2018) showed that exogenous polysaccharides could scavenge free radicals and protect plants against lipid peroxidation caused by ROS, though unfortunately they were unable to clarify the mechanism by which they do so. However, Mcainsh et al. (1996) found that low concentrations of H2O2, which is the most stable type of ROS in plants, do not cause damage to plants but rather can act as signal molecules, and Ortmann et al. (2006) showed that EPSs secreted by the endophyte P. agglomerans could enhance H2O2 accumulation and increase peroxidase activity in a suspension of wheat cells. Ortmann et al. (2006) also observed that wheat cells responded strongly to an EPS elicitor, suggesting that the priming mechanism may act on the intracellular defense signaling cascade. For example, it has been shown that a faster or greater activation of transcription factors triggers the expression of defense genes, enhancing the ability of plants to resist abiotic stress (Conrath et al., 2002), and similar phenomena have been reported in cell suspensions from plants such as rice, tobacco (Nicotiana tabacum), and parsley (Petroselinum crispum) (Ortmann and Moerschbacher, 2006).

In the present study, we found that rice seedlings that had been inoculated with P. alhagi NX-11 exhibited significantly higher activities of the antioxidant enzymes SOD, POD, and CAT than uninoculated seedlings on the 7th day after salt stress treatment, even though the antioxidant enzyme activities of seedlings in the NaCl group were much higher than those of seedlings growing under normal conditions (Figures 4B–D). Similar results were obtained when eggplant (Solanum melongena) was inoculated with the PGPB Pseudomonas sp. DW1 (Fu et al., 2010). The enhancement of these enzyme activities helps plants to inhibit the peroxidation of membrane proteins and lipids and to reduce the MDA content. By contrast, rice seedlings that were inoculated with NX-11eps– had similar proline and MDA contents and SOD, POD, and CAT activities to seedlings in the uninoculated group.

Together, these results indicate that the EPSs that are secreted by P. alhagi NX-11 can effectively increase the K+/Na+ ratio and remove ROS by increasing the proline content, enhancing the activities of SOD, POD, and CAT, and reducing the MDA content, alleviating the damage caused by salt stress to rice seedlings.



CONCLUSION

In this study, we isolated the endophytic bacterium P. alhagi NX-11, which produces high levels of EPSs, from the roots of sea rice and found that the inoculation of rice seedlings with this bacterium could effectively alleviate the toxicity of salt stress. Under salt stress, rice seedlings that had been inoculated with P. alhagi NX-11 had a significantly higher K+/Na+ ratio, higher proline content, and lower MDA content than uninoculated rice seedlings. However, rice seedlings that were inoculated with the EPS-deficient strain NX-11eps– were damaged by salt stress. Therefore, we speculate that the alleviation of salt stress damage was related to the EPSs secreted by P. alhagi NX-11.
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Employing mycorrhiza-defective mutants and their progenitors does not require inoculation or elimination of the resident microbial community in the experimental study of mycorrhizal soil ecology. We aimed to examine the suitability of mycorrhiza-defective rice (non-mycorrhizal, Oryza sativa L., cv. Nipponbare) and its progenitor (mycorrhizal) to evaluate nitrogen (N) loss control from paddy fields via arbuscular mycorrhizal (AM) fungi. We grew the two rice lines in soils with the full community of AM fungi and investigated root AM colonization. In the absence of AM fungi, we estimated rice N content, soil N concentration and microbial community on the basis of phospholipid fatty acids; we also quantified N loss via NH3 volatilization, N2O emission, runoff and leaching. In the presence of AM fungi, we did not find any evidence of AM colonization for non-mycorrhizal rice while mycorrhizal rice was colonized and percentage of root colonization was 17–24%. In the absence of AM fungi, the two rice lines had similar N content, soil N concentration and microbial community. Importantly, there was no significant difference in N loss via all the four pathways between mycorrhizal and non-mycorrhizal systems. This mycorrhizal/non-mycorrhizal rice pair is suitable for further research on the role of AM fungi in the control of soil N loss in paddy fields.
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INTRODUCTION

In rice production, nitrogen (N) is one of the main limiting nutrients, requiring N fertilizer application to enhance rice productivity. Currently, the amount of N fertilizers applied is intensive and excessive in China. Specifically, China produces 19% of the world’s food supply while using an amount of chemical fertilizer equivalent to 30% of the world’s annual food consumption during the last decade (West et al., 2014). However, less than 35% of N fertilizers applied can be taken up by rice in the current growing season (Cao and Yin, 2015); the rest of N is transported into surrounding water systems via runoff and leaching and also lost via N2O emission and NH3 volatilization. According to a study conducted by Chen et al. (2014), approximately 25% of N was lost from rice paddy field via runoff; 14% of N via leaching, 59% via NH3 volatilization and 2% via N2O emission. Importantly, Wang et al. (2018) reported that NH3 volatilization from paddy fields was underestimated by 33% in China. Taken together, N loss does not only lead to degradation of water systems, but it also contributes to greenhouse gas emission directly via N2O emission and indirectly via NH3 volatilization (Lam et al., 2017). Therefore, it is crucial to reduce N loss from paddy fields not only to mediate water degradation but also to cope with climate change.

Arbuscular mycorrhizal (AM) fungi, forming symbioses with more than 80% of terrestrial plants (Smith and Read, 2008), show great potential to reduce N loss from soil (Cavagnaro et al., 2015). They can cut down N loss via several pathways, such as runoff, leaching and N2O emission. In the runoff pathway, our earlier field study conducted in Northeast China suggested that inoculation with AM fungi reduced N loss via runoff, regardless of fertilizer levels (Zhang et al., 2016). For the leaching pathway, researchers reported that AM fungi were able to reduce N leaching from experimental grasslands (Köhl and van der Heijden, 2016). Aside from runoff and leaching, AM fungi were reported to remarkably reduce N2O emission from paddy field soil (Zhang et al., 2015b). Importantly, two N loss pathways (i.e., leaching and N2O emission) are cut down by AM fungi in a single experiment, without an apparent tradeoff between these two pathways (Bender et al., 2015). Therefore, AM fungi show great potential for application in the reduction of N loss from paddy fields.

Arbuscular mycorrhizal fungi are ubiquitous in soils, requiring experimental approaches to creating an AM fungal treatment and control. Several types of possible interventions for AM fungi represent a gradient of realism and degree of experimental control. One of them is intercropping/rotating with host (as treatment) and non-host plants or a fallow stage (as control) (Higo et al., 2010; Koide and Peoples, 2012). Other studies have used reduced/no tillage to create an AM fungal treatment, paired with conventional tillage for a corresponding control, where the extraradical hyphae are reduced (de Pontes et al., 2017). The disadvantage of these two intervention types, while capturing realistic scenarios, is that intercropping, crop rotation and tillage treatments might result in other changes, such as soil nutrient availability and physical structure, which leads to difficulties in attributing any effects to AM fungi. Researchers also establish their control and treatment by applying soil fumigation (An et al., 1993) or fungicides (Landry et al., 2008). These interventions, however, cause non-target effects on soil microorganisms other than AM fungi. It is clear that these experimental treatments have disadvantages for studies on N loss control from paddy fields with AM fungi.

Aside from the above intervention types, there are other strategies offering the experimental control. For example, compartments with and without access to AM hyphae are designed to investigated the role of AM fungi in N cycling (Hodge et al., 2001; Storer et al., 2017). This experimental system is appropriate to study upland ecosystems, but not for wetlands (such as paddy fields) because of possible water flow and mass flow between compartments. Inoculation after soil sterilization is another widely used intervention type (Bitterlich et al., 2018); however, this is limited to typically a few cultured AM fungal isolates, and this excludes capturing effects of the full community of indigenous AM fungi. Additionally, researchers also designed static/rotated meshed core arrays which permit the creation of mycorrhizal hypha-free soil compartments (Johnson et al., 2001). This method interrupts the growth of AM fungi in control, that is, it is not disturbance free. Therefore, it is still urgent to explore other intervention types to create AM fungal treatment and control.

Compared with all the above intervention types, using mycorrhiza-defective mutants (non-mycorrhizal) and their progenitor (mycorrhizal) are particularly advantageous to study N loss control via AM fungi (Watts-Williams and Cavagnaro, 2015). This intervention type is non-invasive, disturbance-free and captures the entire community of AM fungi. Only few pairs of mutants and their progenitors are available, such as the well-known tomato mutant rmc and its wild type 76R (Barker et al., 1998; Gao et al., 2004; Cavagnaro et al., 2012; Watts-Williams and Cavagnaro, 2014; Bowles et al., 2016) and FatM mutant lines and their wild type of Lotus japonicas (Brands et al., 2018). However, for these non-mycorrhizal/mycorrhizal pairs, data are not yet available that would permit their use in asking questions in mycorrhizal soil ecology (Rillig et al., 2008). According to Rillig et al. (2008), two conditions are necessary to make such a non-mycorrhizal/mycorrhizal pair useful: (i) in the presence of an entire AM fungi community derived from a complex inoculum source (roots, hyphae, and spores) with the full soil microbiota background, the mycorrhizal genotype (s) will not and the WT genotype will become colonized by AM fungi, and (ii) grown in the absence of AM fungi, they will exhibit similar growth parameters and will give rise to similar soil microbial communities.

The demand of such non-mycorrhizal/mycorrhizal pairs in rice is increasing to address questions related to the role of AM fungi in N loss control. Therefore, we here evaluated a non-mycorrhizal/mycorrhizal pair of rice for its suitability in addressing questions about N loss control. On the basis of the two conditions mentioned above (Rillig et al., 2008), we established our own evaluation criteria for this purpose, including:

Criterion (i): With a native AM fungal community and its soil microbiota background, the non-mycorrhizal rice will show resistance to AM fungi;

Criterion (ii): In the absence of AM fungi, mycorrhizal and non-mycorrhizal plants will have similar N content and comparable effects on soil N concentration;

Criterion (iii): In the absence of AM fungi, there is no difference in soil microbial communities between mycorrhizal and non-mycorrhizal rice;

Criterion (iv): In the absence of AM fungi, mycorrhizal and non-mycorrhizal systems will have the same pattern of N loss, via runoff, leaching, N2O emission and NH3 volatilization, thus indicating the absence of non-target effects on the processes of interest here.



MATERIALS AND METHODS


Plant Material and Soil

Two lines of rice (Oryza sativa, L. ssp. Japonica cv. Nipponbare) were used in this experiment. One is mycorrhiza-defective (here referred to as ‘non-mycorrhizal’) because its CERK1 gene required for mycorrhizal penetration and colonization, is blocked with RNA interference technology (Zhang et al., 2015a). Compared with this non-mycorrhizal line, its progenitor was able to form symbiosis with AM fungi, here referred to as ‘mycorrhizal.’

Rice seeds of the two rice lines were surface sterilized in 75% ethanol for 10 min, then thoroughly rinsed with sterile reverse osmosis water to remove any residual ethanol. Then, these seeds were kept in an incubator for 72 h at 28°C in the dark for germination. After this, they were ready to be sown.

The soil used in our study was collected from a paddy field in Changshu Agro-ecological Experimental Station, Chinese Academy of Sciences, Changshu City, Jiangsu Province, China (31°32′93′′ N, 120°41′88′′ E). We gathered 10 random soil samples (with a depth of 20 cm) from this area. After pooling and homogenization, these samples were used for soil tests. The soil texture is silt clay loam, with 13% sand, 55% silt, and 32% clay. The soil in this region contained 2.8 g kg–1 total nitrogen, 26.6 g kg–1 organic C, 0.9 g kg–1 total P and had a pH of 7.0 (soil: MiliQ water = 1:2.5) at the beginning of the experiment. AM fungi were abundant at this site, with the percentage of root colonization varying from 15 to 73% during the rice growing season (Zhang et al., 2019). The soil was air dried and passed through a 2 mm round-hole sieve.



Experiment Design

We conducted three experiments; we ran Experiment 1 and Experiment 2 to test Criterion (i): whether the non-mycorrhizal rice line show resistance to a native AM fungi community of a typical paddy field. Experiment 3 was conducted to test the remaining criteria in the absence of AM fungi, that is, whether the two rice lines have similar effects on N cycling factors.

In Experiment 1, the two rice lines were grown separately with the original soil collected without any sterilization. There were four biological replicates for each rice line. In this experiment all the propagule types, e.g., spores, hyphae and colonized root fragments, were present (Zhang et al., 2019). In this experiment, the rice was grown in soil medium without mixed with sand.

We ran Experiment 2 in the same way of Experiment 1. The only difference is that in Experiment 2, we used a soil–sand mixture to grow rice while in Experiment 1 we only used soil. Our pretest revealed that if we only use soil (without sand) to pack the experimental microcosms (see below), we could not get enough samples for the following tests even after leaching for 24 h. Therefore, soil was mixed with sand at a ratio of 40:60 (w:w) and then used to pack the microcosms in Experiment 2 and Experiment 3. The soil/sand mixture was also utilized to facilitate watering and root extraction. Our pretest showed that water filtration was quite slow when we watered the plants and it was also hard to separate roots from soil particles.

In Experiment 3, we grew the two rice lines separately with autoclaved soil. There were four biological replicates for each rice line. In this experiment, soil was autoclaved twice at 121°C for 2 h to eliminate any AM fungi. Then, it was mixed with sand at a ratio of 40:60 (w:w) (the same as in Experiment 2). To stimulate the effect of water flow on a soil surface in paddy fields, soil (not soil/sand mixture) was used for the top layer (0–5 cm). In order to reintroduce other soil microbiota after sterilization, 10 mL of a filtered wash of the non-sterilized soil was added to each unit. The filtered wash was obtained by passing soil solutions through a 10 μm nylon filter from 5 g original non-autoclaved soil (this method is sufficient to exclude any AM fungal propagules) (Rillig et al., 2008).



Experimental Microcosms

The microcosm had a plant growth unit for rice growth and devices for sampling. The plant growth unit had two parts (Figure 1A). A PVC column had a diameter of 110 mm and a depth of 300 mm and it was for rice growth. On the bottom of this column, there was a concentric reducer (diameter: 110 and 50 mm) with a cap to collect leachate. Two layers of gauze were placed inside the concentric reducer to avoid any contamination.


[image: image]

FIGURE 1. Schematic of experimental microcosms used in our experiment. (A) A plant growth unit with rice growing; (B) a plant growth unit with a leachate collecting device; (C) NH3 sampling; (D) N2O sampling; (E) a plant growth unit with an artificial rainfall generator; (F) rocking of the plant growth unit before runoff water collection.


Afterward, the plant growth units were assembled as follows: two layers of gauze were packed firstly, then 0.2 kg of washed and dried quartz sand (diameter: 2–4 mm), followed by soil–sand mixture [autoclaved soil: sand = 40:60 (w:w)]. The units were not fully filled, with the top 5 cm layer unfilled. Then, six germinated seeds were grown and covered with only soil (non-autoclaved soil in Experiment 1 and Experiment 2 but autoclaved soil in Experiment 3).

All plants were cultivated in a light growth chamber with 12 h light (5500 Lux), at 28°C during day time and 24°C at night. The plants were irrigated with 50 mL of tap water each day. After 7 days, four similar seedlings were kept for each plant growth unit. Therefore, there were 16 seedlings (four plants in each replicate; four replicates) in total for each rice line in the three experiments. During this period, the plants were not fertilized.



Fertilization and Sampling

In Experiment 1 and Experiment 2, after 4 weeks of growth plants were harvested and roots were collected for AM colonization measurement. In these two experiments, we did not fertilize the plants.

In Experiment 3, after 4 weeks of growth we conducted two rounds of sampling, before and after fertilization, respectively. Then, we harvested the plants, with shoots and roots separated. Based on the common agricultural practice in the southeast and northwest of China, rice seedlings had four leaves after 4 weeks growth since sowing. At this stage, they were ready for fertilization and flooding condition, that was, a water layer at a depth approximately 3–10 cm above the soil surface. In addition, this is the rainy season in these two regions so that runoff and leaching are very common during this period. Furthermore, our previous test indicated that the two rice lines showed difference in biomass and N content at this stage when they were inoculated with AM fungi (unpublished data). In accordance with the common agricultural practice and rainfall characteristics of the region where the paddy field soil was collected, we conducted the irrigation, fertilization and sampling in Experiment 3.

Before sampling, we took all the plant growth units out of the growth chamber and installed a straight tee (110 mm diameter) on the top of each unit. This straight tee was utilized to hold a water layer above soil surface 6.5 cm (Figure 1B) before sampling. This was to stimulate the real situation of rice growth at this stage. During sampling, this straight tee could support the devices for N2O, NH3 and runoff collection (Figures 1C–F).

After 24 h, we conducted the first round of sampling as follows, recorded as ‘before fertilization.’

NH3 sampling was carried out for 1 h with a dynamic chamber method (Figure 1C): we installed another PVC column (diameter: 110 mm; height: 30 cm; volume: 2.8 L) with a cap on the straight tee. We set the airflow rate of the pump at 1 L min–1 and used 10 mL sulfuric acid (0.005M) to absorb NH3 in the samples. A 1.5 L bottle placed two meters away (to avoid disturbance) was connected to supply ambient air (Wang et al., 2017).

We collected N2O samples with the static chamber method (Zhang et al., 2015b). We closed the chamber (made of a PVC column having a volume of 2.8 L) for 2 h and then collected samples with a 200-mL syringe (Figure 1D). After this, we removed the cap at the bottom of the concentric reducer and collected leachate with a beaker for 3 min (Figure 1B). The leaching flow rate was around 1.3 mm s–1. We have to highlight that when leachate was collected a water layer was kept in the microcosms so that there was no delay from the start of irrigation to the end of water sampling. Then, 500 mL of recovered water was gently added to keep the water layer at 6.5 cm depth.

We applied artificial rainfall at 100 mm min–1 for 10 min to sample runoff water (Figure 1E). This was achieved with a simplified artificial rainfall generator. This rainfall generator was a plastic container with uniform holes set up 100 cm above the straight tee. When water in the plastic container was kept at 4 cm depth, the rainfall intensity was maintained at 100 mm min–1. During this rainfall event, the water did not infiltrate because there was already a water layer before this rainfall. In addition, the water did not run over the edges of the containers as the straight tee has enough volume for the rainwater.

Following this rainfall event, we rocked the entire system from side to side in one direction (no rotation) to stimulate the impact of water flow on the soil surface during runoff (Figure 1C). In order to make this rocking reproducible, we marked inside the straight tee at 8.5 cm above soil surface and the rocking ended when the water reached this marker. During the whole rocking process, no slowing down and acceleration occurred and the soil surface was covered with water at all times. We conducted this rocking 20 times, which roughly took 2 min.

Runoff water samples were subsequently collected immediately. The unit was kept leaning to one side, then we pour out 500 mL of water into a beaker from the straight tee. These water samples were taken as runoff samples. After homogenization, each water sample was split into two: one passed through a 0.45 μm filter membrane to measure dissolved N (DN), [image: image]-N, [image: image]-N, [image: image]-N concentrations; the other one was used to measure total N (TN) concentration without filtration. After runoff water was sampled, we added water gently to the microcosms to keep the original water layer (6.5 cm, Figure 1B).

After this first round of sampling, the plants were fertilized directly with 300 kg N ha–1 with urea, 180 kg P2O5 ha–1 with superphosphate and 60 kg K2O ha–1 with potassium chloride. These fertilizers were directly applied into the water layer above the soil surface.

One day after fertilization, we conducted the second round of sampling as above, recorded as ‘after fertilization.’ The 24 h interval might be not long enough compared with the real situation. We made this decision based on Bender et al. (2015). In this paper, leachate was collected 24 h after fertilization and importantly, AM fungi played considerable role in reducing nutrient concentrations of the leachate.

After all the above sampling was completed (2 days after fertilization), the shoots and roots of the two rice lines were harvested and washed. Each root was separated equally into two parts: one for root colonization measurement while the other, together with shoots, was dried in an oven (75°C, 72 h) for biomass and N concentration measurement.

As the top layer (0–5 cm) of the plant growth medium contained the inoculum and most of the rice roots, samples were taken from this layer and air-dried to measure plant available N concentration.

To analyze the plant effects on the soil microbial community in the absence of AM fungi, we used phospholipid fatty acids (PLFAs) analysis. For this purpose, 50 g fresh soil was collected from each unit after plant harvesting and immediately frozen after mixing.



Sample Measurement

The percentage of root colonization was estimated after acid fuchsin (Aladdin Industrial Corporation, Shanghai, China) staining with a microscope (Eclipse E 200; Nikon Instruments, Beijing, China) using the grid line intersects method (Giovannetti and Mosse, 2010). N concentrations of plant shoot and root were determined with an Elemental analyzer (vario EL III, Germany). The plant available N concentrations of soil were tested with the Alkali hydrolysis diffusion method [Forestry industry standard of China (LY/T 1229-1999)].

We extracted PLFAs from 2.0 g soil samples in a buffered chloroform/methanol solution. These PLFAs were separated from other lipids with silicic acid chromatography, derivatized to fatty acid methyl esters and then quantified with gas chromatography (Ramsey et al., 2005). In total, we obtained approximately 41 PLFA markers in our samples. The microbial community richness was considered as the total number of fatty acid peaks identified in each chromatogram (Ramsey et al., 2005). The total PLFA content (nmol g–1 dry soil) was reported as a measure of microbial biomass (Frostegård et al., 1991). For all of the PLFA analysis we only had three replicates, as the fourth one was not properly stored.

We report changes in the abundance of specific populations of microbes by using the abundance of specific fatty acids as signature lipids. Specifically, the straight chain fatty acids (14:0, 15:0, 16:0, 18:0, 20:0, 22:0, and 24:0) were regarded as general bacteria (Moon et al., 2016); the Gram-negative bacteria were indicated with monoenoic and cyclic fatty acids (18:1ω9c, 16:1ω9c, cy17:0, and cy19:0) (Zelles et al., 1992); the Gram-positive bacteria were traced with several branched fatty acids (a15:0, i16:0, and i17:0) (Zelles et al., 1992); 10me16:0, 10me17:0, and 10me18:0 served as the proxies of Actinomycetes (Ramsey et al., 2005); the fatty acid 18:2ω6c was used as the biomarker of fungi (Frostegård and Tunlid, 1993).

N2O fluxes were analyzed with a chromatograph (Agilent 7890), and NH3 fluxes were analyzed by sodium hypochlorite-salicylic acid spectrophotometry [National Environmental Protection Standard of China (HJ 534-2009)].

For runoff water and leachate, total nitrogen (TN), dissolved nitrogen (DN), particulate nitrogen (PN), ammonia nitrogen ([image: image]-N), nitrate nitrogen ([image: image] -N), nitrite nitrogen ([image: image] -N) and dissolved organic nitrogen (DON) concentrations were measured. TN concentrations were measured with the ultraviolet spectrophotometry method with potassium peroxydisulfate. DN concentrations were also assessed with this method but with filtrate of a 0.45 μm filter membrane while the difference between TN and DN were considered as PN. [image: image]-N concentrations were measured with Nesster’s reagent by colorimetry. [image: image] -N concentrations were measured based on spectrophotometry with phenoldisulfonic acid while [image: image]-N concentrations were estimated with N-(1-Naphthalene)-Diaminoethane colorimetry. All of these methods are standard methods in Quality Standard of Surface Water Environment of China (GB3838-2002). DON concentrations were calculated by subtracting the concentrations of [image: image] -N, [image: image] -N and [image: image]-N from the DN concentrations.



Calculations

NH3 fluxes were calculated based on equation (1) (Cao et al., 2013) and cumulative N loss via NH3 volatilization was the sum of NH3 volatilization fluxes on sampling days.

[image: image]

where A is the total ammonia content in the sample; S is the effective area of NH3 sampling; H is the time of sampling.

N2O fluxes were calculated based on equation (2) (Wang et al., 2014) and cumulative N loss via N2O emission was the sum of N2O emission fluxes on sampling days.

[image: image]

where ρ is the N2O density under standard conditions; V is the effective volume of N2O sampling; A is the effective area of N2O sampling; dC/dt is the change rate of N2O concentration (dt is 2 h; dC is the difference in N2O concentration between when we closed the static chamber and 2 h later; ambient N2O concentration is the baseline); T is the air temperature.



Statistical Analysis

The normality and homogeneity of variance for all data were tested. t-Tests were carried out to distinguish the effects of rice lines and fertilization on the predictors. Statistical analyses were performed with SPSS 20.0 (SPSS, Inc., Chicago, IL, United States) and figures were created with Origin 8.0 (OriginLab, Northampton, MA, United States).

To quantify community structural differences, we carried out principal component analysis based on the 30 most abundant PLFAs (mole ratio of each PLFA to the total PLFAs) present in each sample (Bååth and Tunlid, 1998). This principal component analysis was performed with individual PLFA values expressed as a proportion of the total PLFAs in a sample to remove the effect of biomass differences on the analysis (Ramsey et al., 2005).



RESULTS


Root Colonization by AM Fungi

In the soil with a native AM fungi community background, the percentage of root colonization of mycorrhizal rice was 17 ± 2% in Experiment 1 and 23 ± 4% in Experiment 2. We did not detect any evidence of AM colonization in non-mycorrhizal plant roots in these two experiments. In the absence of AM fungi (Experiment 3), no AM colonization was observed in any rice line.



Plant N Content and Soil N Concentration

In the absence of AM fungi (Experiment 3), there was no difference in biomass for shoot and root between the two rice lines; the plant N concentrations were also similar; there was no difference in the plant N content between mycorrhizal and non-mycorrhizal rice lines (Figure 2). In addition, we did not observe differences in the plant available N concentration of soil (Figure 2).


[image: image]

FIGURE 2. Biomass, N concentration, N content of rice and plant available N concentration of soil in the AM fungi absent situation (Experiment 3). P: significance of the difference in parameters between the two rice lines; diamonds in the boxplots represent the mean values; there are four replicates for each treatment. (A) Plant biomass; (B) Plant N concentration; (C) Plant N content; (D) Plant available N concentration of soil.




Soil Microbial Community

In the absence of AM fungi (Experiment 3), we compared microbial communities of soil growing the two rice lines. In the principal component analysis, the first two important components explained 74% of the variance in the relative abundance of the individual fatty acids (Figure 3). Neither PC1 nor PC2 separated the microbial community structure with the mycorrhizal rice from that with the non-mycorrhizal rice.


[image: image]

FIGURE 3. Principal component analysis ordination of microbial community composition (%) in Experiment 3. This analysis was conducted based on the most abundant 30 individual phospholipid fatty acid (PLFA) biomarkers.


The soil microbial biomass and PLFA richness, are represented with the sum total abundance of PLFAs and total number of fatty acid peaks identified in each chromatogram, respectively. Importantly, there was no difference in these two parameters between mycorrhizal and non-mycorrhizal systems (Table 1). The abundance of general bacteria, Gram positive and negative bacteria, actinomycetes and fungi were also similar between these two systems (Table 1).


TABLE 1. Characteristics of soil microbial communities with mycorrhizal and non-mycorrhizal rice lines in Experiment 3.

[image: Table 1]


Fluxes of NH3 and N2O

With the two rice lines growing in the absence of AM fungi (Experiment 3), we measured the fluxes of NH3 and N2O before and after fertilization. There was no significant difference in the fluxes of NH3 and N2O between mycorrhizal and non-mycorrhizal systems, although both NH3 and N2O fluxes increased after fertilization (Figure 4).


[image: image]

FIGURE 4. Emission fluxes of N2O (A) and NH3 (B) from systems with mycorrhizal and non-mycorrhizal rice in the absence of AM fungi (Experiment 3). Pfertilization: the difference in fluxes between before and after fertilization; Price: the difference in fluxes between mycorrhizal and non-mycorrhizal rice lines; diamonds in the boxplots represent the mean values; there are four replicates for each treatment.




N Concentrations of Runoff Water and Leachate

In the absence of AM fungi (Experiment 3), we monitored N concentrations in runoff water after the rainfall event. For all of the N forms, no difference was observed in N concentrations of runoff water between mycorrhizal and non-mycorrhizal systems (Figure 5). The fertilization increased concentrations of all these N forms (except [image: image]-N, Figure 5).
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FIGURE 5. N concentrations of runoff water from systems with mycorrhizal and non-mycorrhizal rice in the absence of AM fungi (Experiment 3). TN: total nitrogen; DN: dissolved nitrogen; PN: particle nitrogen; [image: image]-N: sum of [image: image] -N and [image: image]-N; Pfertilization: significance of the differences in N concentrations between before and after fertilization; Price: significance of the differences in N concentration between the two rice lines; diamonds in the boxplots represent the mean values; there are four replicates for each treatment. (A) TN concentration; (B) DN concentration; (C) PN concentration; (D) DON concentration; (E) NH[image: image]-N concentration; (F) NO[image: image]-N concentration.


Similar to the runoff water, there was no difference in N concentrations of leachate between mycorrhizal and non-mycorrhizal systems (Figure 6). We also determined that the fertilization increased all N forms in leachate (Figure 6).


[image: image]

FIGURE 6. N concentrations of leachate from systems with mycorrhizal and non-mycorrhizal rice in the absence of AM fungi (Experiment 3). TN: total nitrogen; DN: dissolved nitrogen; PN: particle nitrogen; NO_X^– -N: sum of [image: image]-N and [image: image] -N; Pfertilization: significance of the differences in N concentrations between before and after fertilization; Price: significance of the differences in N concentration between the two rice lines before and after fertilization, respectively; diamonds in the boxplots represent the mean values; there are four replicates for each treatment. (A) TN concentration; (B) DN concentration; (C) PN concentration; (D) DON concentration; (E) NH[image: image]-N concentration; (F) NO[image: image]-N concentration.




DISCUSSION

We aimed to assess a pair of mycorrhizal/non-mycorrhizal rice lines for their suitability in ecological studies on the role of AM fungi in decreasing N loss from paddy fields. We checked AM colonization of the two rice lines in soil with a full AM fungi community background. Additionally, in the absence of AM fungi, we investigated in detail plant N content, soil N concentration, microbial community and N loss from systems with mycorrhizal and non-mycorrhizal rice lines. Importantly, we validate that this mycorrhizal/non-mycorrhizal rice pair is suitable for studies on N loss control of paddy fields with AM fungi (Rillig et al., 2008).

Our study has relatively low replication (n = 4), which potentially led to each individual comparison having low statistical power. However, we also had quite low variability (for all the parameters, 80% of the coefficient of variation was lower than 0.20 and the mean value was 0.27), owing to the highly controlled conditions under which we carried out the experiments. In addition, we did not adjust critical P-values for the 38 comparisons made (i.e., an inflation of study-wide type I error rate is likely), which does work in favor of detecting responses if any were present.


Meeting Criterion (i): Non-mycorrhizal Rice Showed Resistance to AM Colonization

In our Experiment 1 and Experiment 2, AM fungi provided to rice were from soil collected from a typical paddy field in Taihu Lake region, southeast of China. In this area, AM fungi were abundant, with the percentage of root colonization ranging from 15 to 73% and the spore density from 60 to 80 spores of 100 g soil (Zhang et al., 2019). With this soil and its native AM fungi and other soil microbiota present, the mycorrhizal rice line was colonized while its non-mycorrhizal counterpart was not in both Experiment 1 and Experiment 2. This revealed that the non-mycorrhizal rice had resistance to AM fungi, meeting Criterion (i). This resistance, the difference in AM colonization between this rice pair (17 and 23% in these two experiments), was smaller than 46% of another pot study (Zhang et al., 2015a). In spite of this, it is completely acceptable to test the AM effects on N loss from paddy fields on the basis of our previous field experiments where the difference in AM colonization between treatment (12–20%) and control (3%) was also small (Zhang et al., 2016).

This varied resistance of non-mycorrhizal plants to AM fungi might be attributed to both AM fungi and soil microbiota (Gao et al., 2010). For AM fungi, in this previous study only a specific AM fungal isolate (R. irregularis; no other AM fungi species) was provided (Zhang et al., 2015a); while in our study a native AM fungi community from a typical paddy field was present. This lower AM colonization for mycorrhizal rice in our study might be related to the competition for carbon among AM fungi species (Liu et al., 2015). In terms of other soil microbiota, in this previous study (Zhang et al., 2015a) the rice plants were cultivated in a mixture of sand and perlite (without soil microbiota); in our experiment, the rice plants were grown with soil microbiota from a typical paddy field. These soil microbiota might inhibit the growth of AM fungi because of the antagonistic interaction between them (Leigh et al., 2011). This was supported by our unpublished study where we demonstrated: when the two rice lines were inoculated with the same AM fungal isolate, the non-mycorrhizal rice was not colonized while AM colonization of the mycorrhizal rice was 21%. The result from this unpublished study is closer to what we found in Experiments 1 and 2, and is much lower than what was found in the study by Zhang et al. (2015a).

Aside from rice, there are such mycorrhizal and non-mycorrhizal pairs in other plant species, including tomato (Solanum lycopersicum), maize (Zea mays) and petunia (Petunia hybrida), which was well-summarized in a review (Watts-Williams and Cavagnaro, 2015). For these plants, their non-mycorrhizal mutants did not show consistent resistance to AM fungi all the time (Watts-Williams and Cavagnaro, 2014). For example, in a field experiment conducted in California the mycorrhizal tomato had an AM colonization of 20% while that of its mutant was 3% (Cavagnaro et al., 2012). In another field experiment also carried out in California (very close to the above experimental site), this resistance was smaller: 12 and 2% for mycorrhizal and non-mycorrhizal plants, respectively. Therefore, the suitability of these pairs must be tested if they are considered a tool in new circumstances.



Meeting Criterion (ii): In the Absence of AM Fungi, the Two Rice Lines Had Similar N Content and Soil N Concentration

To assess the potential of AM fungi in mitigating N loss from paddy fields, it is critical to use rice lines with similar N uptake capability; otherwise, it will be hard to distinguish the role of AM fungi from that of the rice plants. In our study, the N uptake capability was indicated with plant N content, obtained via multiplying the biomass by the N concentration. Therefore, both plant biomass and N concentration determined N uptake capability. Importantly, not all of the previously examined mycorrhiza-defective mutants had similar biomass of shoots and/or roots as their progenitors in the absence of AM fungi (Watts-Williams and Cavagnaro, 2014). For example, the mycorrhiza-defective tomato mutant M161 had larger roots than its mycorrhizal wild type in the absence of AM fungi (Rillig et al., 2008). In our study, the mycorrhizal and non-mycorrhizal rice had similar biomass in the absence of AM fungi, which is in agreement with the tomato mutant rmc and its wild type (Cavagnaro et al., 2004). In this aspect, this rice pair supports criterion (ii).

For plant N content, in the presence of AM fungi, it is common for mycorrhizal plants to have higher N content than mutants (Cavagnaro et al., 2012; Bowles et al., 2016). In the absence of AM fungi whether mycorrhizal plants and their non-mycorrhizal mutants have similar N content, however, is not clear. The reason is likely that only few studies growing these plants in the absence of AM fungi have been conducted (Cavagnaro et al., 2004; Rillig et al., 2008). In our Experiment 3, we determined that there was no detectable difference in N concentrations for both shoot and root, and then comparable plant N content, that is, N uptake capability (Figure 2C). This indicated that for N uptake, the two rice lines are suitable for studies on the AM effects on N loss from paddy fields. We also found that there was no detectable difference in plant available N concentration of soil, which is important because soil is the direct source of N loss in paddy fields (Guo et al., 2004) (Figure 2D). Together with their similar N uptake capability, this rice pair had similar effect on soil N concentrations, meeting criterion (ii).



Meeting Criterion (iii): In the Absence of AM Fungi, the Two Rice Lines Gave Rise to Similar Soil Microbial Communities

N loss is one of the outcomes of soil N cycling, an almost entirely microbially-driven cycle, and plant–microbe interactions may have a dramatic influence on the actual rates of N-cycling (Craine et al., 2007). Therefore, whether mycorrhizal and non-mycorrhizal rice lines had similar effects on the soil microbial community is an important criterion. Although the wild type tomato and its mutants are different in their root exudates (Sun et al., 2012), there was no difference in microbial community of soil growing the wild type tomato and its three mutants in the absence of AM fungi based on PLFAs (Rillig et al., 2008). In our study, we compared the two microbial communities by analyzing PLFAs. We used as many biomarkers as we could, including PLFA richness, microbial biomass, general bacteria, Gram-positive bacteria, Gram-negative bacteria, actinomycetes, and fungi. In spite of this, we did not observe any differences in these biomarkers between the two rice systems (Table 1). Additionally, a principal component analysis for PLFAs did not reveal any difference in community structure even though the two most important components we used accounted for 74% of variance (Figure 3). All these outcomes illustrated that this mycorrhizal/non-mycorrhizal rice pair met criterion (iii).



Meeting Criterion (iv): In the Absence of AM Fungi, N Loss Was Similar for the Two Rice Lines

The AM effect on N loss from paddy fields is our research focus. The reason is that several studies reported that AM fungi played a role in reducing N loss from soil (Asghari and Cavagnaro, 2011, 2012; Cavagnaro et al., 2015). Importantly, this function of AM was confirmed with the mycorrhiza defective tomato mutant and its mycorrhizal wild type progenitor (Asghari and Cavagnaro, 2012). In order to avoid confounding the AM effects on N loss from paddy fields, we tested N loss from systems growing mycorrhizal or non-mycorrhizal rice lines. Because N loss from paddy fields occurred via runoff, leaching, N2O emission and NH3 volatilization (Chen et al., 2014), we compared fluxes of NH3 and N2O and N concentrations of runoff water and leachate between these two systems. In the absence of AM fungi, we determined that there was no significant difference in the fluxes of NH3 and N2O between the two rice systems (Figure 4). We also found that for runoff water and leachate, the concentrations of different N forms from non-mycorrhizal growing systems were similar with that of mycorrhizal growing systems (Figures 5, 6). All these results suggested that this mycorrhizal/non-mycorrhizal pair fully met the fourth criterion.

In summary, synthesizing results from our three experiments conducted in soils in the presence or absence of AM fungi, we did not observe any effects that could complicate interpretation of results related to the control of N loss control paddy fields via AM fungi. We conclude that this non-mycorrhizal/mycorrhizal rice pair represents a suitable combination for an additional, powerful experimental system for the scientific community examining the role of AM fungi in controlling N loss during rice production, and possibly other ecological questions related to rice. Further research is required in the future study on the performance of the two rice lines under other circumstances, such as during their entire life cycle, with other paddy soils and under lower levels of fertilization. Researchers interested in using this rice pair should conduct similar tests with their own soils to make sure that the use of this rice pair performs as expected.
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PtDef cloned from Populus trichocarpa contained eight cysteine domains specific to defensins. Quantitative reverse-transcription polymerase chain reaction (qRT-PCR) analysis showed that PtDef was expressed in all tissues tested, with lower expression in leaves and higher expression in petioles, stems, and roots. Purified fused PtDef inhibited Aspergillus niger, Alternaria Nees, Mucor corymbifer, Marssonina populi, Rhizopus sp., and Neurospora crassa. PtDef also inhibited the growth of Escherichia coli by triggering autolysis. PtDef overexpression in Nanlin895 poplar (Populus × euramericana cv. Nanlin895) enhanced the level of resistance to Septotinia populiperda. qRT-PCR analysis also showed that the expression of 13 genes related to salicylic acid (SA) and jasmonic acid (JA) signal transduction differed between transgenic and wild-type (WT) poplars before and after inoculation, and that PR1-1 (12–72 h), NPR1-2, TGA1, and MYC2-1 expression was higher in transgenic poplars than in WT. During the hypersensitivity response (HR), large amounts of H2O2 were produced by the poplar lines, particularly 12–24 h after inoculation; the rate and magnitude of the H2O2 concentration increase were greater in transgenic lines than in WT. Overall, our findings suggest that PtDef, a defensin-encoding gene of P. trichocarpa, could be used for genetic engineering of woody plants for enhanced disease resistance.

Keywords: JA, Populus trichocarpa, PtDef, defensin, Nanlin895 poplar, SA


INTRODUCTION

Plant defensins are antibacterial peptides that play an important role in plant immunity; they are the primary barrier to invasion by pathogenic bacteria (Ganz, 2003; Zhao et al., 2011). Animal and plant defensins evolved separately and have very different amino acid sequences and cystine connectivity (Shafee et al., 2016). Genes encoding plant defensins can be divided into those with higher and lower sequence homology; these two categories of defensins may have different biological activities (Stotz et al., 2009). Defensin-encoding genes have been identified in Gramineae (Bloch and Richardson, 1991), Cruciferae (Broekaert et al., 1995), gymnosperms (Brodelius and Xue, 1997; Do et al., 2004), and Cucurbitaceae (Da-Hui et al., 2007). Plant defensins are cysteine-rich cationic polypeptides of 45–50 amino acid residues (∼5 kDa) and have antimicrobial activity (Vriens et al., 2014). Defensins have a tertiary structure comprising an αβ (CSαβ) motif consisting of an α-helix and three reverse parallel β-pleated sheets fixed by four disulfide bonds formed by eight cysteines (Yount and Yeaman, 2004). The expression of the genes encoding plant defensins differs among tissues and upon pathogen invasion (De Coninck et al., 2015; Pothana et al., 2019). For example, Arabidopsis PDF1.2 is a defense marker gene related to the jasmonic acid (JA) pathway and is upregulated by pathogens. Most plant defensins have antifungal activity (De Coninck et al., 2017), presumably mediated by interaction with specific sphingolipids on the fungal membrane (Thevissen et al., 2004; Cools et al., 2017). Phyto-defensins inhibit protein synthesis (Méndez et al., 1996) and have alpha-amylase and protease activity (Pelegrini et al., 2008). Some plant defensins, but not all, bind to sphingolipids. Plant defensin activity is controlled by many different mechanisms (Parisi et al., 2018). Due to the functional diversity of plant defensin genes, they are widely used for genetic engineering. Transformation of an alfalfa defensin gene into potato enhanced potato resistance to Verticillium dahliae (Gao et al., 2001). Transformation of a radish defensin gene into tobacco improved tobacco resistance to Alternaria longicornis (Terras et al., 1993), and pea defensins inhibit pathogens and fungi in pea clip epidermis and vascular bundles (Almeida et al., 2002).

Plants defend against diseases using constitutive and induced mechanisms. Induced defense mechanisms play an important role in plant self-protection (Scheres and van der Putten, 2017). The hypersensitivity response (HR) is a type of cell death that evolved to suppress the replication of pathogens and mediates the resistance to plant disease (Fonseca and Mysore, 2019; Seifi and Shelp, 2019). Following pathogen invasion, the HR isolates the pathogen from the host plant, thus suppressing growth of the former (Gabriel and Rolfe, 1990). Cell death caused by the HR stimulates a defense response in adjacent tissues, leading to acquisition of systemic resistance. Therefore, the plant HR involves both cell death and the expression of resistance genes (Fonseca and Mysore, 2019; Seifi and Shelp, 2019). In the early stage of the HR, a large quantity of reactive oxygen species (ROS) is produced by plants, which further activates the HR (Fonseca and Mysore, 2019). The production of ROS, particularly hydroxyl radicals and H2O2, is an early cellular response to pathogens (Smirnoff and Arnaud, 2019), however, H2O2 can kill plant cells at high concentrations (Siddique et al., 2014). Antioxidant enzymes – peroxidase dismutase (SOD), peroxidase (POD), catalase (CAT), ascorbic acid peroxidase (APX), glutathione peroxidase (GPX), and glutathione-S-transferase (GST) – protect plants against damage by removing ROS. Phenylalanine ammonia lyase, chalcone synthase, and peroxidase are key enzymes in the biosynthesis of phenolic compounds and in lignin metabolism in plants (Vanholme et al., 2019). Most phenolics directly kill pathogenic bacteria, and lignin enhances the mechanical barrier of the plant cell wall. Upon development of disease, plants activate salicylic acid (SA), JA, ethylene (ET), and abscisic acid (ABA) signaling pathways, which mediate the response of plants to disease (Halitschke et al., 2004; Yang et al., 2018; Islam et al., 2019).

In the presence of disease, plants activate the expression of defense genes by regulating the synthesis of a variety of hormones. The transcription inhibitor, COI1 (coronatine insensitive 1)/JAZ (Jasmonate ZIM-domain), is important for the induction of plant disease resistance by JA and its derivatives. Jasmonoyl-L-isoleucine (JA-Ile) conjugates of JA and isoleucine are produced by plants in a diseased state. JAZ is degraded, which lifts the inhibition of transcription factor activity and induces the expression of JA signaling genes. MYC2 is an important transcription factor in this process, and links JAZ degradation to expression of genes related to JA signaling (Yan and Xie, 2015). SA induces the expression of pathogenesis-related protein (PR), resulting in initiation of the HR. SA promotes the acquisition of resistance by accumulation of PR protein and ROS, and can be transported in plants (Cui et al., 2017; Svetaz et al., 2017). The non-expresser of physically related protein 1 (NPR1) is the dominant regulator of plant disease resistance. Maintenance of a low SA concentration in plant cells promotes accumulation of NPR1 and activation of TGA (WRKYS and TGACG sequence-specific binding proteins) transcription factors, which induces the expression of genes related to disease resistance (Fu et al., 2012). Previous studies have shown that TGA2, TGA5, and TGA6 inhibit the transcript level of PR1 in the absence of SA, whereas TGA2, TGA5, and TGA6 are needed to induce PR1 in the presence of SA. In the absence of SA, TGA2 binds to the PR1 promoter, thereby inhibiting its transcription. The protein NIMIN1 can form ternary complexes with TGA2 through interaction with NPR1, at least in yeast. Transcriptional inhibition of TGA2 may be achieved by the interaction of NIMIN1 with a transcriptional co-repressor, without an upper body. It is conceivable that SA allows NPR1 to form different complexes with TGA2 and other TGA factors, such as TGA3, to activate PR1 transcription. The NIMIN1–NPR1–TGA2 complex dissociates in the presence of SA in yeast. Therefore, SA can separate NIMIN1 from the NPR1–TGA transcriptional complex, which may be helpful in activating the NPR1–TGA transcriptional complex (Seyfferth and Tsuda, 2014; Wang et al., 2015). JA and SA exert both synergistic and antagonistic effects on plant disease resistance (Yasuda et al., 2008).

The Poplar is among the most widely distributed and adaptable tree species. It is mainly distributed in temperate and cold-temperate regions of the northern hemisphere (latitude 22–70°N), including China, Russia, Canada, United States, Italy, and France. The Poplar has been used in studies of the genome of perennial plants due to the availability of its genome sequence (Tuskan et al., 2006). Genetic engineering can be applied to improve poplar. Septotinia populerda was first discovered as a poplar disease in 1950 (Waterman and Cash, 1950). Following infection by S. populerda, brown spots form in infected leaf parts, gradually becoming gray-white holes. If the poplars are damaged year after year, the tree will weaken, enhancing conditions for disease occurrence via weak pathogens. Poplar is an important industrial plantation species worldwide; infection by S. populerda seriously affects poplar production, in turn significantly reducing the economic and ecological benefits of poplar (Kaul et al., 2010; Wingfield et al., 2015). Plant defensins have antimicrobial activity and play an important role in the stress response, so they are a focus in the research of plant diseases. In this study, we cloned the PtDef defensin-encoding gene from poplar. We investigated the tissue-specificity of, and the effect of a variety of stresses on, the expression of PtDef by quantitative RT-PCR. Also, PtDef was produced in a prokaryotic system, purified, and its activity evaluated in vitro. PtDef induced autolysis of Escherichia coli BL21 (DE3) and activated expression of a two-component system (TCS). Moreover, Nanlin 895 poplar (Populus × euramericana cv. Nanlin 895) was transformed with PtDef by the Agrobacterium method. The transgenic poplar exhibited greater resistance to S. populiperda than the wild-type (WT) poplar. Furthermore, the expression of PR1, NPR1, and TGA (related to SA signaling) and of MYC2, JAZ, and COI1 (related to JA signaling) was evaluated in transgenic and WT poplars infected with S. populiperda. We explored the plant-hormone signal transduction mechanisms in poplar that mediate the resistance to S. populiperda, and our results will facilitate the screening for and breeding of disease-resistant poplar varieties.



RESULTS


Cloning and Sequence Analysis of PtDef

We cloned PtDef (XP_002325735.1) from P. trichocarpa (Tuskan et al., 2006). PtDef had a 225-bp open reading frame (ORF) that encoded a 74 amino acid polypeptide (Supplementary Figure S1). The predicted molecular weight and isoelectric point of PtDef were 8.13 kDa and 8.98, respectively. A comparison of the amino acid sequence of PtDef with that of other defensins indicated the presence of eight invariant residues of cysteine (Supplementary Figure S2). The degree of conservation was higher at the C-terminus than at the N-terminus (Supplementary Figure S2). The N-terminus of PtDef has a 27 amino acid signal peptide (Figure 1).
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FIGURE 1. Signal peptide analysis of PtDef. Red box, signal peptide.


The eight conserved Cys residues in PtDef form four intrachain disulfide bonds: Cys1-Cys8, Cys2-Cys5, Cys3-Cys6, and Cys4-Cys7 (Supplementary Figure S3). The Cys1-Cys8 and Cys2-Cys5 bonds are characteristic of plant defensins (Selsted and Ouellette, 2005). A defensin phylogenetic tree constructed using MEGA5 software showed that PtDef was closely related to a defensin of Ricinus communis (XP_025012078.1) (Supplementary Figure S4). In R. communis (XP_025012078.1), the function of RcDef was annotated as gamma–thionin, indicating that PtDef may have similar activity.



Tissue-Specificity and Induction of the Expression of PtDef

The expression of PtDef was detected by qRT-PCR in all tissues tested, with the highest expression in petioles, followed by stems, roots, and leaves, particularly in young leaves (Figure 2A).
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FIGURE 2. PtDef expression in poplar tissues and under abiotic and biotic stresses. (A) PtDef expression in mature leaves, young leaves, upper region of stems, lower region of stems, petioles, and roots. Student’s t-test, ***P < 0.001 compared to the value in mature leaves. Effects on PtDef expression of (B) abscisic acid (ABA), (C) jasmonic acid (JA), (D) salicylic acid (SA), (E) hydrogen peroxide (H2O2), (F) NaCl, (G) PEG6000, (H) cold, (I) wounding, and (J) S. populiperda. Values are means ± standard deviation (SD) of three biological replicates. Student’s t-test, ***P < 0.001, **P < 0.01, and *P < 0.05 relative to 0 h.


Treatment with 200 μM ABA induced the expression of PtDef (Figure 2B); expression peaked at 3 h and subsequently decreased slightly to a level above background. Treatment with 200 μM JA significantly increased PtDef expression at 6 h with a peak at 8 h (Figure 2C), followed by a gradual decrease to a level significantly higher than the control upon treatment, as indicated by leakage of cell contents. Treatment with 200 μM SA at 1 h resulted in no statistically significant increase in PtDef expression, followed by a decrease to a low level at 3–48 h (Figure 2D). Treatment with 2 mM H2O2 increased PtDef expression at 1 h, followed by a gradual increase to a peak at 12 h and a decrease at 24–48 h to a level significantly higher than the control (Figure 2E). In the presence of 200 mM NaCl, PtDef expression peaked at 8 h, decreased, and subsequently increased to a second peak at 48 h (Figure 2F). Under 10% PEG6000 treatment, PtDef expression increased gradually at days 1–4, decreased slightly at day 5 to a level above that of the control, and subsequently increased to a peak at day 6 (Figure 2G). Under cold treatment, PtDef expression peaked at day 4, subsequently decreased slightly to a level above that of the control and reached a higher peak at day 7 (Figure 2H). Under wound stress, PtDef expression increased gradually beginning at 1 h to a peak at 9 h, followed by a gradual decrease (Figure 2I). Following inoculation with S. populiperda, PtDef expression increased significantly at 12 h and then decreased (Figure 2J). These results suggest that PtDef responds to abiotic and biotic stresses and is involved in a variety of physiological processes.



Prokaryotic Expression and Purification of Recombinant PtDef

The ORF of PtDef was ligated into PET-32a using the NotI and BamHI sites (Figure 3A). Upon SDS-PAGE analysis, IPTG-induced, but not non-induced, E. coli BL21 (DE3) yielded a band for the Trx-PtDef fusion protein (Figure 3B). SDS-PAGE analysis showed that Trx-PtDef was present in the sediment (Figure 3C, Lane 2) and supernatant (Figure 3C, Lane 3). The presence of supernatant simplified PtDef purification by obviating the need for denaturation and renaturation.
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FIGURE 3. Prokaryotic expression and purification. (A) Construction of the expression vector PET-32a-PtDef. PtDef was inserted into BamHI and NotI restriction sites. (B) Analysis of the PtDef fusion protein by 12% SDS-PAGE. Lane M, molecular mass marker; Lane 1, negative control (non-induction); Lanes 2–4, colonies 1–3 (induction); red arrow, PtDef fusion protein. (C) Analysis of PtDef fusion protein supernatant and sediment by 12% SDS-PAGE. Lane M, molecular mass marker; Lane 1, induction; Lane 2, sediment; Lane 3, supernatant; red arrow, PtDef fusion protein. (D) Ni-IDA affinity chromatography of the Trx-PtDef fusion protein using LP Data View. Lanes 1 and 2, flow-through; Lane 3, wash; Lane 4, elution. (E) Purification and western blotting of PtDef fusion protein. Lane M, molecular weight marker; Lanes 1 and 2, flow-through; Lane 3, wash; Lanes 4 and 5, elution; Lane 6, western blot of PtDef using a monoclonal antibody against the 6 × His tag.


Purification of Trx-PtDef by Ni-IDA resin affinity chromatography (Figure 3D) yielded an outflow peak and an elution peak. Upon SDS-PAGE analysis, a clear band was detected in the effluent and eluent liquid; the protein within this band was identified as Trx-PtDef by western blotting (Figure 3E).



Antifungal Activity of PtDef

The antifungal activity of purified recombinant PtDef was assayed in vitro (Figure 4) using the agarose diffusion method. Recombinant PtDef inhibited the growth of A. niger, A. Nees, M. corymbifer, M. populi, Rhizopus sp., and N. crassa, while the growth of the control was normal. The antifungal activity of PtDef exhibited dose dependency and differed among the fungal species tested.
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FIGURE 4. Bioactivity of PtDef against (A) Aspergillus niger, (B) Alternaria Nees, (C) Mucor corymbifer, (D) Marssonina populi, (E) Rhizopus sp., and (F) Neurospora crassa. Lanes 1–7, purified Trx-PtDef fusion protein (40, 20, 10, 5, 2.5, 1.25, and 0.625 μg/ml); Lane 8, 0.9% NaCl (negative control). Each well was loaded with 80 μl of sample.




IPTG-Induced Production of PtDef Inhibits the Growth of E. coli

The addition of IPTG for 2–4 h inhibited the growth of E. coli BL21 (DE3). The OD600 value of E. coli BL21 (DE3) cultures was stable 3–4 h after the addition of IPTG. In contrast, the growth of E. coli BL21 (DE3) in the absence of IPTG (control) was normal. Therefore, IPTG-induced production of PtDef inhibits growth of E. coli BL21 (DE3) (Supplementary Figure S5A).

To investigate the mechanism by which PtDef inhibits E. coli BL21 (DE3), we performed a transcriptome analysis. According to the paradigm of promotion by antibiotics of bacterial autolysis (Supplementary Figure S5B; Kohanski et al., 2007), antibiotics modulate the NAD(H) level by activating the electron transport chain, triggering superoxide production. Superoxide disrupts the iron oxidation balance, leading to the formation of hydroxyl radicals; the destruction of DNA, proteins, and lipids; and ultimately cell death. The expression of 13 of the 26 genes involved in the TCA cycle was altered; seven (fumC, sdhD, sdhC, gltA, sdhB, sdhA, and sucA) were upregulated and six (acnA, ydbK, frdC, frdD, frdA, and frdB) were downregulated (Supplementary Figure S6A). Additionally, the expression of 16 of the 41 genes involved in oxidative phosphorylation was altered; six (cyoA, cyoE, sdhD, sdhC, sdhB, and sdhA) were upregulated and 10 (nuoF, nuoE, nuoC, ppa, appC, frdC, appB, frdD, frdA, and frd B) were downregulated compared with the control (Supplementary Figure S6B). Moreover, the expression of seven genes related to RNA degradation was altered; four (rhlB, hfq, rho, and rppH) were upregulated and three (groL, eno, and rne) were downregulated (Supplementary Figure S7A). The expression of 26 genes (rplC, rplD, rplW, rplB, rpsS, rplV, rpsC, rplP, rpsM, rpsK, rplY, rplF, rpsD, rpsB, rpsJ, rplX, rplM, rpsH, rpsN, rpsE, rplR, rplK, rplA, rpsF, rpsG, and rpsL) related to the ribosome was downregulated (Supplementary Figure S7B). The expression of two genes related to DNA replication was altered; dnaE was downregulated and rnhA was upregulated (Supplementary Figure S7C). Some bactericidal antibiotics disrupt bacterial respiration by blocking the entry of pyruvate into the TCA cycle, which slows growth. We found that the expression of 10 genes related to glycolysis/gluconeogenesis (nuoF, nuoE, nuoC, ppa, appC, frdC, appB, frdD, frdA, and frdB) was downregulated (Supplementary Figure S8A). Also, pykA, the product of which mediates the production of pyruvate in the glycolytic pathway, was downregulated, as was that of the gene encoding pyruvate kinase (pykF), indicating suppression of the generation of lactate from pyruvate. Finally, frdA, frdB, frdC, and frdD were downregulated, and the transcript levels of genes for succinate acid under fermentation were downregulated (Supplementary Figure S8B). Based on the above, we hypothesized that PtDef induces bacterial autolysis.



Transcriptome Sequencing Analysis

Using Illumina second-generation high-throughput sequencing we generated a total of 24,849,094 raw read pairs. After quality control, 24,340,267 clean read pairs were obtained. Analysis using Bowtie2 and Rockhopper software resulted in the identification of 639 differentially expressed genes (DEGs). Compared with the control, 359 DEGs were upregulated and 280 were downregulated in the experimental group (Figure 5). The 639 unigenes clustered into three expression patterns according to their expression levels in the control and experimental groups (Supplementary Figure S9).
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FIGURE 5. Volcano map of differentially expressed genes (DEGs). The abscissa represents the fold change in expression and the ordinate represents the significance of the change in gene expression. Smaller corrected P values indicate larger values of –log(P), i.e., greater statistical significance.


The 639 DEGS were divided into three major GO categories (30 functional groups): biological processes, cellular components, and molecular functions. The three most highly enriched functional groups were cellular metabolic process, biosynthetic process, and cellular biosynthetic process (Supplementary Figure S9). The top 20 enriched pathways (Supplementary Figure S10) included biosynthesis of secondary metabolites, biosynthesis of antibiotics, and microbial metabolism in diverse environments.

The expression of 10 genes related to TCS (narZ, narY, pstS, hyaC, appC, frdC, appB, frdD, frdA, and frdB) was downregulated and that of 12 genes (gltI, arcA, evgA, narP, crp, ompF, NA, fepA, glnL, glnA, baeR, and zraP) was upregulated (Supplementary Table S2). Bacteria survive in hostile environments by regulating their gene pool. TCS is involved in bacterial adaptation to changes in the environment, as well as antibiotic resistance and virulence (Stock et al., 2000; Stephenson and Hoch, 2002). The SOS reaction maintains bacterial growth after damage and is important for sensing and transmitting antibiotic resistance and virulence factors (Beceiro et al., 2013). Based on the transcriptome data, we conclude that PtDef induced by IPTG inhibited E. coli, but that E. coli adopted strategies such as TCS to regulate bacteria to adapt to the adverse environment. The expression of genes related to the SOS response, such as lexA and RecA (Baharoglu et al., 2010), was not altered. During bacterial drug resistance, the SOS response regulated by RecA is an important pathway for drug resistance (Baharoglu et al., 2010). Together, these findings indicate that TCS is triggered, but that the SOS response fails to trigger, when E. coli is maintained in an adverse environment where PtDef inhibits its growth.



Identification of Transgenic Nanlin895 Lines

We screened 10 transgenic poplar lines throughout the differentiation, bud elongation, and rooting stages. PCR using PtDef-F and PtDef-R specifically amplified 225-bp bands in the transgenic lines, whereas WT poplars had a much larger band (Supplementary Figure S11A). Using 35S and PtDef-R as forward and reverse primers, PCR yielded specific bands from transgenic but not WT poplars (Supplementary Figure S11B), indicating genome integration of PtDef. qRT-PCR confirmed that expression of PtDef was 2- to 4-fold higher in transgenic poplar than in WT poplar (Supplementary Figure S11C).



Disease Tolerance of Transgenic Nanlin895 Poplar

We evaluated the resistance to S. populiperda infection of the transgenic (Trans1 and Trans2) and WT poplars. Plaques grew more rapidly on WT poplar leaves than on transgenic poplar leaves at 2–4 days after infection (Figure 6A). On days 2 and 4, spots covered 24.33 ± 3.21% and 14.67 ± 2.08% (Trans 1) or 9.67 ± 1.53% (Trans 2), and 48.33 ± 7.64% and 30.33 ± 3.06% (Trans 1) or 23.67 ± 4.73% (Trans 1), of the surface of WT and transgenic poplar leaves, respectively (Figure 6B).
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FIGURE 6. Overexpression of PtDef enhances resistance to S. populiperda. (A) Transgenic poplar overexpressing PtDef showed fewer lesions than WT poplar following inoculation with S. populiperda. (B) Diseased area of transgenic and WT poplar following inoculation with S. populiperda. Values are means ± SD of three biological replicates. Student’s t-test, **P < 0.01 relative to 0 h.


Evaluation of the damage to poplar leaves caused by S. populiperda revealed that little damage had been inflicted on the cells of transgenic poplar on day 4, while the cells of WT poplar leaves showed considerable damage at day 4 by microscopy (Figure 7A). The generation time of S. populiperda was shorter on the leaves of the WT poplar than the transgenic poplar (Figure 7B). Therefore, overexpression of PtDef in Nanlin895 poplar enhanced resistance to S. populiperda.
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FIGURE 7. Effects of inoculation with S. populiperda on disease leaf symptoms. (A) Microscopic observation of changes in transgenic and WT leaf internal structure under inoculation with S. populiperda. (B) Microscopic observation of S. populiperda generation time under inoculation with S. populiperda. Three independent experiments were performed.




Effect of S. populiperda on the Expression of Genes Related to SA and JA Pathways

The expression of PR1-1 was slightly lower in transgenic poplar than in WT at 0–12 h; at 72 h, the opposite trend was observed, such that PR1-1 expression was 51.5-fold upregulated in transgenic plants and 6.4-fold upregulated in WT (Figure 8A). PR1-2 expression was significantly lower at 12–24 h in transgenic poplar than in WT. However, PR1-2 expression showed the opposite trend at 72 h (Figure 8B). TGA1 expression was higher in the transgenic poplar than in WT at 0–72 h (Figure 8C). In transgenic poplar, TGA2 expression was higher at 0 h and 48 h (Figure 8D). NPR1-1 expression was higher in transgenic poplar than in WT under pre-inoculation, and lower than in WT poplar at 72 h (Figure 8E). NPR1-2 expression was higher in the transgenic line than in WT at 0–48 h (Figure 8F).
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FIGURE 8. Overexpression of PtDef modulates the expression of JA and SA pathway-related genes at 72 h after inoculation of S. populiperda. The expression pattern at 72 h of (A) PR1-1 (Potri.009G082900), (B) PR1-2 (Potri. T131500), (C) TGA1 (Potri.010G226500), (D) TGA2 (Potri.016G134000), (E) NPR1-1 (Potri.016G040500), (F) NPR1-2 (Potri.006G043400), (G) COI1-1 (Potri.010G192900), (H) COI1-2 (Potri.008G064400), (I) JAZ1 (Potri.010G108200), (J) JAZ2 (Potri.005G214300), (K) MYC2-1 (Potri.006G148800), (L) MYC2-2 (Potri.003G128000), and (M) MYC2-3 (GenBank accession no. XP_024453007.1). Values are means ± SD of three biological replicates. Student’s t-test, ***P < 0.001, **P < 0.01, and *P < 0.05 compared to WT poplar.


COI1-1 expression was lower in transgenic poplar than in WT before inoculation with S. populiperda. Post-inoculation, COI1-1 expression was higher in transgenic poplar than in WT at 12–48 h (Figure 8G). COI1-2 expression was higher in the transgenic poplar than in WT at 12–48 h, except at 0 and 72 h (Figure 8H). Post-inoculation, JAZ1 expression was lower in transgenic poplar than in WT at 24 h (Figure 8I). The expression of JAZ2 in transgenic poplar was markedly lower than that in WT pre-inoculation. JAZ2 expression in WT was lower following inoculation with S. populiperda, whereas in transgenic poplar JAZ2 expression was higher at 12 h (Figure 8J). The expression of MYC2-1 was higher in transgenic poplar than in WT at 0–72 h (Figure 8K). MYC2-2 expression was higher in WT than in transgenic poplar at 12–24 h (Figure 8L). MYC2-3 expression was highest in WT poplar at 0–12 h (Figure 8M).

Inoculation with S. populiperda modulated the expression of 13 genes related to SA and JA signal transduction in the transgenic and WT poplars. The expression of PR1-1 (12–72 h), NPR1-2, TGA1, and MYC2-1 in transgenic poplar was higher than that in WT poplar. The expression of TGA1, TGA2, NPR1-1, and NPR1-2 was downregulated post-inoculation with S. populiperda in both transgenic and WT poplars, and the magnitude of downregulation was greater in the former.



Effect of S. populiperda on the Expression of ROS-Related Genes and H2O2 Content

H2O2 exerts a toxic effect on pathogens, participates in lignification, strengthens the cell walls of plants, hinders the penetration of fungi, induces programmed cell death, and acts as a signaling molecule (Heller and Tudzynski, 2011; Lehmann et al., 2015). The H2O2 content of the transgenic polar was higher than that of WT poplar at 48 h post-inoculation with S. populiperda. The H2O2 content of transgenic and WT poplars increased from 0 to 24 h post-inoculation, and then decreased significantly (Figure 9F). Therefore, the greater resistance to S. populiperda of transgenic than WT poplar may be related to their higher H2O2 content.
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FIGURE 9. H2O2 content and expression of genes related to redox metabolism in transgenic and WT poplar leaves pre- and post-inoculation with S. populiperda. Expression of (A) APX, (B) CAT, (C) RbohB in transgenic and WT poplar post-inoculation with S. populiperda. (D) H2O2 content of transgenic and WT poplar following inoculation with S. populiperda. Expression of (E) SOD and (F) RbohA in transgenic and WT poplar following inoculation with S. populiperda. Values are means ± SD of three biological replicates. Student’s t-test, ***P < 0.001, **P < 0.01, and *P < 0.05 compared to WT poplar.


qRT-PCR showed that infection with S. populiperda downregulated APX and CAT expression in transgenic and WT poplar at most time points, and APX and CAT expression was lower in transgenic than in WT poplar (Figures 9A,B). Additionally, RbohB expression in transgenic and WT poplar was upregulated at most time points and was markedly higher in transgenic poplar than in WT poplar (Figure 9C). Therefore, compared with WT poplar, transgenic poplar had lower H2O2 scavenging activity and higher production of H2O2 (Figure 9D). A high H2O2 level at the early stage (0–48 h) of infection may induce the expression of defense-related genes or function as a virulence factor (Apel and Hirt, 2004).

Although H2O2 is important for plant defense responses, excess H2O2 may contribute to fungal infection. SOD expression in transgenic poplar was markedly higher than that in WT poplar post-inoculation with S. populiperda (Figure 9E). Additionally, RbohA expression in transgenic poplar was higher than that in WT poplar except at 24 h (Figure 9F). The high SOD expression in transgenic poplar likely serves to prevent excessive accumulation of H2O2 in leaves. Therefore, the H2O2 content in transgenic poplar is maintained at a high level, which promotes resistance to S. populiperda but not to fungal infection.



DISCUSSION

Growing plants are vulnerable to pathogens and prone to a variety of diseases, which threaten crop yields, the environment, and sustainable agricultural development. Defensins are cationic antimicrobial peptides (AMPs) found in animals and plants and have broad-spectrum bactericidal activity (Thery and Arendt, 2018; Velivelli et al., 2018). In this study, we cloned a defensin gene from P. trichocarpa. Bioinformatics analysis revealed that PtDef had an ORF of 225 bp and encoded a 74 amino acid polypeptide. The N-terminus of PtDef had a signal peptide of 27 amino acids and eight cysteine residues. PtDef has a typical defensin structure with four disulfide bonds composed of eight cysteine residues (García-Olmedo et al., 1998). The defensin of Nigella Sativa has a strong inhibitory effect on Fusarium wilt, Botrytis cinerea, Fusarium graminearum, and other fungi (Rogozhin et al., 2011). Tf-gd1, a Trigonella foenum-graecum defensin, inhibits the growth of Thanatephorus cucumeris in vitro (Olli and Kirti, 2006), whereas the defensin of Brassica napus has bacteriostatic activity against Pyricularia oryzae and Xanthomonas oryzae (Motoshige et al., 2003). Agar diffusion assays revealed that PtDef is active against A. niger, A. Nees, M. corymbifer, M. populi, Rhizopus sp., and N. crassa. The expression of some plant defensin genes is constitutive and that of others is induced (Mirouze et al., 2006). The expression of the same defensin gene may also differ among varieties of the same species. For example, alfalfa defensin genes are expressed in Medicago sativa leaves, flowers, and seeds, but not in roots, while in Medicago truncatula, they are expressed in seeds but not in other organs (Hanks et al., 2005). In this study, PtDef was expressed in petioles, roots, stems, and leaves of poplar leaves, and was highest in petioles, followed by roots, stems, and leaves. qRT-PCR analysis revealed that PtDef responded to a variety of stresses. We speculate that PtDef is involved in a large number of physiological processes.

The addition of IPTG to cultures reduced the growth rate of E. coli BL21 (DE3). Transcriptome analysis of recombinant E. coli BL21 (DE3) before (control) and after induction by IPTG revealed alterations in the expression levels of genes related to the TCA cycle, oxidative phosphorylation, RNA degradation, ribosome, DNA replication, glycolysis/gluconeogenesis, and pyruvate metabolism. Based on antibiotic-induced bacterial autolysis, we speculate that PtDef induces autolysis of E. coli. Bacterial resistance to traditional antibiotics will render treatment of infection increasingly problematic (Hamilton et al., 2009). Therefore, new antibiotics are urgently needed. AMPs have broad-spectrum antimicrobial activity, immune-regulatory functions, and are important in maintaining homeostasis (Bastos et al., 2018). Therefore, AMPs may be feasible as alternatives to antibiotics. However, some bacteria are resistant to the killing effect of AMPs (Frick et al., 2003), whether they are from the host or administered for therapeutic purposes. Additionally, we found that PtDef modulates the expression of TCS-related genes in E. coli. Because this system often participates in bacterial adaptation to adverse environments, we preliminarily speculate that E. coli activates TCS to promote such adaptation.

An improved understanding of the biological characteristics and functions of defensins has enabled progress in the application of defensin-encoding genes. Plant varieties with enhanced disease resistance can be produced by transforming exogenous disease-resistance genes into the plant genome. Transfer of BjD from mustard into tobacco and peanut resulted in transgenic tobacco resistant to Phytophthora infestans and Fusarium moniliforme and transgenic peanut resistant to late peanut leaf spot (Anuradha et al., 2008). Rice transformed with the DmAMPI gene of Dahlia merckii were resistant to infection by Magnaporthe oryzae and Rhizoctonia solani (Jha et al., 2009). In this study, we used the Agrobacterium infection method to transfer PtDef into Nanlin895 poplar (Populus × euramericana cv. Nanlin895). We assessed the rate of lesion development on leaves, degree of damage to leaves, and the generation time of S. populiperda. We found that transgenic poplar exhibited strong resistance to S. populiperda.

The plant disease resistance and defense response signaling pathways are termed the SA, ET, and JA pathways; these pathways are interconnected (Koornneef et al., 2008; Islam et al., 2019). They differ in the types of exogenous signals, special signal transduction regulators, types of activated effector genes, and groups of resistant pathogens. However, there are some cross-links among these signaling pathways (Mur et al., 2006; Yasuda et al., 2008). Post-inoculation with S. populiperda, TGA1 and NPR1-2 expression in transgenic poplar was significantly higher than that in WT poplar. PR1-1 expression at 12, 24, and 72 h in transgenic poplar increased significantly and was significantly higher than that in WT poplar. The regulatory protein NPR1 is a key cross-point in signal transduction networks composed of various disease-resistance–signal-transduction pathways. NPR1 acts downstream of SA and interacts with TGA-like transcription factors that bind to the SA response elements in the PR1 promoter, regulating its expression (Kinkema et al., 2000; Chern et al., 2001; Fan and Dong, 2002). The disease-related protein PR1 triggers production of SAR, inducing broad-spectrum disease resistance (Balint-Kurti, 2019). NPR1-1, NPR1-2, TGA1, and TGA2 expression in transgenic poplar was significantly higher than that in WT poplar before infection, indicating greater SA accumulation pre-inoculation with S. populiperda. TGA, NPR1, and PR1 are signal molecule related genes that open the SA signal transduction pathway, causing SAR to be more strongly induced in transgenic poplar. This may explain the strong disease resistance of transgenic poplar.

The expression of MYC2-1, MYC2-2, and MYC2-3 was high in transgenic poplar pre-inoculation with S. populiperda. MYC2 and other transcription factors are produced in large quantities in plants at certain developmental stages or under conditions of stress. MYC2 upregulates the expression of the injury- and JA-activated genes VSP and LOX in a COI1-dependent manner, initiating the transcription of resistance-related genes (Cheong et al., 2002). Therefore, the high expression of MYC2-1, MYC2-2, and MYC2-3 in transgenic poplar at the early stage of stress may trigger the transcription of JA-related genes, thus enhancing disease resistance. The SA and JA signaling pathways exert both antagonistic and synergistic effects. JA inhibits the expression of PR1, a marker gene involved in the SA signaling pathway (Pieterse et al., 2009). However, Zehnder et al. (2001) observed that JA-mediated ISR induced by Erwinia tracheiphila did not affect the expression of PR1 in the field. In the present study, expression of PR1-1 in transgenic poplar was lower than that in WT poplar, and PR1-2 expression in transgenic poplar was higher than that in WT poplar before S. populiperda infection. However, PR1-1 and PR1-2 expression in transgenic poplar at 12 h was lower than that in WT poplar, and vice versa at 72 h. Therefore, PR1-1 expression was downregulated before infection but was upregulated at 24 and 72 h. PR1-2 expression also increased at 72 h. Coronatine-insensitive 1 (COI1) is a regulatory signal switch in the JA signaling pathway and is involved in JA metabolism (Feys and Parker, 2000; Shen et al., 2018). In the present study, COI1-1 and COI1-2 expression in transgenic poplar was lower than that in WT poplar before infection. COI1-1 and COI1-2 expression in the transgenic poplar was higher than that in the WT poplar at 12–48 h. This may be due to the accumulation of more SA signaling molecules in transgenic poplar, which inhibited COI1 expression. The strong resistance of transgenic poplars to S. populiperda may be due to the upregulation of PR1-1 and MYC2-1 and downregulation of JAZ1, COI1-1, and COI1-2, leading to activation of the SA and JA signaling pathways. The signaling pathways that control poplar disease resistance warrant further investigation.

The rapid generation of ROS is termed an oxidative burst and is an early response of plants to pathogens. ROS include superoxide, hydrogen peroxide, and singlet oxygen, and are produced by plants under stresses such as cold, drought, salt, and pathogen invasion. Rapid generation of ROS is an important defense response of plants to pathogens (Torres et al., 2006). ROS play an important role in plant defense: upon pathogen invasion of resistant plants, the production of oxygen-decomposing enzymes such as APX and CAT is inhibited (Klessig et al., 2000), increasing ROS production and inducing an HR reaction (Melillo et al., 2011). In the present study, APX and CAT expression in transgenic poplar was significantly lower than that in WT poplar at most time points. Additionally, the H2O2 content of transgenic poplar was significantly higher than that of WT poplar, and the generation time of S. populiperda on the leaves of transgenic poplar was significantly longer than that on the leaves of WT poplar, suggesting that the transgenic poplar responded to S. populiperda by increasing H2O2 production. The production of ROS in plants induces allergic reactions, in some cases leading to cell death (Fonseca and Mysore, 2019). In plants, excess H2O2 can cause cell death (Siddique et al., 2014). SOD, CAT, and GST are key enzymes in plant oxygen metabolism, which eliminates excess ROS produced in response to pathogens (Foyer and Shigeoka, 2011). In the present study, SOD expression was higher in transgenic than in WT poplar, suggesting higher levels of antioxidants. Based on these findings, we speculate that the ROS content of transgenic poplars must be maintained at a certain level to resist pathogen invasion and prevent damage to the plant.

In conclusion, we cloned a defensin gene from P. trichocarpa and named it PtDef (GenBank accession number XP_002325735.1). Its ORF was 225 bp and encoded a 74 amino acid protein. Phylogenetic analysis revealed that PtDef is closely related to RcDef of R. communis (XP_025012078.1). Also, PtDef was expressed in all tissues of poplar, and its expression was induced by exogenous biotic and abiotic stresses. Additionally, PtDef inhibited the growth of several fungi. To investigate the mechanism by which PtDef inhibits E. coli BL21 (DE3), we performed transcriptome analysis; the results indicated that PtDef induced E. coli BL21 (DE3) autolysis. Overexpression of PtDef in Nanlin895 poplar enhanced its resistance to S. populiperda. We also explored the reasons for the pathogen resistance of transgenic poplar. The expression of genes related to JA and SA differed between transgenic and WT poplar infected with S. populiperda. Differences in the expression of genes related to SA and JA signaling may modulate the activity of those pathways. Further research is needed to investigate the control of the signaling pathways involved in the disease resistance of poplar.



MATERIALS AND METHODS


Plant Culture and Treatments

We cultured P. trichocarpa and Nanlin 895 under long-day conditions (16-h light/8-h dark) in 1/2 Murashige and Skoog (MS) medium (pH 5.8) at 23°C and 74% humidity. We extracted RNA of young and mature leaves, upper and lower stems, petioles, and roots using a Plant RNA Extraction Kit (Biomiga, Inc.). Leaves of WT poplar seedlings grown for 3 months were treated with 200 mM NaCl, 200 μM ABA, 200 μM SA, 200 μM JA, or 2 mM H2O2 and sampled at 0, 1, 3, 6, 8, 12, 24, and 48 h. WT poplar seedlings were treated with Macrogol 6000 (PEG6000) and at 4°C (cold stress), and sampled at 0, 1, 2, 3, 4, 5, 6, and 7 days. We wounded poplar leaves at 23°C and samples were taken at 0, 6, 12, 24, 48, and 72 h. Leaves of poplar seedlings were inoculated with S. populiperda on potato dextrose agar (PDA) (Zhu et al., 2019) and sampled at 0, 6, 12, 24, 48, and 72 h; a blank PDA plate was used as control. RNA was then extracted from the leaves using a Plant RNA Extraction Kit (Biomiga, Inc.).



Gene Cloning and Sequence Analysis

First-strand cDNA was synthesized using a Reverse Transcription Kit (TaKaRa, Japan) in reactions comprising 200 ng RNA template, 1 μl enzyme mix 1, 1 μl random 6-mers, 1 μl OligodT primer, 4 μl 5 × PrimeScript buffer, and RNase-free ddH2O to a volume of 20 μl. PCR was performed at 42°C for 30 min and 85°C for 5 s, yielding 20 μl cDNA.

The National Center for Biotechnology Information (NCBI) database1 was used to search for defensin-encoding genes in the P. trichocarpa genome and to design primers (Supplementary Table S1). Each reaction comprised 2 μl cDNA (template), 2 μl of the forward and reverse primers (10 μM), 0.5 μl raq, 4 μl dNTPs (2.5 mM), 5 μl 10 × PCR buffer (Mg2+), and sterile water to a volume of 50 μl. PCR was performed as follows: 95°C for 10 min, followed by 35 cycles of 95°C for 0.5 min, 58°C for 0.5 min, 72°C for 0.5 min, and 72°C for 10 min. PCR products were identified by electrophoresis in 1% agarose gel and purified using a commercial kit (Axygen, Sunzhou, China). The PCR product was ligated into the PEASY-T3 vector (TransGen Biotech, Beijing, China) and transformed into competent cells of E. coli TransT1 (TransGen Biotech). Positive clones were screened for sequencing by Nanjing Genscript Co. (Nanjing, China).

Protparam2 was used to analyze the physicochemical properties of the amino acids of PtDef, and the Signal server3 was used for signal peptide analysis. A homology search for defensins was performed in the NCBI database, and a phylogenetic tree was constructed using the MEGA 5.0 software.



Analysis of PtDef Expression

We designed qRT-PCR primers specific for PtDef (Supplementary Table S1) using the Primer 3.0 software. PtActin (GenBank accession no. XM006370951.1) (Supplementary Table S1) was used as an internal reference, and qRT-PCR was performed using a StepOnePlus real-time fluorescence qPCR instrument (Applied Biosystems, Foster City, CA, United States). The qRT-PCR reactions comprised 10 μl SYBR Green, 1 μl forward primer (10 μmol), 1 μl reverse primer (10 μmol), 1 μl cDNA (template), and sterile water to a volume of 20 μl. qRT-PCR involved 40 cycles of pre-denaturation at 95°C for 10 min, denaturation at 95°C for 10 s, and annealing at 60°C for 30 s.



Construction of PET-32a-PtDef and Recombinant Plasmid Expression

Primers (Supplementary Table S1) were designed and synthesized based on the BamHI and NotI restriction sites in the PET-32a plasmid. The restriction enzymes BamHI and NotI (TaKaRa) were used to digest the PCR product and PET-32a plasmid, respectively, followed by ligation using T4 ligase (TaKaRa). Positive clones were electrophoresed in 1% agarose gel and sequenced.

The plasmid pET32a-PtDef was transformed into E. coli BL21 (DE3) (Solarbio, China). A single colony was selected on a plate containing 50 μg/ml ampicillin and cultured in liquid medium containing 50 μg/ml ampicillin. The expression of pET32a-PtDef in E. coli BL21 (DE3) was induced by 1 mmol/L isopropyl-β-D-1-thiogalactopyranoside (IPTG) in 100 ml Luria-Bertani (LB) medium for 4 h at 30°C. Cells were harvested by centrifugation at 5000 rpm for 15 min, resuspended in 10 ml binding buffer (20 mM Tris-base, 500 mM NaCl, and 20 mM imidazole), frozen at −20°C, and thawed in an ice bath; lysozyme was then added for a final volume of 1 mg/ml Next, the mixture was placed on ice for 30 min, Triton X-100 was added, and the concentration of the solution was diluted to 0.1%. DNase and RNase (5 μg/ml) were added and the mixture was incubated at 4°C for 10 min. Finally, DL-dithiothreitol (DTT) was added to a concentration of 1 mmol/L, the mixture was centrifuged, and the supernatant was decanted and stored at 4°C.

His-PtDef was purified by His-label affinity chromatography at a flow rate of 0.5 ml/min and a pressure of 0.25 MPa; the UV280 signal was set to zero. Samples were added after the baseline had stabilized. Next, wash buffer (20 mM Tris-base, 500 mM NaCl, and 50 mM imidazole) was added until the baseline returned to zero and elution buffer (20 mM Tris-base, 500 mM NaCl, and 250 mM imidazole) was applied to elute the target protein. The fractions recovered were evaluated by 12% SDS-PAGE.


Antifungal Activity Assay

Aspergillus niger, Alternaria Nees, Mucor corymbifer, Marssonina populi, Rhizopus sp., and Neurospora crassa were inoculated on PDA and activated in a 25°C incubator. The fungi were resuspended in 0.9% NaCl (pH 7.0) and transferred to liquid PDA, which was poured into Petri dishes. After setting, holes were made in the PDA. We dissolved 120 μl PtDef in 0.9% NaCl (pH 7.0) to 40, 20, 10, 5, 2.5, 1.25, and 0.625 μg/ml and added the solutions to PDA in triplicate. PDA containing 0.9% NaCl (pH 7.0) was used as a negative control. The plates were incubated at 25°C for 72 h until observation of mycelia.



Growth of E. coli BL21 (DE3)

Recombinant E. coli BL21 (DE3) was activated on LB agar containing 50 μg/ml ampicillin. Monoclones were cultured in LB containing 50 μg/ml ampicillin overnight at 37°C with shaking at 220 rpm. The following day, recombinant E. coli BL21 (DE3) was transferred to fresh LB at a 1:100 dilution and cultured to an OD600 of 0.4, after which IPTG was added to 1 mM. OD600 was then evaluated at 30-min intervals. A culture not induced by IPTG was used as the control.



Transcriptome Analysis of E. coli BL21 (DE3)

We performed transcriptome analysis of recombinant E. coli BL21 (DE3) before (control) and after PtDef induction by IPTG. RNA was extracted from E. coli BL21 (DE3) using an RNA Extraction Kit (Biomiga, Inc.) its integrity was investigated by electrophoresis in 2% agarose gel. RNA concentration and purity were determined using Nanodrop and Qubit instruments, respectively. The E. coli transcriptome was sequenced by Allwegene Bioinformatics Technology Co., Ltd. (Beijing, China). Data filtering and quality evaluation were performed, and the transcripts of clean reads were spliced. We used the Nr, Pfam, eggNOG, Swiss-prot, Kyoto Encyclopedia of Genes and Genomes (KEGG), and Gene Ontology (GO) databases for subsequent analyses.



Construction and Transformation of an Overexpression Plasmid

Forward and reverse primers (Supplementary Table S1) were designed according to the gateway entry vector pENTR/D-TOPO (Invitrogen, Carlsbad, CA, United States). Following amplification by PCR, the BP reaction was performed to construct the plasmid pENTR-PtDef by homologous recombination. Next, the recombinant plasmid pGWB9-PtDef (pGWB9 accession no. AB289772) was produced by LR reaction based on LR Clonase II and transformed into A. tumefaciens EHA105 (Solarbio, China).

Nanlin895 poplar (Populus × euramericana cv. Nanlin895) transformation was performed as follows. Nanlin895 poplar leaves and petioles were precultured for 3 days on differentiation MS medium (pH 5.8). A. tumefaciens EHA105 harboring pGWB9-PtDef was incubated at 28°C to an OD of 0.8, harvested by centrifugation at 5000 rpm for 15 min, resuspended in liquid sucrose-free MS medium, and used to infect Nanlin895 poplar leaves and petioles. Finally, Nanlin895 poplar leaves and petioles were transferred to differentiation MS medium and resistant plants were obtained by screening on bud elongation MS medium and screening rooting MS medium (1/2 MS medium) (Movahedi et al., 2015, 2018).

Total DNA of WT and transgenic poplars was extracted using a DNA Extraction Kit (Biomiga, Inc.) and amplified by PCR using PtDef-F and PtDef-R, and 35S (Supplementary Table S1) and PtDef-R, as forward and reverse primers, respectively. Total RNA of WT and transgenic poplars was extracted using an RNA Extraction Kit (Biomiga, Inc.) transcribed into cDNA, and subjected to qRT-PCR as described above.



Analysis of Septotinia populiperda Resistance

Septotinia populiperda was cultured on PDA at 25°C for 7 days. Leaves were moisturized using moist sterile degreased cotton. Holes were made in leaves of 4-month-old WT and transgenic poplars using a hole punch and inoculated with S. populiperda. Leaves were cultured for 24 h in the dark at 95% humidity and 23°C, and transferred to normal conditions (16 h light/8 h dark, 23°C, 74% humidity). Infection was monitored daily; the expanded range of S. populiperda in leaves was measured, and the degree of leaf damage S. populiperda growth was observed by microscopy. Analysis of genes related to the JA and SA signaling pathways; APX, CAT, SOD, RbohA, and RbohB expression levels; and H2O2 content.

PR1, NPR1, and TGA (related to SA signal transduction) and JAZ, COI1, and MYC2 (related to JA signal transduction) were amplified by qRT-PCR using the primers listed in Supplementary Table S1. The effects of S. populiperda infection on the expression of 13 genes were analyzed by qRT-PCR. Expression of the genes encoding ROS-scavenging enzymes APX, CAT, and GST and ROS-producing enzymes RbohA and RbohB were analyzed by qRT-PCR as described above using the primers listed in Supplementary Table S1.

H2O2 content was determined as previously described (Gay et al., 1999). Leaf samples inoculated or not with S. populiperda were collected at 0, 6, 12, 24, and 48 h and placed in liquid nitrogen; 1.5 ml of 500 mM boric acid buffer (pH 8.4) was added. Samples were then mixed gently in an ice bath for 10 min and centrifuged at 10,000 rpm for 20 min at 4°C. Sediments were removed and supernatants were collected, and 1 ml of a solution containing 25 mM ferrous sulfate, 100 mM sorbitol, 0.125 mM xylenol orange, 25 mM ammonium sulfate, and 100 mM sulfuric acid was added. A standard curve was generated from H2O2 standards at 560 nm using a Genesys 10S UV-vis spectrophotometer (Thermo Scientific, Waltham, MA, United States).
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FIGURE S1 |
Nucleotide and deduced amino acid sequences of PtDef (GenBank accession no. XP_002325735.1). The ATG (initiation codon) is boxed and the TAG (termination codon) is indicated by a five-pointed star.

FIGURE S2 |
Amino acid sequence alignment of several plant defensins using ClustalW; red arrow, cysteine residues.

FIGURE S3 |
Amino acid composition distribution of PtDef. Connections between cysteine residues represent disulfide bonds.

FIGURE S4 |
Phylogenetic analysis of PtDef. The phylogenetic tree was constructed using the neighbor-joining method with MEGA 5.1 software and bootstrapped 1000 times. The GenBank accession numbers of the Def sequences are: Ricinus communis (XM_025156310.1), Juglans regia (XM_018955615.1), Morus notabilis (XM_024165652.1), Quercus suber (XM_024039378.1), Nicotiana tomentosiformis (XM_009592617.2), Cephalotus follicularis (BDDD01004928.1), Nicotiana sylvestris (XM_009781749.1), Nicotiana attenuata (XM_019404257.1), Durio zibethinus (XM_022879395.1), Theobroma cacao (XM_018119227.1), Ziziphus jujuba (XM_016024166.2), Manihot esculenta (XM_021763356.1), Medicago truncatula (XM_013606172.2), Trifolium subterraneum (DF973199.1), Olea europaea var. Sylvestris (XM_022990840.1), Arachis duranensis (XM_016100210.2), Cajanus cajan (XM_020358126.1), Nicotiana tabacum (XM_016595723.1), Chenopodium quinoa (XM_021877694.1), Momordica charantia (XM_022290632.1), Capsicum annuum (XM_016700063.1), Citrus sinensis (XM_025094762.1), Artemisia annua (PKPP01003814.1), and Arabidopsis thaliana (NP_201171.1).

FIGURE S5 |
(A) Growth curve of E. coli BL (DE3) induced or not by IPTG (Student’s t-test, ∗∗∗P < 0.001 and ∗∗P < 0.01). (B) Mechanism by which antibiotics promote autolysis of bacteria.

FIGURE S6 |
(A) Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway annotation of differentially expressed genes (DEGs) related to the TCA cycle; acnA, ydbK, frdC, frdD, frdA, and frdB were downregulated and fumC, sdhD, sdhC, gltA, sdhB, sdhA, and sucA were upregulated. (B) KEGG pathway annotation of DEGs related to oxidative phosphorylation; nuoF, nuoE, nuoC, ppa, appC, frdC, appB, frdD, frdA, and frdB were downregulated and cyoA, cyoE, sdhD, sdhC, sdhB, and sdhA were upregulated.

FIGURE S7 |
(A) KEGG pathway annotation of DEGs related to RNA degradation; groL, eno, and rne were downregulated and rhlB, hfq, rho, and rppH were upregulated. (B) KEGG pathway annotation of DEGs related to the ribosome; rplC, rplD, rplW, rplB, rpsS, rplV, rpsC, rplP, rpsM, rpsK, rplY, rplF, rpsD, rpsB, rpsJ, rplX, rplM, rpsH, rpsN, rpsE, rplR, rplK, rplA, rpsF, rpsG, and rpsL were downregulated. (C) KEGG pathway annotation of DEGs related to DNA replication; dnaE was downregulated and rnhA was upregulated.

FIGURE S8 |
(A) KEGG pathway annotation of DEGs related to glycolysis/gluconeogenesis; nuoF, nuoE, nuoC, ppa, appC, frdC, appB, frdD, frdA, and frdB were downregulated. (B) KEGG pathway annotation of DEGs related to pyruvate metabolism; poxB, NA, pykF, aldB, pykA, ydbK, frdC, frdD, frdA, frdB, and pflB were downregulated.

FIGURE S9 |
KEGG pathway annotations of DEGs.

FIGURE S10 |
Scatter plot of KEGG pathway enrichment. The abscissa is the enrichment factor of the pathway, the ordinate is the name of the pathway, the number of different genes in the pathway is indicated by the size of the point, and the size of the P-value is indicated by the color of the point (the smaller P-value, the closer the color to red).

FIGURE S11 |
Molecular identification of regenerated PtDef transgenic plants. (A) Identification of PtDef in the genome of transgenic and WT poplar by PCR using the PtDef-F and PtDef-R forward and reverse primers, respectively. Lane M, molecular mass marker; Lane 1, negative control (genome of WT poplar as the template); Lanes 2–11, transgenic lines 1–10 (Trans1–Trans10). (B) Identification of PtDef in the genome of transgenic and WT poplar by PCR using the 35S promoter as the forward primer and PtDef-R as the reverse primer. Lane M, molecular mass marker; Lane 1, negative control (WT poplar genome as the template); Lanes 2–11, transgenic lines 1–10 (Trans1–Trans10). (C) Analysis of PtDef expression in transgenic and WT poplar by real-time RT-PCR. Values are means ± SD of three biological replicates. Student’s t-test, ∗∗∗P < 0.001 compared to WT poplar.

TABLE S1 |
Primers used in this study.

TABLE S2 |
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway annotation of differentially expressed genes (DEGs).


FOOTNOTES

1
http://www.ncbi.nlm.nih.gov/gorf/gorf.html

2
http://web.expasy.org/protparam

3
http://www.cbs.dtu.dk/services/SignalP/
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Soil bacterial diversity and community composition are crucial for soil health and plant growth, and their dynamics in response to agronomic practices are poorly understood. The aim of this study was to investigate the response of soil bacterial community structure to the changes of sowing methods, soil depth and distance to roots in a winter wheat-summer maize crop rotation system on the Loess Plateau in china (35°17′38′′N, 111°40′24′′E). The experiment was laid out as completely randomized block design with three replications. Sowing methods trialed were: traditional sowing (TS), film-mulched ridge and furrow sowing (FMR&F), wide ridge and narrow furrow sowing (WR&NF) and unplanted control (CK). The result showed that the WR&NF sowing method treatment significantly decreased soil bacterial diversity (Chao 1 and Shannon indices) compared to the TS and FMR&F treatment, but increased abundance of beneficial bacteria such as genera Bacillus and Pseudomonas compared to the TS treatment. These genera showed a stronger correlation with soil properties and contributed to the soil nutrient cycling and crop productivity. Bacillus, Pseudomonas, Nevskia, and Lactococcus were the keystone genera in this winter wheat-summer maize rotation system on the Loess Plateau. Strong correlations between changes in soil properties and soil bacterial diversity and abundance were identified. In summary, we suggest that the WR&NF treatment, as a no-mulching film and no-deep tillage sowing method, would be the most suitable sowing technique in the winter wheat-summer maize rotation on Loess soil.

Keywords: bacterial community composition, diversity, sowing methods, rhizosphere, soil layers


INTRODUCTION

Soil is a complex and dynamic system responsible for crop growth and development. Soil microbial communities are the key factor in providing ecosystem functions (Sengupta and Dick, 2015). Soil processes are mediated by microorganisms (including maintenance of soil structure, organic matter decomposition, and nutrient recycling) influencing the above-ground plant growth and productivity (Glick, 1995; Nacke et al., 2011; Nannipieri et al., 2017). In particular, soil microbial activity has been reported as an important component of soil function in organic matter mineralization to provide nitrogen, phosphorus and potassium in agricultural ecosystems (Grayston et al., 1998; Simmons and Coleman, 2008).

The spatial distribution of soil microbial diversity and abundance, such as in rhizosphere versus bulk soil, or down the soil profile, have gained much attention because of soil fertility concerns. These microbial communities are influenced by the plant root system (Chen et al., 2007), soil pH (Lauber et al., 2009) and organic matter availability (Wakelin et al., 2008). Soil microbial parameters (e.g., diversity and abundance) are important indicators of soil quality (Doran and Zeiss, 2000), that are influenced strongly by the land management practices (Buckley and Schmidt, 2003) and seasonal changes (Lipson and Schmidt, 2004). Soil physical disturbance alters soil micro-environment due to changes in soil properties (including soil moisture, temperature, aeration, organic matter stratification, nutrient distribution, etc.), which further influence soil micro-aggregation and soil microbial communities (Kladivko, 2001; Lienhard et al., 2013; Sengupta and Dick, 2015).

Conventional farming techniques, where crop residues are incorporated into soil, are prevalent on Loess Plateau of China. Such incorporation can boost crop residue decomposition and soil microbiome structure by relocating food resources and exposing protected carbon (Beare et al., 1992; Moore, 1994; Hartmann et al., 2015); in turn, microbial abundance, activity and diversity can influence the sustainable productivity of farming systems (Van Der Heijden et al., 2008). The previous research has focused on the soil microbial diversity and community composition under different tillage treatment and fertilization regimes (Mijangos et al., 2006). It has been argued that bacterial community composition and diversity differ with soil depth and across the rhizosphere/non-rhizosphere boundary in different crops.

Traditional sowing method (TS, drilled using a mechanical seeder, with rows spaced 20 cm apart without film mulching), is widely practiced on Loess Plateau in China. Such sowing method without mulching does not conserve precipitation and soil moisture (Liu et al., 2005). Several alternatives, such as the film-mulched ridge and furrow sowing method (FMR&F), with film-mulched ridges (an arc with 40 cm wide base and 10 cm height) and seeding into the furrow (rows spaced 15 cm) by using an all-in-one machine, combining ridging, mulching, fertilization, and sowing, are arising to replace the TS method. However, plastic film recycling is an issue (Liu et al., 2009; Li et al., 2018). The wide ridge and narrow furrow sowing method (WR&NF), with wide ridge (25 cm wide base and 12 cm height) and narrow furrow (depth 8 cm, sown into the top-edges of the furrow, rows spaced 12 cm) by using an all-in-one machine for ridging, fertilization and sowing, is being promoted not only for conserving precipitation and decreasing soil water evaporation, but also for avoiding contamination of soil environment with plastic (Sun et al., 2015). Li et al. (2018) reported that various sowing methods influenced wheat yield due to changes in soil water storage and water-use efficiency on the Loess Plateau in China. However, it remained unclear how different sowing methods would influence soil bacterial diversity and abundance that contribute to the changes in soil quality and micro-environment (Mann et al., 2019).

In this study, we applied Illumina HiSeq sequencing analysis of the V3-V4 16S rRNA gene region to characterize soil bacterial diversity and abundance among different soil layers down the profile, and between rhizosphere and non-rhizosphere soil as influenced by various sowing methods. We hypothesize that (a) soil bacteria diversity and community structure decrease by some sowing methods, which influence soil physicochemical properties; (b) the wide ridge and narrow furrow sowing method (WR&NF) treatments increase the abundance of beneficial bacterial genera, in particular bio-control bacterial taxa; (c) bacterial diversity decrease down the soil profile; and (d) the rhizosphere niche has lower abundance of predominant taxa than the non-rhizosphere environment.



MATERIALS AND METHODS


Experimental Design and Soil Sampling

The experiment was conducted in the field (35°17′38′′N, 111°40′24′′E) with long-term winter wheat-summer maize rotation systems, in Yuanqu County, Shanxi Province, located on the Loess Plateau in the northwest of China. This region has a sub-humid, warm, temperate, continental monsoon climate. The annual temperature is 13.5°C and annual precipitation is 631 mm, with 230 frost-free days. The soil is medium loam and classified as cinnamon red vertical structural Loess based on the Chinese Soil Taxonomy (Xue et al., 2018; Zhang et al., 2018). The soil properties of cultivated horizon (0–20 cm) were 10.5 g kg–1 of soil organic matter (SOM), 0.71 g kg–1 of total nitrogen, 86 mg kg–1 of available N, 14.5 mg kg–1 of available phosphorus and 118.2 mg kg–1 of available potassium in October 10, 2014 before sowing winter wheat.

In this experiment, the summer maize was sown on June 20, 2014 and harvested on October 7, 2014. The following winter wheat crop was sown on October 13, 2014 and harvested on June 14, 2015. On the day of harvest, we machine-shattered maize stem residues (pieces < 5 cm in length) and mixed them with the top 30 cm of soil. The field experiment in the completely randomized block design was laid out using winter wheat (Triticum aestivum L., variety Yannong 21) with three replications. Four treatments were implemented as the sowing methods: (A) traditional sowing method (TS) with rows spaced 20 cm apart without film mulching and furrowing, (B) film-mulched ridge and furrow sowing method (FMR&F) with film-mulched ridge (an arc with 40 cm wide base and 10 cm height and film-mulched with 0.01-mm-thick polyethylene) and seeding into the furrow (rows spaced 15 cm), (C) wide ridge and narrow furrow sowing method (WR&NF), with wide ridges (with 25 cm wide base and 12 cm height) and narrow furrow (depth 8 cm, sown into the top edges of the furrow, rows spaced 12 cm), and (D) control (CK) plots left unplanted (Supplementary Figure S1). The plot size was 0.133 ha, with a seeding rate of 112.5 kg ha–1. Approximately 750 kg ha–1 N-P-K (18-22-5%) compound fertilizer (equivalent to 135 kg N ha–1, 165 kg P2O5 ha–1, and 37.5 kg K2O ha–1) was applied as a basal fertilizer to all plot at the time of sowing winter wheat. All treatments were implemented by using an All-in-One Seedling Machine (Taicang Xiangshi Agricultural Machinery Co., Ltd., China) for ridging or furrowing, fertilization and seeding. No irrigation was applied during the two crops season. All experimental plots received the same management based on the standard recommended practices for growing wheat in the region.

After winter wheat was harvested on June 14, 2015, five soil cores were collected in each plot (in 20 cm increments from 0 to 60 cm depth, respectively) using a soil-drilling sampler (10 cm inner diameter). Five cores from the same depth and the same plot were combined to form three mixed samples for respective soil depths i.e., 0–20, 20–40, and 40–60 cm (Gregorich and Carter, 2007). Each sample was divided into rhizosphere soil (R) (dislodged from roots by using sterilized toothpicks) and non-rhizosphere soil (N) (obtained by gently shaking roots), except in the unplanted control plot; there were sixty-three soil samples in total (Gil et al., 2011). All soil samples were sieved through a 2- mm mesh, and each soil sample was then divided into two halves. One half was placed in a 50-mL centrifuge tube with added liquid N. The tubes stored in a dry-ice box were transported to the laboratory immediately, and kept at −80°C until DNA extraction. Another half of the same soil sample was used for measurement of soil physicochemical properties in a laboratory.



Measurement of Soil Physicochemical Properties

Soil organic matter was determined by the chromic acid titration method (Ryan et al., 2007). Soil moisture content was calculated from three homogenized replicates. After oven drying and milling, hydrolysable nitrogen (N), available phosphorus (P), and available potassium (K) contents were quantified using Conway method, MADAC and flame photometry, respectively (Halstead and Chairen, 1950; Lauber et al., 2008; Guo et al., 2011; Cao et al., 2012; Chaudhari et al., 2013). Soil pH was measured from supernatant of 0.01 M CaCl2 soil slurries, 1:1 (w/v), after 10 min of vigorous shaking and soil particle settling (Thomas, 1996).



DNA Extraction, PCR and Illumina HiSeq 2500 Sequencing

Total bacterial genomic DNA was extracted from 0.5 g of soil sample using the Fast DNA SPIN extraction kits (MP Biomedical, Santa Ana, CA, United States) based on the manufacturer’s protocol (Davinic et al., 2012). Using a NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, United States) and agarose gel electrophoresis, we assessed the quantity and quality of extracted DNA, respectively. The forward primer 338F (5′-ACTCCTACGGGAGGCAGCA-3′) and the reverse primer 806R (5′-GGACTACHVGGGTWTCTAAT-3′) were used for the PCR amplification of the bacterial 16S rRNA gene V3-V4 region (Langille et al., 2013). The sample-specific 7-bp barcodes were incorporated into the primers for multiplex sequencing. The PCR components contained 5 μL of Q5 reaction buffer (5×), 5 μL of Q5 High-Fidelity GC buffer (5×), 0.25 μL of Q5 High-Fidelity DNA Polymerase (5 U/μL), 2 μL of 2.5 mM dNTPs, 1 μL (10 μM) of each forward and reverse primers, 2 μL of DNA template, and 8.75 μL of ddH2O. The thermal cycling program was run as follows: initial denaturation at 98°C for 2 min, followed by 25 cycles consisting of denaturation at 98°C for 15 s, annealing at 55°C for 30 s, and extension at 72°C for 30 s, with a final extension of 5 min at 72°C. PCR amplicons were purified using AgencourtAMPure Beads (Beckman Coulter, Indianapolis, IN, United States) and quantified by a PicoGreen dsDNA Assay Kit (Invitrogen, Carlsbad, CA, United States). After the individual quantification step, amplicons were pooled in equal amounts, and the pair-end 2 × 300 bp sequencing was performed using an Illumina HiSeq platform with a HiSeq × Five Reagent Kit v2.5 at Shanghai Personal Biotechnology Co., Ltd (Shanghai, China).



Data Processing and Bioinformatics Analyses

The raw FASTQ files were demultiplexed and quality-filtered using the Quantitative Insight Into Microbial Ecology (QIIME, v1.8.0)1 pipeline as described previously (Caporaso et al., 2010). The raw sequencing reads were assigned to respective samples and identified as valid sequences with the following criteria (Gill et al., 2006; Chen and Jiang, 2014): reads shorter than 150 bp and average Phred scores of <20 were discarded; reads with exact barcode matching, two nucleotide mismatches in primer matching or containing ambiguous bases, and mononucleotide repeats of >8 bp were removed. Paired-end reads were assembled using FLASH (v1.2.7)2 (Magoč and Salzberg, 2011). The remaining high-quality sequences were submitted to the SRA (Sequence Read Archive) at the National Center for Biotechnology Information (NCBI) under accession number SRP231783 for 16S sequences. Operational taxonomic units (OTUs) were clustered at 97% sequence identity by UCLUST (Edgar, 2010). Chimeric sequences were identified in each OTU using the UCHIME algorithm. OTU taxonomic classification was conducted by BLAST searching of the representative sequences set against the Green Genes databases (DeSantis et al., 2006) using the best hit (Altschul et al., 1997). An OTU table, Biological Observation Matrix (BIOM), was further generated to record the abundance of each OTU in each sample and the taxonomy of these OTUs. OTUs containing less than 0.001% of total sequences across all samples were discarded (Bokulich et al., 2013). On average, 71,688 high-quality 16S sequences were obtained per sample. To minimize the differences in sequencing depth across samples, a rarefied OTU table was generated using an average of 100 evenly resembled OTU subsets with the 90% minimum sequencing depth for further analysis. To normalize the data, a subset of the 64,519 high-quality sequences per sample were selected randomly using the Mothur software (v1.31.2)3. The rarefaction curves showed that the sequences data were representative of most samples (Supplementary Figure S2).


Calculations and Statistical Analysis

Sequence data analyses were mainly performed using QIIME and R packages (v3.2.0). OTU-level alpha-diversity indices, such as Chao1 richness estimator and Shannon diversity index were calculated using the OTU table in QIIME. Taxa abundances at the phylum and genus levels were statistically compared among samples or groups by Metastats (White et al., 2009). The generalization error was estimated using 10-fold cross-validation. The expected “baseline” error was also included, which was obtained by a classifier that simply predicts the most common category label. Co-occurrence analysis was performed by calculating Spearman’s rank correlations between the dominant taxa. Correlations with | ρ| > 0.8 and p < 0.01 were investigated via co-occurrence network using Cytoscape (Shannon et al., 2003).

Data analysis was performed in SPSS statistics 20.0 software using the general linear model to test for significant differences. SOM, available P, pH, bacterial diversity and predominant taxa were analyzed by one-way ANOVA. Soil moisture content was analyzed by two-way ANOVA with rhizosphere/non-rhizosphere and soil layers factors. Abundance of Firmicutes, Bacillus and Pseudomonas were analyzed by two-way ANOVA with the sowing method treatments and the soil layers factors. Orthogonal contrasts analysis and linear regression analysis were used to assess soil properties as influenced by sowing methods, rhizosphere/bulk soil and soil layers. Simple correlation coefficients of soil properties and diversity indices were calculated using the Pearson correlation analysis. Spearman’s rank correlations were used to correlate the dominant taxonomy and soil properties.



RESULTS


Influence of Sowing Methods on Soil Properties and Bacterial Community Composition

Organic matter, available P and soil moisture content differed significantly in various sowing treatments, but no sowing treatment differences were noted in soil pH, available N and K (Table 1). The FMR&F treatment had higher organic matter content than the other three treatments that did not differ among themselves. The same treatment had higher available P and soil moisture content than the TS and WR&NF treatments.


TABLE 1. Physicochemical soil properties (1-way ANOVA).

[image: Table 1]Soil bacterial α-diversity (Chao1 and Shannon indices) were influenced significantly by the sowing method treatment (Figure 1). The wide ridge and narrow furrow (WR&NF) treatment had significantly lower in bacterial diversity than the TS and FMR&F treatment that did not difference between themselves. Top 20 dominant taxa (ranked based on abundance) were identified by a hierarchy tree graph. Almost 97% of soil bacterial sequences was attributed to seven phyla, including Actinobacteria, Acidobacteria, Planctomycetes, Bacteroidetes, Gemmatimonadetes, Chloroflexi, and Proteobacteria (Figure 2). The phyla of Gemmatimonadetes, Planctomycetes, Firmicutes, and Verrucomicrobia differed significantly in the various sowing method treatments (Table 2). The TS treatment had higher abundance of Gemmatimonadetes than the FMR&F and WR&NF treatments, and higher abundance of Planctomycetes and Verrucomicrobia than the WR&NF treatment. On the other hand, the abundance of Firmicutes was higher in the WR&NF and control treatments compared to the other sowing treatments, and was influenced significantly by the interaction of sowing method and soil layers treatments (Figure 3).
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FIGURE 1. Soil bacterial diversity indices (Chao1 and Shannon) as influenced by different sowing methods. TS = drilled using a mechanical seeder with rows spaced 20 cm apart without film mulching; FMR&F, film-mulched ridge (an arc with 40 cm wide base and 10 cm height) and furrow (rows spaced 15 cm) sowing method by using an all-in-one machine; WR&NF, wide ridge (25 cm wide base and 12 cm height) and narrow furrow (depth 8 cm, sown into the top-edges of the furrow, rows spaced 12 cm) sowing method by using an all-in-one machine; CK, control (fallow land). Chao 1, soil bacterial community richness index; Shannon, soil bacterial community diversity estimator. a, b Means are significantly different at p ≤ 0.05 (Tukey HSD).



[image: image]

FIGURE 2. Hierarchy tree graph of samples based on GraPhlAn. The node size corresponds to the average relative abundance of the taxon in all soil samples. The top-ranked 20 most abundant taxa were identified by the alphabet (the shadow color of alphabet corresponds to the nodes color of taxon) and were shown on the upper left. Seven phyla had relative abundance >2%, and almost 97% of soil bacterial sequences were attributed to these seven phyla.



[image: image]

FIGURE 3. Relative abundance of Firmicutes in soil as influenced by the interaction between sowing method and soil layers. TS = drilled using a mechanical seeder with rows space 20 cm apart without film mulching; FMR&F, film-mulched ridge (a circular arc with 40 cm wide base and 10 cm height) and furrow (row spaced 15 cm)sowing method by using an all-in-one machine; WR&NF, wide ridge (25 cm wide base and 12 cm height) and narrow furrow (depth 8 cm, sown into wide-ward furrow, rows space 12 cm) sowing method by using an all-in-one machine; CK, control (fallow land). a, b, c Means are significantly different at p ≤ 0.05 (Tukey HSD).



TABLE 2. Relative abundance of dominant phyla in soil as influenced by sowing method, sampling site and soil layers (1-way ANOVA).

[image: Table 2]The genera of Bacillus, Streptacidiphilus, Kribbella, Bradyrhizobium, Pseudomonas, Aeromicrobium, and Gemmata differed significantly in the various sowing method treatments (Table 3). The WR&NF treatment had higher abundance of Bacillus (phylum Firmicutes), Streptacidiphilus (phylum Actinobacteria), Bradyrhizobium (phylum Proteobacteria), and Pseudomonas (phylum Proteobacteria) than the TS treatments. In contrast, the TS treatment had higher abundance of Kribbella (phylum Actinobacteria), Aeromicrobium (phylum Actinobacteria), and Gemmata (phylum Planctomycetes) than the WR&NF treatment. The FMR&F treatment had higher abundance of Aeromicrobium (phylum Actinobacteria) and lower abundance of Bradyrhizobium than the WR&NF treatment, and lower abundance of Gemmata than the TS treatments. Abundance of Bacillus (phylum Firmicutes) and Pseudomonas (phylum Proteobacteria) were influenced significantly by the interaction of sowing method treatments and soil layers. Abundance of Bacillus and Pseudomonas genera was higher in the 40–60 cm soil layer in the WR&NF and control treatment compared with the other sowing treatments, but no difference was found among the sowing treatments in the other soil layers (Figure 4). These results revealed that the sowing method treatments influence the properties and bacterial community composition of soil. The WR&NF treatment showed higher abundances of Bacillus (phylum Firmicutes), Bradyrhizobium (phylum Proteobacteria) and Pseudomonas (phylum Proteobacteria) than the TS and FMR&F treatments.


TABLE 3. Relative abundance of dominant genera in soil as influenced by sowing method, sampling site and soil layers (1-way ANOVA).

[image: Table 3]
[image: image]

FIGURE 4. Relative abundance of Bacillus (A) and Pseudomonas (B) in soil as influenced by sowing method and soil layers (2-way ANOVA). TS = drilled using a mechanical seeder with rows space 20 cm apart without film mulching; FMR&F, film-mulched ridge (a circular arc with 40 cm wide base and 10 cm height) and furrow (row spaced 15 cm)sowing method by using an all-in-one machine; WR&NF, wide ridge (25 cm wide base and 12 cm height) and narrow furrow (depth 8 cm, sown into wide-ward furrow, rows space 12 cm) sowing method by using an all-in-one machine; CK, control (fallow land). a, b, c Means are significantly different at p ≤ 0.05 (Tukey HSD).




Influence of Distance to Roots on Soil Properties and Bacterial Community Composition

Soil properties between rhizosphere and non-rhizosphere were differed significantly. The non-rhizosphere soil showed higher values for all soil properties, except soil moisture, compared to the rhizosphere soil (Table 1). Soil moisture content was higher in the rhizosphere than non-rhizosphere soil, and was influenced significantly by interaction between sampling site and the soil layers treatments (Supplementary Figure S3). Meanwhile, we found that the non-rhizosphere soil had higher abundance of Acidobacteria and Chloroflexi phyla than the rhizosphere soil (Table 2). The rhizosphere soil had higher abundance of Lentzea (phylum Actinobacteria) than the non-rhizosphere soil (Table 3).



Influence of Soil Depth on Soil Properties and Bacterial Community Composition

Soil properties (organic matter, available P and pH etc.) were decreased down the soil profile and significantly higher in the top-soil layer (Table 1). Available N and available K were influenced significantly by the interaction among sowing method, sampling site and soil layer (Supplementary Table S1). High available N and available K concentrations were recorded in the top-soil of non-rhizosphere environment in the WR&NF treatment. Soil moisture content was decreased significantly down the soil profile (Supplementary Figure S3).

Soil bacterial diversity was influenced by the interaction of sowing method and soil depth. The lowest soil bacterial diversity (Chao1 index) was recorded in the 40–60 cm soil layer of the WR&NF treatment (Supplementary Table S3). Soil depth factor strongly influence abundance of Firmicutes, Nitrospirae, and Verrucomicrobia (Table 2). The 40–60 cm soil layer had higher abundance of Firmicutes and Nitrospirae than the other two soil layers. In contrast, the lowest abundance of Verrucomicrobia was recorded in the 40–60 cm soil layer. Soil depth strongly influenced abundance of Bacillus, Streptacidiphilus, Kribbella, Bradyrhizobium, Pseudomonas, Kaistobacter, Aeromicrobium, and Lentzea (Table 3). The top soil layer had higher abundance of Kribbella, Kaistobacter, Aeromicrobium and Lentzea than the 40–60 cm soil layer. In contrast, the lowest abundance of Bacillus (phylum Firmicutes),Streptacidiphilus (phylum Actinobacteria) and Pseudomonas (phylum Proteobacteria) were recorded in the top-soil. The highest abundance of Kribbella (phylum Actinobacteria) was recorded in the 20–40 cm soil layer. Hence, soil depth appeared to be a strong factor that influenced soil properties and bacterial community composition. Soil properties were significantly decreased down the soil profile.



Correlation of Soil Properties and Bacterial Community Composition

We found that all the six soil properties tested were significantly (p ≤ 0.05) and positively correlated with each other (Supplementary Table S2). Also, soil bacterial diversity correlated positively (p ≤ 0.05) with available N (p = 0.02), P (p = 0.03), K (p = 0.04), pH (p = 0.05), and soil moisture contents (p = 0.01), but not organic matter (p = 0.17). Spearman’s rank order correlation analysis showed strong correlation among dominant taxa, treatments and soil properties (Supplementary Table S4). Abundance of Firmicutes and Nitrospirae phyla was significantly negatively correlated, and that of Verrucomicrobia positively correlated, with the soil properties except soil pH. Abundance of Proteobacteria was significantly positively correlated with SOM (p < 0.01) and soil moisture content (p < 0.01). Abundance of Planctomycetes phylum was positively correlated with available N (p = 0.02), and abundance of Bacteroidetes had a positive correlation with (p = 0.03) the soil moisture content.

Among genera (Supplementary Table S4), abundance of Bacillus was significantly negatively correlated with the soil properties except soil pH (p = 0.16). Abundance of Kaistobacter had a strong positive correlation with available N, P, K, organic matter and soil moisture content. Abundance of Streptacidiphilus was significantly negatively correlated with available P and available N, K and organic matter. Abundance of Bradyhizobium had a significant negative correlation with soil pH (p = 0.04) and soil moisture content (p = 0.04). Abundance of Pseudomonas was significantly negatively correlated with available N, P, and K. Abundance of Aeromicrobium was significantly positively correlated with SOM, available N and soil moisture content as well as available P and K. Abundance of Gemmata and Lentzea was strongly positively correlated with available N (p = 0.01) and SOM (p = 0.04), whereas abundance of Nocardioides had a significant negative correlation (p = 0.02) with available P.



DISCUSSION

Sowing methods that include ridging/furrowing are likely to alter physicochemical soil properties as well as soil bacterial diversity and community structure (Shah et al., 2013). The aim of this study was to investigate the response of soil bacterial diversity and abundance to different sowing method treatments, which would alter the abundance of soil beneficial bacteria that contribute to the improvement of soil qualities in winter wheat-summer maize crop rotation system on the Loess Plateau. We found the correlations between the soil bacterial diversity and abundance of predominant taxa and selected soil properties.


Influence of Sowing Methods on Soil Properties and Bacterial Community Composition

We found that the FMR&F treatment increased SOM and available P compared with the WR&NF and TS treatments, which did not differ between themselves (Table 1). It has recently been suggested that plastic film mulching would increase soil organic matter content (SOM) via increasing local soil environment temperature and decreasing periodic physical disturbance (Balesdent et al., 2000; Liu et al., 2009; Zhang et al., 2011). In addition, plastic film mulching provided a stable soil micro-environment that enhanced the nutrient cycling in top soil layers and prevented water loss (Li et al., 2004; Anikwe et al., 2007; Mulumba and Lal, 2008). In the present study, the WR&NF treatment was a conservation sowing technique with no-deep tillage (Zhang et al., 2012). Nutrient distribution and potential N mineralization in soil were affected by different tillage practices (Salinas-Garcìa et al., 2002). The highest available N and available K were recorded in the top-soil of the WR&NF treatment (Supplementary Table S1). In addition, soil chemical characteristics (e.g., soil available N, available K, and pH) were changed under different tillage intensities (López-Fando and Pardo, 2009). Accordingly, the WR&NF sowing method with minimum tillage improved the nitrogen cycling in soil compared to the other treatments.

Soil microbial diversity is an important indicator of soil quality (Anderson, 2003), influenced by tillage (Lupwayi et al., 1998) and cropping system (Moore et al., 2000). Tillage practice may lead to a decrease in bacterial community diversity due to homogenization of soil and disturbing the unique micro-environment microorganisms inhabitant (Sengupta and Dick, 2015). One interesting finding was that the WR&NF treatment, a sowing method with no-deep tillage, reduced the soil bacterial diversity compared to the TS and FMR&F treatments (Figure 1). The lowest bacterial diversity (Chao 1 index) was recorded in the deeper soil layers of the WR&NF treatment (Supplementary Table S3). This is likely a consequence of the narrow furrow (8 cm depth) in top-soil layers of WR&NF treatment. Creating furrows for seed and fertilizer placement, as often used in no-till farming, would lead to soil disturbance in the top-soil layers (Barr et al., 2016), resulting in changed soil properties (Zhou et al., 2012) and soil microbial community structure (Qin et al., 2017).

Soil bacterial community structure and composition were influenced strongly by soil physicochemical properties and environmental variables (Arroyo et al., 2015). Our results indicated that abundance of predominant taxa showed significant difference among the different sowing method treatments. Abundance of Gemmatimonadetes, Verrucomicrobia and Planctomycetes phyla that are indicative of the soil nutrient status and soil carbon quality (Cederlund et al., 2014) did not differ between the FMR&F and the WR&NF treatments, but were significantly lower than the TS treatment (Tables 2). In particular, the phylum Firmicutes, with many anaerobic representatives (Teixeira et al., 2010), was higher in the 40–60 cm soil layer in the WR&NF treatment compared with the other treatments (Figure 3). The WR&NF treatment had recruited more beneficial bacteria than TS treatment (Table 3 and Figure 4), such as Streptacidiphilus (phylum Actinobacteria), Pseudomonas (phylum Proteobacteria) (Gügi et al., 1991), Bacillus (phylum Firmicutes) (Skraly and Cameron, 1998), and Bradyrhizobium (phylum Proteobacteria) (Wu et al., 2014). Also, the sowing methods treatments were strongly influenced the abundance of Streptacidiphilus, Bradyrhizobium, Bacillus, and Pseudomonas (Supplementary Table S4). Hence, we can conclude that different sowing treatments changed soil bacterial diversity and abundance as well as soil properties. These results are consistent with some previous studies in which soil bacterial community structure and composition were correlated with SOM and nutrient contents (Ansola et al., 2014; Hartmann et al., 2015; Nannipieri et al., 2017), soil moisture and plant interaction (Chen et al., 2007), soil pH (Fierer and Jackson, 2006; Lauber et al., 2009; Kuramae et al., 2012), different farming systems (Esperschuetz et al., 2007), and different tillage practices (Sengupta and Dick, 2015).

Previous reports showed that the no-tillage treatment contributed to increased yield (Soomro et al., 2009), spike length and number of grains per spike (Tanveer et al., 2003), drought-resistance and conservation of soil moisture (Christian et al., 2005). Similarly, the WR&NF treatment, as a no-mulching film and no-deep tillage sowing technique in this study, altered soil bacterial community composition and increased soil beneficial bacteria abundance. Annually, large amounts of plastic films used for agricultural mulching contaminate the soil environment in China (Chen et al., 2013). In contrast, the WR&NF treatment avoided plastic contamination of soils (Sun et al., 2015). Moreover, the WR&NF treatment had higher wheat yield than the TS and FMR&F treatment in latter experiments. Based on the results presented here, we suggest that the WR&NF treatment was the most suitable sowing technique in winter wheat-summer maize rotation on Loess Plateau.



Influence of Distance to Roots on Soil Properties and Bacterial Community Composition

Some reports showed that root nutrient uptake, exudation and microbial activity led to variation in soil properties between the rhizosphere and non-rhizosphere soils (Marschner et al., 2001; Raynaud, 2010). In our study, we found that compared to rhizosphere soil, the non-rhizosphere soil had higher SOM, available P, pH. and soil moisture content (Table 1 and Supplementary Figure S3), reflecting relatively high uptake of P and water by roots that also acidified the rhizosphere soil environment (Russell, 1979; Pierret et al., 2007).

We found a plant-dependent rhizosphere effect in soil bacterial community composition (Smalla et al., 2001; Uroz et al., 2010). Abundance of Acidobacteria and Chloroflexi phyla was significantly higher in the non-rhizosphere than rhizosphere soil, whereas Lentza genus was more abundant in the rhizosphere (Tables 2, 3). Saleem et al. (2018) suggested that root system architecture altered the root microbiome structure. Marschner and Timonen (2005) demonstrated that an interaction between plant species and mycorrhizal colonization affected soil bacterial community structure in the rhizosphere. Also, soil type, nutrition, fertilization and root zone location would influence soil bacterial diversity (Marschner et al., 2001, 2004; Berg and Smalla, 2009).

Fierer and Jackson (2006) reported that soil properties determined soil bacterial diversity and richness. We also found that abundance of Lentza genus was correlated positively with SOM and available N (Tables 3 and Supplementary Table S4). We suggest that soil properties influence the bacterial community composition by providing various nutritional environments for bacterial growth and reproduction. In other studies, root system size and distribution loosened soil structure and improved microclimate, impacting soil bacterial community structure (Marschner et al., 2004). Root exudation at the root apices also influenced bacterial community in the rhizosphere (Dennis et al., 2010). Understanding the influence of root system and root exudation on the soil bacterial diversity and abundance hinges on additional experiment evidence because soil properties are interdependent and do not respond in the same way to the distance to roots (Ansola et al., 2014).



Influence of Soil Depth on Soil Properties and Bacterial Community Composition

Salome et al. (2010) reported differences in pedological, environment and physicochemical properties in different soil layers. In the study presented here, we also recorded soil properties differing significantly down the soil profile (Table 1) and correlating negatively (p < 0.01) with soil layers (Supplementary Table S4). Kramer and Gleixner (2008) suggested that SOM varied with soil depth because distinct carbon preferences of microbial community. In addition, Jobbágy and Jackson (2001) reported that root systems influenced nutrient contents in different soil layers. Soil available potassium spatial distribution over depth was affected by land management and fertilization (Zhang et al., 2013). Accordingly, we confirmed that soil properties significantly worsened with depth mainly due to decreased nutrition and soil microbial activity.

Fierer et al. (2003) reported that vertical and spatial distribution of bacterial community down the soil profile was influenced by dwindling carbon resources at depth. In the present study, Verrucomicrobia phylum and Kaistobacter (phylum Proteobacteria), Aeromicrobium (phylum Actinobacteria), and Lentzea (phylum Actinobacteria) genera that were abundant in the top-soil layer, might have been responsible for specific suppression of the soil-borne plant pathogens (Weller et al., 2002). In contrast, the 40–60 cm soil layer had more Nitrospirae and Firmicutes phyla and genera Bacillus (phylum Firmicutes), Streptacidiphilus (phylum Actinobacteria), Bradyrhizobium (phylum Proteobacteria), and Pseudomonas (phylum Proteobacteria) (Tables 2, 3), which were reported to be involved in the soil N-recycling (Kuypers et al., 2018), soil inorganic phosphate solubilization (Rodríguez et al., 2006), soil heterotrophic metabolism (Tang et al., 2011) and cellulose decomposition in soil (Pepe-Ranney et al., 2016). These predominant taxa were correlated (negatively or positively) with the available N, P, K, and SOM as well as some other soil properties (Supplementary Table S4). These results were consistent with the previous reports, in which bacteria abundance was dependent on soil depth, and was correlated significantly with soil properties such as organic carbon content and total nitrogen (Will et al., 2010). Soil pH may impose a micro-environment stress on bacteria and impact the relative abundance of predominant taxa (Lauber et al., 2008). SOM decomposition vs. stabilization may alter bacterial community structure via influences on soil carbon stock (Six et al., 2002; Birkhofer et al., 2012). Therefore, we suggest that soil properties (including SOM, available N, P, and K, etc.) contributed to soil bacterial community differences via the variation in availability of carbon and nutrients in different soil layers. Barrios (2007) revealed that specific soil microorganism could influence directly the crop yield and could impact indirectly the crop productivity via influencing the soil carbon and nutrient cycling and soil structure modification. Symbiotic nitrogen-fixing bacteria (e.g., Bradyrhizobium) and free-living nitrogen-fixing bacteria (e.g., Pseudomonas) were attached to the crop roots and efficiently colonized root surface, contributing to sustainable crop growth enhancement and crop productivity (Hayat et al., 2010).



Co-correlation of Keystone Bacteria Genera

Soil bacteria participate in the vital biological and ecosystem functions, being a principal driving force for example in soil carbon, nitrogen and phosphorus cycling. Rampelotto et al. (2015) revealed that interactions among different bacterial taxa resulted in a unique pattern of clustered topology. Co-occurrence and interactions among soil bacterial species not only defined the species characteristics, but also drive the ecosystem functionality of bacterial community (Fuhrman, 2009). In the present study, we showed that, among top 50 dominant genera (Figure 5), 11 genera had positive co-correlations (| ρ| > 0.8), with Bacillus (Skraly and Cameron, 1998), Pseudomonas (Gügi et al., 1991), Nevskia and Lactococcus being the keystone genera in the soil bacterial community based on the higher abundance in soil samples and the network topology analyses (Barberán et al., 2012; Lupatini et al., 2014). Co-occurrence of soil bacteria was affected by several ecological processes, including competition and habitat filtering (Woodcock et al., 2007). Ma et al. (2016) reported that co-occurrence and interactions among bacterial taxa contributed to soil ecosystem functions and species diversity. Soil bacterial species correlated with soil properties and played a critical role in soil biology functions via potential interactions and habitat-sharing effects (Cardinale et al., 2015; Menezes et al., 2015). We concluded that variations in soil properties and associations among keystone taxa may jointly influence or reflect the feedback from the soil bacterial community composition in the winter wheat-summer maize rotation on the Loess Plateau (King et al., 2012).


[image: image]

FIGURE 5. Correlation network graph of predominant genera based on Spearman’s rank correlations. Every node represents the keystone genera. Solid lines between two nodes indicate significant positive correlation (| ρ| > 0.8 and p < 0.01).




CONCLUSION

Soil bacterial diversity and community composition were influenced by the different sowing method treatments. The WR&NF sowing method significantly decreased the bacterial diversity compared to the TS and FMR&F treatments. However, the beneficial bacterial taxa, such as genera Bacillus and Pseudomonas, were abundant in the WR&NF sowing method treatment. They showed a stronger correlation with soil properties and contributed to the soil nutrient cycling and crop productivity. Therefore, we suggested that the WR&NF treatment, as a no-mulching film and no-deep tillage sowing method, would be the most suitable sowing technique in the winter wheat-summer maize rotation on the Loess Soil.
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Microbial biosurfactants, produced by fungi, yeast, and bacteria, are surface-active compounds with emulsifying properties that have a number of known activities, including the solubilization of microbial biofilms. In an on-going survey to uncover new or enhanced antimicrobial metabolite-producing microbes from harsh environments, such as oil-rich niches, 123 bacterial strains were isolated from three oil batteries in the region of Chauvin, Alberta, and characterized by 16S rRNA gene sequencing. Based on their nucleotide sequences, the strains are associated with 3 phyla (Actinobacteria, Proteobacteria and Firmicutes), as well as 17 other discrete genera that shared high homology with known sequences, with the majority of these strains identified to the species level. The most prevalent strains associated with the three oil wells belonged to the Bacillus genus. Thirty-four of the 123 strains were identified as biosurfactant-producers, among which Bacillus methylotrophicus strain OB9 exhibited the highest biosurfactant activity based on multiple screening methods and a comparative analysis with the commercially available biosurfactant, Tween 20. B. methylotrophicus OB9 was selected for further antimicrobial analysis and addition of live cultures of B. methylotrophicus OB9 (or partially purified biosurfactant fractions thereof) were highly effective on biofilm disruption in agar diffusion assays against several Gram-negative food-borne bacteria and plant pathogens. Upon co-culturing with B. methylotrophicus OB9, the number of either Salmonella enterica subsp. enterica Newport SL1 or Xanthomonas campestris B07.007 cells significantly decreased after 6 h and were not retrieved from co-cultures following 12 h exposure. These results also translated to studies on plants, where bacterized tomato seedlings with OB9 significantly protected the tomato leaves from Salmonella enterica Newport SL1 contamination, as evidenced by a 40% reduction of log10 CFU of Salmonella/mg leaf tissue compared to non-bacterized tomato leaves. When B. methylotrophicus 0B9 was used for bacterized lettuce, the growth of X. campestris B07.007, the causal agent of bacterial leaf spot of lettuce, was completely inhibited. While limited, these studies are noteworthy as they demonstrate the inhibition spectrum of B. methylotrophicus 0B9 against both human and plant pathogens; thereby making this bacterium attractive for agricultural and food safety applications in a climate where microbial-biofilm persistence is an increasing problem.
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INTRODUCTION

Organic pollutants, such as crude petroleum, are commonly assumed to be a harsh habitat/medium for microbes to thrive upon. However, in spite of its high toxicity and hydrophobicity, mounting evidence has revealed the presence of live microbes (mainly bacteria) in crude oil. A wide distribution of microbial diversity, including Pseudomonas, Bacillus, Streptomyces and Stenotrophomonas species, were associated with oil wells (Yoshida et al., 2005; Cai et al., 2015). These organisms have the potential to degrade numerous hydrocarbons for use as carbon sources and encapsulate heavy metals and/or hydrocarbons through the production of active surfactants (Varjani and Gnansounou, 2017).

Biosurfactants are surface-active compounds with emulsifying activities. These compounds are described as amphiphilic, containing both hydrophilic and hydrophobic ends, that allows them to interact at the interface between aqueous and non-aqueous systems (Marchant and Banat, 2012). There are six classes of biosurfactants: glycolipids, lipopeptides or lipoproteins, neutral lipids, phospholipids, substituted fatty acids and lipopolysaccharides. Based on literature, the class of biosurfactant the genus Bacillus produces is lipopeptide (Zhao et al., 2017). Most of the work on biosurfactant application is focused on the microbially enhanced oil recovery (MEOR) technique, which relies on the use of microbial surfactants or killed bacterial cultures to liberate crude oil from binding surfaces, such as rocks and crevices (Perfumo et al., 2010), and to bioremediate of pollutants (Mulligan, 2005; Thavasi, 2011). However, in recent years microbial biosurfactants have gained renewed commercial interest because they have several advantages (e.g., low toxicity to the environment, eco-friendly, biodegradability and acceptability) over their synthetic counterparts that makes the biosurfactants amenable for application in the fields of agriculture, the food industry and therapeutics (Nitschke and Costa, 2007; Sachdev and Cameotra, 2013; Mani et al., 2016).

A large number of reports have described a variety of biosurfactant producers originating from aqueous environments and polluted/unpolluted soils with crude oil (Sachdev and Cameotra, 2013). Many rhizosphere and plant-associated microbes are biosurfactant producers, strongly suggesting their potential role in plant-microbe interactions and in broader agriculture (Marchut-Mikolajczyk et al., 2018) regarding combating plant diseases and foodborne pathogens (Moore et al., 2013). For example, several biosurfactant-producing bacterial strains of Pseudomonas and Bacillus species were effective in controlling seed rots, damping off, leaf spots, blight and wilts of several crops (Debode et al., 2007; D’aes et al., 2010; Sachdev and Cameotra, 2013). Other strains were effective against food-borne pathogens, including Salmonella species and Escherichia coli (Díaz De Rienzo et al., 2015; Hsu and Micallef, 2017). Therefore, isolation and characterization of bacteria with promising biosurfactant and/or antimicrobial properties from unexplored environmental samples, such as crude oil, may have applications in plant disease suppression and in the reduction of food–borne pathogens, thus warranting further research.

Some of the leading causes of food-borne illness are Salmonella and E. coli O157:H7 (Lynch et al., 2009). The Salmonellosis and E. coli O157:H7 outbreaks associated with fresh produce have been attributed most frequently to consumption of tomatoes, cantaloupes and leafy greens (Murray et al., 2017). Edible plants that become contaminated during agricultural practices can transmit the pathogen to consumers leading possibly to Salmonellosis outbreaks (Snyder et al., 2019). Mounting evidence indicates that food-borne pathogens not only contaminate plant surfaces, but are also able to internalize into the tissues of fresh produce during the growing and distribution processes (Deering et al., 2012). Thus, reducing Salmonella enterica association with plants during crop production could reduce risks of fresh produce-borne Salmonellosis.

In addition to being a vector of food-borne disease, fresh vegetables are of economic concern with respect to pathogens that directly result in destruction of the plant and its resultant yield. One of the most devastating diseases of lettuce is bacterial leaf spot (BLS) disease, caused by Xanthomonas campestris. Water soaked lesions appear on the margins of the leaves, reducing the quality and affecting the market value of lettuce (Nicolas et al., 2018). In Quebec (Canada), severe outbreaks of BLS have led to devastating economic losses (i.e., 100% of the lettuce in the field is ruined). Recently, biological control of plant pathogens using antagonistic bacteria has presented itself as a promising strategy for plant protection (Heydari and Pessarakli, 2010). Lactic acid bacteria (LAB) and antagonistic strains of Bacillus subtilis were reported to be effective against different pathovars of X. campestris (Wulff et al., 2002; Trias et al., 2008; Saleem et al., 2017). Thus, the discovery of additional antagonistic bacteria that have activity against X. campestris pv. Vitians, as well as other human/plant pathogens merits exploring.

We hypothesized that oil-dwelling bacterial strains can be a source of novel biosurfactant compounds with enhanced prophylactic abilities against human and plant pathogens. The objectives of this study were to (i) isolate and characterize bacterial strains from crude-oil samples, (ii) demonstrate the biosurfactant-producing potential of each of these strains using multiple screening methods, and (iii) as a proof-of-principal, identify the top biosurfactant-producer and assay it against a collection of human (including food-borne) and plant pathogens for highly antagonistic activity in co-culture and protective capabilities in planta.



MATERIALS AND METHODS


Source of Crude Oil Samples and Organisms

Crude oil samples were obtained from the operating area of Talisman Energy Inc., which is located in Chauvin, Alberta (Supplementary Figure S1). We were provided with duplicate samples representing pooled samples from wells of each of the three batteries (battery 10–22, battery 5–27 and battery 10–17), using sterile 500 mL Schott bottles tightly sealed, kept on ice during transportation and stored at 4°C for DNA extraction (Table 1). The physical and chemical characteristics of the crude oil are listed in Table 1. Target organisms, consisting of a panel of 41 bacterial and fungal strains (listed in Supplementary Table S1), were tested in dual diffusion assays with biosurfactant-producing strains. Salmonella enterica subsp. enterica strains belonging to 17 different serovars, including top clinical serovars (e.g., Typhimurium, Heidelberg, Newport, Infantis, Thompson and Braenderup) and environmental samples, were classified according to the four Salmonella biofilm morphotypes displayed on congo red plates (Römling et al., 1998). Strains with the morphotypes: rdar (red dry and rough) are cellulose and curli positive, pdar (pink dry and rough) are cellulose positive, bdar (brown dry and rough) are curli positive and saw (smooth and white) are negative for both components.


TABLE 1. Physical and chemical properties of oil samples from oil batteries 10–22, 5–27, and 10–17.
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Isolation of Oil-Dwelling Bacteria

Unless otherwise stated, manipulation of oil samples was performed under sterile conditions in a laminar flow hood in order to avoid any contamination. Crude oil samples (10 mL of each) were mixed with an equal volume of sterile distilled water. The emulsion was vortexed and then continuously agitated (2 × g) on a rotary shaker for 2 h, before the aqueous phase was recovered with a sterile pipette. This procedure was repeated five times, collecting a total of 50 mL of the aqueous phase for each sample from each well. Aliquots (100 μL) of the aqueous phase were plated on different microbiological culture media; potato dextrose agar (PDA), malt extract agar (MEA), nutrient agar (NA) and lysogeny broth agar (LBA) (BDH chemical Ltd., Mississauga, ON, Canada), and incubated at 28°C. Bacterial colonies that grew on culture media were passed through four rounds of single colony isolation by streaking them on the above-mentioned culture media to ensure purity of each strain prior to long-term storage. Pure bacterial cultures were stored in 20% (v/v) glycerol and kept at −80°C until further use.



Molecular Identification of Bacteria Recovered From Oil

Bacterial strains were grown in LB broth for 18 h with agitation to obtain a final concentration of 108–1010 colony forming units (CFU) mL–1. Cells were pelleted by centrifugation, and DNA was extracted using the DNeasy® Blood & Tissue kit (Qiagen, Mississauga, ON, Canada) following the manufacturer’s instructions. DNA concentration and quality were confirmed spectrophotometrically with a NanoDrop ND1000 spectrophotometer (NanoDrop, Wilmington, DE, United States) and on a 1% (w/v) agarose gel, respectively. The 16S rRNA gene sequences were amplified using the ITS primer pair 27F/534R (5′-AGAGTTTGATCCTGGCTCAG-3′) and 534R (5′-ATTACCGCGGCTGCTGG-3′) according to previously published protocols (Gagne-Bourgue et al., 2013; Scott et al., 2018) to putatively identify 123 bacterial strains. PCR amplification was performed in a Bio-Rad T100 Thermal Cycler using the iProofTM High-Fidelity (HF) PCR kit (Bio-Rad, Ontario, Canada) using 40 ng of genomic DNA for a 50 μL reaction following previously published protocols (Gagne-Bourgue et al., 2013; Scott et al., 2018). Negative and positive controls were included concurrently with each reaction according to previous protocols (Scott et al., 2018). Amplification of PCR products was confirmed on a 1% (w/v) agarose gel. Lower molecular weight PCR products were cloned into the pDrive vector (Qiagen) following the manufacturer’s protocol. Purified plasmid DNA and PCR products were sequenced at Genome Quebec sequencing services (McGill University, Montreal, QC, Canada). Sequences were subjected to Blast search against the NCBI database using the algorithm megablast1 to confirm identity through sequence homology. The obtained sequences were submitted to NCBI GenBank.



Enrichment of Biosurfactant Production by Oil-Dwelling Bacteria

For efficient degradation of complex hydrocarbon oil and the production of biosurfactants, 3.27 g/L of Bushnell and Haas (BHM) (BDH chemical Ltd) supplemented with 2% of each of crude oil (v/v), glucose (w/v) and molasses (v/v) as sole sources of carbon, adjusted to pH 7.0 and sterilized at 21 psi for 20 min was used. A 1 mL volume of bacterial cultures (grown at 22°C for 18–24 h with agitation in LB broth) with an OD600 between 0.6 and 1.0 was transferred to 100 mL of the carbon-amended BHM media. Inoculated media was incubated with continuous agitation (2 × g) at 30°C for 7 days and then the cell-free supernatant was collected by centrifugation (6500 × g at 4°C for 20 min). Removal of any residual oil and/or live bacterial cells present in the cell-free supernatant was accomplished by filtration using a 0.22 μm Millipore filter (Millipore Sigma, Ontario, Canada) and kept at 4°C until further use.



Assays for Biosurfactant Production

Bacterial isolates originating from oil batteries (10–22, 5–27, and 10–17) were screened for biosurfactant production by applying the most commonly used assays in the literature; the oil-spreading test and drop-collapse assay (Youssef et al., 2004; Thavasi, 2011). Isolates were considered to have significant biosurfactant production if the clearing zone they produced was at least ≥ 1.0 cm in diameter in the oil spreading assay and ≥ 3.0 mm in the drop collapse assay (Youssef et al., 2004). In all assays unless otherwise stated, Triton X-100 (10 mg/mL) was used as the positive control, while sterile de-ionized water and un-inoculated hydrocarbon-amended BHM medium served as negative controls. All tests were replicated twice for each bacterial strain tested. Based on the above-mentioned criteria, the top biosurfactant producers were further screened using the CTAB agar method, emulsification assay, microplate assay, and hemolytic assay.


Drop Collapse Assay

The wells of a polystyrene 96 well micro-plate lid (Corning Incorporated, United States) were coated with 2 μL of crude oil and left to dry for 24 h at 22°C. Filtered cell-free supernatant (5 μL) was transferred to the center of the oil coated well. The results were recorded after 1–2 min and considered positive for biosurfactant production when the oil drop was flat. Those that gave rounded drops were scored negative, an indication of the absence of biosurfactant production (Jain et al., 1991).



Oil Spreading Assay

The oil-spreading assay was performed in polystyrene petri dishes (100 mm × 15 mm) containing 20 μL of crude oil that was carefully layered over 20 mL of distilled water. A drop (∼10 μL) of filtered supernatant was carefully pipetted onto the center of the oil layer. The diameter of the clear zone on the surface of the oil layer was measured and compared to the negative controls (Ibrahim et al., 2013).



CTAB Agar Assay

CTAB agar plates were prepared by adding 0.15 g of cetyltrimethylammonium bromide (CTAB; Sigma-Aldrich, Oakville, ON, Canada), 0.005 g Methylene blue (Sigma-Aldrich) and 12 g of agar to 1 L of distilled water, adjusted to pH 7 and sterilized (Tahzibi et al., 2004). Two holes (6.5 mm diameter) were made in the CTAB plates, and approximately 150 μL of filtered cell-free supernatant was loaded inside each hole. Plates were incubated at 37°C for 48 h. Cell free supernatant containing anionic surfactant produced blue halos around the wells in which they were placed. The diameter of the halo was measured and compared with positive and negative controls.



Emulsification Assay

A volume of 1 mL of the cell-free supernatant was added to 5 mL of 50 mM Tris buffer (pH 8.0) in a 30 mL screw-capped test tube. Crude oil was tested for emulsification activity. Crude oil (5 mg) was added to both layers and vortexed for 1 min and then the emulsion mixture was allowed to settle for 20 min. The optical density of the emulsified mixture was measured at 610 nm (Muthezhilan et al., 2014). A negative control consisted of only buffer solution and crude oil with Triton X-100 was used as the positive control.



Microplate Assay

An aliquot of 50 μL of filtered cell-free supernatant was placed in domed PCR caps (Ultident Scientific, St. Laurent, QC, Canada) that were oriented over a grid of 1 mm × 1 mm squares. The presence of biosurfactant was confirmed by the distortion of the grid image and were qualitatively compared to the positive and negative controls (Walter et al., 2010).



Hemolytic Activity

Blood agar plates were prepared by adding 5% (v/v) of sheep blood (Fisher scientific) to a sterilized mixture of NaCl (10 g), yeast (5 g), tryptone (10 g) and agar (15 g) in 1 L of distilled water (Phan et al., 2013). Approximately 150 μL of filtered cell free supernatant of each bacterial isolate was loaded into each well (6.5 mm in diameter) made by a cork borer in the blood agar plates and incubated at 30°C for 24–48 h. Biosurfactant biosynthesis was confirmed by hemolysis activity as indicated by the presence of clearing zones around the wells. The diameter of the lysis zone is scored as ‘–’no lysis, ‘ + ’ partial hemolysis, ‘ + + ’ moderate hemolysis, ‘ + + + ’ complete hemolysis.



Antimicrobial Activity of Whole Cultures of B. methylotrophicus OB9

Isolate OB9 exhibited the highest activity for oil displacement and emulsification activity. This strain was identified as B. methylotrophicus based on sequencing data and hereby designated as B. methylotrophicus OB9 (Jeukens et al., 2015). This strain was further screened for its antimicrobial activity against a wide panel of clinical and environmental bacterial strains (Table 2) employing the Burkholder agar diffusion assay (Burkholder et al., 1944), and also against fungal phytopathogens using the dual confrontation assay (Gagne-Bourgue et al., 2013).


TABLE 2. Top biosurfactant-producing isolates of three oil wells 10–22, 5–27, 10–17.
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Agar Diffusion Assay

All target bacterial strains and B. methylotrophicus OB9 were grown in LB broth at 27°C for 16-18 h with constant shaking to achieve mid-log phase, with a cell density of 106 CFU mL–1 as assessed based on standard curves relating optical density at 600 nm (OD600) to plate counts on LBA plates. Cells were pelleted by centrifugation (6500 × g at 4°C for 20 min) and suspended in sterile ddH2O. A total volume of 30 μL of each bacterial suspension was mixed gently with 2.5 mL of molten half-strength LB agar and poured into culture plates. An aliquot (10 μL) of B. methylotrophicus OB9 was spotted in the center of the bacterial lawn and plates were incubated at 24°C. Zones of bacterial growth-inhibition subjacent to the spotted B. methylotrophicus OB9 inoculum were recorded after 24–48 h and were found to vary in diameter between 3 and 6 mm depending on the potency of B. methylotrophicus OB9 antimicrobials that diffused into the agar. Individual trials were performed in triplicate and the entire assay was repeated twice to confirm the findings.



Dual Confrontation Assay

Confrontation assay plates were used to screen B. methylotrophicus OB9 for its ability to inhibit radial growth of Botrytis cinerea, and Rhizoctonia solani isolates according to the modified method of Gagné-Bourgue (Gagne-Bourgue et al., 2013). PDA plates were inoculated in the center with a 5 mm diameter mycelial plug taken from the edge of an actively growing fungal colony. A 5 μL volume of B. methylotrophicus OB9 (106 CFU mL–1) was deposited 25 mm on either side of the fungal colony. Triplicate plate assays were performed for each target fungal organism and radial growth inhibition of the fungus was measured 5 days post confrontation.



Purification and Fractionation of Biosurfactants of B. methylotrophicus OB9 by Thin Layer Chromatography (TLC)

The biosurfactant-producing B. methylotrophicus OB9 was cultured in 2 L of BHM broth supplemented with 2% (w/v) glucose, 2% (v/v) molasses and 2% (v/v) oil for 7 days with agitation (2 × g) at 30°C. Bacterial cells were removed by centrifugation (5000 × g at 4°C) and the cell–free supernatant (CFS) was acidified to pH 2.0 with 2N HCL at 4°C for 16 h, resulting in a precipitate that was subsequently collected by centrifugation (5000 × g for 10 min at 4°C). The acid precipitate fraction (APF) was dissolved in water (100 mg/mL) and adjusted to pH 7.0 using 1N NaOH. The CFS sample and clean BHM culture medium were concentrated by freeze-drying for 48 h. All samples were stored at −80°C until further use.

Separation of CFS and APF fractions was performed by thin layer chromatography (TLC). Acid-cleaned glass plates (20 × 20 cm) were coated with a thin layer of silica emulsion [160 g of silica with 15% (w/v) calcium sulfate and with fluorescent indicator GF254 dissolved in 500 mL of double distilled water] purchased from Sigma-Aldrich and dried for 16–18 h at 22°C. Activation of silica plates was done by heating the TLC plates at 120°C for 30 min prior to use. An amount of 100 mg of each of CFS and APF were dissolved in 400 μL of chloroform: methanol (2:1, v/v) and separated on activated TLC plates with chloroform: methanol: water (70:26:4) as the developing solvent system. Plates were observed under UV (λ = 254 nm) and the retention factor (Rf) values were calculated as distance traveled by the samples over the distance traveled by solvent. Only APF separated fractions were used for bioactivity assays. Bands corresponding to the desired Rf values were scraped and collected for extraction. Bands of the same Rf value from different plates were pooled together and extracted twice with chloroform: methanol (v/v/; 2:1). The collected fractions were vacuum-concentrated for 4–6 h at −60°C using a Speed Vac v78100 (Labconco Corp, Kansas City, MO, United States), re-dissolved in 50 μL of methanol and tested against target bacteria and fungi, as well as for biosurfactant activity. Methanol (50 μL) was used as a negative control.



Biosurfactant and Antimicrobial Activities of TLC Fractions

The biosurfactant activity of the fractions was tested using the oil-spreading and the drop collapse methods, as described above. Fractions were also tested for their antimicrobial activities against a number of bacteria and fungi using the Burkholder diffusion plate method as noted above. Briefly, 10 μL of the dissolved fractions were spotted in the middle of the plates. Positive controls consisted of 10 μL of bleach and of each of the following organic acids: 1% (v/v) of acetic acid, formic acid, citric acid and lactic acid. All plates were incubated at 24°C and a clearing zone of 3 mm or greater after 24 h of incubation was considered positive for inhibition of growth. Individual trials were performed in triplicate and the entire assay was repeated twice to confirm the findings.



Interaction of B. methylotrophicus OB9 With S. enterica Newport SL1 and X. campestris B07.007 in Liquid Co-culture

This method was performed to study how B. methylotrophicus OB9 directly interacts with target strains of Salmonella enterica Newport SL1 and X. campestris B07.007. Each bacterium was grown in LB broth until a cell density of 106 CFU mL–1 was achieved, as assessed based on standard curves relating optical density at 600 nm (OD600) to plate counts on LBA plates. An equal volume of B. methylotrophicus OB9 culture and target organisms (Salmonella or Xanthomonas) was added to fresh LB liquid culture amended with 3% (w/v) yeast extract. Pure cultures of Salmonella enteric Newport SL1, X. campestris and B. methylotrophicus OB9 grown in amended LB broth served as positive controls. Liquid co-cultures and controls were incubated with agitation (2 × g) at 28°C. To avoid changes in growth during co-culturing due to pH variation or nutrient limitations, every 10 h liquid co-cultures and controls were subjected to centrifugation (15 min at 5000 × g) and bacterial pellets were suspended in fresh amended LB medium. Serial dilutions (10–3 to 10–5) from control and liquid co-cultures were plated on LBA after 3, 6, 12, 24, and 72 h of incubation, estimated as log10 CFU mL–1 and compared to the control treatments. There were three replicates per target organism and treatment. Individual trials were also repeated at least twice.



Bacterization and Internalization of B. methylotrophicus OB9 in Tissue Cultured Tomato and Lettuce Seedlings


Vegetable Cultivars

Organic Tomato (cv. Beefsteak) and Cos lettuce (cv. Parris Island) seeds (Vesey seed Ltd, York, PE, Canada) were surface sterilized using 70% (v/v) ethanol and 1.3% (v/v) sodium hypochlorite in a stepwise procedure according to Scott et al. (2018). The seeds were transferred to tissue culture tubes (25 mm × 150 mm; VWR, Monroeville, PA, United States) containing 10 mL of Murashige and Skoog (MS) medium supplemented with 3% (w/v) sucrose (Gagné-Bourque et al., 2015). Tissue culture tubes were incubated under 200 μmol m–2 s–1 white fluorescent light, 18/6 h photoperiod, and 24°C day/night temperature for 2 weeks.



Preparation of B. methylotrophicus OB9 Inoculum

Inoculum of B. methylotrophicus OB9 was prepared by transferring a single colony to 100 mL of LB broth and incubating with agitation (2 × g) at 28°C. Bacterial cells were harvested by centrifugation (4500 × g for 15 min at 4°C), washed with 10 mM phosphate buffer (PBS) containing 0.8% (w/v) NaCl, pH 6.5 (phosphate buffered saline or PBS) and then suspended in the same buffer following another round of centrifugation (Pillay and Nowak, 1997). The density of the B. methylotrophicus OB9 suspension was adjusted to 106 CFU mL–1 as described above.



Bacterization of Plant Seedlings With B. methylotrophicus OB9

A 500 μL volume of B. methylotrophicus OB9 in PBS buffer was carefully dispensed on the surface of the MS media and close to the roots of 2-week-old tomato and lettuce seedlings. Non-bacterized seedlings received 500 μL of PBS only and served as negative controls. Inoculated and control seedlings were returned to the environmental growth chamber and grown for 2 more weeks. The experimental unit was an individual plant contained in a test tube (a replicate) and five replicates per treatment were evaluated in two separate experimental trials. Bacterial populations were transformed to obtain homogeneity of variances and expressed as log10 (CFU per leaf fresh weight).



Colonization, Internalization and Retrieval of B. methylotrophicus OB9 From Plant Tissue

Recovery and colonization of plant tissues by B. methylotrophicus OB9 was confirmed by culture-dependent (cell count) and culture-independent (PCR assay) methods. Cell counts (CFU mL–1) were estimated 2 weeks post inoculation (wpi). Root and leaf tissues (100 mg of each) of tomato and lettuce seedlings were surface sterilized as described above to ensure that only B. methylotrophicus OB9 that had internally colonized plant tissues remained. The efficiency of the sterilization procedure was tested using the imprint method and absence of growth on the imprinted culture medium indicated that the surface sterilization procedure was effective. Surface sterilized tissues (100 mg) were ground in sterile distilled water, serially diluted (10–1 to 10–7) and spread on LBA plates to assess the presence of B. methylotrophicus OB9. The presence of B. methylotrophicus OB9 inside plant tissues was also confirmed by PCR amplification. Briefly, bacterized Plant DNA (200 mg) was reduced to powder in liquid nitrogen and genomic DNA was extracted using the CTAB extraction method (Porebski et al., 1997; Huang et al., 2011) that targeted the bacterial DNA in the plants. Genomic DNA from pure colonies of B. methylotrophicus OB9 was extracted and PCR was performed (Huang et al., 2011). The presence of B. methylotrophicus OB9 DNA in plant tissue was detected using specific primers [5′-CAAGTGCCGTTCAAATAG-3′ (Forward) and 5′CTCTAGGATTGTCAGAGG-3′ (Reverse)] in 25 μL PCR reactions using 20 ng of DNA. The amplification and PCR conditions are described in details in Gagné-Bourque et al. (2015).



Protection of Tomato and Lettuce Leaves by B. methylotrophicus OB9 From Salmonella and Xanthomonas


Preparation of Salmonella and Xanthomonas for Leaf Inoculation

Salmonella enterica Newport SL1 (isolated from human gut) and X. campestris B07.007 (isolated from lettuce) were prepared by separately transferring a single colony of each strain into 100 mL of LB broth and incubating with agitation (2 × g) at 28°C. Bacterial cells were harvested, and the density of each culture was adjusted to 106 cells mL–1 following the same procedures described for B. methylotrophicus OB9 cells above. Two separate experiments were set up to study the effect of B. methylotrophicus OB9 on growth of Salmonella and Xanthomonas on plants.



Experiment 1. Impact of Bacterized Plants With B. methylotrophicus OB9 on the Growth of Salmonella and Xanthomonas

Tomato and lettuce leaves of B. methylotrophicus OB9 bacterized plants were detached and placed separately into petri plates lined with sterile filter paper that was moistened with sterile distilled water. An aliquot (100 μL) of each of Salmonella enterica Newport SL1 and X. campestris B07.007 inoculum (106 cells mL–1) was spread with a disposable spreader (Fischer Scientific Ltd) onto the surface of a tomato or lettuce leaf (S. enterica Newport SL1 and X. campestris B07.007, respectively). Non-bacterized leaves of tomato and lettuce were inoculated in the same manner and served as negative controls. All plates were sealed with parafilm and incubated at 22°C. Recovery of bacterial strains was determined by cell count after 72 h. Leaf tissue (100 mg) from infected and bacterized or non-bacterized plants was macerated in distilled water and serially diluted (10–1 to 10–7) and aliquots from each dilution were plated on LBA plates and bacterial cell counts were estimated and reported as log10 mL–1. Detection of Salmonella on tomato leaves was confirmed by PCR with Salmonella specific primers ST11 (5′-GC CAA CCA TTG CTA AAT TGG CGC A-3′) and ST15 (5′-GGT AGA AAT TCC CAG CGG GTA CTG-3′) using an annealing temperature of 57°C with PCR conditions described previously (Soumet et al., 1999). Detection of X. campestris on lettuce leaves was confirmed using primers XcpM1 (5′-ACGCGCTACCAAAAGGCAAAGAG-3′) and XcpM2 (5′-GATCTGCGGTTGTCCTGAAGATTGG-3′) in conventional PCR assays (Sulzinski et al., 1996).



Experiment 2. Direct Interaction of B. methylotrophicus OB9 With Salmonella enterica Newport SL1 or With X. campestris B07.007 on Leaf Surfaces

Tomato and lettuce leaves were submerged in 100 mL (106 cells mL–1) of B. methylotrophicus OB9 in a petri plate for 30 s and then left for 2 h. Aliquots (100 μL) of each of Salmonella and Xanthomonas strains (106 cells mL–1) were spread on the leaves, and incubated in petri plates at 22°C. Inoculums of Salmonella or Xanthomonas strains were also spread on non-inoculated tomato or lettuce leaves and served as experimental controls. After 72 h of incubation, recovery of bacterial cells from the leaves was determined by tissue maceration and cell count determination as described above.



Statistical Analysis

In the co-culture experiment, there were three replicates per target organism and treatment, and the assays were repeated twice. In the tissue culture experiments (Experiment 1 and Experiment 2), each experimental unit consisted of one leaf per petri plate (one replicate). There were five replicates per treatment, and the entire experiment was repeated twice. Data of bacterial cell counts in co-culture and in tissue-culture experiments (Experiments 1 and 2) were analyzed by One-way ANOVA using the JMP 13.0 software. All experimental data were tested for statistical significance using Tukey’s HSD (P ≤ 0.05).



RESULTS


Bacterial Diversity of Crude Oil-Inhabiting Bacteria

A total of 123 culturable bacteria, originating from crude oil samples were isolated from three oil batteries. A snapshot of the bacterial species in each oil battery, based on 16S rRNA gene sequences, indicate that the oil-inhabiting bacterial community is diverse (Figure 1) and composed predominantly of bacteria (the majority identified to the species level) from three phyla (Actinobacteria, Proteobacteria, and Firmicutes) along with 17 discrete genera that shared high homology with known sequences. The sequences of all strains have been deposited to GenBank under the following accession numbers (battery 10-22 MG924907-MG924915 and MG926585-MG926632, battery10-17 MH627942-MH627972, and battery 5-27 MG946770-MG946789, and MG951760-MG951768). The relative abundance of strains belonging to the Gram-positive Bacillus genera (42, 39, and 32% from battery 10–17, 10–22, and 5–27, respectively) were the most common isolated across the three oil wells (Figure 1). A total of 42 strains recovered from oil battery 10–22 were distributed among six different genera with the highest relative abundance among isolates being Bacillus (11/42), Microbacterium (13/42) and Streptomyces (7/42) species (Figure 1A). Fifty isolates were recovered from Oil-battery 5–27 and belonged to 10 different genera, with Bacillus isolates again having the highest relative abundance (15/50). This battery also had isolates of Arthrobacter (10/50), Pseudomonas (7/50), Curtobacterium (7/50) and Brevibacterium (3/50) that were retrieved only from this oil well (Figure 1B). Lastly, there were 31 isolates representing seven different genera recovered from well 10–2717, with isolates of Staphylococcus (11/31), Stenotrophomonas (3/31), Alcaligenes (1/31), Kineococcus 1(31) and Pantoea (1/31) associated exclusively with this well (Figure 1C).
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FIGURE 1. Distribution of bacterial genera recovered from the three oil wells. The numbers in each pie chart represent the isolates of each genus. The numbers in brackets represent the abundance of bacterial isolates of each genus relative to the total number of isolates recovered from each oil well. (A) Well 10–22, (B) Well 5-27, and (C) Well10-17. Data represent the average of three-replicate samples.




Biosurfactant Production

The 34 isolates associated with Bacillus, Streptomyces, Microbacterium, Micrococcus, Rhodococcus, Pseudomonas, Arthrobacter and Staphylococcus genera retrieved from the three oil wells were identified as biosurfactant-producing bacteria using the oil–spreading and the drop collapse methods (Table 2). Isolates of Bacillus species showed the highest biosurfactant activities based on both tests. Strain OB9 isolated from oil well 10–22 and identified as B. methylotrophicus by whole genome sequencing (Jeukens et al., 2015) exhibited the highest biosurfactant activity followed by four strains of B. amyloliquefaciens (strains OB5, OB6, M30, and M09). Furthermore, these strains also tested positive for biosurfactant activity using the blood agar lysis method (a zone of 2.5 cm or greater), the CTAB method (a clearing zone of more than 1 mm), a significant grid using the microplate assay and in the emulsification assays (OD600 value of 1.0) (Supplementary Figure S2).



Antimicrobial Activity of B. methylotrophicus OB9

Bacillus methylotrophicus OB9 was effective against all test bacteria and fungi with varying degrees of antimicrobial activity (Supplementary Table S2 and Figure 2). More specifically, live cultures of B. methylotrophicus OB9 inhibited the growth of 23 Salmonella serovars (environmental, clinical and food-borne isolates), 4 strains of E. coli, 10 environmentally isolated Enterobacteiaceae strains and a X. campestris pv. Vitians isolate (Supplementary Table S2 and Figures 2B–D) in agar diffusion assays, as visualized by a clear zone around the B. methylotrophicus OB9 colony that developed over 24–48 h. The diameter of the inhibition zone ranged from 3 to 6 mm and with some E. coli and Salmonella serovars a clear zone with double rings was observed (Supplementary Table S2), indicating the potency of one or more antimicrobials. The greatest zones of inhibition (6 mm in diameter) in response to B. methylotrophicus OB9 were observed in trials with X. campestris pv. Vitians and Salmonella serovar I:Rough-O:e,h:e,n (Figures 2B,C). Other Salmonella serovars (I:4,5,12:b:-, I:Rough-O:-:e,n,x, Hartford, and Heidelberg) were also highly sensitive to B. methylotrophicus OB9, exhibiting clearing zones of 5 mm. Interestingly, the biofilm-forming phenotypes (i.e., rdar-denoting the presence of the extracellular polysaccharide, cellulose, and curli fimbrae; saw – denoting the absence of cellulose and curli; Supplementary Table S1) of the Salmonella strains did not affect the ability of B. methylotrophicus OB9 to elicit zones of clearing. Even all of the control S. enterica Typhimurium strains that express both cellulose and curli (UMR1), only cellulose (MAE14), only curli fimbriae (MAE299) or neither component (MAE775) had a measurable zone of clearing around the B. methylotrophicus OB9 colony on the plates. These results suggest that the antimicrobial activities of B. methylotrophicus OB9 are not significantly affected by the biofilm barrier that bacterial cells use to exclude other antimicrobial agents (including disinfectants and antibiotics). The widespread effectiveness of B. methylotrophicus OB9 is further exemplified by its ability to also inhibit the growth of plant pathogenic fungi Rhizoctonia solani and Botrytis cinerea, as observed in the dual confrontation assays (Supplementary Table S2 and Figure 2A).
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FIGURE 2. The antimicrobial activities of B. methylotrophicus OB9 (B.m.OB9) against plant and foodborne pathogens. (A) Confrontation co-culture assay with the fungal plant pathogen, Rhizoctonia solani. (B) Agar diffusion assays with Xanthomonas campestris B07.007. (C) Salmonella enterica Newport SL1. (D) Escherichia coli E14-6. The (−ve) series denotes confluent growth of each organism on the control plates, while in the (+ve) series the same organisms are challenged with B. methylotrophicus OB9 (as noted by the zone of clearing around B. methylotrophicus OB9).




Fractionation of Biosurfactant From B. methylotrophicus OB9

Biosurfactants were partially purified from culture filtrates of B. methylotrophicus OB9 grown in BHM broth enriched with oil. The purification procedure consisted of HCl precipitation, concentration of the precipitate by freeze-drying, dissolution in methanol-chloroform and analysis by TLC (Figure 3A). Fractionation of cell free supernatant (CFS) yielded four fractions (1–4), while the acid precipitate fraction (APF) separated into five parts. Between the CFS and APF samples, fractions 2 and 3 from the respective samples had identical Rf values (0.68 and 0.23) (Figure 3A).
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FIGURE 3. Thin layer chromatography (TLC) separation and biosurfactant assessment of CFS and APF extracts from B. methylotrophicus OB9. (A) TLC plate exposed to UV light with fraction numbers and Rf values denoted for crude (CFS) and acid precipitate (APF) preparations. The biosurfactant properties of TLC-isolated APF fractions of B. methylotrophicus OB9 were analyzed by the drop collapse assay (B) with APF fractions 1-5 and Triton X-100 (T) as a control and the oil spreading assay (C) with APF fractions 1-5, water (W) and Triton X-100 (T).




Biosurfactant and Antimicrobial Activity of the Acid Precipitate Fraction (APF) of B. methylotrophicus Strain OB9

Only APF fractions (1–5) were assayed for biosurfactant and antimicrobial activities due to their improved purity and concentration relative to the CFS samples. All of the 5 TLC purified fractions of APF showed biosurfactant activity in the drop-collapse and oil-spreading assays (Figures 3B,C). However, only fractions 3 and 5 had strong antimicrobial activities in diffusion agar plates against 13 test bacteria. This test panel included eight Salmonella serovars originating from the environment, human fecal matter, or contaminated fresh produce, as well as strains of E. coli and X. campestris (a plant pathogenic bacterium) (Table 3 and Figures 4A–D). Additionally, the APF fractions were moderately effective against two fungal plant pathogens (Table 3 and Figure 4E); thereby indicating that these fractions have widespread microbial bioactivity. Furthermore, the size of the inhibition zones produced by the APF fractions (especially fraction 5) was comparable to that produced by the positive controls, bleach (Figure 4A) or common organic acids (lactic and acetic acid controls; Figures 4B–D) used as disinfectants and antimicrobials. Interestingly, the crude APF fraction (i.e., prior to TLC separation into fractions 3 and 5) exhibited only weak antimicrobial activity against the 13 bacteria and only one of the fungi (Table 3). Thus, isolation and partial enrichment of these fractions has increased their relative concentrations and/or efficacy.


TABLE 3. Microbial activity of the B. methylotrophicus OB9 fractions, organic acids and bleach against various pathogenic bacteria and fungal strains.
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FIGURE 4. Antimicrobial assessment of APF extracts from B. methylotrophicus OB9. (A) Antimicrobial activity of APF fractions F3 and F5 with the agar diffusion assay against four biofilm morphotypes of S. enterica Typhimurium. From left to right: column 1 contains negative controls (–ve) for growth of each of the four strains (rows 1–4 are UMR1, MAE14, MAE299 and MAE775, respectively); columns 2–4 contain the same strains, but assayed against fraction 3 (F3), fraction 5 (F5) or bleach as positive control (+ve), respectively. Additional diffusion assays of F3, F5, 1% (v/v) acetic acid, and 1% (v/v) lactic acid against S. enterica Agona PARC#5, S. enterica serovar I:Rough-O:e,h:e,n and E. coli E14-6 are depicted in (B–D), respectively. (E) The antagonistic effect of F3 and F5 against Rhizoctonia solani is depicted in the top two panels, while the bottom two panels display negative control growth (−) and APF fraction 5 (F5) assayed against Botrytis cinerea. Antimicrobial assessment of APF was conducted three times.




Suppression of Salmonella and Xanthomonas Growth During Co-culture With B. methylotrophicus OB9

Salmonella cell numbers in liquid co-cultures with B. methylotrophicus OB9 significantly (P < 0.05) decreased at 3 h (31-fold) and 6 h (45-fold) after incubation compared to growth controls (Figure 5A). Similarly, X. campestris was recovered 3 and 6 h after incubation in co-cultures, with significant decreases of 22 and 47-fold in cell number, respectively (Figure 5C). Furthermore, neither S. enterica Newport or X. campestris were retrieved from co-cultures after 12 h or more of incubation (Figures 5A,C), while B. methylotrophicus OB9 continued to grow at a comparable rate to cultures of B. methylotrophicus OB9 alone (Figures 5B,D). To rule out the possibility of nutrient competition as a source of the antagonistic behavior, media was replaced every 10 h, but this did not affect results.
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FIGURE 5. Suppression of Salmonella and Xanthomonas growth in co-cultures with B. methylotrophicus OB9. Temporal microbial counts of S. enterica Newport (SL1) (A) and B. methylotrophicus (B.m.OB9) (B) in single culture and co-cultures over 72 h. Temporal microbial counts of Xanthomonas (C) and B. methylotrophicus OB9 (D) in single culture and co-culture over 72 h.




Recolonization, Internalization, and Detection of Bacterial Isolates in Plant Tissues

The surface-sterilization method combined with the imprint technique ensured that the endophytic colonization numbers reflect only the cells within the interior of the plant tissues (i.e., bacterized), as non-colonized plants did not yield culturable bacterial colonies (data not shown). Subsequent isolation and quantification of B. methylotrophicus (OB9) following surface sterilization demonstrated that the strain can travel from the roots to the stems and leaves and develop sustained endophytic populations in plant tissues of tomato (log107) and lettuce (log108) grown under gnotobiotic conditions even after the plants were challenged with Salmonella and Xanthomonas strains (Figures 5, 6).
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FIGURE 6. Suppression of Salmonella and Xanthomonas growth in bacterized plants with B. methylotrophicus OB9. (A) Control treatment (tomato + S. enterica Newport SL1) displays a tomato seedling in tissue culture infected with S. enterica Newport SL1. Recovery of S. enterica Newport SL1 from an infected detached leaf representative of CFU/gram tissue is depicted on the agar plate. (B) Treatment (Tomato + B.m OB9 + S. enterica)-consisting of a tomato seedling in tissue culture bacterized with Bacillus methylotrophicus OB9 and infected with S. enterica Newport SL1. Recovery of OB9 and SL1 cells expressed as CFU/gram tissue as depicted on the agar plate. (C) Control treatment (Lettuce + X. campestris) showing a lettuce seedling in tissue culture infected with X. campestris B07.007. Recovery of X. campestris cells on culture medium from infected leaves indicative of the CFU/gram tissue. (D) Treatment (lettuce + B.m.OB9 + X. campestris) of a lettuce seedling in tissue culture bacterized with B. methylotrophicus OB9 and infected with X. campestris B07.007. Recovery of B. methylotrophicus OB9 but not X. campestris B07.007 on culture medium from detached bacterized leaves treated and infected with X. campestris B07.007 as depicted on the agar plate and representative of the CFU/gram tissue.




Suppression of Salmonella and Xanthomonas Growth in Bacterized Plants With B. methylotrophicus OB9

Leaves of B. methylotrophicus (OB9) bacterized tomato and lettuce plants challenged with Salmonella and Xanthomonas appeared healthy compared to challenged non-bacterized plants (Figure 6). There was a significant (P < 0.05) reduction of Salmonella cells (44% or 4.4 fold -decrease) recovered from bacterized tomato leaves after 72 h (Figures 6, 7A) compared to challenged non-bacterized leaves. In the case of Xanthomonas, there was no growth as reflected by complete absence of cells from bacterized lettuce tissues after 72 h (Figures 6, 7B). Amplification of genomic DNA extracted from bacterized leaf samples using designed B. methylotrophicus OB9 specific primers gave the expected band size of 565 bp in leaf and root tissue samples (data not shown). Similarly, amplification of Salmonella from bacterized plants gave the expected band size of 429 bp, so the presence/absence of these bacteria was confirmed by this secondary method (data not shown). PCR amplification of Xanthomonas DNA was not successful using the XcpM 1/XcpM2 primers so this organism could not be detected in coated and challenged lettuce leaves by this secondary method.
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FIGURE 7. Quantification of cell numbers of B. methylotrophicus OB9, S. enterica Newport SL1 and X. campestris B07.007 recovered from leaf tissues. Leaf tissues from bacterized with B. methylotrophicus (B.m.OB9) and challenged with S. enterica Newport SLI and X. campestris are represented in (A,B), respectively. Tomato and lettuce leaf samples that were coated with OB9 and infected with S. enterica Newport SLI and X. campestris are denoted by (C,D), respectively. (BI) and (CI) samples represent B. methylotrophicus OB9 bacterized (BI) or coated (CI) tissues that are infected with either S. enterica Newport SLI or X. campestris (NBI) and (NCI) treatments represent non-bacterized and non-coated but infected with S. enterica Newport SLI or X. campestris controls, respectively. Data represent the average of 5 replicates per treatment.


In a follow-up experiment, where tomato and lettuce leaves were coated with B. methylotrophicus OB9 (as opposed to bacterized) and challenged with Salmonella and Xanthomonas, similar trends were noted to the bacterized experiment. Recovery of Salmonella cell-numbers from these leaves was significantly decreased by 54% (5.4-fold decrease) compared to leaves treated with Salmonella alone (Figures 7B,C). As in the bacterized experiment, Xanthomonas was not recovered in the B. methylotrophicus OB9 coating experiments either (Figure 7D).



DISCUSSION

Bacterial communities in crude oil samples from oil wells in the Chauvin area (Alberta, Canada) were assessed for the first time in this study. The bacterial distribution in these oil wells revealed that each well had distinct bacterial community structure, however, strains belonging to the genus Bacillus were common and some of the most prevalent among the three oil wells. One may argue that the diversity of bacterial communities could be the result of introducing exogenous species from injection of water into the wells, a common procedure used in crude oil extraction (Magot et al., 2000). However, the extreme environment of oil wells (i.e., high temperature, salinity and pressure) is proposed to favor the growth of indigenous bacterial communities and depress foreign species (Wang et al., 2014). Furthermore, our results are in agreement with previous reports on microbial diversity in other oil well reserves (Lenchi et al., 2013; Xiao et al., 2016). The biosurfactant-producing bacteria identified in this study (Bacillus, Streptomyces, Microbacterium Pseudomonas, Arthrobacter, Rhodococcus and Micrococcus) belong to genera that have also been identified in a wide range of studies as crude oil degraders and biosurfactant producers (Wu et al., 2008; Brooijmans et al., 2009; Korenblum et al., 2012; Obi et al., 2016; Parthipan et al., 2017; Xu et al., 2018). In follow-up studies, the oil-spreading and drop collapse assays allowed for confirmation and initial ranking of our isolated biosurfactant producers (Santos et al., 2016). The battery of subsequent assays clearly demonstrated that B. methylotrophicus OB9 had an elevated ability to produce biosurfactants. These results parallel other reports on crude oil-dwelling strains of B. methylotrophicus as efficient biosurfactant producers (Chandankere et al., 2013; Jemil et al., 2016; Chaprão et al., 2018).

One of the goals of this study was to identify newly characterized microbes with prophylactic abilities against food-borne and plant pathogens. Food-borne bacteria, such as Salmonella strains, are known to exist in biofilms, which consist of the bacteria embedded in an extracellular matrix that enhances adherence and persistence to/on abiotic and biotic surfaces, including fresh produce and other surfaces along the food supply chain (Stepanoviæ et al., 2004). The biofilm matrix is self-produced by the embedded bacteria and consists predominantly of a mixture of protein, carbohydrate and nucleic acid material. For example, many Salmonella and E. coli strains can produce curli fimbriae and the exopolysaccharide, cellulose, that are involved in surface adhesion, cell aggregation and persistence of these bacteria in various environments (Zogaj et al., 2001). Loss or disruption of any of these components leads to distinct colony morphotypes and decreased persistence/survival outside human hosts or on plants, such as fruits and vegetables (Milanov et al., 2015). In this study, the evaluation of the antimicrobial activity of B. methylotrophicus OB9 in agar-diffusion assays was evidenced against our complete panel of control Salmonella enterica Typhimurium strains displaying various biofilm expression morphotypes (UMR1, MAE14, MAE299 and MAE775); thereby indicating that the antagonistic activities of B. methylotrophicus OB9 are not circumvented by the biofilm barrier and that this strain holds promise as an alternative biocontrol strategy to that of antibiotics and disinfectants. Furthermore, the antagonistic capability of B. methylotrophicus OB9 was also noted against 17 other Salmonella serovars, including top clinical serovars Typhimurium, Heidelberg, Newport, Infantis, Thompson and Braenderup, as well as environmental isolates. The activity of B. methylotrophicus OB9 also proved effective on a broader scale, where it affected 4 strains of E. coli, with the highest activity against E. coli E10-6, and a virulent strain of X. campestris, the causal agent of BLS on lettuce. B. methylotrophicus OB9 was antagonistic against the growth of fungal varieties as well, especially R. solani. Therefore, B. methylotrophicus OB9 is a strong candidate as a general biological control agent against both food-borne and plant pathogens.

To gain a better understanding of the fractional component(s) of B. methylotrophicus OB9 responsible for antimicrobial activity, standard cell partitioning methods [HCl precipitation (Alajlani et al., 2016)] were used and the resultant fractions tested for their biosurfactant and antimicrobial activity against our panel of food-borne and plant pathogens. Microbial biosurfactants are a broad group that may consist of lipids, glycolipids, lipopeptides and/or polysaccharide-protein complexes (Roy, 2017; Varjani and Upasani, 2017; Akbari et al., 2018). More specifically, Bacillus species are known to produce a multitude of secondary active metabolites, such as antibiotics and broad-spectrum lipopeptide biosurfactants (e.g., surfactin, iturin, and fengycin families) that display antagonistic activities that make them ideal biological control agents (McSpadden Gardener, 2004). Toward this end, we previously characterized the cyclic lipopeptides, including surfactin, iturin and mycobacillin, produced by B. methylotrophicus strain B26 associated with the switchgrass bioenergy crop (Gagne-Bourgue et al., 2013). With respect to antifungals, lipopeptides are extensively used in feed, plant defense and food preservation (Cawoy et al., 2015; Meena and Kanwar, 2015), but the use of other secondary active metabolites against bacteria also holds promise. While biochemical characterization of specific biosurfactants is merited, the immediate goal of this study was to identify the sub-cellular purified fractions with the greatest antagonistic activity, which happened to include biosurfactants. Specifically, the TLC-separated fractions 3 and 5 were effective in reducing surface tension compared to Triton X-100 (i.e., indicative of biosurfactants) and displayed broad-spectrum inhibitory effects equal in intensity to acids and bleach. These results are significant given that the presence of curli fimbriae, cellulose and a biofilm-associated protein (BapA) in Salmonella enetrica serovar Enteriditis biofilms conferred resistance to these biocontrol agents (Gibson et al., 2006). Thus, it is also noteworthy that the activity of fractions 3 and 5 were antagonistic against our entire panel of Salmonella biofilm controls and 17 other serovars, as well as the E. coli, X. campestris and fungal strains. Thus, these fractions appear to account for all of the activity noted in the B. methylotrophicus OB9 live cell assays and in some cases was more potent than the live cultures, possibly due to the purity and/or elevated concentrations of the antimicrobial agent(s) in these fractions.

A number of studies have demonstrated the ability of human pathogenic bacteria to colonize not only the surface of the host plant, but also the interior; thereby raising concerns of contracting food-borne illness from vegetables (Fletcher et al., 2013). Recently reported outbreaks of E. coli O157:H7 on fresh lettuce and spinach, as well as Salmonellosis from hot peppers underscore these concerns (Fletcher et al., 2013). High numbers of S. enterica Newport SL1 have also been noted to adhere to alfalfa sprouts, which was directly related to their ability to produce aggregate curli fimbriae (Barak et al., 2002). In this study, S. enterica Newport SL1 sustained reasonable population numbers on tomato leaves, which is in agreement with a large body of evidence that many Salmonella serovars, including Newport, can attach, form biofilms and grow/survive on diverse plant hosts (Schikora et al., 2012); prompting their classification as generalist microbes.

The bacterization of tomato seedlings by B. methylotrophicus OB9 led to colonization and internalization of the tissues of tomato seedlings. The sustained population in leaf tissues under gnotobiotic conditions over time suggests that this bacterium is an endophyte, given that bacterized plants showed no symptoms of stress. Bacterial endophytes can confer tolerance or resistance to the host plant from biotic and abiotic stresses by releasing antimicrobial compounds, producing siderophores, competing for space and nutrients, and modulating the plant resistance response (Santoyo et al., 2016; McNees et al., 2019). Given the success of B. methylotrophicus OB9 (or fractions thereof) as antimicrobial agents in our screening assays, we wanted to further explore the potential protective behavior of this endophyte in planta. As proof-of-concept we evaluated the ability of B. methylotrophicus OB9 to protect vegetables from contamination by S. enterica Newport SL1 (human pathogen) and from X. campestris B0.007 (a pathogen of tomato and lettuce) under gnotobiotic systems. The number of S. enterica Newport SL1 was significantly reduced in either B. methylotrophicus OB9 bacterized or coated tomato leaves. Likewise, detached lettuce leaves of bacterized plants or coated leaves with B. methylotrophicus OB9 had drastic effects on the persistence of this bacterial pathogen, as it was completely eliminated from the leaves of lettuce in both cases. The results of the cell-fractionation experiments suggest that the antimicrobial nature of the results in planta may be directly due to the release of antimicrobial compounds, such as biosurfactants, but the possibility of indirect effects from increasing plant defense mechanisms or a combination of both these possibilities cannot be ruled out (Khare et al., 2018). Further evidence of how B. methylotrophicus OB9 protects against Salmonella and Xanthomonas may help to delineate these possibilities.

In summary, this study successfully isolated and characterized 123 strains of crude oil-dwelling bacteria and comprehensively assessed the antimicrobial activity of an efficient biosurfactant-producing B. methylotrophicus OB9 strain. The inhibition spectrum of this strain against diverse human and plant pathogens makes it attractive for agricultural and food safety applications. This possibility is underscored by the fact that biofilm morphotypes of Salmonella were equally susceptible to B. methylotrophicus OB9 (and specific fractions thereof), thus indicating that the traditional biofilm barrier for exclusion of antibiotics and disinfectants is not effective against B. methylotrophicus OB9. Further purification and characterization of the biosurfactants produced by this strain is warranted for future use of the bacteria or other antimicrobial metabolites as biological controls against food-borne pathogens and bacterial pathogens of leafy vegetables or toward the development of new drugs for problematic pathogenic bacteria.
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Location of oil wells, 10–22, 5–72, and 10–17 in Chauvin region.

FIGURE S2 |
Assays for Biosurfactant production. Examples of different physical assays are displayed for the (A) Oil spreading assay, (B) CTAB agar assay, (C) Emulsification capacity assay, (D) Blood agar plate and (E) Drop collapse assay, with left to right denoting negative, positive and four test samples (S1–S4). (F) Microplate assay; from left to right displaying negative, positive controls and a test sample (S1).
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Antagonistic activity of OB9 cultures against bacteria and fungi.
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To develop more ecologically sustainable agricultural practices requires that we reduce our reliance on synthetic chemical pesticides for crop protection. This will likely involve optimized biocontrol approaches – the use of beneficial soil microbes to attack potential plant pathogens to protect plants from diseases. Many bacterial species, including strains of Bacillus subtilis, have been explored for their biocontrol properties, as they can control the growth of harmful fungi, often by disrupting the fungal cell wall. A strain that is not often considered for this particular application is Bacillus subtilis natto, primarily known for fermenting soybeans via cell wall degradation in the Japanese probiotic dish “natto.” Because deconstruction of the fungal cell wall is considered an important biocontrol trait, we were motivated to explore the possible anti-fungal properties of the B. subtilis natto strain. We show that B. subtilis natto can use complex fungal material as a carbon source for growth, and can effectively deconstruct fungal cell walls. We found degradation of fungal cell wall proteins, and showed that growth on a mix of peptides was very strong. We also found that intact fungal cell walls can induce the secretion of chitinases and proteases. Surprisingly, we could show that chitin, the bulk component of the fungal cell wall, does not permit successful growth of the natto strain or induce the secretion of chitinolytic enzymes, although these were produced during exposure to proteins or to complex fungal material. We have further shown that protease secretion is likely a constitutively enabled mechanism for nutrient scavenging by B. subtilis natto, as well as a potent tool for the degradation of fungal cell walls. Overall, our data highlight B. subtilis natto as a promising candidate for biocontrol products, with relevant behaviors that can be optimized by altering growth conditions. Whereas it is common for bacterial biocontrol products to be supplied with chitin or chitosan as a priming polysaccharide, our data indicate that this is not a useful approach with this particular bacterium, which should instead be supplied with either glucose or attenuated fungal material.
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INTRODUCTION

One of the greatest threats to global food security is the massive loss of staple crops to fungal disease (Dean et al., 2012; Fisher et al., 2012). To try to avoid devastating harvest losses, farmers apply increasing amounts of pesticides (Ng et al., 2019). As a result, synthetic pesticides are often found at high levels in soil and water, and accumulate in food webs with increasing toxicity (Damalas and Eleftherohorinos, 2011; Jorgensen et al., 2012; Silva et al., 2019). This poses risks to environmental and human health, and contributes to the increasing incidence of fungal resistance to chemical pesticides (Deising et al., 2008; Price et al., 2015; Hawkins et al., 2018). It is therefore imperative that we find alternative approaches to crop protection. One popular suggestion is to increase the efficacy of biocontrol, which is the use of living organisms to control plant disease vectors. This includes certain bacteria that are naturally able to limit the growth of phytopathogenic fungi. The design of an effective bacterial biocontrol product is challenging, since a thorough understanding of target, environment, mode of action, and delivery system is needed (O’Brien, 2017). Biocontrol bacteria are often packaged together with chitin, which has long been thought to prime their anti-fungal behaviors (Sid Ahmed et al., 2003; Kokalis-Burelle et al., 2006; Yandigeri et al., 2015).

A bacterial species with well-known biocontrol capability is Bacillus subtilis, found in diverse environments, but generally regarded as a soil dweller (Kunst et al., 1997; Earl et al., 2008). When present in the rhizosphere of plants, B. subtilis conveys beneficial effects on plant growth, in addition to displaying fungal antagonism, and can limit the growth of phytopathogenic species (Cazorla et al., 2007; Choudhary and Johri, 2009; Kumar et al., 2012; Xiao-ying et al., 2015).

The ability of B. subtilis and other soil bacteria to secrete chitin-degrading enzymes (Figure 1) is often used as a proxy indicator for fungal-antagonistic properties (Sundheim, 1992; Swain et al., 2008; Swain and Ray, 2009; Luo et al., 2015; Veliz et al., 2017). Fungal cell wall deconstruction is viewed as a key element of fungal antagonism and therefore of anti-fungal biocontrol in general (Swiontek Brzezinska et al., 2014; O’Brien, 2017; Veliz et al., 2017). The fungal cell wall consists of a common core of β-1, 3-,β-1,6-D-glucans and chitin. Chitin is a high molecular weight crystalline polysaccharide made of N-acetylglucosamine (GlcNAc) residues connected by β-1,4-glycosidic linkages, and it provides strength and toughness to stabilize and protect the cell (Gow et al., 2017). The outer layer of the cell wall typically comprises highly mannosylated glycoproteins (Gow et al., 2017).
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FIGURE 1. Simplified depiction of two potential chitin degradation pathways. Chitin can be deconstructed to oligosaccharides by an endo-chitinase (EC 3.2.1.14); the oligos are converted to monosaccharide GlcNAc by an exo-acting N-acetylglucosaminidase (EC 3.2.1.30). The (partly) deacteylated form chitosan can be hydrolyzed by an endo-chitosanase (EC 3.2.1.132) into oligosaccharides, prior to deconstruction by exo-enzymes such as glucosaminidase (EC 3.2.1.165). Most chitin deacetylating enzymes (EC 3.5.1.41) are more active on lower molecular weight chito-oligosaccharides than on very high molecular weight polysaccharides (Zhao et al., 2010).


The addition of chitin directly into soil can increase soil suppressiveness, likely by causing an increase in the production of bacterial chitinases or other antagonistic metabolites (Cretoiu et al., 2013; Debode et al., 2016). A key question remains to be answered: does the addition of chitin lead to an increase in chitinase activity because of an increase in cell numbers of chitinase-secreting bacteria, or because bacterial cells experience a specific upregulation in expression of chitinase-encoding genes?

Bacillus subtilis natto (Qiu et al., 2004; Nishito et al., 2010; Kamada et al., 2014) is a well-known Japanese strain, primarily used in the agricultural setting for food production (Horie et al., 2018; Wang et al., 2018). In the famous natto fermentation process, secreted bacterial proteolytic and glycolytic enzymes transform soybeans into a probiotic food (Kuo et al., 2006; Hu et al., 2010; Lee et al., 2019). Analysis of the published genome of B. subtilis natto strain BEST195 (Nishito et al., 2010; Kamada et al., 2014) reveals a number of possible chitin degrading enzymes, including a chitosanase and multiple hexosamininidases (Figure 1). This is in addition to the numerous well-known proteases the species produces (Weng et al., 2017). We were motivated to explore the extent to which B. subtilis natto is capable of deconstructing the chitin- and protein-rich fungal cell wall, and whether the bacterium modulates the production of degradative enzymes upon sensing the main components of a fungal cell wall.

We have assayed B. subtilis natto for its ability to draw nutrition from complex fungal cell wall material and its three main components – chitin, β-glucan, and protein – using growth analyses, biochemical assay, and proteomic assay of the bacterial secretome. By exploring the factors that can promote classical biocontrol activities in B. subtilis natto, we believe that more effective optimized formulations of the bacterium can be developed that have stronger and longer lasting protective effects, thereby improving the cost-efficacy of the technology (Barratt et al., 2018). We found that this strain can indeed metabolize fungal cell walls, and secretes high levels of chitinase and protease activities during growth – but that neither chitin nor β-glucan supported strong growth or elevated enzyme secretion. We propose that pre-cultivating B. subtilis natto with fungal cell wall extract – but not isolated chitin polysaccharide – may prime the bacterium for stronger biocontrol behavior in the field.



MATERIALS AND METHODS


Growth Analyses of B. subtilis natto


Preparation of Growth Substrates

Mushrooms of the species Agaricus bisporus were purchased from a grocery store, cut into small pieces, and lyophilized over a weekend. The dried pieces were then ground into a fine powder using a bead mill tissue homogenizer. Fungal cell wall (FCW) was extracted in the form of an alcohol insoluble residue (AIR), according to the method described by Smiderle et al. (2013). Approximately 3 g of fungal powder was incubated overnight in 30 mL of 70% ethanol on a shaking bench. Ethanol was removed by centrifugation for 10 min at 5000 × g. The supernatant fluid was discarded, and the remaining pellet was washed in 25 mL 70% ethanol three times. The remaining pellet was then washed by resuspending in 25 mL 100% acetone, and centrifuged twice to remove all supernatant liquid. After the third wash, sample was transferred into an aluminium lined petri dish and left to dry overnight under air flow. The yield of AIR was approximately 30% of the initial A. bisporus fruiting body (FB) powder.



Strain Maintenance and Growth Rate Analysis

A lyophilized pellet of cultured B. subtilis natto (DSM-1092) was purchased from DSMZ (Braunschweig, Germany) and rehydrated in 700 μL LB medium prior to overnight propagation at 30°C in 10 mL LB medium. For long-term storage at −80°C, 500 μL aliquots of liquid culture were added to 200 μL 80% glycerol. To generate detailed growth curves of B. subtilis natto provided with different substrates (carbon sources putatively able to induce an anti-fungal effect), 100 μL from 10 mL starting cultures grown overnight in LB medium, were inoculated into 10 mL Spizizen minimal medium (Anagnostopoulos and Spizizen, 1961). 1 L of Spizizen minimal medium contained 2 g (NH4)2SO4, 14 g K2HPO4, 6 g KH2PO4, 1 g trisodium citrate dihydrate and 0.2 g MgSO4⋅7H2O, as well as 0.01 g Yeast Extract and 0.85 mg MnSO4 (Hauser and Karamata, 1994). Cultures (10 mL) were additionally supplemented with 50 mg of either A. bisporus FB powder, A. bisporus FCW, β-chitin (Maharani Chitosan PTV, Ltd., Gujarat, India), the branched fungal β-glucan scleroglucan (Cargill, MN, United States), or peptone (Sigma-Aldrich, MO, United States). For each carbon source tested, three cultures with and three cultures without 0.5% glucose were prepared. Cultures were incubated at 30°C with rotary shaking at 200 rpm. 300 μL samples were taken hourly and absorbance readings (A600) were taken after solid material had settled. Control growth experiments provided Spizizen medium with/without glucose and no additional carbon source. Non-inoculated bacterial free cultures (BFC) were also prepared to account for the absorbance deriving from dissolved or dispersed carbon source.



Secretome Analysis


Collection and washing of secreted proteins

After cultures of B. subtilis natto reached stationary phase, cultures were centrifuged (5000 × g, 30 min) and cell-free supernatant (CFS) was carefully removed by pipetting into a fresh tube. Control secretome experiments used the CFS from BFC experiments, prepared in the same way. After collecting the CFS, aliquots were washed twice in H2O using Amicon Ultra 0.5 Centrifugal Filter Units with 10 kDa nominal molecular weight cut-off (Merck, Darmstadt, Germany). A Bradford Protein Assay was performed to measure the protein concentration. Briefly, Bradford Dye Reagent (Bio-Rad Laboratories, CA, United States) was diluted 1:4 in H2O. In a 96-well plate, 10 μL of CFS were mixed with 200 μL of diluted Bradford Dye Reagent and incubated at room temperature for 5 min. Absorbance was measured at 595 nm using a BMG Labtech CLARIOstar spectrophotometer (BMG labtech, CA, United States). Protein concentration was quantified by comparison to a standard curve produced using Bovine Serum Albumin (Bio-Rad Laboratories, CA, United States).



Secretome SDS-PAGE

To visualize the proteins present, CFS samples were analyzed via SDS-PAGE. For this, 5 mL of CFS was concentrated to ∼500 μL using Amicon Ultra 0.5 Centrifugal Filter Units with 10 kDa nominal molecular weight cut-off (Merck, Darmstadt, Germany). Approximately equal total amounts of protein were loaded onto an SDS-PAGE gel, dyed using InstantBlue Stain (Sigma-Aldrich, MO, United States).



Sample preparation for mass spectrometric analysis

To identify proteins visualized by SDS-PAGE, trypsin in-gel digestion was performed as described previously in Srivastava et al. (2013). Briefly, bands of interest were cut out of the gel and diced into ∼1 mm3 pieces. These were incubated in 200 μL gel reagent (50% 0.1 M ammonium carbonate, 50% acetonitrile, pH 10) at 37°C for 60 min. Gel pieces were dehydrated by mixing with 100% acetonitrile. Next, 100 μL of a 10 mM solution of DTT in 50 mM ammonium bicarbonate was added to the gel pieces, and incubated for 30 min at 60°C. After removing and discarding excess supernatant, 30 μL of 1% iodoethanol solution in 50 mM ammonium bicarbonate was added for a 15-minute incubation at 37°C. Dehydration with 100% acetonitrile was repeated. To digest proteins in the gel, 30 μL trypsin solution (comprising trypsin (10 ng/μL) and Protease Max (0.01%) in 50 mM ammonium bicarbonate) was added to dehydrated pieces, for incubation on ice for 15 min. Excess trypsin solution was removed, and 50 μL of 50 mM ammonium bicarbonate solution was added for overnight incubation at 37°C. Supernatant containing released peptides was transferred to a fresh tube. Additional peptides were extracted from the gel pieces using 50 μL formic acid solution (5% formic acid, 50% acetonitrile, 45% H2O), and incubated for 5 min at room temperature. Peptides were speed-vacced to dryness and stored at −20°C until analysis by mass spectrometry.



Mass spectrometric analysis

Peptide analysis and identification was performed as described by Srivastava et al. (2013). A reversed-phase liquid chromatography electrospray ionization mass spectrometer (LC-ESI-MS/MS), using a nanoACQUITY ultra-performance liquid chromatography (UPLC) system coupled to a Q-TOF mass spectrometer (Xevo Q-TOF; Waters, Milford, MA, United States) was used. Briefly, peptides were loaded onto a C18 trap column (Symmetry 180 μm × 20 mm, 5 μm; Waters, Milford, MA, United States) followed by washing with 1% (v/v) acetonitrile and 0.1% (v/v) formic acid at 10 μL min–1 for 5 min. The samples eluted from the trap column were separated on a C18 analytical column (75 μm × 100 mm, 1.7 μm; Waters, Milford, MA, United States) at 250 nl min–1 using 0.1% formic acid as solvent A and 0.1% formic acid in acetonitrile as solvent B in a stepwise gradient: 0.1%–10% B (0–5 min), 10–30% B (5–32 min), 30–40% B (32–35 min), 40–85% B (36–38 min), 85% B (38–40 min), 85–0.1% B (40–42 min), and 0.1% B (42–60 min). The eluting peptides were sprayed in the mass spectrometer (capillary and cone voltages set to 2.1 kV and 35 V, respectively), and MS/MS spectra were acquired using automated data-directed switching between the MS and MS/MS modes using the instrument software (MassLynx V4.0 SP4). The three most abundant signals of a survey scan (400–1600 m/z range, 1 s scan time) were selected by charge state, and collision energy was applied accordingly for sequential MS/MS fragmentation scanning (50–1800 m/z range, 1 s scan time). The MS raw data files were processed using Mascot Distiller (version 2.4.3.2, Matrix Science, London, United Kingdom) and the resulting files were submitted to a local Mascot (Matrix Science, version 2.3.1) server using the NCBI database with both B. subtilis (1084562 sequences) and general fungi (5915770 sequences) taxonomies. The following settings were used for the database search: trypsin-specific digestion with one missed cleavage allowed, ethanolylated cysteine as fixed and oxidized methionine as variable modifications, peptide tolerance of 100 ppm, and fragment tolerance of 0.6 Da. Peptides with Mascot ion scores exceeding the threshold for statistical significance (p < 0.05) were approved. Only proteins identified by two or more unique peptides were selected.



Biochemical Assays


Chitosanase assay

The blue colored substrate azurine cross-linked (AZCL)-chitosan (Megazyme, Co., Wicklow, Ireland; Cat. No. I-AZCHANF) was used according to the manufacturer’s instructions to screen secretomes for endo-chitosanase activity (Huang et al., 2017). 1 mL of washed CFS was mixed with 1 mL AZCL-chitosan (2 g L–1 in H2O) and incubated at 30°C with rotary shaking. The negative control contained 1 mL AZCL-chitosan and 1 mL washed non-inoculated culture medium. Absorbance at 590 nm was measured after 15–20 h of incubation.



Protease assay

To quantify protease activity in the supernatant of B. subtilis natto, a Pierce Protease Assay Kit (Thermo Scientific, Rockford, United States) was used according to the manufacturers’ instructions (Rao et al., 1997; Tian et al., 2004). Briefly, 100 μL of succinylated casein solution was added into microplate wells. 50 μL of CFS was added on this, and the microplate was incubated for 20 min at 27°C. After the incubation, 50 μL of 2,4,6-trinitrobenzene sulfonic acid (TNBSA) working solution was added to the wells, and the plate was allowed to develop for 20 min in the dark at room temperature. Absorbance was then measured at 450 nm in a plate reader (CLARIOstar, BMG Labtech). Control experiments (CFS without succinylated casein) were subtracted from the measured absorption. Trypsin activity (Thermo Scientific) against the same substrate was used as a general protease standard.



Assays using labeled monosaccharide substrates

To measure GlcNAcase activity in the secretome of B. subtilis natto, pNP assays with 4-Nitrophenyl β-D-N-acetylglucosamine (Both Sigma-Aldrich, MO, United States) substrates were performed. For this, the substrate was dissolved in filtered H2O to achieve a 10 mM stock concentration. To achieve complete dissolution, up to 3% DMSO was added. To prepare the assay, 20 μL sodium phosphate buffer (pH 6.5) was added to wells of a 96 well plate. To this was added 20 μL of substrate (resulting in a final concentration of 1 mM) and 50 μL of CFS, brought to a final volume 200 μL with H2O. For each type of CFS tested, a substrate blank, containing no pNP substrate, was also performed. The plate was incubated at 37°C for 6 h with absorbance measured at 410 nm in a plate reader (CLARIOstar, BMG Labtech) every hour. The amount of pNP produced was quantified by reference to a pNP standard curve.

To measure GlcNase activity in the secretome of B. subtilis natto, an assay with 4-Methylumbelliferyl (MU) β-D-Glucosaminide (Carbosynth, Compton, United Kingdom) substrate was performed. For this, the substrate was dissolved in water to a stock concentration of 6 mM. The assay was prepared as described above, using a final substrate concentration of 0.6 mM. The plate was incubated at 37°C for 6 h, and the release of fluorescent 4MU was measured in a BMG Labtech CLARIOstar fluorometer (BMG labtech, CA, United States) using a 340–380 nm bandpass excitation filter and a 455–465 nm bandpass emission filter. The amount of 4MU produced was quantified by reference to a 4MU standard curve.



RESULTS AND DISCUSSION


Fungal Cell Walls – But Not Chitin – Are a Strong Growth Substrate for B. subtilis natto

We first investigated the ability of B. subtilis natto to grow on fungal fruiting body (FB), extracted fungal cell wall (FCW), and the two major FCW carbohydrates – chitin and β-glucan – as sole carbon source. We also studied growth on a standard mix of soluble proteins (peptone), to serve as a mimic for the ill-defined protein component of FCW and other chitinous materials. The bacterium was incubated in minimal medium containing 5 g L–1 carbon source. Control experiments provided only minimal medium with no carbon source. All conditions were analyzed in triplicate. Cultures were sampled regularly for up to 26 h, and optical density (OD) was measured as an indicator of culture turbidity. In addition, all of these conditions were studied both with and without the additional presence of 5 g L–1 glucose. This experimental set-up allowed us to investigate the potential for degradation of FCW and its components even when not being used as the primary carbon source supporting growth (i.e., the potential for co-metabolism of FCW components).

Growth in medium without glucose or any other experimental carbon source was very slow and reached a low final OD (Figure 2 and Table 1): the small amount of yeast extract in the un-supplemented minimal medium accounts for the low amount of growth that was achieved. Growth on glucose as sole carbon source was strong (Table 1 and Figure 2C). Only two experimental carbon sources permitted an increase in the baseline growth level of glucose cultures. Cultures supplemented with glucose and FCW reached a higher final OD than could be achieved on just glucose, while cultures supplemented with glucose and peptone showed a much more rapid doubling rate than during growth on only glucose (Table 1 and Figure 2C). This might indicate that only FCW and peptone are being used as carbon source instead of or as well as the glucose that is also present, while in all other glucose-supplemented cultures, it was only the glucose supporting bacterial growth, not the experimental carbon source. Growth experiments were repeated in the absence of glucose to test this theory.


[image: image]

FIGURE 2. Growth behavior of B. subtilis natto growing on different substrates. (A) Growth of B. subtilis natto on complex carbon sources: fungal fruiting body and fungal cell wall. (B) Growth of B. subtilis natto on isolated components of the fungal cell wall: β-chitin, β-glucan (scleroglucan), and peptone. (C) Growth of B. subtilis natto on fungal fruiting body and fungal cell wall, in medium additionally supplemented with glucose. (D) Growth of B. subtilis natto on β-chitin, β-glucan (scleroglucan), and peptone, in medium additionally supplemented with glucose. In all experiments, the bacterium was inoculated from LB starter cultures into 10 mL Spizizen minimal medium, additionally containing 50 mg of the carbon source being tested. OD600 was measured regularly for up to 26 h. Growth curves performed without experimental carbon source are included in both panels, labeled as No C. Raw absorbance data are provided for all growth curves in Supplementary Tables S1–S6.



TABLE 1. Summary of the growth behavior of B. subtilis natto.

[image: Table 1]Cultures lacking glucose showed that B. subtilis natto can indeed use fungal FB and especially FCW as a sole carbon source, showing a rapid doubling rate and reaching a high final OD (Figure 2A and Table 1). However, growth was very poor when the strain was provided with the main glycan components of the FCW, β-glucan and chitin (Figure 2B). Indeed, the fungal β-glucan scleroglucan supported the least growth of all carbon sources tested, and the concentration of secreted proteins was barely measurable; as a result, no further experiments were performed using that carbon source. Peptone as sole carbon source supported rapid growth (Figure 2B), perhaps indicating that proteins are a main metabolic focus for B. subtilis natto, explaining why the major glycan components of FCW fail to support strong growth (Table 1). Indeed, the ability of this strain to degrade proteins is quite well known and is exploited in the natto food production process, but we here show that this activity permits the strain to use peptides a sole carbon source during growth.



Fungal Cell Walls - but Not Chitin – Induce the Secretion of Chitin-Degrading Enzymes

Although growth on chitin was poor, a survey of the B. subtilis natto BEST195 strain reference genome had given several indications that chitin degradation by the strain is possible, as we found that it encodes a chitosanase, multiple de-acetylases, and several hexosaminidases/glucosaminidases (Qiu et al., 2003; Nishito et al., 2010; Kamada et al., 2014). In addition, chitin degradation is a focus of much biocontrol literature, and is often taken as a proxy for fungal antagonism (Veliz et al., 2017). During cultivation of B. subtilis natto on chitin, we observed a visible increase in dispersibility of the substrate, in terms of smaller particle size and a reduced tendency to settle at the bottom of the flask. This would imply that chitin is in fact being deconstructed, but the poor growth indicates that the bacterium is not readily able to take up the released chito-oligosaccharides, and/or is unable to metabolize those released sugars for energy. Analogy could be drawn with soil bacteria that are effective at deconstructing some types of β-glucan, but which show poor growth on these substrates due to an inability to take up the products of glucan deconstruction (McKee et al., 2019).

Due to the high background content of sugar in protein secretomes, even after repeated washing with water, we were unable to satisfactorily assay for chitin degradation. However, using a simple colorimetric assay, we were able to investigate the level of chitosanase activity in culture supernatants (secretomes) of B. subtilis natto (Figure 3) – chitosan is a de-acetylated form of chitin that can serve as an effective substrate for endo-acting chitosanase enzymes (Figure 1). No activity was detected from cultures grown on minimal medium lacking glucose or any carbon source. Perhaps surprisingly, the addition of chitin into this glucose-free growth medium did not lead to any chitosanase activity, suggesting that this carbohydrate does not induce a degradative pathway. The same was true for glucose-free cultures grown with β-glucan. However, the inclusion of glucose in the medium did lead to detectable levels of secreted chitosanase activity, perhaps simply be causing an elevated protein concentration in the culture medium. Among the glucose-containing cultures, only fungal FB led to an increase in chitosanase activity (Figure 3). There was no such increase in cultures grown on FCW, chitin, or peptone. It is more interesting and useful to compare activity profiles of the cultures grown without glucose, where cells are forced to use the experimental carbon source for nutrition. Here we see that chitosanase activity is found in glucose-free cultures containing FB, FCW, or peptone. There is no activity in cultures grown on chitin, or grown without an experimental carbon source. This strongly indicates that complex fungal material and proteins – but not chitin itself – can induce the secretion of chitosanase activity. This assay measures absorbance values after enzyme incubation, but is not a directly quantitative measure of the release of a specific reaction product. As such, it was not feasible to accurately normalize these absorbance data by secretome protein concentration, so it is still possible that the increased chitosanase activity in fungal FB, FCW, and peptone cultures can simply be explained by a higher overall protein content in those secretomes, rather than the specific upregulation of chitosanase gene expression.
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FIGURE 3. Chitosanase activity in the secretome of B. subtilis natto. B. subtilis natto was grown on various carbon sources (FB, fungal fruiting body; FCW, fungal cell wall extract), and the culture supernatant containing secreted proteins was assayed for chitosanase activity. Absorbance values (OD590) shown were obtained from secretomes incubated with AZCL-chitosan for 15 h. A Student’s T-test was performed on the “+Glucose” and separately on the “No Glucose” experiments, showing significant differences from the No C control at the p ≤ 0.05 level (indicated by **).


As discussed in the introduction, chitin can be degraded via two complementary pathways (Figure 1). To explore other potential routes to chitin deconstruction, we used two model substrates to screen for activity in the B. subtilis natto secretome: 4-nitrophenyl-β-D-N-acetylglucosamine (4NP-GlcNAc) and 4-methylumbelliferyl-β-D-glucosamine (4MU-GlcN). These assays respectively, screen for the ability to deconstruct oligosaccharides of chitin (GlcNAc oligos) and chitosan (GlcN oligos), and verified that B. subtilis natto can indeed deconstruct both GlcN and GlcNAc oligosaccharides. Washed culture secretome was incubated with one of the two substrates for 4 h, and activity was monitored by absorbance or fluorescence measurements every hour, producing a time-curve of activity (Figure 4). Using standard curves of 4NP and 4MU, we could convert these measurements to concentrations of reaction product released, and this could be normalized by secretome protein concentration.
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FIGURE 4. Glucosamine and N-acetylglucosamine degradation activity in the supernatant of B. subtilis natto. B. subtilis natto was grown on various carbon sources (FB, fungal fruiting body; FCW, fungal cell wall extract), and the culture supernatant containing secreted proteins was assayed for activity using two model substrates: 4NP-GlcNAc and 4MU-GlcN. Cultures grown on chitin or glucan showed no detectable activity on either substrate, so those data are omitted from this figure. (A) Hydrolysis of 4NP-GlcNAc by B. subtilis natto secretome, after 4 h of incubation. (B) Hydrolysis of 4MU-GlcN by B. subtilis natto secretome, after 4 h of incubation.


Hydrolysis of 4NP-GlcNAc and 4MU-GlcN was only detected in cultures grown on peptone or one of the fungal substrates FB and FCW, indicating that enzyme production is being specifically activated by these substrates (Figure 4). As shown in Figure 4A, the highest levels of activity against 4NP-GlcNAc were found in FB secretomes, regardless of the presence or absence of glucose in culture medium. However, after normalizing for total secretome protein concentration, the highest levels of 4NP-GlcNAc activity per mg of secreted protein were found in peptone-induced secretomes. This suggests that, although there is more of the GlcNAc-ase enzyme(s) in the FB cultures, which had a higher total protein content than most other secretomes, there was a higher proportion of GlcNAc-ase enzyme(s) in the peptone-induced secretomes. This implies that there is a specific upregulation of gene(s) encoding GlcNAc-ase enzyme(s) during growth on peptone. To verify these indications, we attempted to quantify gene expression using qPCR. Despite repeated attempts, we were ultimately not able to find any reference genes that were stably expressed in all conditions tested.

Figure 4B shows that hydrolysis of 4MU-GlcN was generally to a far lower level than for the GlcNAc substrate, but again the highest levels of activity were in the FB secretomes. Normalizing these activity data by total secretome protein concentration shows no obvious differences between the different carbon sources, suggesting that there is no activation of specific regulatory mechanisms, such as enhanced gene expression, that would lead to a higher level of GlcN-ase enzyme secretion.



Proteases Are Secreted in All Conditions, and Enable Degradation of Fungal Cell Wall Proteins

Inspired by the strong growth of B. subtilis natto on peptone – and previous research indicating that protein digestion is integral to the natto food production process – we assayed our bacterial secretomes for protein degradation. An assay kit was used that compares proteolytic activity to that of purified trypsin enzyme, and showed that protease activity occurred in all glucose-supplemented cultures (Figure 5A). As with the earlier chitosanase activity test, only the FB-supplemented secretomes showed an increased level of protease activity. Comparing results from the no-glucose secretomes shows that the highest levels of protease activity are produced during growth on peptone and FCW, with somewhat lower levels of activity produced during growth on FB and even chitin. The secretion of proteases when proteins are present to be metabolized is logical, but the presence of these activities even during growth on glucose or chitin as sole carbon source suggests that more complex mechanisms are at play. It may be that several proteases are expressed in response to different carbon sources, in order to scavenge for proteins to metabolize. This would fortuitously permit the degradation of FCW when present, which is highly relevant to biocontrol and may largely explain the strong bacterial growth on fungal FB and FCW. According to the MEROPS Peptidase database1 (Rawlings et al., 2017), the published genome of B. subtilis natto strain BEST195 (Nishito et al., 2010; Kamada et al., 2014) encodes 615 known or putative peptidases. Our own analysis of the predicted proteome of B. subtilis natto reveals nine enzymes predicted to be peptidases or proteases that are also predicted to be secreted into the extracellular space. Expression of one or more of these enzymes may be triggered during growth on glucose or chitin, but the precise mechanisms involved are still unknown.
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FIGURE 5. Protease activity in the secretome of B. subtilis natto. (A) B. subtilis natto was grown on various carbon sources (FB, fungal fruiting body; FCW, fungal cell wall extract), and the culture supernatant containing secreted proteins was assayed for protease activity, comparing to the activity of a trypsin standard. A Student’s T-test was performed on the “+ Glucose” and separately on the “No Glucose” experiments, showing significant differences from the No C control at the p ≤ 0.05 level (indicated by **) and the p ≤ 0.1 level (indicated by *). (B) FB secretomes were concentrated and analyzed by SDS-PAGE. Proteins in the B. subtilis natto FB secretome (gel lanes FB + Glc and FB) were compared with the profile of proteins found in FB medium not inoculated with bacterium, which contained only proteins deriving from the fungal material itself.


Analysis of culture supernatants by SDS-PAGE (Figure 5B) showed that Spizizen medium supplemented with FB and not inoculated with any bacterium already contained a large number of proteins, deriving from the fungal material itself. Using proteomic mass spectrometry (MS), we could directly compare the profile of proteins in FB-supplemented medium with and without bacterial inoculation (Figure 5B). Several protein bands in the non-inoculated FB medium were reduced or absent following bacterial cultivation, while other bands became (more) visible after cultivation. Sections of the gel with the most visually apparent differences (indicated on Figure 5B) were excised from the gel, subjected to trypsin hydrolysis, and analyzed by MS. Table 2 summarizes the proteins found following bacterial cultivation on FB. A full list of proteins identified in our MS experiments is provided in Supplementary Tables S7, S8. Our analyses verified that a large number of proteins from the fungal material were degraded following incubation with growing cells of B. subtilis natto, as far fewer fungal proteins could be detected in equivalent samples after bacterial inoculation (Table 2 and Supplementary Tables S7, S8). Importantly, many of the B. subtilis natto proteins identified from our analyses as having been produced during growth on FB are predicted to be proteases. This supports our biochemical and growth data indicating that protease secretion is occurring in these growth conditions, and that these secreted proteases contribute to FCW deconstruction by hydrolyzing the protein component of FCW. This protein hydrolysis was likely a major contributor to the strong bacterial growth observed in FB and FCW cultures, as well as contributing to the visible increase in dispersibility of FCW particles during cultivation, as the strong network of the FCW was disrupted by protein degradation.


TABLE 2. Proteins secreted by B. subtilis natto during growth on fungal fruiting body.

[image: Table 2]Due to the literature indicating that chitin can promote suppression of fungal pathogens by soil bacteria (Cretoiu et al., 2013; Debode et al., 2016), many biocontrol products are packaged with chitin as a priming agent. In the case of B. subtilis natto, however, our data indicate that such an approach would not encourage strong growth or an increase in FCW degradation. If B. subtilis natto is to be exploited as a biocontrol product, an alternative approach could be to use killed (attenuated) fungus as a priming agent in biocontrol products using B. subtilis natto to promote the secretion of chitin-, protein-, and FCW-degrading enzymes.



CONCLUSION AND OUTLOOK

We have demonstrated that the industrial strain B. subtilis natto is able to use complex fungal fruiting body and fungal cell wall as a carbon source, and that during growth on this material the species secretes chitin- and protein-degrading enzyme activities. We found conclusively that chitin – the bulk polysaccharide component of fungal cell walls, and a compound often used to stimulate biocontrol activities in soil bacteria – does not support growth of B. subtilis natto, nor does it induce the secretion of chitin-degrading activities. Through biochemistry and protein mass spectrometry, we have shown that a strong level of protease activity is produced in most conditions, confirming that this is the primary means by which B. subtilis natto draws nutrition from fungal cell walls. Further study is needed to verify that protein degradation in the cell wall can inhibit fungal growth.



DATA AVAILABILITY STATEMENT

All datasets generated for this study are included in the article/Supplementary Material.



AUTHOR CONTRIBUTIONS

AS and LM designed the study. AS performed the experimental work, with contributions from SD-M and VS. LM supervised the project. AS and LM wrote the manuscript, with input from SD-M and VS.



FUNDING

This work was supported by funds awarded to LM by the Swedish Research Council Vetenskapsrådet (project 2017-04906), and by the Knut and Alice Wallenberg Foundation via the Wallenberg Wood Science Centre. We are also grateful to KTH Royal Institute of Technology, CBH School for financial and practical support during this project.


ACKNOWLEDGMENTS

We are grateful to Sanjiv Kumar of KTH Division of Glycoscience for assistance with automated screening of the Bacillus subtilis natto genome and predicted proteome.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2020.00521/full#supplementary-material


FOOTNOTES

1
https://www.ebi.ac.uk/merops/

REFERENCES

Anagnostopoulos, C., and Spizizen, J. (1961). Requirements for transformation in Bacillus subtilis. J. Bacteriol. 81, 741–746.

Barratt, B. I. P., Moran, V. C., Bigler, F., and van Lenteren, J. C. (2018). The status of biological control and recommendations for improving uptake for the future. BioControl 63, 155–167. doi: 10.1007/s10526-017-9831-y

Cazorla, F. M., Romero, D., Perez-Garcia, A., Lugtenberg, B. J., Vicente, A., and Bloemberg, G. (2007). Isolation and characterization of antagonistic Bacillus subtilis strains from the avocado rhizoplane displaying biocontrol activity. J. Appl. Microbiol. 103, 1950–1959. doi: 10.1111/j.1365-2672.2007.03433.x

Choudhary, D. K., and Johri, B. N. (2009). Interactions of Bacillus spp. and plants – With special reference to induced systemic resistance (ISR). Microbiol. Res. 164, 493–513. doi: 10.1016/j.micres.2008.08.007

Cretoiu, M. S., Korthals, G. W., Visser, J. H. M., and van Elsas, J. D. (2013). Chitin amendment increases soil suppressiveness toward plant pathogens and modulates the Actinobacterial and Oxalobacteraceal communities in an experimental agricultural field. Appl. Environ. Microbiol. 79:5291. doi: 10.1128/AEM.01361-13

Damalas, C. A., and Eleftherohorinos, I. G. (2011). Pesticide exposure, safety issues, and risk assessment indicators. Int. J. Environ., Res. Public Health 8, 1402–1419. doi: 10.3390/ijerph8051402

Dean, R., Van Kan, J. A., Pretorius, Z. A., Hammond-Kosack, K. E., Di Pietro, A., Spanu, P. D., et al. (2012). The Top 10 fungal pathogens in molecular plant pathology. Mol. Plant Pathol. 13, 414–430. doi: 10.1111/j.1364-3703.2011.00783.x

Debode, J., De Tender, C., Soltaninejad, S., Van Malderghem, C., Haegeman, A., Van der Linden, I., et al. (2016). Chitin mixed in potting soil alters lettuce growth, the survival of zoonotic bacteria on the leaves and associated rhizosphere microbiology. Front. Microbiol. 7:565. doi: 10.3389/fmicb.2016.00565

Deising, H. B., Reimann, S., and Pascholati, S. F. (2008). Mechanisms and significance of fungicide resistance. Brazi. J. Microbiol. 39, 286–295. doi: 10.1590/S1517-838220080002000017

Earl, A. M., Losick, R., and Kolter, R. (2008). Ecology and genomics of Bacillus subtilis. Trends Microbiol. 16, 269–275. doi: 10.1016/j.tim.2008.03.004

Fisher, M. C., Henk, D. A., Briggs, C. J., Brownstein, J. S., Madoff, L. C., McCraw, S. L., et al. (2012). Emerging fungal threats to animal, plant and ecosystem health. Nature 484, 186–194. doi: 10.1038/nature10947

Gow, N. A. R., Latge, J. P., and Munro, C. A. (2017). The fungal cell wall: structure, biosynthesis, and function. Microb. Spectrum 5, 1–25. doi: 10.1128/microbiolspec.FUNK-0035-2016

Hauser, P. M., and Karamata, D. (1994). A rapid and simple method for Bacillus subtilis transformation on solid media. Microbiology 140(Pt 7), 1613–1617. doi: 10.1099/13500872-140-7-1613

Hawkins, N. J., Bass, C., Dixon, A., and Neve, P. (2018). The evolutionary origins of pesticide resistance. Biol. Rev. Camb. Philos. Soc. 94, 135–155. doi: 10.1111/brv.12440

Horie, M., Koike, T., Sugino, S., Umeno, A., and Yoshida, Y. (2018). Evaluation of probiotic and prebiotic-like effects of Bacillus subtilis BN on growth of Lactobacilli. J. Gen. Appl. Microbiol. 64, 26–33. doi: 10.2323/jgam.2017.03.002

Hu, Y., Ge, C., Yuan, W., Zhu, R., Zhang, W., Du, L., et al. (2010). Characterization of fermented black soybean natto inoculated with Bacillus natto during fermentation. J. Sci. Food Agric. 90, 1194–1202. doi: 10.1002/jsfa.3947

Huang, Y., Yi, Z., Jin, Y., Huang, M., He, K., et al. (2017). Metatranscriptomics reveals the functions and enzyme profiles of the microbial community in Chinese nong-flavor liquor starter. Front. Microbiol. 8:1747. doi: 10.3389/fmicb.2017.01747

Jorgensen, L. F., Kjaer, J., Olsen, P., and Rosenbom, A. E. (2012). Leaching of azoxystrobin and its degradation product R234886 from Danish agricultural field sites. Chemosphere 88, 554–562. doi: 10.1016/j.chemosphere.2012.03.027

Kamada, M., Hase, S., Sato, K., Toyoda, A., Fujiyama, A., and Sakakibara, Y. (2014). Whole genome complete resequencing of Bacillus subtilis natto by combining long reads with high-quality short reads. PLoS One 9:e109999. doi: 10.1371/journal.pone.0109999

Kokalis-Burelle, N., Kloepper, J. W., and Reddy, M. S. (2006). Plant growth-promoting rhizobacteria as transplant amendments and their effects on indigenous rhizosphere microorganisms. Appl. Soil Ecol. 31, 91–100. doi: 10.1016/j.apsoil.2005.03.007

Kumar, P., Dubey, R. C., and Maheshwari, D. K. (2012). Bacillus strains isolated from rhizosphere showed plant growth promoting and antagonistic activity against phytopathogens. Microbiol. Res. 167, 493–499. doi: 10.1016/j.micres.2012.05.002

Kunst, F., Ogasawara, N., Moszer, I., Albertini, A. M., Alloni, G., Azevedo, V., et al. (1997). The complete genome sequence of the gram-positive bacterium Bacillus subtilis. Nature 390, 249–256. doi: 10.1038/36786

Kuo, L. C., Cheng, W. Y., Wu, R. Y., Huang, C. J., and Lee, K. T. (2006). Hydrolysis of black soybean isoflavone glycosides by Bacillus subtilis natto. Appl. Microbiol. Biotechnol. 73, 314–320. doi: 10.1007/s00253-006-0474-7

Lee, J. H., Hwang, C. E., Son, K. S., and Cho, K. M. (2019). Comparisons of nutritional constituents in soybeans during solid state fermentation times and screening for their glucosidase enzymes and antioxidant properties. Food Chemi. 272, 362–371. doi: 10.1016/j.foodchem.2018.08.052

Luo, C., Zhou, H., Zou, J., Wang, X., Zhang, R., Xiang, Y., et al. (2015). Bacillomycin L and surfactin contribute synergistically to the phenotypic features of Bacillus subtilis 916 and the biocontrol of rice sheath blight induced by Rhizoctonia solani. Appl. Microbiol. Biotechnol. 99, 1897–1910. doi: 10.1007/s00253-014-6195-4

McKee, L. S., Martínez-Abad, A., Ruthes, A. C., Vilaplana, F., and Brumer, H. (2019). Focused metabolism of β-glucans by the soil Bacteroidetes species Chitinophaga pinensis. Appl. Environ. Microbiol. 85:e2231-18. doi: 10.1128/aem.02231-18

Ng, A., Weerakoon, D., Lim, E., and Padhye, L. P. (2019). Fate of environmental pollutants. Water Environ. Res. 91, 1294–1325. doi: 10.1002/wer.1225

Nishito, Y., Osana, Y., Hachiya, T., Popendorf, K., Toyoda, A., Fujiyama, A., et al. (2010). Whole genome assembly of a natto production strain Bacillus subtilis natto from very short read data. BMC Genomics 11:243. doi: 10.1186/1471-2164-11-243

O’Brien, P. A. (2017). Biological control of plant diseases. Austr. Plant Pathol. 46, 293–304. doi: 10.1007/s13313-017-0481-4

Price, C. L., Parker, J. E., Warrilow, A. G., Kelly, D. E., and Kelly, S. L. (2015). Azole fungicides - understanding resistance mechanisms in agricultural fungal pathogens. Pest Manag. Sci. 71, 1054–1058. doi: 10.1002/ps.4029

Qiu, D., Fujita, K., Sakuma, Y., Tanaka, T., Ohashi, Y., Ohshima, H., et al. (2004). Comparative analysis of physical maps of four Bacillus subtilis (natto) genomes. Appl. Environ. Microbiol. 70, 6247–6256. doi: 10.1128/aem.70.10.6247-6256.2004

Qiu, D., Oshima, H., Ohashi, Y., and Itaya, M. (2003). Construction of physical maps of Bacillus subtilis (natto) strains. Nucleic Acids Res. Suppl. 2003, 207–208. doi: 10.1093/nass/3.1.207

Rao, S. K., Mathrubutham, M., Karteron, A., Sorensen, K., and Cohen, J. R. (1997). A versatile microassay for elastase using succinylated elastin. Ana. Biochem. 250, 222–227. doi: 10.1006/abio.1997.2223

Rawlings, N. D., Barrett, A. J., Thomas, P. D., Huang, X., Bateman, A., and Finn, R. D. (2017). The MEROPS database of proteolytic enzymes, their substrates and inhibitors in 2017 and a comparison with peptidases in the PANTHER database. Nucleic Acids Res. 46, D624–D632. doi: 10.1093/nar/gkx1134

Sid Ahmed, A., Ezziyyani, M., Pérez Sánchez, C., and Candela, M. E. (2003). Effect of chitin on biological control activity of Bacillus spp. and Trichoderma harzianum against root rot disease in pepper (Capsicum annuum) plants. Eur. J. Plant Pathol. 109, 633–637. doi: 10.1023/A:1024734216814

Silva, V., Mol, H. G. J., Zomer, P., Tienstra, M., Ritsema, C. J., and Geissen, V. (2019). Pesticide residues in European agricultural soils – A hidden reality unfolded. Sci. Total Environ. 653, 1532–1545. doi: 10.1016/j.scitotenv.2018.10.441

Smiderle, F. R., Alquini, G., Tadra-Sfeir, M. Z., Iacomini, M., Wichers, H. J., and Van Griensven, L. J. L. D. (2013). Agaricus bisporus and Agaricus brasiliensis (1→6)-β-D-glucans show immunostimulatory activity on human THP-1 derived macrophages. Carbohydrate Polym. 94, 91–99. doi: 10.1016/j.carbpol.2012.12.073

Srivastava, V., Malm, E., Sundqvist, G., and Bulone, V. (2013). Quantitative proteomics reveals that plasma membrane microdomains from poplar cell suspension cultures are enriched in markers of signal transduction, molecular transport, and callose biosynthesis. Mol. Cell. Proteom. 12, 3874–3885. doi: 10.1074/mcp.M113.029033

Sundheim, L. (1992). “Effect of chitinase encoding genes in biocontrol Pseudomonas Spp,,” in Biological Control of Plant Diseases: Progress and Challenges for the Future, eds E. C. Tjamos, G. C. Papavizas, and R. J. Cook (Boston, MA: Springer US), 331–333. doi: 10.1007/978-1-4757-9468-7_45

Swain, M. R., and Ray, R. C. (2009). Biocontrol and other beneficial activities of Bacillus subtilis isolated from cowdung microflora. Microbiol. Res. 164, 121–130. doi: 10.1016/j.micres.2006.10.009

Swain, M. R., Ray, R. C., and Nautiyal, C. S. (2008). Biocontrol efficacy of Bacillus subtilis strains isolated from cow dung against postharvest yam (Dioscorea rotundata L.) pathogens. Curr. Microbiol. 57, 407–411. doi: 10.1007/s00284-008-9213-x

Swiontek Brzezinska, M., Jankiewicz, U., Burkowska, A., and Walczak, M. (2014). Chitinolytic microorganisms and their possible application in environmental protection. Curr. Microbiol. 68, 71–81. doi: 10.1007/s00284-013-0440-4

Tian, M., Huitema, E., Da Cunha, L., Torto-Alalibo, T., and Kamoun, S. (2004). A Kazal-like extracellular serine protease inhibitor from Phytophthora infestans targets the tomato pathogenesis-related protease P69B. J. Biol. Chem. 279, 26370–26377. doi: 10.1074/jbc.M400941200

Veliz, E. A., Martinez-Hidalgo, P., and Hirsch, A. M. (2017). Chitinase-producing bacteria and their role in biocontrol. AIMS Microbiol. 3, 689–705. doi: 10.3934/microbiol.2017.3.689

Wang, X. Q., Zhao, D. L., Shen, L. L., Jing, C. L., and Zhang, C. S. (2018). “Application and mechanisms of Bacillus subtilis in biological control of plant disease,,” in Role of Rhizospheric Microbes in Soil: Volume 1: Stress Management and Agricultural Sustainability, ed. V. S. Meena (Singapore: Springer Singapore), 225–250. doi: 10.1007/978-981-10-8402-7_9

Weng, Y., Yao, J., Sparks, S., and Wang, K. Y. (2017). Nattokinase: an oral antithrombotic agent for the prevention of cardiovascular Disease. Int. J. Mol. Sci. 18, 523. doi: 10.3390/ijms18030523

Xiao-ying, G., Chun-e, H., Tao, L., and Zhu, O. (2015). Effect of Bacillus subtilis and Pseudomonas fluorescens on growth of greenhouse tomato and rhizosphere microbial community. J. Northeast Agric. Univ. 22, 32–42. doi: 10.1016/S1006-8104(16)30004-6

Yandigeri, M. S., Malviya, N., Kumar Solanki, M., Shrivastava, P., and Sivakumar, G. (2015). Chitinolytic Streptomyces vinaceusdrappus S5MW2 isolated from Chilika lake, India enhances plant growth and biocontrol efficacy through chitin supplementation against Rhizoctonia solani. World J. Microbil. Biotechnol. 31, 1217–1225. doi: 10.1007/s11274-015-1870-x

Zhao, Y., Park, R.-D., and Muzzarelli, R. A. A. (2010). Chitin deacetylases: properties and applications. Mar. Drugs 8, 24–46. doi: 10.3390/md8010024


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.

Copyright © 2020 Schönbichler, Díaz-Moreno, Srivastava and McKee. 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.











	 
	ORIGINAL RESEARCH
published: 31 March 2020
doi: 10.3389/fmicb.2020.00506





[image: image]

Bacterial Community Structure and Predicted Function in Wheat Soil From the North China Plain Are Closely Linked With Soil and Plant Characteristics After Seven Years of Irrigation and Nitrogen Application

Geng Ma1, Juan Kang1, Jiarui Wang1, Yulu Chen1, Hongfang Lu1,2,3, Lifang Wang1,2,3, Chenyang Wang1,2,3*, Yingxin Xie1,2,3, Dongyun Ma1,2,3 and Guozhang Kang1,2,3

1College of Agronomy, Henan Agricultural University, Zhengzhou, China

2State Key Laboratory of Wheat and Maize Crop Science, Henan Agricultural University, Zhengzhou, China

3National Engineering Research Centre for Wheat, Henan Agricultural University, Zhengzhou, China

Edited by:
Ying Ma, University of Coimbra, Portugal

Reviewed by:
Amit K. Jaiswal, Purdue University, United States
Collin M. Timm, Johns Hopkins University, United States

*Correspondence: Chenyang Wang, xmzxwang@163.com

Specialty section: This article was submitted to Terrestrial Microbiology, a section of the journal Frontiers in Microbiology

Received: 02 November 2019
Accepted: 09 March 2020
Published: 31 March 2020

Citation: Ma G, Kang J, Wang J, Chen Y, Lu H, Wang L, Wang C, Xie Y, Ma D and Kang G (2020) Bacterial Community Structure and Predicted Function in Wheat Soil From the North China Plain Are Closely Linked With Soil and Plant Characteristics After Seven Years of Irrigation and Nitrogen Application. Front. Microbiol. 11:506. doi: 10.3389/fmicb.2020.00506

The influence of water and nitrogen (N) management on wheat have been investigated, but studies on the impact of long-term interactive water and N management on microbial structure and function are limited. Soil chemical properties and plants determine the soil microbial communities whose functions involved in nutrient cycling may affect plant productivity. There is an urgent need to elucidate the underlying mechanisms to optimize these microbial communities for agricultural sustainability in the winter wheat production area of the North China Plain. We performed high-throughput sequencing and quantitative PCR of the 16S rRNA gene on soil from a 7-year-old stationary field experiment to investigate the response of bacterial communities and function to water and N management. It was observed that water and N management significantly influenced wheat growth, soil properties and bacterial diversity. N application caused a significant decrease in the number of operational taxonomic units (OTUs), and both Richness and Shannon diversity indices, in the absence of irrigation. Irrigation led to an increase in the relative abundance of Planctomycetes, Latescibacteria, Anaerolineae, and Chloroflexia. In addition, most bacterial taxa were correlated with soil and plant properties. Some functions related to carbohydrate transport, transcription, inorganic ion transport and lipid transport were enriched in irrigation treatment, while N enriched predicted functions related to amino acid transport and metabolism, signal transduction, and cell wall/membrane/envelope biogenesis. Understanding the impact of N application and irrigation on the structure and function of soil bacteria is important for developing strategies for sustainable wheat production. Therefore, concurrent irrigation and N application may improve wheat yield and help to maintain those ecosystem functions that are driven by the soil microbial community.
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INTRODUCTION

Water and nitrogen (N) are the two main factors limiting crop productivity worldwide (Sinclair and Rufty, 2012). However, extensive use of chemical fertilizers has resulted in the degradation of soil physiochemical properties. The North China Plain is one of the most important wheat production areas in China (National Bureau of Statistics [NBS], 2013), and irrigation and N application are commonly used for winter wheat production in this area (Zhang et al., 2013; Wang C. et al., 2014). Most previous studies have focused on the influence of this pair of factors on ecosystem functions and higher level organisms (Qi et al., 2010; Lenka et al., 2013; Liu et al., 2018). However, these studies explored in-season effects of optimal water and N fertilizer management on crops, but not the sustainability of soil production capacity. Soil microbial biomass are the most abundant and ecologically important groups of organisms, and impact crop yield, soil productivity, and key ecosystem processes (Fierer et al., 2009; Marinari et al., 2010; Zhou et al., 2012; Agegnehu et al., 2016). However, their response to water and N, particularly in wheat field experiments, has not been examined.

Bacteria are the most abundant and diverse group of soil microorganisms, and influence soil function by driving biogeochemical processes, governing nutrient and organic matter composition as well as environmental functions (Jackson et al., 2003; Balser and Firestone, 2005). Understanding shifts in soil bacterial community structures in response to implementation of different agronomic approaches is important for improving soil fertility and function via specific management practices. Both water and N have a large influence on soil microbial communities, albeit through different mechanisms (Berg and Smalla, 2009). Water may relieve limitations related to soil water, stimulate microbial growth, and promote microbe and solute movement, thereby improving competitive intensity (Zhou et al., 2002). Water may also elevate soil pH and function through other mechanisms (Li et al., 2016). A previous study showed that long-term application of chemical N increased fungal abundance, while decreasing bacterial abundance in northeast China (Wang et al., 2019). N application increases inorganic labile soil N (NH4+-N and NO3–-N) content, which is advantageous for some soil microbes. However, N application may be unfavorable to soil microorganisms because it can decrease soil pH, and this is the most important ecological factor driving bacterial community structure (Fierer and Jackson, 2006; Rousk et al., 2010). Kavamura et al. (2018) observed that inorganic N affected the bacterial predicted function in wheat soil. Thus, understanding the effects of irrigation and N application on soil microbial communities is a priority, as is elucidating the underlying mechanisms driving winter wheat productivity in the North China Plain.

Although the influence on soil microbial community structure of agricultural management practices has received some attention over the past several decades, most studies have been conducted over a relatively short time, and the responses of the entire soil microbial community are poorly described (Edenborn and Sexstone, 2007; Martiny et al., 2011; Zhao S. et al., 2014). There appear to be few reports characterizing soil bacterial diversity, composition, and potential function through high-throughput sequencing following long-term irrigation and N application, understanding the relationships between bacteria and plants is an important step toward developing strategies for production of crops in a sustainable way.

We performed a stationary water and fertilization field experiment in 2010 using winter wheat, in which bacterial communities were analyzed by 16S rRNA marker sequencing (Hamady et al., 2008). The objective of the present study was to evaluate the effects of irrigation and N application on (1) wheat growth and soil chemical properties, (2) changes in the composition, abundance, and richness of soil bacterial communities, and (3) the potential function of soil bacteria. Finally, we aimed to determine the mechanisms by which irrigation and N application alter soil microbial communities.



MATERIALS AND METHODS


Site Description and Experiment Design

The study was performed at an experimental field located in Wenxian (34°92′ N, 112°99′E), which is located in the Henan Province of northern China. The experimental site was in a semi-arid area of the Huang-Huai region where crops were grouped in a wheat-summer maize rotation. The annual average temperature in this area is 13.0°C and the annual precipitation is 650 mm; 60–70% of this precipitation occurs in the summer (July–September). Supplementary Figure S1 shows that the precipitation distribution and mean temperature were similar to historical values during the wheat growing seasons in experimental years. The soil is loam (sand 14.1%, silt 47.5%, and clay 38.4%) and the mean soil bulk density is 1.33 g/cm3.

In October 2010, treatments were initiated to investigate the effects of irrigation and N application. Yumai 49–198, a high-yield wheat cultivar widely planted in the Huanghuai wheat production area, was used in this experiment. The study design comprised a factorial combination of two irrigation regimes, namely no irrigation (W0) and irrigation at the jointing and booting stages (water sensitive phase of wheat) with 75 mm each time (W2), and two N rates (0 and 240 kg ha–1, designated N0 and N2, respectively). Plots were arranged in a split-plot design with four replicates, with main plots assigned to irrigation regimes, and subplots assigned to N rates. Each plot was 2.5 m wide and 6.1 m long. Phosphorus (P) was applied in the form of calcium superphosphate (15%) at a rate of 150 (P2O5) kg ha–1, and potassium (K) was applied using potassium chloride (60%) at 120 (K2O) kg ha–1 in all treatments. Half of the N (urea, 46% N) and all P and K was spread by hand before ploughing during sowing, while the other half of the N was applied at the jointing stage. A movable sprinkling system was employed watering irrigated plots, and a water meter was used to measure water use.



Sampling and Analysis

The wheat yield has been recorded each year (2011–2017) of the study. Soil and root samples (plough layer, 0–0.2 m) were analyzed following harvest on June 1 in 2017. Five bulk soil samples were collected by using a soil sampler from each plot and thoroughly mixed to homogeneity as a single sample. Soil samples were obtained four replicates each treatment. Samples were divided into two parts, one of which was air-dried for chemical analysis, and the other was screened through a 2 mm mesh sieve and immediately stored at −80°C for microbial analysis. The soil pH in a saturation extract (1:5 w/v) was measured using a pH meter. Organic matter and total N were measured using the dichromate oxidation method. Available N was determined by the alkaline hydrolysis diffusion procedure, available P was extracted with 0.5M NaHCO3 and measured using molybdenum blue spectrophotometry, and available K was determined by displacement with 1 M ammonium acetate followed by flame photometry. The water content of soil samples was determined by oven-drying to a constant weight at 105°C. The content of soil NH4+ and NO3– extracted with 2 M KCl was determined using a continuous flow approach (Santt System, Skalar, Holland). Soil blocks were dug out to obtain root samples. Each sampling area was 0.4 m long (perpendicular to rows, providing access to plants in two rows) and 0.4 m wide (parallel to rows). All samples were placed in a 100-mesh nylon bag, washed with tap water, and clean roots were imaged by gray-scale scanning with an Epson perfection V700 photo instrument. Files were analyzed using WinRHIZO 2008 to determine root length, roots were then dried at 80°C to determine dry weight, and root length density (RLD; m m–3) and root weight density (RWD; g m–3) were determined from the following formulae:
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where L is the total root length (m), V is the soil sample volume (m3), and M is root dry weight (g).



Soil DNA Extraction, PCR Amplification, and Sequencing

Microbial DNA was extracted from 0.5 g soil samples (fresh weight) using an E.Z.N.A. soil DNA Kit (Omega Bio-Tek, Norcross, GA, United States) according to the manufacturer’s protocols. The final DNA concentration was determined by a NanoDrop 2000 UV-vis spectrophotometer (Thermo Fisher Scientific, Wilmington, United States), and DNA quality was confirmed by 1% agarose gel electrophoresis. The V3 − V4 hypervariable regions of the bacterial 16S rRNA gene were amplified using primers 338F (5′-ACTCCTACGGGAGGCAGCAG-3′) and 806R (5′-GGACTACHVGGGT WTCTAAT-3′) on a thermocycler PCR system (GeneAmp 9700, ABI, United States) (Mori et al., 2013; Xu et al., 2016). Amplification involved denaturation at 95°C for 3 min, followed by 27 cycles at 95°C for 30 s, annealing at 55°C for 30 s, elongation at 72°C for 45 s, a final extension at 72°C for 10 min, and completed reactions were held at 10°C. All reactions were performed in triplicate in 20 μL volumes containing 4 μL of 5× FastPfu Buffer, 0.8 μL of forward primer (5 μM), 2 μL of 2.5 mM dNTPs, and 10 ng of template DNA, and 0.4 μL of FastPfu Polymerase. PCR products were separated on and extracted from a 2% agarose gel, further purified using an AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, United States), and quantified using QuantiFluor-ST (Promega, United States) according to the manufacturer’s instructions. Purified amplicons were pooled in equimolar concentrations and sequenced on an Illumina MiSeq platform (Illumina, San Diego, CA, United States), yielding 2 × 300 paired-end reads according to standard protocols (sequencing was performed by MajorBio Bio-Pharm Technology Co. Ltd., Shanghai, China). All raw reads have been deposited in the NCBI Sequence Read Archive (SRA) database (Accession Number: SRP217377).



Quantitative Realtime PCR (q-PCR)

Bacterial abundance was determined by qPCR using primers as described above (Jiang et al., 2019). Ten-fold serial dilutions of plasmid containing the target fragment of the 16S rRNA gene were used to generate a qPCR standard curve, and a Light Cycler 480 instrument (Roche Applied Science, Basel, Switzerland) was used for qPCR with 20 μL reactions containing 10 μL of SYBR Premix Ex Taq, 1.0 μL of 10 μmol L–1 forward and reverse primers (each), 7.0 μL of sterilized MiliQ water, and 1 μL of extracted soil DNA. Amplification involved an initial denaturation at 95°C for 30 s (ramp rate = f 4.4°C s–1), followed by 30 cycles of denaturation at 95°C for 5 s, annealing and elongation at 60°C for 30 s, and a final cooling cycle at 50°C for 30 s. The bacterial 16S rRNA gene copy number was calculated from the cycle threshold (Ct) value using a standard curve.



Processing of Sequencing Data

Illumina MiSeq sequences were processed using QIIME (version 1.70) (Campbell et al., 2010). Raw fastq files were demultiplexed, filtered in terms of quality by Trimmomatic, and merged by FLASH with the following criteria: (i) reads were truncated at all sites with an average quality score <20 over a 50 bp sliding window, (ii) reads containing ambiguous bases were removed and primers were matched exactly allowing two nucleotide mismatches, and (iii) sequences overlapping by more than 10 bp were merged based on overlapping sequence.

Operational taxonomic units (OTUs) were clustered with a 97% similarity cutoff using UPARSE (version 7.1)1, and chimeric sequences were identified and removed using UCHIME (Edgar, 2010). Randomly selected sequences from different samples were normalized to the same number of sequences (25,859) among all treatments. The RDP Classifier algorithm2 and the Silva (SSU128) 16S rRNA database were employed for assessing the taxonomy of each 16S rRNA gene sequence using a 70% confidence threshold (Pruesse et al., 2007). The most abundant sequence from each OTU was considered representative and taxonomically classified by BLAST searching against GenBank. Bacterial richness and diversity were estimated using OTU richness and Shannon indices, respectively (Chao and Bunge, 2002).



Statistical Analysis

Data were transformed based on presumed normality and homogeneity of variance where appropriate. Differences between treatments were determined using analysis of variance (ANOVA) followed by least significant difference (LSD) tests. The compositional variations between bacterial communities were visualized using non-metric multidimensional scaling (NMDS) plots based on Bray-Curtis distance in the Vegan package. Statistical testing among variation in microbial community composition was carried out using the analysis of similarity (ANOSIM). The ANOSIM was conducted using 999 permutations. In addition to community structure analysis, functional content was inferred by Phylogenetic Investigation of Communities by Reconstruction of Unobserved States (PICRUSt) based on high-throughput 16S rRNA sequencing data, and further analyzed using the Cluster of Orthologous Groups (COG) database (Langille et al., 2013). ANOVA and Spearman’s rank correlation coefficient were used to assess statistical associations among bacterial community, bacterial function, and soil parameters, both within SPSS version 17.0 software.




RESULTS


Wheat Yield and Root Growth

The W0N2, W2N0 and W2N2 treatments increased yields by 78.7, 53.1, and 194.6%, respectively, compared with the W0N0 treatment; the N content increased by 47.4, 25.0, and 105.3%, respectively (Table 1). Watering also had a significant impact on root characteristics in the 0−20 cm layer; compared with W0, W2 (average across two N treatments) increased RWD and RLD values by 38.3 and 56.5%, respectively. N application had a clear effect on RWD under the no irrigation condition (W0) and RLD with irrigation (W2). RWD in the W0N2 treatment declined by 22.3% compared with the W0N0 treatment; however, RLD in the W2N2 treatment increased by 15.9% compared with the W2N0 treatment. Significant interactions were also obtained between water and N; this indicates that both wheat yield and root growth in the 0–20 cm are influenced by water, N application, and the combination of the two treatments.


TABLE 1. Effects of irrigation and N applied on yield and root characteristics in 0–20 cm.
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Selected Soil Properties

Irrigation and N application had effects on soil chemical properties (Table 2). Irrigation increased soil moisture and pH by 9.46 and 2.10% at maturity, respectively (averaged across the N0 and N2 treatments). N application significantly decreased pH under the W0 condition (P< 0.05), indicating that soil acidification occurred with W0N2 treatment. N application significantly increased NO3–N and available N concentrations, but decreased available P concentration. Organic matter and available K concentrations significantly decreased under the W2 conditions.


TABLE 2. Properties of soil samples under different fertilizer and water treatments.

[image: Table 2]


Bacterial Abundance and Diversity

The water and N fertilization regimes influenced the size of the soil bacterial community, based on qPCR analysis of 16S rRNA genes (Figure 1A), and the effect on gene copy number was significant. The number of bacterial 16S rRNA genes in 1 g of soil ranged from 6.8 × 108 to 1.4 × 109, and there was a significant decrease (ANOVA, p< 0.05) for N fertilizer treatments. There were 2,461, 2,314, 2,482, and 2,522 OTUs in W0N0, W0N2, W2N0, and W2N2 soils, respectively (Figure 1B). N application decreased richness indices for un-irrigated soils (W0) (p < 0.05), but increased these indices for irrigated soils (W2). Compared with the W0 treatment group, the Shannon index in W2 treatment was increased by 1.7% (Figure 1C). Beta-diversity of bacterial communities revealed a significant contribution from irrigation and N application to bacterial community structure variation. Similarity in bacterial communities between samples was compared by Anosim and NMDS based on Bray-Curtis distance (Singh et al., 2015), and the community structure of soil bacteria shifted significantly following water and N addition, with clear distinctions between different treatments (Figure 2; Anosim, r = 0.64, p = 0.001).
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FIGURE 1. Effects of experimental treatments on bacterial abundance (A), richness (B), and Shannon diversity index (C). Bars with different letters are significantly different (p < 0.05).
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FIGURE 2. Non-metric multi-dimensional scaling (NMDS) plots of bacterial communities based on Bray-Curtis dissimilarities.




Responses of Dominant Bacterial Taxa

The most abundant phyla across all treatments were Actinobacteria, Proteobacteria, Chloroflexi, and Acidobacteria. There were lower levels of Nitrospirae, Planctomycetes, Verrucomicrobia, and Latescibacteria (Supplementary Figure S2). The four dominant phyla accounted for 11.09−27.08% of bacterial abundance across all samples. These phyla had different responses to irrigation and N application (Figure 3). Irrigation significantly decreased the relative abundance of Actinobacteria (p < 0.05), increased the relative abundance of Planctomycetes and Latescibacteria, and did not significantly alter the relative abundance of Proteobacteria. The relative abundance of Acidobacteria, Nitrospirae, Planctomycetes, and Verrucomicrobia was significantly lower in the W0N2 treatment compared with the other treatments (p < 0.05). Irrigation or N application increased the relative abundance of Chloroflexi; the relative abundance of this phyla was significantly higher in the W2N2 treatment than in the W0N0 treatment (p < 0.05). There were many alterations at the class level (Supplementary Figure S3). Notably, irrigation significantly increased the relative abundance of Anaerolineae and Chloroflexia while decreasing the relative abundance of Bacilli. Additionally, the relative abundances of Thermomicrobia in the W0N2 treatment and Cyanobacteria in the W2N0 treatment were significantly higher than in the other treatments.
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FIGURE 3. Effects of experimental treatments on the relative abundance of 14 dominant bacterial phyla (A–H) and classes (I–N). Only significant statistical results (p < 0.05) are shown in the figure for clarity. Bars indicate standard error. Bars with different letters are significantly different (p < 0.05).




Functional Prediction of Bacterial Communities

The relative abundance of functions inferred from PICRUSt analysis is illustrated in Supplementary Figure S4. Compared with taxonomic profiles, the functional profiles of all samples were much more similar to each other. Amino acid and carbohydrate metabolism, general function prediction only, energy production and conversion, and signal transduction mechanisms were the functions most abundant in all samples. Irrigation (W2) treatments had an significant increase in the abundance of carbohydrate transport and metabolism, transcription, inorganic ion transport and metabolism, and lipid transport and metabolism but a decrease in the abundance of signal transduction mechanisms, cell wall/membrane/envelope biogenesis, and replication, recombination and repair (p < 0.05). The relative abundance of amino acid transport and metabolism, signal transduction mechanisms, and cell wall/membrane/envelope biogenesis was significantly increased, but translation, ribosomal structure and biogenesis were significantly decreased in N2 treatments (p < 0.05; Figure 4).
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FIGURE 4. Effects of experimental treatments on the relative abundance of selected function category (main and significant change). (A) Amino acid transport and metabolism, (B) signal transduction mechanisms, (C) cell wall/membrane/envelope biogenesis, (D) carbohydrate transport and metabolism, (E) transcription, (F) inorganic ion transport and metabolism, (G) replication, recombination and repair, (H) translation, ribosomal structure, and biogenesis, and (I) lipid transport and metabolism. Bars with different letters are significantly different (p < 0.05).




Linking Bacteria Communities and Functions to Soil Properties, Wheat Yield, and Root Characteristics

Spearman correlation heatmap analysis was performed to evaluate relationships between environmental factors and select bacterial taxa (both soil and plant; Figure 5). Most bacteria were significantly correlated with at least one environmental factor. The Actinobacteria phylum was significant positively correlated with NH4+-N, total N, organic matter, available P, and available K, and significant negatively correlated with soil pH, available N, yield, RWD, RLD, and N content. The relative abundances of Planctomycetes and Latescibacteria were positively correlated with soil moisture, pH, RWD, and RLD, and significantly negatively correlated with NH4+-N and available K. Interestingly, NO3–-N was only significantly negatively correlated with the Cyanobacteria class. Moreover, available K, RLD, and RWD were significantly correlated with the largest number (seven) of bacterial taxa. We further examined soil and plant variables significantly correlated with the relative abundance of differentially abundant taxa (Table 3). Although the relative abundance of selected groups was significantly correlated with various soil and wheat parameters (Table 3), stepwise regression revealed variation in the relative abundance of select bacterial taxa that was primarily linked to RLD, available N, soil moisture, soil pH, yield, N content, available K, organic matter, and NH4+-N. In particular, the relative abundance of Actinobacteria was significantly negatively correlated with RLD; meanwhile, the relative abundances of Latescibacteria and Anaerolineae were significantly positively correlated with RLD. Available N was significantly positively correlated with the relative abundance of Chloroflexi but negatively correlated with the relative abundance of Sphingobacteria. Soil moisture was significantly positively correlated with the relative abundance of Chloroflexia and Cyanobacteria. Spearman correlation heatmap between bacterial function and environmental factors revealed that RWD significantly negatively correlated with replication recombination repair and coenzyme transport and metabolism, while available K had opposite effect compared to RWD. Yield and root N content significantly positively correlated with amino acid transport and metabolism. Moisture significantly increased the inorganic ion transport and metabolism but decreased the defense mechanisms (Figure 6).


TABLE 3. Variables responsible for the changes in the abundance of various bacterial groups.
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FIGURE 5. Spearman correlation heatmap between bacterial communities and soil properties and wheat characteristics. R-values are displayed in different colors, as indicated by the color code on the right of the heat map.
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FIGURE 6. Spearman correlation heatmap between bacterial function and soil properties and wheat characteristics. R-values are displayed in different colors, as indicated by the color code on the right of the heat map.





DISCUSSION


Irrigation and N Application Influence Wheat Yield and Root Characteristics

Irrigation and N application impacts root system growth as well as wheat yield. According to Xue et al. (2003) and Zhang et al. (2004), irrigation frequency is positively correlated with RLD and RWD. We found that irrigation significantly increased both RLD and RWD (47.4% average increase). Previous studies observed that water deficit can increase the number of lateral roots at the soil surface, thereby increasing water absorption (Merrill et al., 2002). However, we showed that irrigation can facilitate root growth. Under no-irrigation conditions (W0), RLD and RWD decreased with N application, indicating that a lower soil water content combined with sufficient N depressed wheat root growth and development (Table 1). Water and N interact to confer complementary effects on root growth and wheat yield (Li et al., 2004), and Zhang et al. (2009) showed that a more developed upper root system is associated with greater shoot biomass, resulting in higher grain yield. In our study, the W2N2 treatment had the highest yield, RLD, RWD, and N content; however, the W0N0 treatment had a higher RLD and RWD than the W0N2 treatment. These results suggest that N application is unable to balance the adverse effect of water stress on the root system under drought conditions, although it does increase grain yield and N content of the root system.



Effect of Long-Term Irrigation and N Application on Soil Properties

In our study, irrigation increased soil pH from 8.25 to 8.42, which could be because higher soil moisture in the W2 group decreased soil oxygen content and promoted denitrification (Zhang et al., 2014). An intensive microbial nitrification process can lead to soil acidification when large amounts of synthetic N fertilizers are applied, as demonstrated by elevated nitrate levels in soils treated with N (Stamatiadis et al., 1999). Further, N addition can cause soil acidification through the release of free H+ by nitrification (Lv et al., 2013; Wang et al., 2016). Zhou et al. (2015) showed that soil pH changed from 6.36 (unfertilized control) to 4.64 after N fertilizer application for 34 years. In our study, there was a relatively small change in soil pH (decreased from 8.32 in the W0N0 treatment to 8.18 in the W0N2 treatment) compared with Zhou et al. (2015); this is likely due to the differences in experiment duration and soil type. Previous studies also demonstrated that long-term N fertilization can increase soil organic C and total N (Jagadamma et al., 2007; Zhao et al., 2016), but these results were different from those of the current study. There were significant differences in NO3–-N concentration between treatments but not in NH4+-N levels; these observations agree with previous work by Dong et al. (2014). Accumulation of NO3–-N in N treatment groups was likely due to the stimulation of nitrification by urea. Furthermore, NH4+-N from chemical N fertilizer is readily oxidized to NO3–N in dryland soils.



Irrigation and N Application Impact Soil Bacterial Diversity and Microbial Community Composition

N application significant decreased the bacterial richness and diversity under the no irrigation condition; however, this effect is reversed with irrigation (Figure 1). Previous studies revealed consistent effects of water and N on soil bacterial diversity (Ramirez et al., 2010; Zhang et al., 2014). Herein, we showed that N application significantly decreased the relative abundance of Verrucomicrobia, Acidobacteria, and members of the nitrifying community (i.e., Nitrospirae) under no-irrigation conditions (Figure 3), consistent with previous observations (Ramirez et al., 2010; Zhou et al., 2015). Fierer et al. (2012) considered Acidobacteria to be an oligotrophic taxon with a slower growth rate and ability to maintain metabolic activity in nutrient-poor conditions. This demonstrates that available nutrients are utilized by copiotrophic taxa and have a negative effect on oligotrophic taxa. However, Bates et al. (2011) and Zhang et al. (2014) reported that the relative abundance of Nitrospirae increased with N fertilization. Coincidentally, our results show that N application increased the relative abundance of Acidobacteria, Verrucomicrobia, and Nitrospirae under the irrigation condition (Figures 3A,D,F). The relative abundance of Chloroflexi increased under N addition conditions in the present work (Figure 3C), similar previous studies (Zeng et al., 2016; Yu et al., 2019). However, Will et al. (2010) reported that Chloroflexi was increased in nutrient poor soil layers, and a negative correlation with nitrate concentration (Fierer et al., 2012). The mechanism underpinning this reduction in abundance with increasing N fertilizer remains unclear (Wang et al., 2018). Based on these results, it is necessary to explore how N application alters the bacterial community composition. One possible explanation is through changes in soil chemical properties, such as pH and water content. Alternatively, bacteria in oligotrophic phyla may be inhibited by other bacterial groups that increase in abundance following N application through nutritional effects and/or the production of toxic products (Eo and Park, 2016). Further research is needed to determine exactly how biotic and abiotic factors influence bacterial community composition.

Moreover, changes in soil bacterial diversity may not be correlated with community function (Lupatini et al., 2013). For example, Pan et al. (2014) suggested that long-term inorganic fertilization does not affect microbial function, since functional redundancy maintains ecosystem function if bacterial composition is altered. Elucidating the functional roles of dominant bacterial groups influenced by irrigation and N application will require further work.



Irrigation and N Application Impact Soil Bacterial Functions

Our results clearly showed that N fertilizer and irrigation treatment influenced bacterial community structure. However, their effects on wheat soil bacterial community and associated 16S rRNA gene-predicted functions under field conditions remain poorly understood (Kavamura et al., 2018). In general, copiotrophs are enriched in COGs related to motility, defense mechanisms, transcription, and signal transduction. In contrast with copiotrophs, oligotrophs are enriched in COGs associated with lipid transport and metabolism, secondary metabolite biosynthesis, and transport and catabolism (Lauro et al., 2009). In our results, the N fertilizer and irrigation increased the relative abundance of signal transduction mechanisms and transcription, respectively (Figure 4). However, lipid transport and metabolism enriched in N0 treatments. It is possible that oligotrophs preferentially use lipids for carbon and energy both directly and for storage (Lauro et al., 2009). Our results are consistent with those of Fierer et al. (2012) and Kavamura et al. (2018), who showed that soil samples treated with either medium or high levels of inorganic N were associated with predicted functions related to amino acid metabolism, suggesting that wheat secretes large amounts of amino acids through roots when sufficient N is present, and amino acid metabolism is promoted in soil bacteria. However, Wang et al. (2018) reported that N0 treatment enriched the functions related to amino acid transport and metabolism. One possible reason is the difference of pH range (5.10 in Wang et al. and 8.18∼8.48 in our studies, respectively) in N treatment. Wang J. et al. (2014) stated that irrigation increased the relative abundance of carbohydrate transport and metabolism by promoting the plant growth, and this conclusion is also supported by our current results.



Mechanisms by Which N Application and Irrigation Alter Bacterial Community Structure and Function

We found that soil and wheat characteristics played important roles in driving bacterial community composition. Previous findings suggest that at the continental scale, pH is a universal predictor of bacterial composition (Lauber et al., 2009). Zhao J. et al. (2014) described that the Acidobacteria and Chloroflexi were sensitive to soil pH and Actinobacteria was poorly correlated with soil pH. Although pH was not significantly correlated with the relative abundance of Chloroflexi and Acidobacteria, it was significantly negatively correlated with Actinobacteria (Figure 5). The discrepancies with previous studies may be due to the fact that our study was conducted over a smaller pH range than previous studies, where the soil pH varied from 3 to 8. We found several soil properties that were significantly correlated with the relative abundance of bacterial taxa, including soil moisture content, available P, available N, available K, and organic matter (Table 3). Actinobacteria are copiotrophic (thrive under elevated C and N conditions and exhibit relatively rapid growth rates), can be both aerophilic or microaerophilic, and are involved in organic matter degradation in soils (Eilers et al., 2010; Zhou et al., 2015). We found that the relative abundance of Actinobacteria was positively correlated with organic matter, available P, and available K, and negatively correlated with available N (Figure 5). The relative abundance of Verrucomicrobia and Chloroflexi was negatively correlated with soil nutrients (total N, organic matter, available P, and available K) in our study; this finding agrees with those of a previous study on prairie soils (Fierer et al., 2013) because Verrucomicrobia are generally considered to be oligotrophic (Zhalnina et al., 2015). Overall, taxa abundance was influenced by physicochemical factors (Table 3). Plant factors were also correlated with bacterial abundance. There are limited data available regarding the correlations between crop yield and specific microbes (Zhou et al., 2015). Li et al. (2016) reported that plant biomass was significantly positively correlated with the relative abundance of Proteobacteria, TM7, OD1, and Gemmatimonadetes, and significantly negatively correlated with the relative abundance of Acidobacteria and Chloroflexi. Our results show that taxa abundance is closely related to wheat factors. Yield, RWD, RLD, and N content were significantly negatively correlated with the relative abundance of Actinobacteria and positively correlated with most other bacterial taxa. Using stepwise regression, we found that RLD was most significantly correlated with the relative abundance of bacterial taxa (Figure 5). This is likely due to the large amount of root residues in the soil and the increased release of root exudates, which can impact soil bacterial abundance.

In bacteria, genes encoding terpene synthases are mostly related to the production of secondary metabolites under limited N conditions (Yamada et al., 2015). In copiotrophs, the proportion of extracytoplasmic proteins (cytoplasmic membrane, periplasmic, outer membrane, and extracellular) is higher than in other organisms (Lauro et al., 2009). In the present study, we obtained similar results; a nutritious environment (higher available K, NO3–N, NH4+-N, and organic matter) suppressed secondary metabolite biosynthesis, transport and catabolism, but promoted cell wall membrane envelope biogenesis. In the present study, the relative abundance of taxa and genes was assessed based on 16S rRNA gene amplicon sequencing and PICRUSt, respectively. However, the results should be compared with metagenomics and metatranscriptiomics in future experiments because of the limitation of PICRUSt function prediction.




CONCLUSION

This study demonstrates that long-term irrigation and N application significantly influences wheat plant characteristic, soil properties, and bacterial community composition. N fertilizer led to soil acidification and decreased the abundance, richness and diversity under the no irrigation conditions. However, irrigation partly buffered the effect of N application, which suggests that concurrent irrigation and N application can improve wheat yield and maintain microbial ecosystem function. The results solidify the relationship between bacterial taxa and soil properties; we also found that some bacterial taxa were significantly correlated with plant properties, specifically root characteristics. Additionally, the treatments also changed some potential functions of bacteria by influencing the soil and plant characteristics. Overall, we provide insights into the effects of N application and water management strategies with the goal of improving agricultural practices. Future studies should focus on the influence of agricultural management practices on rhizosphere soil microbial function using metagenomics and metatranscriptomics, and their relationships with the plant.
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Negative plant-soil feedback (NPSF) frequently cause replant failure in agricultural ecosystems, which has been restricting the sustainable development of agriculture. Biochar application has appealing effects on soil improvement and potential capacity to affect NPSF, but the process is poorly understood. Here, our study demonstrated that biochar amendment can effectively alleviate the NPSF and this biochar effect is strongly linked to soil microorganism in a sanqi (Panax notoginseng) production system. High-throughput sequencing showed that the bacterial and fungal communities were altered with biochar amendment, and bacterial community is more sensitive to biochar amendment than the fungal community. Biochar amendment significantly increased the soil bacterial diversity, but the fungal diversity was not significantly different between biochar-amended and non-amended soils. Moreover, we found that biochar amendment significantly increased the soil pH, electrical conductivity, organic matter, available phosphorus, available potassium, and C/N ratio. The correlation analysis showed that these increased soil chemical variables have a significantly positive correlation with the bacterial diversity. Further analysis of the soil microbial composition demonstrated that biochar soil amendment enriched the beneficial bacterium Bacillus and Lysobacter but suppressed pathogens Fusarium and Ilyonectria. In addition, we verified that biochar had no direct effect on the pathogen Fusarium solani, but can directly enrich biocontrol bacterium Bacillus subtilis. In short, biochar application can mitigate NPSF is mostly due to the fact that biochar soil amendment modified the soil microbiome, especially inhibited pathogens by enriching beneficial bacterium with antagonistic activity against pathogen.
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INTRODUCTION

Feeding a growing population and preventing the change of climate have become two great challenges facing humanity (Smith et al., 2013). The development of environmentally friendly and sustainable agricultural practices should be seriously considered to reduce the impact of land utilization on ecosystem services (Chaparro et al., 2012; Kolton et al., 2016). Faced with the limited land resources, particularly arable land, sustainable soil management has become a prerequisite for the future agriculture (Toju et al., 2018). Healthy soil usually has the ability to sustain plant health and promote plant productivity (Doran, 2002). Maintaining and promoting soil health and quality is an important guarantee and prerequisite for the development of sustainable agriculture. However, in agricultural production, same crop is often repeatedly planted in the same soil, which resulting in severe deterioration of soil and the problem of soil sickness (Huang et al., 2013; Liu et al., 2019). Soil sickness often arises with the increase of soil-borne diseases and reduction in crop yield when the one crop was cultivated on the same soil successively and that is a typical negative plant-soil feedback (NPSF) (Huang et al., 2013). NPSF is a phenomenon in which soil quality changes with plants growth, which in turn is detrimental to the growth of plants in the same soil (Bever, 1994; Yang et al., 2019). NPSF play an key role in soil sickness, which is the main factor limiting the sustainable use of soil in agricultural production systems (Huang et al., 2013). Alleviating the process of NPSF is the pivotal step for maintaining soil health and may be helpful for sustainable soil management and development of agriculture (Yang et al., 2019).

Biochar is a carbon-rich solid that produced by the pyrolysis of biomass in the condition of oxygen-limited and has attracted extensive attention due to its role in soil improvement (Beesley et al., 2011; Zhu et al., 2017). Recently, biochar have been widely applied to soil with the advantages in carbon storage, soil fertility and quality, contaminant fixation (Chen et al., 2008; Cao et al., 2009; Jeffery et al., 2013; Zhu et al., 2017) and have shown the potential capability to suppress plant diseases (Elad et al., 2010; Elmer and Pignatello, 2011; Jaiswal et al., 2014a, b, 2017) and enhance plant productivity (Spokas et al., 2012; Biederman and Harpole, 2013; Liu et al., 2013; Kolton et al., 2016). These effects of biochar may be mostly dictated by modifying soil microbial community structures and activity with the changes of microbial habitats and available nutrients (Kolton et al., 2016; Zhu et al., 2017). Meeting the twin challenges of growing food demand and climate change, it is imperative to bring environmental practices for sustainable farming. Interestingly, the previous studies have reported that biochar amendment also has potential role for mitigating climate change by long-term sequestration of carbon and influencing greenhouse gas fluxes in soil, and biochar application has been recommended as an effective countermeasure to reduce emissions of soil nitrous oxide and methane (Kolton et al., 2016; Wu et al., 2019). Moreover, there is a concerted understanding of nutrient imbalance, the accumulation of autotoxins (including ginsenosides and phenolic acids) and the changes of soil microbes, especially the enrichment of soil-borne pathogens are considered as the major driving factors of NPSF (Mangan et al., 2010; Zhou et al., 2018; Luo et al., 2019). Coincidentally, a previous study has reported that biochar application is an efficient practice for improving soil physical, chemical and biological properties (Saifullah et al., 2018). In the presence of biochar, the beneficial changes of soil property were often observed. The addition of biochar increased supplementation and reduced leaching of nutrients (Kończak and Oleszczuk, 2018; Yang et al., 2019) and biochar amended soils had lower soil bulk density, larger specific surface areas, greater water retention, higher cation exchange capacities and pH values relative to the un-amended soils (Laird et al., 2010). Biochar also showed a high adsorption capacity for autotoxic ginsenosides and a variety of organic and inorganic contaminants, and significantly reduced the toxicity of contaminants and autotoxins present in soils (Beesley et al., 2011; Kończak and Oleszczuk, 2018; Yang et al., 2019). There is an ubiquitous phenomenon that biochar amendment can alter soil microbial community compositions, increase microbial diversity and metabolic activity in the soil (Kolton et al., 2016; Li et al., 2019). Furthermore, biochar reduced the colonization and survival of pathogens in soil, but increased some plant growth promoting and biocontrol microorganisms (Jaiswal et al., 2017). According to the previously described potential benefits of biochar as a soil amendment, it might be hypothesized that biochar application may be considered as an environmental practice to mitigate the process of NPSF for sustainable farming in agricultural ecosystem.

As a member of the Araliaceae family and important herbal medicines, sanqi [Panax notoginseng (Burk.) F. H. Chen] is a typical plant which cultivation is often hampered by NPSF, expecially in continuous cropping system (Yang et al., 2015, 2019; Wei et al., 2018; Luo et al., 2019). Replant failure caused by NPFS in cultivated fields has been the main factor restricting the sustainable development of the sanqi production (Wei et al., 2018). The changes of soil microbial composition and diversity, especially the accumulation of soil-borne pathogens are regarded as the main driving factor of NPSF in continuous sanqi cropping system (Yang et al., 2015; Dong et al., 2016; Wei et al., 2018; Luo et al., 2019). Here, sanqi was used as the model plant to clarify the effect of soil biochar amendment on NPSF. We first evaluated the effect of biochar amendment on sanqi seedling survival, soilborne disease, culturable microorganisms, and soil properties to check the effectiveness of biochar application to mitigate NPSF in an continuous sanqi cropping system. Then we studied the correlation between the biochar effect and soil microorganism, and analyzed the soil microbial community in response to biochar amendment by high-throughput amplicon sequencing. Moreover, we explored and validated further the relationships between the soil-borne pathogen survival in soil and biochar amendment. Understanding the process of biochar application act on NPSF may help us better manage soil for sustainable agriculture through biochar soil amendment to reduce chemical fungicide application. Based on these studies, we expected to decipher the effect and underlying mechanism of biochar amendment on NPSF and to provide useful information for sustainable soil management and agricultural ecological systems.



MATERIALS AND METHODS


Experimental Design and Conditions

In order to evaluate the effect of biochar soil amendment on the NPSF as well as the soil microbiome and seedling growth, a pot experiment was carried out in a greenhouse located at the experimental station of Yunnan Agricultural University, Xundian County, Yunnan, China (103.13°E, 25.67°N; altitude of 1,880 m). The planting soil was collected from native wasteland without cultivation, and was passed through 2 mm mesh to pick out the observable vegetations and stones for further experiments. The soil chemical characteristics were pH: 6.1; electrical conductivity (EC): 76.6 μS cm–1; organic matter (OM): 27.47 g kg–1; total nitrogen (TN): 1.15 g kg–1; alkali-hydrolysable nitrogen (AN): 112.98 mg kg–1; available phosphorus (AP): 4.78 mg kg–1; available potassium (AK): 43.79 mg kg–1. The biochar, made from wheat straw at 500°C pyrolysis temperature (Yunan Windsail Agricultural Tech CO., Ltd.), was used on the present research. The most pertinent characteristics of the biochar were pH: 9.47, 7463 μs cm–1 EC, 233.40 mg kg–1 OM, 1.59 g kg–1 TN, 95.55 mg kg–1 AN, 349.34 mg kg–1 AP and 5458.32 mg kg–1 AK (Supplementary Table S6). Healthy sanqi seedlings from the nursery base at the experimental station were carefully collected from the soil and transplanted to each plastic container pot (10 cm × 10 cm × 10 cm) containing the planting soil that was previously homogenized with or without biochar (0, 0.5, and 2%; w/w) at the beginning of June. Each treatment included ten replicates (pots) with five sanqi seedlings per replicate. All pots were placed in the greenhouse that allowed 10% light transmission and maintained temperatures below 30°C for sanqi growth, and was conducted as a randomized complete block design (Wei et al., 2018; Yang et al., 2019). The plants were irrigated three times a week and were the same in all treatments. The experiment was repeated the following year, and no fertilizer was used in all experiments.



Evaluating the Effects of Biochar Amendment on Sanqi Growth and Disease

In order to examine the effects of biochar on the sanqi growth, the sanqi seedling survival rate was evaluated for each replicate in December. The roots of sanqi were harvested and washed with water, and disease severity was assessed by examining the roots as previously described (Wei et al., 2018). Briefly, 0: no disease; 1: necrotic lesions less than 10% of taproot; 2: approximately 10–30% of taproot cankered; 3: approximately 30–50% of taproot cankered; 4: approximately 50–75% of taproot blackened; 5: more than 75% of taproot blackened, dead plant plus number of missing. Five plants were used to calculate the sanqi seedling survival rate and disease index of each replicates.



Soil Sampling

After sanqi harvest, soil samples were collected from each treatment according to a previously described method (Wei et al., 2018). Briefly, the soil samples were randomly collected from ten pots and mixed into three biological replicates of each treatment. The soil samples were transported to the laboratory and passed through a 2 mm sieve to remove plant debris. Then all soil samples were divided into three parts, respectively: one part was placed into 5 ml centrifuge tube and stored in a −80°C freezer for DNA extraction and further analyses; the second part was sealed in a plastic zip-top bag and stored at 4°C for microbiological isolation and culture within 1 week; the third part was air-dried and sealed in a plastic zip-top bag at room temperature for soil chemical analysis.



Soil Chemical Property Analyses

The soil samples air-dried were used for soil chemical analysis as previously described methods. The soil pH was measured using the pH meter (AS800, AS ONE CORPORATION, China) in a 1:2.5 soil/water (w/v) suspension. Electrical conductivity was determined using the conductivity meter (MP513, Shanghai San-Xin Instrumentation Inc., China) in a 1:5 soil/water (w/v) suspension. The contents of soil total nitrogen, available nitrogen, available phosphorus and available potassium were determined as previously described (Liu et al., 1996). Soil organic matter was assayed using dichromate wet combustion according to a previously described method (Falco et al., 2004). The soil samples of each treatment with three replications were tested, respectively.



Evaluating the Effect of Biochar Amendment on Negative Sanqi-Soil Feedback in Continuous Cropping System

The effect of biochar amendment on negative sanqi-soil feedback in continuous cropping system was determined referring to previously described methods (Mendes et al., 2011; Wei et al., 2018). Briefly, the consecutive soil from each treatment was divided into two subsamples which included five replications (pots) per subsample. One was transferred to a steel tray and placed in an electrically heated drying cabinet (MDL115, Binder, Germany) at 80°C for 1 h, and the other was not treated. Then, sanqi seeds were sown in the soils with the density of 3 cm × 3 cm and there was nine sanqi seeds each pot. Each treatment included five replications and was conducted as a randomized complete block design. All treatments were placed in the same greenhouse as the year before. The number of seed germination, seedling survival and dead plants were recorded twice a month after seedling emergence. The seed germination rate, seedling survival rate and the incidence of seedling wilt were counted to evaluate the effect of biochar amendment on negative plant-soil feedback in the sanqi continuous cropping system as previously described (Wei et al., 2018; Yang et al., 2019).



DNA Extraction, High-Throughput Sequencing

Total genome DNA from above-mentioned three of soil samples per treatment stored in a −80°C freezer was extracted using PowerSoil® DNA Isolation Kit (MO BIO Laboratories, Inc., Carlsbad, CA, United States) in accordance with the manufacturer’s instructions. The V3–V4 regions of the bacterial 16S rRNA gene and ITS2 region of the fungal internal transcribed spacer were amplified, respectively, with the primer sets 341F/806R (Wei et al., 2018) and ITS3-2024F/ITS4-2409R (Orgiazzi et al., 2012), by an ABI GeneAmp® 9700 PCR thermocycler (ABI, CA, United States) as follows: initial denaturation at 95°C for 3 min, followed by 27 cycles of denaturing at 95°C for 30 s, annealing at 55°C for 30 s and extension at 72°C for 45 s, and single extension at 72°C for 10 min, and end at 4°C. The PCR mixtures contain 5 × TransStart FastPfu buffer 4 μL, 2.5 mM dNTPs 2 μL, forward primer (5 μM) 0.8 μL, reverse primer (5 μM) 0.8 μL, TransStart FastPfu DNA Polymerase 0.4 μL, template DNA 10 ng, and finally ddH2O up to 20 μL. The PCR product was extracted from 2% agarose gel and purified using the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, United States) according to manufacturer’s instructions and quantified using QuantusTM Fluorometer (Promega, United States). Purified amplicons were sequenced by the Illumina MiSeq platform of Novogene Corporation (Beijing, China) according to the standard protocols. The generated raw reads were deposited into the Sequence Read Archive (SRA) database of National Center for Biotechnology Information (NCBI) (Accession Number: PRJNA578849). Quality-filtering on the raw reads were performed according to the Cutadapt quality controlled process (Martin, 2011). The reads were truncated at any site receiving an average quality score of <20 over a 50 bp sliding window, and the truncated reads shorter than 50 bp were discarded. Then, the UCHIME algorithm was used to detect and remove the chimera sequences according to previous descriptions (Edgar et al., 2011; Haas et al., 2011). The sequences of 16s rRNA gene with average length of 412 bp and ITS gene with average length 309 bp were finally obtained (Supplementary Tables S1, S2). The Uparse software (Uparsev7.0.1001) was used for sequences analysis according to a previous description (Edgar, 2013). The sequences were assigned to the same OTUs with ≥97% similarity and representative sequence was screened for further annotation. In order to annotate taxonomic information of representative sequence, the Silva Database (Version132) was used based on Mothur algorithm for the bacterial 16S rRNA gene (Quast et al., 2012) and the Unite Database (Version7.2) was used based on Blast algorithm for the fungal ITS2 region (Urmas et al., 2013). Then, the data of each sample were processed by normalization based on the minimum data in the sample (Luo et al., 2019). Further analyses of alpha and beta diversity were performed basing on the OTUs abundance information which were normalized.



Effects of Biochar Amendment on Culturable Microorganisms in Soil

The effects of biochar on the numbers of culturable fungi, bacteria and actinomycetes survival in soil were evaluated on selective media by serial dilution plating according to previous descriptions (Xie et al., 2015; Yang et al., 2019). Briefly, 10 g of soil sample were added to 90 mL of sterilized water. The soil suspension was decimally diluted after homogenization for 20 min, and 100 μl of the solutions were plated on the medium of rose bengal agar for fungi, beef extract peptone for bacteria and Gauze’s medium No. 1 for actinomycetes, respectively. After incubation at 28°C for 2–7 days, counting the colony forming units (CFU) and the results were expressed as CFU per gram of dry soil.



Isolation and Identification of the Pathogen and Antagonistic Bacteria

The colony numbers with the typical morphology of Fusarium spp. and Bacillus spp. from the selective medium (Komada, 1975) and beef extract peptone medium, respectively, were recorded and counted as CFU per gram of dry soil according to a previous description (Wei et al., 2018). The representative isolates of Fusarium on the RB plates were selected and a pathogenicity test was performed on sanqi roots according to previous descriptions (Mao et al., 2014; Wei et al., 2018; Luo et al., 2019). The representative isolates of Bacillus on the BEP plates were selected and the antagonistic activity against an isolate of Fusarium with pathogenicity on sanqi was tested according to previous descriptions (Mendes et al., 2011; Tu et al., 2013; Luo et al., 2019). Then, the isolates of Fusarium with strongest pathogenicity and Bacillus with highest antagonistic activity were further screened on the basis of the pathogenicity and antagonistic activity test, and identified by analyzing ITS and 16S rRNA gene sequence, respectively, as previously described (White et al., 1990; Wei et al., 2018; Luo et al., 2019). The generated sequences were submitted to the NCBI GenBank and compared with published gene sequences from the NCBI website using the BLAST algorithm. The software MEGA 7.0 was used to construct neighbor-joining (NJ) trees and generate maximum composite distance matrices according to standard parameters (Kumar et al., 2016).



Direct Effect of Biochar on a Pathogenic Fusarium and an Antagonistic Bacillus

Direct effect of biochar on the isolate selected and identified as pathogen on the basis of above test was assessed by measuring radial hyphal growth in vitro contact assay as previously described (Jaiswal et al., 2014b, 2017). Briefly, growing media (Potato Dextrose Agar) was amended biochar with varying concentrations (0, 0.5, 1, 2, and 3%, w:v). Agar plugs (5 mm) covered with mycelium of the isolate were placed in the center of growing media and incubated at 25°C. Following the incubation period (6 days), mycelial growth of the isolate was measured as the average of two perpendicular diameters of each thallus. In order to determine the direct effect of biochar on the antagonistic bacteria, a modified method of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay was used in our study according to previous description (Shi et al., 2007; Grela et al., 2018). Briefly, the bacterial suspension was prepared and incubated inoculated in nutrient broth with biochar amendment at varying concentrations (0, 0.5, 1, 2, and 3%, w/v) and incubated on rotary incubator shaker (150 rpm; 27 ± °C). After incubating for 24 h, 200 μL of bacterial suspensions and 1 ml of MTT solution (5 mg/ml) were mixed and incubated in the dark at 30°C for 1 h. Then, the supernatant was removed by centrifuging and 1 ml of dimethylsulfoxide (DMSO) was added to dissolve purple crystals of formazan. Finally, all samples were passed through a 0.22 μm sieve and the absorbance of filtrate was measured in a spectrophotometer at a wavelength of 510 nm. All tests were performed in triplicate.



Effect of Biochar on Pathogen and Antagonistic Bacteria Survival in Soil

The soil previously collected from the native wasteland was divided into two subsamples. One was used directly as the natural soil (unsterilized soil) and amended biochar with varying concentrations (0, 0.5, 1, 2, and 3%, w/w). The other was treated by fully sterilizing at 121°C for 30 min as the sterilized soil and then amended biochar with varying concentrations (0, 0.5, 1, 2, and 3%, w/w). The isolates selected and identified as pathogen (Fusarium solani) and antagonistic bacteria (Bacillus subtilis) on the basis of above tests were equally inoculated in the soils containing biochar at varying concentrations to assess the effects of biochar on pathogen and antagonistic bacteria survival in soil, respectively. Assessment of pathogen and antagonistic bacteria populations were carried out using quantitative real-time polymerase chain reaction (q-PCR) after 60-day incubation at room temperature and were expressed as number of DNA copy g–1 soil. Total genomic DNA of soil samples was extracted by using a PowerSoil® DNA Isolation Kit (MO BIO Laboratories, Inc., Carlsbad, CA, United States) in accordance with the manufacturer’s instructions. The ITS region of F. solani were amplified using the modified primer sets ZF (5′-ACGCCGTCCCTCAAATACAG-3′)/ZR (5′-GAAGTTGGGTGTTTTACGGCA-3′) according to previous descriptions (Li et al., 2008; Bernal-Martínez et al., 2012) and the 16S rRNA genes of B. subtilis were amplified using the primer sets BF (5′-CCTACGGGAGGCAGCAGTAG-3′)/BR (5′-GCGTTGCTCCGTCAGACTTT-3′). Real-time q-PCR was performed on a LightCycler® 96 Real-Time PCR System (Roche, Basel, Switzerland) according to previous descriptions (Zhao et al., 2017; Wei et al., 2018). Briefly, The PCR products were purified, cloned into the pMD19-T vector (TaKaRa, Tokyo, Japan) and transformed into competent Escherichia coli TOP10 cells (Invitrogen, Carlsbad, CA, United States). The positive clones were selected and sequenced. The extracted plasmid DNA was used to build a standard curve. The q-PCR amplification was performed as follows: initial denaturation at 95°C for 10 min, followed by 45 cycles of denaturing at 95°C for 10 s, annealing at 60°C for 10 s and elongation at 72°C for10 s. Fluorescence was detected at the end of the elongation phase for each cycle. After the real-time PCR assay, the specificity of the amplification was verified by a melting curve analysis which was obtained by heating the mixture to 95°C, cooling to 65°C (15 s), and slowly heating to 95°C at 0.1 C s–1 with continuous measurement of fluorescence. The PCR mixtures contain LightCycler 480 SYBR Green I Master (Roche Diagnostics Gmbh, Germany) 10 μL, ddH2O 3 μL, forward primer (10 μM) 1 μL, reverse primer (10 μM) 1 μL, and template DNA 5 μL.



Statistical Analysis

The significant differences in the seed germination and seedling survival rate, chemical properties of soils, disease index and the incidence of disease were calculated at the 5% level using one-way analysis of variance (ANOVA) by SPSS version 18.0 software (SPSS Inc. Chicago, IL, United States). The data of microbial taxa mainly were analyzed using R software (Version 2.15.3). The means of alpha diversity indices were compared between treatments by the Tukey’s honestly significant difference (HSD) test. For the relative abundances of the dominant microbial genus, means were compared between treatments by the Welch’s t-test. The soil chemical properties and the microbial alpha diversity indices were correlated by employing Pearson’s correlation coefficient. For beta diversity analysis, the principal coordinate analysis (PCoA) based on the weighted unifrac distance and the unweighted hierarchical clustering was calculated using R software to visualize the community similarity. The analysis of similarity (ANOSIM) based on Bray–Curtis distance was performed using the free online platform of Majorbio Cloud Platform.1



RESULTS


Biochar Increased Sanqi Seed Germination, Seedling Survival and Suppressed Soil-Borne Disease in Continuous Cropping System

The soil without sanqi cultivation previously showed the ability to sustain sanqi growth, which the seedling survival rates of all treatments were more than 85% and the disease indexs of root rot were less than 10 (Figures 1A,B). Moreover, the effects of biochar amendment at the concentrations of 0.5 and 2% on the sanqi growth both were not significant in the uncultivated soil, which seedling survival rates and disease index of root rot did not show significant differences between biochar-amended and non-amended (Figures 1A,B). In order to identify the effectiveness of biochar amendment on NPSF, we analyzed further sanqi seed germination rate, seedling survival rate and the incidence of seedling wilt in the sanqi seedling continuous cropping system (Figures 1C–F). The seed germination and seedling survival rate was increasing with the increasing concentrations of biochar applications (0, 0.5, and 2%) when the sanqi was cultivated consecutively (Figure 1C). The seed germination rate and seedling survival rate were significantly increased when biochar amendment at concentrations of 0.5 and 2% compared without biochar amendment (p < 0.05). In consecutively cultivated system, the incidence of seedling wilt was increasing with the growth of sanqi (Figure 1D). The incidences of seedling wilt in soil consecutively cultivated with biochar amendment at the concentration of 0.5 and 2% were significantly decreased compared to that without biochar amendment (p < 0.05). However, the seed germination rate, seedling survival rate and the incidence of seedling wilt both were not significant among all concentrations of biochar amendment (0, 0.5, and 2%) when sanqi was cultivated consecutively in the soil heat-treated (Figures 1E,F).
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FIGURE 1. Effect of biochar amendment on seedling survival, root rot disease severity and plant-soil feedback of sanqi. Panel (A,B) shows the effect of biochar on seedling survival rate and the disease index of sanqi root rot in the uncultivated soil, respectively; (C) shows the seed germination and seedling survival rate of sanqi in consecutively cultivated soil; (D) shows the disease progress curves of sanqi seedling wilt in consecutively cultivated soil; (E) shows the seed germination and seedling survival rate in consecutively cultivated soil with heat-treated; (F) shows the disease progress curves of sanqi seedling wilt in consecutively cultivated soil with heat-treated. B0, B0.5, and B2 stand for biochar soil amendment at a concentration of 0, 0.5, and 2% (w/w), respectively. All data are presented as the mean ± standard errors (SE) and bars indicate SE. The different letters above the error bars indicate significant differences among the treatments (p < 0.05; n = 5; Duncan’s multiple range test).




Effects of Biochar Amendment on Soil Chemical Properties

The biochar amendment increased the values of soil AP, AK, pH, EC, OM and carbon-nitrogen ratio (C/N), and these chemical properties both were significantly higher in the soil with biochar amendment at concentration of 2% compared to the soil without biochar amendment (p < 0.05). The effects of biochar amendment at the concentrations of 0.5 and 2% on contents of soil TN and AN were not significant (Table 1).


TABLE 1. Effects of biochar amendment on soil chemical properties.
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Effects of Biochar Amendment on Culturable Microorganisms in Soil

The biochar amendment effectively suppressed fungi survived in the soils. The number of culturable fungi did not show significant differences between biochar amendment at concentration of 0.5 and 2%, but was significantly less in the soils with biochar amendment at concentration of 0.5 and 2% compared to the soil of without biochar amendment (p < 0.05). However, the biochar amendment effectively increased bacteria and actinomycetes survived in the soils, and the effectiveness increased with increasing concentration of biochar in the soil. The number of bacteria and actinomycetes both were significantly higher in the soils with biochar amendment at concentration of 0.5 and 2% compared to the soil of without biochar amendment (p < 0.05), and also were significantly higher in the soils with biochar at concentration of 2% compared to 0.5% (Table 2).


TABLE 2. Effects of biochar amendment on soil microbial communities.
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Microbial Diversity and Their Relationships With Soil Chemical Properties

Illumina sequencing of 16S rRNA and ITS gene amplicons was performed to explore the effect of biochar soil amendment on microbial community structure and diversity. Across all soil samples, Illumina Miseq sequencing yielded 1,071,945 quality bacterial sequences and 925,965 quality fungal sequences, with 112,898–124,375 bacterial sequences (mean = 119,105) and 101,823–104,726 fungal sequences per sample (mean = 102,885) after quality-filtering, respectively (Supplementary Tables S1, S2). The sequencing depth with more than 99% coverage estimators (Supplementary Tables S2, S3) demonstrated that it was sufficient to capture the community structure and diversity of bacteria and fungi under current work. In this study, the biochar applications at concentrations of 0.5% had not significant effect on bacterial community diversity compared to those without biochar amendment. However, the bacterial diversity indexes including observed species, chao1, abundance-based coverage estimator (ACE), Shannon and Simpson were significantly higher in the soil with biochar amendment at concentration of 2% compared to those without biochar amendment (p < 0.05). In addition, the observed species, Shannon and Simpson index in the soil with biochar amendment at concentration of 2% was significantly higher than those with biochar amendment at concentration of 0.5% (Figures 2A,B and Supplementary Table S3). As for fungi, there were slightly lower richness and diversity in the soil with biochar addition than that without biochar amendment, while the indices of observed species, chao1, ACE, Shannon and Simpson in the soil with biochar addition did not have significant differences compared with those without biochar amendment (Figures 2C,D and Supplementary Table S4).
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FIGURE 2. The effects of biochar soil amendment on microbial diversity index. Panel (A,B) shows the effects of biochar amendment on the observed species, and Shannon diversity index of bacterial community, respectively; (C,D) shows the effects of biochar amendment on observed species, and Shannon diversity index of fungal community, respectively. Asterisks denote significant differences between different treatments as determined by the Tukey’s honestly significant difference test (*P < 0.05, **P < 0.01; n = 3).


The biochar amendment changes microbial diversity and soil environmental characteristics. In this study, Pearson’s correlation analysis revealed that the microbial diversity was affected by primary environmental characteristics (including TN, AN, AP, AK, OM, pH, EC, and C/N). As shown in Figure 3, most of soil chemical variables had a positive correlation with the bacterial diversity, but had a negative correlation with fungal diversity. The indexes of bacterial ACE and observed species were positively related to AP, AK, OM, pH, EC, and C/N (p < 0.05); chao1 was positively related to AP, AK, OM, EC, and C/N (p < 0.05); Shannon and Simpson were positively related to pH (p < 0.05). However, all diversity indexes of bacteria (including ACE, observed species, chao1, Shannon and Simpson) were not significantly related to TN and AN (Figure 3A). As for fungi (Figure 3B), chao1 and Shannon were negatively related to AK (p < 0.05), and Simpson was negatively related to OM and C/N (p < 0.05). In addition, all diversity indexes (including ACE, observed species, chao1, Shannon and Simpson) of fungi were not significantly related to TN, AN, AP, pH, and EC.
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FIGURE 3. The relationships of microbial alpha diversity and soil chemical properties. Panel (A) showed the relationship of bacterial diversity and soil chemical properties; (B) showed the fungal diversity and soil chemical properties. The numbers on the right stands for the relationship between the diversity indexes and soil chemical properties based on the Pearson’s correlation analyses. Asterisks denote significant relationship between the microbial diversity indexes with the soil chemical properties (*P < 0.05, **P < 0.01).




Effect of Biochar Amendments on Bacterial and Fungal Community Structure

The over all structural change of the bacteria and fungi was analyzed using principal coordinate analysis (PCoA) and the analysis of similarity (ANOSIM) at operational taxonomic unit (OTU) level. The bacterial community structures among the soils with biochar at the concentrations of 0, 0.5, and 2% (w/w) showed significant differences (Supplementary Table S5; ANOSIM, r = 0.93, p = 0.001). Principal coordinates analysis showed that the bacterial community structures were separated from the treatment with biochar amendment at the concentration of 2% to the treatments without biochar amendment and with biochar amendment at the concentration of 0.5% in the first axis, and from the treatment without biochar amendment to the treatment with biochar amendment at a concentration of 0.5% in the second axis (Figure 4A). The fungal community structures among the soils with different dose of biochar also showed significant differences, but were less significantly compared to the differences of the bacterial community structures (Supplementary Table S5; ANOSIM, r = 0.33, p = 0.017). Principal coordinates analysis showed that the fungal community structures were separated from the treatment with biochar amendment at the concentration of 2% to the treatments without biochar amendment and with biochar amendment at the concentration of 0.5% in the second axis, but there was not a clear segregation of the fungal community structures between the treatment without biochar amendment and the treatment with biochar amendment at the concentration of 0.5% (Figure 4B).
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FIGURE 4. Principal coordinate analysis (PCoA), hierarchical clustering and the relative abundances of bacteria and fungi. Panel (A,B) are the PCoAs of the bacterial and fungal communities at operational taxonomic unit level, respectively; (C,D) are the unweighted hierarchical clustering and relative abundances of bacteria and fungi at phylum levels, respectively. Different letters in columns show significant differences as determined by the Duncan’s multiple range test (P < 0.05; n = 3).


Biochar amendment altered the composition of bacterial and fungal communities from the phylum to genus levels. For bacterial taxa, the sequences were predominantly associated with the phyla Proteobacteria, Chloroflexi, Actinobacteria, Bacteroidetes, Firmicutes, Acidobacteria, and Gemmatimonadetes, and these seven phyla accounted for more than 85% of the bacterial sequences (Figure 4C). And the relative abundances of Actinobacteria and Gemmatimonadetes were significantly higher at the treatment with biochar amendment at the concentration of 0.5% than the treatment without biochar amendment (P < 0.05). The relative abundances of Bacteroidetes was significantly higher at the treatment with biochar amendment at the concentration of 2% than at the treatments without biochar amendment and with biochar amendment at the concentration of 0.5% (P < 0.05). The relative abundances of Acidobacteria was significantly higher at the treatment without biochar amendment than at the treatments with biochar amendment at the concentration of 0.5 and 2% (P < 0.05), and the relative abundances of Armatimonadetes was significantly higher at the treatment without biochar amendment than with biochar amendment at the concentration of 0.5% (P < 0.05). At the genus level, the relative abundances of most genera were gradually changed with biochar amendment (Figure 5C). Among those dominant bacterial genera (relative abundances > 0.1%), compared with the soil without biochar amendment, the soil with biochar amendment at the concentration of 2% had significantly higher relative abundances of 16 genera including the potential biocontrol bacterium Bacillus and Lysobacter, but had significantly lower relative abundances of 10 other genera (P < 0.05) (Figure 5A). For the fungal taxa, Ascomycota, Basidiomycota and Mucoromycota were the dominant fungal phyla in all soils, and these three phyla accounted for more than 30% of the fungal sequences (Figure 4D). Moreover, the relative abundance of Ascomycota was gradually reduced with the increase in biochar rates and was significantly lower in the soil with biochar amendment at the concentration of 2% than the soil without biochar amendment (P < 0.05) (Figure 4D). Among those dominant fungal genus (relative abundances > 0.1%), the soil with biochar amendment at the concentration of 2% showed only the relative abundance of Talaromyces significantly higher compared with the soil without biochar amendment (Figure 5B). Though not significant, the potential pathogens including Fusarium and Ilyonectria, showed a gradual decrease in relative abundance caused by the increased biochar rates (Figure 5D).
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FIGURE 5. The relative abundances of bacteria and fungi at the genus level. Panels (A,B) showed the dominant (relative abundances > 0.1%) bacterial and fungal genera with significant differences of the relative abundances between treatments without biochar amendment and with biochar amendment at the concentration of 2% based on Welch’s t-test (P < 0.05; n = 3); (C,D) shows the relative abundances of top 10 main bacterial and fungal genera, respectively.




Isolation and Identification of the Pathogen and Antagonistic Bacteria

The Fusarium spp. was more frequently isolated from the soil without biochar amendment than the soils with biochar amendment, and the least number was obtained from the soil with biochar at concentration of 2% (Figure 6A). The strain FSPN-101 with strong pathogenicity on sanqi root (Figure 6C) was identified as F. solani by ITS sequence analyses (Figure 6E) and submitted to the NCBI GenBank (Accession Number: MN520318). The amount of the isolated Bacillus spp. were significantly more in the soils with biochar amendment at the concentration of 0.5 and 2% than the soil without biochar (Figure 6B). The selected strain BCPN-101 showed high antagonistic activity against the isolate of F. solani (Figure 6D) and was identified as B. subtilis by 16S rRNA gene sequence analyses (Figure 6F) and submitted to the NCBI GenBank (Accession Number: MN520103).


[image: image]

FIGURE 6. The isolation and identification of pathogen Fusarium and antagonistic bacteria Bacillus. Panel (A) shows the number of potential pathogen Fusarium isolated from different soil; (B) shows the number of potential beneficial bacteria Bacillus isolated from different soil; (C) shows the symptoms of sanqi root rot after inoculating Fusarium strain FSPN-101; (D) shows the antagonistic activity against Fusarium solani of Bacillus strain BCPN-10; (E) shows hierarchical clustering of ITS genes of the F. solani strain FSPN-101; (F) shows hierarchical clustering of 16S rDNA genes of the Bacillus subtilis strain BCPN-10. Different letters indicate significant differences among the treatments by Duncan’s multiple range tests (p < 0.05; n = 4).




In vitro Direct Effect of Biochar Pathogen and Antagonistic Bacteria

The thallus diameters of F. solani strain FSPN-101 were not significantly different with biochar amendment at increasing concentrations (0, 0.5, 1, 2, and 3%), and the distinct suppression of biochar on mycelium growth was not detected in vitro assays (Figure 7A). For B. subtilis strain BCPN-101, an n-shaped response curve as a function of biochar concentration was observed (Figure 7B). It is noteworthy that the treatments with biochar amended at the concentrations of 0.5 and 1% significantly promote the B. subtilis growth, but the 2 and 3% concentrations significantly suppress the B. subtilis growth compared with the non-amended control (P < 0.05). The most significant promote was at 0.5% biochar amended, with the OD510 was significantly higher at 0.5% than at 0, 1, 2, and 3% (Figure 7B).
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FIGURE 7. In vitro direct effect of biochar on pathogen and antagonistic bacteria. Panels (A,B) shows the direct effect of biochar on F. solani strain FSPN-101 and B. subtilis strain BCPN-101, respectively. B0, B0.5, B1, B2, and B3 represents biochar amendment at a concentration of 0, 0.5, 1, 2, and 3% (w/v). Error bars indicate the standard error, and the different letters above the bars showed significant differences (p < 0.05; n = 5).




Effect of Biochar on Pathogen and Antagonistic Bacteria Survival in Soil

The effects of biochar at increasing concentrations (0, 0.5, 1, 2, and 3%) on pathogen and antagonistic bacteria survival in soil are presented in Figure 8. In the natural soil, the number of F. solani decreased with increasing biochar concentrations, and F. solani survival in all treatments with biochar amended were significantly lower compared with the non-amended control (P < 0.05) (Figure 8A). However, the number of F. solani were not significant among all treatments, and the biochar had no the distinct suppression on F. solani survival in the sterilized soil (Figure 8C). For antagonistic bacteria, the number of B. subtilis both increased over increasing biochar concentrations in the natural soil and the sterilized soil, and the numbers of B. subtilis were significantly higher survival in soils with biochar amended compared with non-amended (P < 0.05)(Figures 8B,D).
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FIGURE 8. Effect of biochar on pathogen and antagonistic bacteria survival in soil. Panels (A,B) shows the effect of biochar on F. solani and B. subtilis in the natural soil, respectively; (C,D) shows the effect of biochar on F. solani and B. subtilis in the sterilized soil, respectively. B0, B0.5, B1, B2, and B3 represents biochar amendment at a concentration of 0, 0.5, 1, 2, and 3% (w/w), respectively. Error bars indicate the standard error, and the different letters above the bars showed significant differences (p < 0.05; n = 3).




DISCUSSION

Replant failure caused by NPFS in cultivated fields is a critical factor restricting the sustainable agricultural production (Huang et al., 2013; Wei et al., 2018). Biochar as an amendment to improve soil quality, revitalize degraded soil, and increase agronomic productivity have been emphasized. However, besides agronomic benefits, negative agronomic effects also have been reported in past research (Spokas et al., 2012). The suitability of biochar soil amendment depends on the biochar characteristics, soil properties, and target plants (Prapagdee and Tawinteung, 2017). In this study, the wheat straw biochar produced at 500°C as a soil amendment was evaluated for mitigating NPFS and sustainable soil management in a sanqi continuous cropping system. The result demonstrated that biochar application markedly increased the soil microbial diversity and modified microbial community structures, particularly, enriched some beneficial bacterium with antagonistic activity against pathogen. Subsequently, pathogens were significantly suppressed in the soil, and these eventually mitigated the process of negative plant-soil feedback.


Biochar Application Can Mitigate NPSF Is Strongly Linked to Soil Microorganism

There is general consensus that the process of NPSF was complex, resulted from the interaction of plants, soil, and microorganisms, and the changes of abiotic and biotic soil properties are the major causes (Brinkman et al., 2010; Zhang et al., 2019). Previous study has reported that the soil microbial structure and the balance of nutrients were changed, and autotoxic ginsenosides were accumulated after planting sanqi. These changes limited the sanqi growth and increased diseases, eventually led to replant failure (Yang et al., 2019; Zhang et al., 2019). Biochar as a soil amendment with some nutrients remaining from carbonization process can increase the soil fertility (Schulz and Glaser, 2012; Ding et al., 2016). Previous literatures have reported the positive effect of biochar amendment on crops by directly providing nutrients or indirectly improving soil properties (Atkinson et al., 2010; Yang et al., 2019). Our results (Table 1) agreed with previous reports that biochar amendment could alter the soil chemical properties and improve the quality and fertility of soil (Laird et al., 2010; Prapagdee and Tawinteung, 2017). Moreover, some studies have reported that the populations of bacteria and actinomycetes were significantly suppressed, whereas the population of fungi showed increasing trends in the soils with sanqi growth (Dong et al., 2016; Zhang et al., 2019). The increase of bacteria and actinomycetes, and decrease of fungi can reflect the improvement of soil microbial structure (Zhang et al., 2019). In our study, the results (Table 2) are similar to previous report that biochar amendment increased the counts of culturable bacteria and actinomycetes (Jaiswal et al., 2017). These biotic and abiotic indicators were restored in biochar-amended relative to non-amended soils. In addition, previous study suggested that biochar may help ward off deleterious effects of allelochemicals (cinnamic, coumaric, and ferulic) on colonization of mycorrhizal associations and be useful in overcoming the deleterious effects of allelopathic residues in replant soils (Elmer and Pignatello, 2011). Thus, it would be suggested that biochar amendment have the potential to alleviate the NPSF for facilitating the sustainable utilization of soil in agricultural production system. Previous study also reported that biochar had a positive effect on colonization of mycorrhizal associations and this effect is independent of whether allelochemicals were added (Elmer and Pignatello, 2011). Here, we found that biochar amendment significantly increased the seed germination rate and seedling survival rate, and decreased the incidence of seedling wilt when sanqi was cultivated consecutively (Figures 1C,D). These results further confirmed the existence of the biochar effect, which biochar amendment can effectively alleviates the NPSF in sanqi production system. However, this biochar effect was not observed when sanqi was consecutively cultivated in the soil heat-treated at 80°C for 1 h (Figures 1E,F). Although sterilization may cause partial change of soil properties, appropriate high temperature treatment of soil is still exploited by many researchers to suggest that biological agents were key factors for NPSF (Mangan et al., 2010; Wei et al., 2018; Luo et al., 2019). In previous study, the suppressive soil heat-treated at 80°C loss of suppressiveness also indicated that disease suppressiveness toward pathogen was microbiological in nature (Mendes et al., 2011). Hence, the loss of the biochar effect resulted from the heat treated at 80°C can be ascribed to the absence of soil microbes. This result indicates that biochar application can mitigate the process of NPSF is strongly linked to soil microorganism in the sanqi planting system. It is similar to previous study that the biochar effect can be dictated by the changes of microbiome (Kolton et al., 2016).



Biochar Amendment Altered the Soil Microbial Community

In this study, biochar amendment significantly increased the bacterial community richness and diversity, similar to earlier observations (Kolton et al., 2016; Jaiswal et al., 2017). This increased diversity may be mostly ascribed to the diverse organic compounds and the porous structure stem from the biochar, which provide nutrition and expand ecological niches for diverse microbes (Saito and Marumoto, 2002; Warnock et al., 2007; Kolton et al., 2016). Previous reports have suggested the enhancements of soil microbial richness and diversity were beneficial to ecosystem functioning, which can recover more quickly under stress conditions (Yin et al., 2000; Kolton et al., 2016). High soil microbial richness and diversity have been associated with plant resilience and protection against soil-borne pathogen invasion (Jousset et al., 2011; Mendes et al., 2011; Jaiswal et al., 2014a). Here, we suggested that the positive effect of biochar amendment on soil-borne diseases repression may associate with the higher bacterial richness and diversity. In addition, previous studies have demonstrated that the soil microbial community structures and diversity could be affected by changes of soil properties (Rousk et al., 2010; Zhang et al., 2017; Wei et al., 2018). The pearson’s correlation analysis revealed that the most of soil chemical variables had a significantly positive correlation with the bacterial diversity, but showed a slightly negative correlation with fungal diversity (Figure 3). This data implies that the changes of soil chemical properties induced by biochar amendment play more important roles in modifying the bacterial community diversity than fungal community diversity. The analysis of the relative abundances of microbe, ANOSIM and PCoA all confirmed the communities of bacterial and fungal both were distinctly modified by biochar amendment, and showed bacterial community structures are more sensitive to biochar soil amendment than fungal community. Ilyonectria spp. and Fusarium spp. have been well known as the main the soil-borne pathogens caused root rot of sanqi (Mao et al., 2014; Wei et al., 2018). Bacillus (Ongena and Jacques, 2008; Tahir et al., 2017) and Lysobacter (Islam et al., 2005; Islam, 2010) have been well known as the effective biocontrol bacteria, and widely used to protect against soil-borne disease. Some studies have demonstrated that after sanqi was planted, the NPSF was caused by the suppression of antagonist microbes with potential biocontrol ability and the accumulation of soil pathogens, and lead to the replanting problem (Miao et al., 2016; Dong et al., 2018; Luo et al., 2019). In our study, biochar amendment significantly increased the relative abundances of potential biocontrol bacterium Bacillus and Lysobacter (Figure 5A). In addition, the relative abundance of potential pathogens including Fusarium spp. and Ilyonectria spp. gradually decreased with the increased biochar rates (Figure 5D). Here, it is suggested that the alleviated NPSF with higher seedling survival rates and the lower disease incidence in the treatments with biochar amendment can be due to the suppression of pathogen.



Biochar Amendment Inhibited Pathogen by Enriching Beneficial Microbes

Previous reports have demonstrated that the effects of biochar on microbe are diverse with several different mechanisms (Zhu et al., 2017). In this study, biochar amendment significantly increased the amount of isolated potential biocontrol bacteria Bacillus spp. in the soil. In addition, biochar amendment significantly promoted the growth of B. subtilis was detected in vitro assays. These results further confirmed the suitable biochar amendment was beneficial for the growth of microbes. But the biochar amendment at high concentrations suppressed the growth of B. subtilis also was detected, and this result may be caused by potential toxicity of excessive biochar. Previous studies have reported that biochar has potential toxicity for microbes with volatile organic chemicals and persistent free radicals (Fang et al., 2014; Zhu et al., 2017). While biochar amendment reduced the number of potential pathogen Fusarium spp. (Figure 6A), the distinct suppression of biochar on the F. solani was not detected in our in vitro assays. Such a result was similar to previous reported as biochar had not directly toxic effect on the pathogen, and can’t keep explaining that biochar amendment inhibited pathogens survival in the soil (Akhter et al., 2015; Jaiswal et al., 2014b, 2017). The number of gene copy is a sensitive parameter and can more clearly interpret the microbial responses to biochar amendment (Chen et al., 2013; Zhu et al., 2017). Based on real-time qPCR and the DNA copy numbers, our study detected that the pathogen F. solani survival in the natural soil was significantly decreased over increasing concentrations of biochar (Figure 8A), but there was not any the inhibitory effect of biochar amendment on F. solani in the sterilized soil (Figure 8C). Hence, we suggested that the inhibition of biochar amendment on pathogens survival in soil was an indirect process, which may be caused by stimulating beneficial microbes with antagonistic activity against pathogen, similar to previous suggestions (Elmer and Pignatello, 2011; Yang et al., 2019). Interestingly, the number of the B. subtilis survival in the natural soil and the sterilized soil were both increased over increasing biochar concentrations (Figures 8B,D). Here, it is suggested similarly as previous reports that biochar promoted the colonization of beneficial microbes B. subtilis at least partly was due to that biochar provide shelter with pore structures and surfaces for beneficial microbes to expand ecological niches (Quilliam et al., 2013; Kolton et al., 2016). In addition, based on previous reports (Joseph et al., 2013; Quilliam et al., 2013), biochar directly supplied nutrients with those nutrients on biochar particles and indirectly modified the properties of essential habitats for microbial growth also be considered as one of the major driving factors of biochar enriched the beneficial microbes. In short, biochar amendment can directly enrich beneficial microbe B. subtilis, but the suppression of biochar on the pathogen F. solani must be involved in beneficial microorganisms. As a result, we suggest that biochar application can alleviate negative plant-soil feedback is mostly due to that biochar amendment modified the soil microbiome, especially the suppression of pathogens caused by enriching beneficial microbes. Understanding the process of biochar application alleviate NPSF may help us better manage field crop cultivation for the purpose of sustainable soil management by modifying the soil microbiome to maintain soil health and mitigate the replanting problem in agricultural production. Moreover, previous studies have demonstrated that inoculation of microbial antagonists is an effective method that could control soil-borne diseases and alleviate NPSF (Dong et al., 2018; Luo et al., 2019). However, it is still an urgent problem in biological control of soil-borne diseases that to improve the ability of beneficial bacteria survive and colonize in soil. Hence, inoculation with beneficial microbe, such as B. subtilis with biochar as carrier can be considered as further study for the purpose of more effectively managing soil-borne disease and alleviating the replanting problem.



CONCLUSION

We confirmed that biochar amendment can alleviate the NPSF by modifying soil microbiome. The results showed that biochar soil amendment altered the bacterial and fungal community compositions. Interestingly, we found that bacterial community was more sensitive to biochar amendment than fungal community. Biochar amendment significantly increased the bacterial community richness and diversity, but fungal community richness and diversity were not significantly affected by biochar. Moreover, we also found that biochar amendment improved soil chemical properties and those increased soil chemical variables positively correlate with the soil bacterial richness and diversity. In short, our study demonstrated that biochar application directly enriched beneficial microbe with the ability to inhibit pathogen and pathogen was indirectly suppressed in the soil, these eventually alleviated the NPSF. As a result, we suggested that biochar application should be considered as an environmental and efficient agricultural practice for sustainable soil management in agricultural ecosystem.
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Allyl isothiocyanate (AITC) is a natural product used as a food additive. Due to its strong volatility and broad biological activity, AITC is considered as a bio-fumigant to control soil-borne fungal diseases in agriculture, creating an urgent need for evaluation of the antifungal activity of AITC. Here we study the effect of AITC on Fusarium solani growth and explore the molecular mechanisms. The results indicated that AITC causes rapid inhibition of F. solani after 5 min, hyphal deformity, and electrolyte leakage. A yeast-like vacuolar transient receptor potential channel regulator (FsYvc1, a STRPC family member) was identified in F. solani that seems to play a role in this fungi AITC sensitivity. Genetic evidence suggests the gene FsYvc1 is involved in F. solani growth, development, and pathogenicity. Loss of FsYvc1 resulted in hypersensitivity of F. solani to AITC and induced reactive oxygen species (ROS) accumulation ∼ 1.3 to 1.45- folds that of the wild type (WT), and no difference responses to CaCl2, NaCl, KCl, SDS, and Congo red when compared with WT. In addition, ΔFsYvc1-17 showed significantly reduced (∼ 1-fold) glutathione-S-transferase (GST) expression compared with the WT without AITC induction. Upon exposure to 4.8 μg/mL AITC for 3 h, the relative expression levels were ∼ 12–30 fold higher in both the WT and ΔFsYvc1-17. Nevertheless, no difference in GST expression level was observed between the WT and ΔFsYvc1-17. The current study provides novel insights into the toxicity mechanisms of AITC. Considering our results that show the key role of FsYvc1, we propose that it could act as a new molecular target for future fungicide development.

Keywords: allyl isothiocyanate, filamentous fungi, Fusarium solani, FsYvc1, sensing


INTRODUCTION

The genus Fusarium is associated with yield losses in many commercial crops, and can be characterized as a soil-borne fungal pathogen with a broad distribution that is difficult to control (Gao et al., 2019). Associated syndromes include Fusarium wilt of strawberry (Henry et al., 2017), damping-off of soybean (Lamichhane et al., 2017), and replanting failure of Sanqi ginseng (Yang et al., 2019) have been reported. Although soil disinfection with fungicides, including dazomet (Basamid®), dimethyl disulfide (Paladin®), metam sodium (Vapam®), methyl-bromide, and chloropicrin (Wang et al., 2006; Watson and Desaeger, 2019), has been used to control this pathogen, most of these are forbidden or restricted within the European Union (Directive 2009/128/CE) and elsewhere due to resistance, environmental, and safety concerns (Pimentel et al., 2007; Gemmill et al., 2013).

Allyl isothiocyanate (AITC), originally isolated from cruciferous plants, has been applied and registered in the medical and food industries (EFSA, 2010; Saladino et al., 2017) for its excellent anti-cancer (Liu et al., 2018) and antimicrobial activities (Nowicki et al., 2016). In 1945, AITC was applied to combat eelworm, and the yields of treated potato plants were 100% above those of controls (Ellenby, 1945). As a “dietary pesticide” (Ames et al., 1990) with broad antimicrobial activity (Angus et al., 1994), AITC has been extensively used in agricultural production to control fungi (Handiseni et al., 2016), bacteria (Charron et al., 2002), nematodes (Ntalli and Caboni, 2012), and weeds (Bangarwa et al., 2012). The proposed action mechanisms of AITC include inhibiting metastasis of cells through suppression of the MAPK pathway (Lai et al., 2014), causing DNA damage through O2– generation (Murata et al., 2000), inducing glutathione S-transferase (GST) expression in Caenorhabditis elegans (Hasegawa et al., 2010), affecting protein structures by disrupting disulfide bonds in bacteria (Kawakishi and Kaneko, 1987), and killing fungal cells by eliciting an oxidative stress response as in the case of Alternaria brassicicola (Calmes et al., 2015).

Transient receptor potential (TRP) channels are polymodal signal detectors that operate in response to a wide array of physical and chemical stimuli (Cordero-Morales et al., 2011). All TRP channels contain at least six transmembrane segments, highly unusual among known ion channel families, and exhibit diverse cation selectivity and specific activation mechanisms (Venkatachalam and Montell, 2007; Chang et al., 2010; Lange et al., 2016). TRP channels can be divided into three subfamilies based on homology: short (S), long (L), and osm (O). Among TRPs, the STRPC family, which includes Drosophila TRP and TRPL and the mammalian homologs TRPC1–7, is a group of Ca2+-permeable cation channels (Harteneck et al., 2000). In animal and human cell models, TRPA1 plays an important role in regulating channel activity and serves as a biosensor detecting O2 (Takahashi et al., 2011); noxious environmental agents (Hinman et al., 2006), such as allicin and diallyl disulfide from garlic and cinnamaldehyde from cinnamon; acrolein, a common air pollutant; and cold or heat stimulation (Bautista et al., 2005, 2006; Hinman et al., 2006). However, a few examples of TRP channels have been identified in fungi and non-land plants (Lange et al., 2016). Fungal TRPs form a distinct subfamily, distinct from the short, osm-like, and long subfamilies previously described in C. elegans, Drosophila melanogaster, human, and mouse studies (Denis and Cyert, 2002). Three fungal Ca2+ channel proteins, CCH1, MID1, and YVC1, were initially characterized in Saccharomyces cerevisiae, and the roles of these fungal Ca2+ channel genes in growth, development, and pathogenicity have been studied in several species (Kim et al., 2015). The chemical mechanism of AITC is activation of TRPA1 through direct, reversible, and covalent protein modification (Bautista et al., 2005; Hinman et al., 2006; Green and Dong, 2019). These findings provide new insights and concepts for understanding how filamentous fungi sense AITC.

Despite its excellent antimicrobial activity and environmental friendliness, there is limited data on the use of AITC against Fusarium and the mechanism requires clarification. The current study used F. solani, which causes serious continuous cropping obstacles in Sanqi ginseng production in China, as a model to determine the toxicity of AITC using morphology. Furthermore, a TRP homology in F. solani was characterized and its role in sensing AITC was analyzed using genetics and comparative transcriptome.



MATERIALS AND METHODS


Strains and Chemicals

Total four F. solani strains (F2, F3, F5, and RR4) were provided by the Key Laboratory of Agro-Biodiversity and Pest Management of the Education Ministry of China, Yunnan Agricultural University, Kunming. Each strain was cultured on PDA and incubated at 25°C for further use. AITC was of analytical grade (ai. ≥ 98%), supplied by Beijing Key Laboratory of Seed Disease Testing and Control, China Agricultural University, Beijing.



Antifungal Activity in vitro

Antifungal activity was assessed using the plate fumigation system with modifications (Troncoso et al., 2005). Briefly, a 5-mm mycelial plug of F. solani strain F5 was placed in the center of a 9-cm Petri dish containing ∼20 mL PDA. AITC was dissolved in methanol to obtain a stock solution of 96 mg/mL. Assuming the atmospheric volume of Petri dishes was 50 mL and 10 μL AITC stock solution was added to a cotton strip and placed inside the plate, a series of final atmospheric concentrations was attained. The Petri dish was immediately sealed with Parafilm and incubated at 25°C for one week. Control Petri dishes containing 10 μL methanol were included, and four independent biological replicates were used for each treatment. Inhibition of mycelial growth was calculated in percentage terms based on the difference between mycelial growth in the treated and control dishes.



Observations Using Time-Lapse Photography and Scanning Electron Microscopy

Time-lapse photography experiments were performed with a Nikon ECLIPSE Ti-E inverted microscopy (Japan) at room temperature of 24°C. A 5-mm mycelial plug of F. solani strain F5 was cultured in the center of a 9-cm Petri dish containing ∼20 mL PDA for 3 days at 25°C. The hyphae first grew without AITC for 20 min, and then AITC was added to the following atmospheric concentrations: 0, 0.3, 0.6, and 1.2 μg/mL at the 20th minute, and the Petri dish was covered. After 20 min, the Petri dish cover was removed. Hyphal tip growth was measured and recorded every 5 min. All images were processed to 8-bit RGB at 2560 × 1920 pixels using automatic white balance, and were acquired at one frame per 20 s over at least 60 min to create movies through automatic export.

The hyphal morphology of treated and untreated fungi was observed using a scanning electron microscopy equipped with the control software HITACHI S-3400N (Hitachi, Tokyo, Japan). All samples were processed consistent with previous descriptions (Li et al., 2015). Briefly, F. solani strain F5 was cultured on PDA medium at 25°C for 3 days. Then, the fungi were treated with 0.6 μg/mL AITC for 20 min. Mycelial plugs (5 × 5 mm) were collected and fixed with 2.5% (w/v) glutaraldehyde solution at 4°C overnight, dehydrated in an ethanol gradient (30–100% ethanol; v/v), dried with CO2 in an HCP-2 critical-point dryer, and sprayed with gold ion sputter (EIKO IB-3).



Electrolyte Leakage and ROS Detection

Electrolyte leakage analysis was performed using a conductivity meter (DZS-706, Shanghai, China). A 1-mL spore suspension containing 106 spores of F. solani strain F5 was added to a 50-mL flask containing 30 mL potato dextrose broth (PDB) medium. Each treatment (with or without 64 μg/L AITC) was represented by three flasks incubated at 25°C and 185 rpm for 20 h. Electrolyte leakage was recorded as electric conductivity (μs/cm).

Generation of reactive oxygen species (ROS) by F. solani strain F5 was measured using a chemical luminescence method (Ito et al., 2007). A fungal mycelial mat (∼ 100 mg) was suspended in 30 mL of PDB. AITC was added to the suspension at a final concentration of 80 μM. After 30 min, the mycelial suspension was filtered with a membrane filter (pore size, 0.22 μm), and the filtrate (1 mL) was mixed with 3.5 mL of 50 mM potassium phosphate buffer (pH 7.8) and 500 μL 1.2 mM luminol in 50 mM potassium phosphate buffer. The reaction was started by the addition of 500 μL of 10 mM potassium ferricyanide. Then, 200 μL was pipetted into the well of a 96-well plate and monitored with a SpectraMax® i3x Multi-Mode Microplate Reader at luminescence 470 nm.



Exogenous Addition of TRPA1 Inhibitor (HC-030031)

Previous reports have suggested that HC-030031 acts as an effective selective inhibitor against AITC-induced TRPA1 activation in vitro (McNamara et al., 2007; Miyake et al., 2016). Here, we added HC-030031 to PDA medium followed by the addition of AITC (atmospheric concentration, 6.0 μg/mL). The method used is described above, with three independent biological replicates for each treatment.



Characterization of FsYvc1

Calcium channel YVC1 of Saccharomyces cerevisiae S288C (Accession number: Q12324) was used as a template and a BLASTP search of the F. solani whole protein sequence (Nectria haematococca v2.0) hosted at the Joint Genomics Institute (JGI) was carried out using default parameters. The corresponding gene was defined as FsYvc1. The full-length and coding sequences of the FsYvc1 gene were amplified using the primer pairs A0F+A0R (Supplementary Table S1) from genomic DNA and cDNA, respectively. Transmembrane domains were identified using Phobius (http://phobius.sbc.su.se/) and TMHMM Server v. 2.0 (http://www.cbs.dtu.dk/services/TMHMM/).



Vector Construction and Transformation

The FsYvc1 deletion mutant (ΔFsYvc1) was constructed and generated as described previously (Zheng et al., 2014). First, the regions 1.0 kb upstream and 1.0 kb downstream were amplified using primer pairs A1+A2 and A3+A4, respectively. The primers HTF/HTR were used to amplify a 3.5 kb fragment encoding the gene replacement cassette HPH-HSV-tk, which carries the hygromycin resistance gene, the herpes simplex virus thymidine kinase gene, and the Aspergillus nidulans trpC promoter. This cassette was initially amplified from the PtrpChptA-PItk plasmid. Three amplicons were gel purified using the Gel Extraction Kit (Beijing, China) according to the manufacturer’s instructions, and then mixed at a 3:3:3:1 molar ratio with pBluescript SK(-), which resulted in linearization via digestion with HindIII and EcoRI at multiple cloning sites. The In-Fusion cloning procedure was performed using 5 × In-Fusion HD Enyzyme Premix (TaKaRa, Beijing). The deletion vector was confirmed through sequencing. The primers used for FsYvc1 deletion are listed in Supplementary Table S1.

To prepare protoplasts, 1 × 107 spores of F. solani strain F5 were added to yeast extract peptone dextrose liquid medium (w/v, 1% peptone, 0.3% yeast extract, and 2% glucose). After 20 h at 120 rpm and 25°C, the young mycelium was filtered through Miracloth (Millipore, United States), washed with 0.7 M NaCl and treated with lysing (5 mg/mL of 0.7 M NaCl; Sigma, United States), driselase (25 mg/mL of 0.7 M NaCl; Sigma), and chitinase (0.05 mg/mL of 0.7 M NaCl; Sigma) enzymes. After 3 h at 85 rpm and 30°C, the enzyme solution was filtered through Miracloth to eliminate mycelial residue. The protoplasts in the filtrate were then washed with 0.7 M NaCl and STC (0.8 M sorbitol, 0.05 M Tris, pH 8.0, and 50 mM CaCl2) and resuspended in SPTC (STC with 40% [w/v] PEG6000) buffer (STC: SPTC = 4:1).

For transformation, 107 protoplasts in 200 μL of SPTC buffer and 10 μL (10 μg/μL) of target DNA in 5 μL heparin sodium (5 mg/mL) were mixed and incubated on ice for 30 min; a 1-mL volume of SPTC was mixed with the suspension, which was incubated at room temperature for 20 min. Protoplasts were mixed with 200 mL of regeneration medium (0.1% yeast extract, 0.1% casein hydrolysate, 1.0 M sucrose, and 1.6% granulated agar) when below 40°C, which was poured into 9-cm diameter Petri plates (15 mL per plate) and incubated at 25°C. After 12–24 h, the plates were overlaid with 10 mL of selective agar (1.2% agarose in regeneration medium containing 300 μg/mL of hygromycin B) and incubated further. Transformants were obtained 4 days post-transformation and transferred to fresh PDA with 300 μg/mL hygromycin B. The putative transformants were purified through single-spore isolation and verified using the primer pair A5+A6 and sequencing.



Comparison of Biological Characters and Sensitivity Assessment

To compare their biological characters, F. solani strain F5 (WT) and the ΔFsYvc1-17 were cultured on PDA at 25°C for 4 days. The diameter of each colony was measured, and the number of conidia was determined by counting under a microscope after washing with 10 mL sterile water. The pathogenicity assay was performed in vitro, with a 5-mm diameter mycelial plug inoculated onto the root of Sanqi ginseng (3-year-old). Five replicate roots were used for each strain, with two independent biological replicates. Roots were placed in a plastic bag for 48 h to maintain moisture. Disease severity was calculated as the lesion size. Pathogenicity between WT and ΔFsYvc1-17 were compared using Fisher’s least significant difference (LSD) test.

To assess sensitivity to various stresses, each plate was inoculated with a 5-mm diameter mycelial plug after incubation at 25°C for 4 days on PDA plates with 0.01 M CaCl2, 1.0 M NaCl, 1.0 M KCl (osmotic stress agents), 0.05% (w/v) Congo red (cell wall-damaging agent), or 0.05% SDS (w/v, cell membrane-damaging agent). Three replicate plates were used for each treatment.



The GST Expression Between WT and ΔFsYvc1-17 in the Response to AITC

Total RNA, including WT and ΔFsYvc1-17 that were treated and untreated in three biological replicates, were extracted using Eastep® Super kits (Promega, Shanghai) according to the manufacturer’s instructions. Briefly, WT and ΔFsYvc1-17 were cultured on PDA medium (covered with cellophane) at 25°C for 60 h (∼2.5 cm diameter), and then treated with 4.8 μg/mL AITC for 3 h.

For qRT-PCR, first-strand cDNA was synthesized using a PrimeScript RT Reagent Kit with Genomic DNA Eraser (Takara Bio Inc., Kusatsu, Japan). The expression of GST was analyzed using SYBR Premix Ex Taq (Takara Bio Inc.) and an Applied Biosystems 7500 Fast thermal cycler (ThermoFisher Scientific, United States). The gene-specific primers are listed in Supplementary Table S1. Three biological replicates were used.



Data Analysis

GraphPad Prism 8.3 software was used for statistical analysis and visualization of datasets. Significant difference analysis was conducted using Fisher’s LSD test in DPS software.



RESULTS


Dose and Time-Dependent Responses

The antifungal activity of AITC on F. solani was assessed using the plate fumigation system illustrated in Figure 1A. As shown in Figure 1B, the inhibition ratio was approximately 30% when the atmospheric concentration of AITC was lower than 8.4 μg/mL. At concentrations up to 9.6 μg/mL, all tested strains lost nearly all mycelial growth capacity. As shown in Figures 1C,F. solani was incubated on PDA plates at 25°C for three days followed by fumigation with AITC for 24 h at 19.2 μg/mL, resulting in collapse of the mycelial surface, wetness, and loss of its fluffy appearance when compared with untreated F. solani (0 μg/mL AITC). Further, AITC caused the electric conductivity to increase by ∼ 7%, indicating that the mycelial structure was destroyed (Figure 1D).
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FIGURE 1. Toxicity of AITC on F. solani growth in vitro: (A) Plate fumigation system. (B) Colony growth inhibition of different F. solani strains (F2, F4, F5, and RR4) at various atmospheric concentrations of AITC (n = 4 for each plot, ± standard deviation [SD]). (C) AITC displayed strong destructive on F. solani colony growth at 19.2 μg/mL (colony was incubated on PDA plates at 25°C for three days followed by fumigation with AITC). (D) Electrolyte leakage of F. solani F5 after exposure to 64 μg/mL AITC (n = 3 for control/treatment group, *p < 0.05, ± SD). (E) Time-lapse photography capturing F. solani hyphal tip growth at various concentrations of AITC (n = 3 for each plot, ±SD). (F) Light microscopy observation of F. solani hyphal tip growth, indicated with red arrow, after exposure to 0.6 to 1.2 μg/mL AITC for 20 min. (G) Observation of F. solani hyphal tip growth after exposure to 0.6 μg/mL AITC for 20 min obtained via scanning electron microscopy.


Using time-lapse photography, hyphal tip growth was observed and recorded under different atmospheric AITC concentrations. The results were shown in Figure 1E; within 1 h, fungal hyphal tip growth was rapidly declining (beginning at the 25th minute) after exposure to 0.6 μg/mL for 5 min (with AITC added at the 20th minute), and the tip growth rate was 0.6–1.0 μm/min. After removing the Petri dish cover (at the 40th minute), tip growth recovered gradually (blue line), with the maximum growth rate of 2.35 μm/min (at the 60th minute), lower than that of the control (4.07 μm/min). By contrast, fungal hyphal tip growth did not recover by the 60th minute when treated with AITC at 1.2 μg/mL (green line).

The hyphal tip became abnormal after adding 0.6 μg/mL AITC at the 20th minute in most visual fields (Figure 1F and Supplementary Movie S1). After remove of the Petri dish cover at the 40th minute, the tip growth direction changed and the tip stretched following the changed direction. Consistent results were obtained using scanning electron microscopy, including wrinkled and curved hyphae (Figure 1G).



Characterization of FsYvc1

The N. haematococca (asexual name F. solani) whole protein sequence was searched by BLASP, and a yeast-like vacuolar transient receptor potential channel regulator Necha 21987 is high homology to YVC1 in S. cerevisiae and Magnaporthe oryzae was obtained (Figure 2A), which belongs to the receptor-activated Ca2+-permeable cation channel (KOG Desc. STRPC) family. As shown in Figure 2B, the full length of the amino acid sequence was 711, containing eight transmembrane domains (TM1–TM8) with the N- and C-termini both located in the cytoplasm. This structure is unlike that of STRPC in mammalian cells or Drosophila, which have six transmembrane segments (Harteneck et al., 2000).
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FIGURE 2. Phylogenetic analysis of FsYvc1 protein sequences and structures: (A) BLASTP results for FsYvc1 protein sequences from Nectria haematococca (asexual name F. solani) and representative fungi. The clade of containing FsYvc1 is highlighted in red font. (B) Structure of FsYvc1. The full-length amino acid sequence was 711 amino acids, containing eight transmembrane domains (TM1–TM8) with the N- and C-termini both located in the cytoplasm.




Exogenous Addition of TRPA1 Inhibitor

We hypothesized that when Ca2+-permeable cation channels are blocked, F. solani may fail to sense AITC stimulation and therefore may not establish an effective and timely defense, resulting in hypersensitivity to AITC. Previous reports suggested that HC-030031 acts as an effective selective inhibitor of AITC-induced TRPA1 activation in vitro (McNamara et al., 2007). Here, we added HC-030031 to a PDA plate, which was then treated with AITC. As shown in Figure 3A, the inhibition rate was ∼ 4–8% following exogenous addition of HC-030031 alone to PDA at a final concentration of 30 or 60 μg/mL; for treatment with 6.0 μg/mL of AITC alone, the inhibition rate was approximately 38%; combined treatment with AITC and HC-030031, resulted in an inhibition rate of up to 60%. This result indicated that TRP ion channels in F. solani may play a crucial role in the response to AITC.
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FIGURE 3. Exogenous addition of a TRPA1 inhibitor, gene deletion, and verification: (A) Inhibition rate following exogenous addition of a TRPA1 inhibitor (HC-030031) (n = 3 for each treatment, lowercase letters indicate p < 0.05, ±SD, uppercase letters p < 0.01, ±SD). (B) ΔFsYvc1-17 was screened using PCR (M, marker; N, negative control). (C) Sanger sequencing results showing successful substitution of FsYvc1 with the HPH-HSV-tk cassette.




Deletion of FsYvc1

To further explore the function of FsYvc1, deletion mutants were generated using the gene replacement cassette HPH-HSV-tk. As shown in Figure 3B, ΔFsYvc1-17 was selected and confirmed via PCR amplification and sequencing (Figure 3C).



Comparison of Biological Characters

With the loss of FsYvc1, both colony growth and sporulation were significantly reduced compared with the WT (Figures 4A,B). In addition, ΔFsYvc1-17 exhibited decreased pathogenicity to Sanqi ginseng root in vitro (Figure 4C), suggesting FsYvc1 is involved in hyphal growth, conidial production, and pathogenicity. Further, the sensitivity test showed that ΔFsYvc1-17 did not exhibit a distinct response to salt cations (calcium, sodium, and potassium), the membrane-damaging agent sodium dodecyl sulfate (SDS), or the cell wall-damaging agent Congo red compared with the WT (Figure 4D). As shown in Figure 4E, ΔFsYvc1-17 showed hypersensitivity to AITC. When treated with 2.4 μg/mL AITC, the inhibition ratio (IR) of ΔFsYvc1-17 was about 51%, while it was 10.6% for WT; when treated with 4.8 μg/mL AITC, the IR of ΔFsYvc1-17 was 97% and was 21.9% for WT; when treated with 6.0 μg/mL AITC, the IR of ΔFsYvc1-17 was 100% and that of the WT was 36%. These results indicate that ΔFsYvc1-17 show specificity in responding to external chemical stimuli.
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FIGURE 4. Comparison of biological characters between WT and ΔFsYvc1-17: (A) Colony growth (n = 6 for each plot, **p < 0.01, ±SD). (B) Sporulation (n = 6 for each plot, **p < 0.01, ±SD). (C) Evaluation of pathogenicity by measuring lesion size (n = 10 for each plot, **p < 0.01, ±SD). (D) Sensitivity to salt cations (calcium, sodium, and potassium), the membrane-damaging agent sodium dodecylsulfate (SDS), and the cell wall-damaging agent Congo red; PDA was used as control. (E) Sensitivity to AITC (n = 3 for each treatment, lowercase letters p < 0.05, ±SD, uppercase letters p < 0.01, ±SD).




ROS Accumulation and GST Expression

AITC induces the GST, which validates the cancer chemopreventive activity of isothiocyanates (ITCs), related to scavenging ROS in animal tissues (Gupta et al., 2014). Moreover, GST conferred tolerance against AITC-induced oxidative stress in C. elegans (Hasegawa et al., 2010). Here, with loss of FsYvc1, F. solani was more susceptible to killing by AITC, presumably due to reduced ability to manage oxidative stress. As shown in Figure 5A, in accordance with previous studies, AITC-induced ROS accumulation in ΔFsYvc1-17 was ∼ 1.3 to 1.45-folds that of the WT. In GST expression analysis (Figure 5B), the ΔFsYvc1-17 showed significantly reduced (∼1-fold) GST expression compared with the WT without AITC induction. Upon exposure to 4.8 μg/mL AITC for 3 h, the relative expression levels were ∼ 12–30 fold higher in both the WT and ΔFsYvc1-17. Nevertheless, no difference in GST expression level was observed between the WT and ΔFsYvc1. Thus, in ΔFsYvc1-17, more ROS accumulated compared to the WT, but the ROS scavenging mechanism was not enhanced.
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FIGURE 5. ROS accumulation and GST expression: (A) ROS accumulation level (n = 4 for each plot, **p < 0.01, ±SD). (B) qRT-PCR analysis of GST expression between the WT and ΔFsYvc1-17 (n = 3 for each plot, **p < 0.01, ±SD). “+” and “-” indicate samples treated and untreated with AITC, respectively. The y-axis represents normalized fold (2– ΔΔCT) compared to untreated (set to 1).




DISCUSSION

Although previous reports have described the action mechanism of AITC in Escherichia coli (Lin et al., 2000), C. elegans (Hasegawa et al., 2010), Sitophilus zeamais (Zhang et al., 2016), and HepG2 cells (Liu et al., 2018), the mechanism in fungi remains unknown. The present study highlights the toxicity of AITC to filamentous fungi through morphological. Further, we reported a yeast-like vacuolar transient receptor potential channel regulator (FsYvc1), and found that loss of FsYvc1 resulted in hypersensitivity of F. solani to AITC, suggesting FsYvc1 should be act as a biosensor in sensing AITC.

The mitochondria are likely the main target of AITC, as AITC had a significant effect on the mitochondrial respiratory chain of S. zeamais in vivo and in vitro (Hua et al., 2014; Zhang et al., 2016). Similarly, ITCs caused to a decreased oxygen consumption rate, intracellular accumulation of ROS, and mitochondrial membrane depolarization in A. brassicicola (Calmes et al., 2015). Most ITCs can be taken up by cells through passive diffusion. ITCs rapidly conjugate with thiols, particularly glutathione (GSH), and the ITC–GSH conjugate is transported out of the cell as a substrate of multi-drug resistance proteins. The shuttling of ITC–GSH conjugates causes rapid depletion of intracellular GSH, resulting in ROS generation by ITCs (Gupta et al., 2014). In the present study, upon exposure to AITC, the relative expression levels of both the WT and ΔFsYvc1 were elevated by up to ∼ 12–30 fold. Nevertheless, no difference in GST expression level was observed between the WT and ΔFsYvc1-17. Thus, with the loss of FsYvc1, accumulation of excess ROS compared to the WT without an enhanced ROS scavenging provides one plausible mechanism of the hypersensitive phenotype (Figure 6).
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FIGURE 6. Model illustrating the proposed roles of FsYvc1 in F. solani. The gene FsYvc1 is involved in F. solani growth, development, and pathogenicity. FsYvc1 acts as a security mechanism and is responsible for receiving signals in F. solani. Upon triggering by AITC, excess ROS accumulated were induced compared to the WT, but the ROS scavenging mechanism was not enhanced (no difference in GST expression level was observed between the WT and ΔFsYvc1) should be the mechanism of the hypersensitive phenotype to AITC.


In traditional antimicrobial assays, such as agar diffusion, AITC is allowed to evaporate into the headspace of the Petri dish, which decreases its antifungal activity (Troncoso et al., 2005). Here, a modified volatilization step of adding AITC to a cotton strip was used for stability and repeatability of antifungal activity evaluation. The results of the present study demonstrated that AITC induced abnormal hyphal growth, electrolyte leakage, destruction of mycelial structure, and ROS accumulation. It is likely that AITC, which shows a broad spectrum of toxicity, has a universal, rapid, and destructive antifungal mechanism.

Cellular responses to physical and chemical stimuli are driven by cell surface receptors, which transmit the signals into cells that cause a response, such as G protein-coupled receptor and TRP channels, both of which act as signal detectors (Cordero-Morales et al., 2011; Gupta et al., 2018). The YVC1 channel, a homolog of the animal transient receptor potential protein 2, resides in the vacuolar membrane and is involved in controlling vacuolar pressure in several filamentous fungi (Chang et al., 2010; Kim et al., 2015). The functions of YVC1 have been characterized in fungi, such as the identification of Yvc1 (MGG09828.5) as a Ca2+ permeable channel involved in fungal development in Magnaporthe oryzae (Nguyen et al., 2008), a yvc1 mutant showed no difference in sensitivity to calcium-depleted, calcium-rich, or alkaline pH conditions in Candida albicans. Consistent with prior studies, the present study also demonstrated that FsYvc1 is related to growth, development, and pathogenicity in F. solani and does not affect sensitivity to CaCl2, NaCl, KCl, SDS, and Congo red. Notably, the yvc1 mutant of C. albicans exhibited reduced stress response capacity and hypersensitive to the membrane-perturbing agent SDS (Yu et al., 2014). In our study, although ΔFsYvc1-17 showed no difference in sensitivity to SDS, they were hypersensitive to AITC. One possible reason for this result is that AITC acts as a membrane-permeable electrophile (Hinman et al., 2006), and another is evolutionary and genetic differences between C. albicans and F. solani, as one is a human pathogen and the other is a plant pathogen.

AITC mediated (2.5 mM) redox dysregulation in fungal cells has been described using transcriptomic analysis in A. brassicicola, with more than one-third of transcripts related to the adaptive response to cellular oxidative stress (Sellam et al., 2007). However, the potential regulatory response may be concealed due to the large dose of AITC. Here, both the WT and ΔFsYvc1-17 were exposed to 50-fold lower doses of AITC. Notable, GO enrichment analysis in the WT showed results related to heat shock protein binding, coenzyme binding, and cellular metabolic processes, in accordance with previous studies. However, when treated with AITC after loss of FsYvc1, enriched GO terms were related to zinc ion binding, transcription factor activity, and regulation of transcription (data not shown). Taken together, these results suggest that FsYvc1 plays a switch role in sensing AITC so that fungal cells turn “ON” their oxidative stress adaptation mechanisms for AITC tolerance by enhancing the activity of transcription factor and metabolic; however, with the loss of FsYvc1, response events mainly occur in the nucleus. This localization may cause failure to sense AITC stimulation and thus prevent timely establishment of an effective defense, resulting in hypersensitivity to AITC. Besides, other possible regulatory pathways in the response to AITC should be discovered in the future.

The present study demonstrates that loss of FsYvc1 results in AITC hypersensitivity and ROS accumulation along with weak weakly sensitivity to osmotic stress agents, cell wall-damaging agents, and cell membrane-damaging agents. This may be due to cation selectivity and the specific activation mechanisms of TRP (Venkatachalam and Montell, 2007; Chang et al., 2010; Kurganov et al., 2014). In addition, TRP ion channel super family members exhibit six transmembrane segments as a common (Harteneck et al., 2000). However, FsYvc1 has eight transmembrane domains, explaining why fungal TRPs form a distinct subfamily from TRPs identified in C. elegans, Drosophila melanogaster, human, or mouse cells (Denis and Cyert, 2002). In present study, although the specific TRPs in F. solani that were suppressed by HC-030031 remain unknown, indirect evidence suggested that FsYvc1 plays a key role in sensing AITC. It is generally accepted that electrophilic agents activate TRPV1 channels through covalent modification of cytosolic cysteine residues, but AITC-induced activation of TRPV1 does not require interaction with cysteine residues, which is largely dependent on S513, a residue involved in capsaicin binding (Gees et al., 2013), however, the possible interactions between AITC and fungi are still unknown and the FsYvc1 activation and the associated signaling cascade need to elucidate in the further.

Fungal TRPs, including CCH1, MID1, and YVC1, have been initially characterized in S. cerevisiae (Kim et al., 2015). Here, we focus on the function of YVC1 in F. solani in response to AITC. In addition, CCH1, a homolog of the a1 subunit of animal voltage-gated Ca2+ channels; MID1, a stretch activated channel, constitute a high affinity Ca2+ influx system and required for the extracellular Ca2+ uptake in response to mating pheromone and also are involved in iron and cold tolerance in yeast (Kim et al., 2015). However, the function of them are still unknown in response to AITC. Notably, other potential TRPs in F. solani should be further identified, including CE245107_74218, e_gw1.2.1711.1, and MSTRG.9138.2 also induced by AITC in RNA-seq data (data not shown), thus, we think there may be a TRP family in F. solani, not only including MID1, YVC1, and CCH1 previously reported in S. cerevisiae. The transcriptomic data reported begin a new stage in the study and more questions that could be answered in later works. In addition, more candidate transcripts and F. solani mutants will be helpful to analysis the mechanism in the future. In addition, patch clamp technology (Neher and Sakmann, 1976), a breakthrough method that has become vital to neuroscience (Reyes, 2019), has been applied in yeast and animal cells to accurately identify ion channel proteins. However, this method is technically difficult to filamentous fungi.

In summary, our morphological, genetic, and transcriptional profiling analyses provide new insights into the possible sensing mechanisms involved in the AITC-triggered response in filamentous fungi. At present, pymetrozine and pyrifluquinazon, two commercially available insecticides, have both been shown to target a TRP ion channel complex unique to insect stretch receptor cells (Nesterov et al., 2015). Considering the distinct families of TRPs in different organisms (nematode, fungus, insect, human, and mouse), this critical function of FsYvc1 suggests that STRPC could be a potential target for the development of new fungicides.

Since the 1940s, methyl bromide (MB) has been used as a soil fumigant in agricultural production (Lincoln et al., 1942). In particular, resistance, environmental, and safety concerns regarding MB have led to its banning or strict restriction in recent years (Pimentel et al., 2007; Gemmill et al., 2013). AITC represents a potential replacement for MB with high efficiency, low risk, and low molecular weight, and was registered for the control of root knot nematode in tomato in China in 2018 (Ren et al., 2018). Combined with the global trend toward reducing the use of MB, this registration has boosted its commercial prospects in organic production and conventional farming in the future.
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Due to the adverse effect on the environment caused by excessive use of chemical fertilizers, the development of sustainable agriculture attracts a growing demand of biological based fertilizers composed of living microorganisms. In this study, an Actinobacteria Streptomyces lydicus M01 was isolated from the rhizosphere soil of Pyrus calleryana. This strain effectively promoted the plant growth and suppressed a foliar disease caused by Alternaria alternata on cucumbers. S. lydicus M01 exhibited growth promoting characteristics such as phosphate solubilization, IAA secretion, siderophore and ACC deaminase production. Through Illumina sequencing of the 16S rRNA gene and ITS gene of the soil microbes, we found that the application of S. lydicus M01 altered the composition of the microbial community by promoting beneficial groups, including bacteria genera Pseudarthrobacter, Sphingomonas, Rhodanobacter, and Pseudomonas, fungi genera Fusicolla, Humicola, Solicoccozyma, and Paraphaeosphaeria. Most of these bacteria and eukaryotes exhibit positive effects on growth promotion, such as nutrient accumulation, auxin secretion, abiotic stress alleviation, biological control, or bioremediation. Furthermore, studies on the reactive oxygen species (ROS) level and antioxidants of cucumber leaves revealed that S. lydicus M01 treatment reduced the ROS accumulation and increased the activities of antioxidases related with ROS scavenging, which indicated an enhanced disease resistance of cucumbers under biotic stress. Thus, our results suggest that the application of S. lydicus M01 can systemically affect plant microbiome interactions and represent a promising sustainable solution to improve agricultural production instead of chemical fertilizers.

Keywords: plant growth promotion, Streptomyces lydicus M01, rhizospheric microbial community, Alternaria alternata, reactive oxygen species, disease resistance


INTRODUCTION

Chemically synthesized fertilizers composed of nitrogen, phosphorus, and potassium are being used in large amounts to increase the output in a variety of crop plants. At the same time, their excess utilizations adversely affect the environment, causing pollution to soil, water and air (Galloway et al., 2008; Youssef and Eissa, 2014). Thus, sustainable agriculture attracts a growing demand of bio-based fertilizers composed of living microorganisms alternative to the agro-chemicals. Plants and rhizosphere harbor a variety of microbial cells, and the plant-associated microbes can be classified into beneficial, deleterious and neutral groups on the basis of their effects on plant growth (Beneduzi et al., 2012). Beneficial bacteria that promote plant growth are usually referred to as plant growth-promoting rhizobacteria (PGPR) (Ahmad et al., 2008; Bhattacharyya and Jha, 2012).

Plant growth-promoting rhizobacteria affect plant growth in direct and indirect ways. The direct promotion of plant growth by PGPR entails either providing the plant with a compound that is synthesized by the bacterium, for example, siderophore and phytohormones such as auxin, cytokinin, and gibberellins, or facilitating the uptake of certain nutrients from the environment such as phosphate solubilization, nitrogen fixation, and iron chelation (Glick, 1995; Olanrewaju et al., 2017). The indirect promotion of plant growth occurs when PGPR decrease the detrimental effects of phytopathogenic organisms or induced systemic resistance (ISR) (Raupach et al., 1996; Pieterse et al., 2014).

Streptomyces constitute a major clade of the phylum Actinobacteria, these filamentous prokaryotes are ubiquitous in soils and are commonly found in the rhizosphere or inside plant roots. Streptomyces are known to rich in secondary metabolites, they produce over two-thirds of the clinically useful antibiotics of natural origin and are highlighted in medical industry (Watve et al., 2001; Bibb, 2013). The applications of Streptomyces in agriculture are mainly as biocontrol agents, several biocontrol products from this genus are already being marketed and the discovery of natural products is still ongoing (Yuan and Crawford, 1995; Law et al., 2017). However, as a PGPR, the plant growth promotion effects of Streptomyces have not been adequately studied. Some study reported that Streptomyces promote plant growth by the producing indole-3-acetic acid (IAA), siderophores and 1-aminocyclopropane-1-carboxylate deaminase (ACCd) to reduce stress in plants (El-Tarabily, 2008; Rungin et al., 2012; Sadeghi et al., 2012). Streptomyces reside in rhizosphere and interact with other microorganisms in the microbial community, but little is known on their effects in soil microbial community (Wu et al., 2019). Cucumber (Cucumis sativus L.) is one of the most common vegetables worldwide, many studies reported that strains such as Bacillus subtilis, Bacillus amyloliquefaciens, and Pseudomonas spp. affect soil microbial community in the cucumber rhizosphere(Yamamoto-Tamura et al., 2011; Li et al., 2016; Qin et al., 2017), however, as a promising sources of biocontrol agents, how Streptomyces affect soil microbial community in cucumber rhizosphere remains unknown.

Leaf blight caused by the fungus Alternaria alternata is a common foliar disease in a variety of fruits and vegetables including pears, cucumber, and watermelon. The pathogen also develops during the cold storage of fruits, becoming visible during the marketing period thereby causing large losses (Timmer et al., 2003; Wang et al., 2008). In this study, an Actinobacteria isolated from the rhizosphere soil of Callery pear (Pyrus calleryana) in Nanjing Laoshan Forest exhibited strong inhibition effects against A. alternata. Based on 16S rRNA gene and phylogenetic analysis, the strain was identified as S. lydicus M01. We found that this strain significantly promote the growth of cucumbers without obvious plant pathogen present. The growth promoting mechanisms were evaluated from the perspective of the phytohormone production of S. lydicus M01 and its influence on the microbial community in cucumber rhizosphere. In addition, the alleviation of foliar disease caused by A. alternata on cucumbers was also evaluated, the reduction of reactive oxygen species (ROS) accumulation and increased antioxidase activities in cucumber leaves indicated indirect effects of S. lydicus M01 on plant growth promotion and disease suppression. To our knowledge, this is the first report of using Streptomyces to treat a foliar disease on cucumbers and its effects in cucumber rhizosphere microbial community.



MATERIALS AND METHODS


Isolation and Identification of Streptomyces Strain

Soil samples were collected from the rhizosphere of Callery pear (P. calleryana) in a hillside located in Laoshan Forest, Nanjing, China (32°11′N 118°62′E). For preparation of the soil suspension sample, 5 g of soil was mixed with 45 ml sterile distilled water in a sterile bottle and shaken for 30 min. Then, 200 μl of the suspension was spread on PDA medium supplemented with 20 mg/l nalidixic acid and 50 mg/l cycloheximide. For preliminary classification of bacterial population, morphological features such as colony pigmentation were used. After incubation at 28°C for 21 days, colonies with suspected actinomycetes morphology were selected and further purified on International Streptomyces Project (ISP) 2 medium and stored as glycerol stock (20%, v/v) at −80°C.

The genomic DNA of M01 was extracted from cells grown in potato dextrose broth (PDB) medium at 28°C for 24 h using a bacterial genomic DNA extraction kit (Takara) according to standard protocol. The universal bacterial primers 27F and 1492R (27F: 5′-AGAGTTTGATCCTGGCTCAG-3′; 1492R: 5′-GGTTACCTTGTTACGACTT-3′) were used to amplify the 16S rRNA gene. The PCR reaction volume was 50 μl, which contains 25 μl Taq DNA Polymerase and reaction buffer mix, 1 μl primer forward (10 μM), 1 μl primer reverse (10 μM), 1 μl genomic DNA template and 22 μl nuclease free water. The reaction conditions were 95°C for 5 min, then 30 cycles of 95°C for 30 s and 55°C for 30 s followed by 72°C for 90 s. A final step was performed at 72°C for 5 min. The PCR products were separated and sequenced by Genscript (Nanjing). The assembled 16S rRNA sequences were subjected to a NCBI Nucleotide BLAST. The neighbor-joining tree of the 16S rRNA was generated using MEGA ver. 7 (Saitou and Nei, 1987). Parameters for developing neighbor-joining tree included the use of the Poisson substitution model and a pairwise deletion method to treat gaps in the program.



Antagonistic Effects of Streptomyces lydicus M01 on Pathogens

The antifungal activity of M01 against Leaf blight fungus A. alternata was evaluated using Petri dish assays. Briefly, S. lydicus M01 was cultured on ISP 2 plate at 28°C for 14 days. The plant pathogen A. alternata was cultured on PDA plates at 28°C for 4 days. A square inoculum of A. alternata was using sterile scoop and placed on a new PDA plate. At the same time, S. lydicus M01 was restreaked on the four sides around the square inoculum with a distance of 2 cm. Plates inoculated with A. alternata in the absence of M01 served as control experiments. All samples were incubated at 28°C for 3 days.


Determination of Siderophore Production, Phosphate Solubilization and Indole-3-Acetic Acid

Chrome-Azurol S (CAS) agar was used to determine siderophore production qualitatively (Alexander and Zuberer, 1991). Paper disc soaked with the strain culture was placed on the CAS agar and incubated for 3 days. The change of the mixture color around the colonies after incubation indicated the presence of siderophores.

Streptomyces lydicus M01 was inoculated on agars containing precipitated tricalcium phosphate to determine phosphate solubilization according to Rao (1999). After 24 h incubation, presence of clear zones around the M01 colonies was used as evidence for positive phosphate solubilization.

Streptomyces lydicus M01 grown on ISP 2 agar was inoculated into PDB and incubated at 28°C for 5 days with shaking at 200 rpm, mycelia were removed by filtration. The IAA content was determined based on the method described previously (Patten and Glick, 2002). One milliliter supernatant of the S. lydicus M01 culture was mixed with 4 ml of Salkowski’s reagent vigorously and incubated at room temperature for 25 min absorbance at 535 nm. The concentration of IAA was determined by absorbance at 535 nm and comparison with standard curve.



Determination of ACC Deaminase Activity

Streptomyces lydicus M01 grown on ISP 2 agar was streaked on minimal medium agar free of nitrogen (MM) supplemented with either 3 mM ACC or 2 g/L–1 (NH4)2SO4. The agar was incubated at 28°C in the dark. Growth on MM agar supplemented with ACC indicates ACC deaminase activity (Jaemsaeng et al., 2018).



Pot Experimental Design and Rhizosphere Soil Sampling

The S. lydicus M01 culture was grown in PDB on a rotary shaker (200 rpm) for 4 days at 28°C. The cell suspension (2 × 108 CFU/ml) was used as inoculum for the pot experiment.

Cucumber Seed Shaoshi No. 1 was purchased from the Qingxian Aisen Vegetable Seed Development Center. The seeds were sown in plastic pots contained a mixed substrate of vermiculite, peat soil, and perlite at a ratio of 1:1:0.5 (v:v:v). Then 50, 100, and 150 ml of the S. lydicus M01 cell suspensions were applied as a root drench. Equivalent volume of sterile PDB was applied as control treatments (CKs) and half-strength Hoagland’s nutrient solution was supplied every week. Three plants were planted per pot. The growth of cucumber seedlings were assessed 21 days after inoculation. The rhizosphere soil samples of cucumber seedlings were collected by vigorously shaking the roots from the 100 ml S. lydicus M01 cell suspension treatment and control for high-throughput sequencing. The shoot length, root length, and fresh weights of cucumber seedlings were measured. Each experiment was repeated three times.

For the investigation of S. lydicus M01’s effects on foliar disease caused by A. alternata, 8-week-old plants were sprayed with a fresh spore suspension of A. alternata at 1 × 108 CFU/ml using a hand atomizer. The plants were maintained in a light growth chamber and were supplied with half-strength Hoagland’s nutrient solution every 7 days. Disease incidence was assessed 30 days after inoculation with A. alternata. The disease severity index was rated 0–4 (0 = healthy; 1 = less than 25% of leaves wilted; 2 = 25–50% of leaves wilted; 3 = 50–75% of leaves wilted; 4 = 75–100% of leaves wilted). The disease index was calculated using the formula: Disease index = [Σ(rating × number of plants rated)/(total number of plants × highest rating)] × 100 (Shi et al., 2017). Cucumber leaves were frozen using liquid nitrogen and stored at −20°C for later determination of antioxidases activities.



Soil DNA Extraction, PCR Amplification and Illumina Sequencing

Microbial community genomic DNA was extracted from soil samples using the E.Z.N.A® soil DNA Kit (Omega Bio-tek, Norcross, GA, United States). The hypervariable region V3–V4 of the bacterial 16S rRNA gene were amplified with primer pairs 338F (5′-ACTCCTACGGGAGGCAGCAG-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′) whilst the fungal ITS sequence gene were amplified with primer pairs ITS1F (5′-CTTGGTCATTTAGAGGAAGTAA-3′), and ITS2R (5′-GCTGCGTTCTTCATCGATGC-3′). The PCR amplification was performed as follows: initial denaturation at 95°C for 3 min, followed by 27 cycles at 95°C for 30 s, 55°C for 30 s, 72°C for 45 s, and final extension at 72°C for 10 min, end at 4°C. PCR reactions were performed in triplicate. PCR products was purified and quantified using QuantusTM Fluorometer (Promega, United States).

High-throughput sequencing was carried out on the Illumina MiSeq platform by Majorbio Bio-Pharm Technology Co., Ltd. (Shanghai, China). The raw 16S rRNA gene sequencing reads were demultiplexed, quality-filtered by Trimmomatic and merged by FLASH. The quality trimming process are as follows: (1) The 300 bp reads were truncated at any site receiving an average quality score <20 over a 50 bp sliding window, discarding the truncated reads that were shorter than 50 bp. Reads containing N-bases are also removed. (2) The pair-end reads are merged into a sequence according to their overlap relationship, and the minimum overlap length is 10 bp. (3) The maximum mismatch ratio allowed in the overlap area of the merged sequence is 0.2. (4) Distinguish samples and correcting the direction of the sequence based on the barcode and primer sequences at both ends of the sequence, the number of mismatches allowed in the barcode is 0, and the maximum number of mismatched primers is 2. And the sequence data was subsampled to equal sequencing depth for each sample. Operational taxonomic units (OTUs) with 97% similarity cutoff (Li et al., 2016) were clustered and chimeric sequences were identified and removed using UPARSE (version 7.11). The taxonomy of each OTU representative sequence was analyzed by RDP Classifier2 against the 16S rRNA database (Silva 132/16S_bacteria) and ITS database (unite7.2/its_fungi) using confidence threshold of 0.7, relative abundance below 1% were combined as others.



3,3′-Diaminobenzidine and Nitro Blue Tetrazolium Staining

The content of H2O2 was estimated qualitatively in cucumber leaves using diaminobenzidine (DAB) staining and O2– in the leaves was detected by nitro blue tetrazolium (NBT) staining (Kaur et al., 2016). Three leaves were detached and assayed for each treatment. To detect H2O2, leaves were dipped into DAB solution (1 mg/ml) prepared in double distilled water (pH = 3.8) in a Petri dish using tweezers. To detect O2–, the leaves were immersed in 6 mM NBT solution prepared in sodium citrate (pH = 6.0). Then dipped samples were vacuum infiltrated for 10 min at 60 KPa pressure and incubate at room temperature for 10 min under room light. After incubation, samples were boiled in absolute ethanol till chlorophyll is removed from samples completely. Finally, samples were cooled and stored in 20% glycerol. Images were captured using a light microscope.



Assay of Antioxidases and MDA Concentration

Malondialdehyde (MDA) concentration of cucumber leaves was measured following methods described previously with some modifications (Hartman et al., 2004). Half a gram fresh leaves were homogenized in 5% (w/v) trichloroacetic acid (TCA) and the homogenate was centrifuged at 10,000 × g for 10 min. The supernatant was mixed with 5 ml of 0.5% thiobarbituric acid and heated at 100°C for 25 min, then was cooled to room temperature and centrifuged at 8,500 × g for 5 min. The absorbance was measured at 450, 532, and 600 nm. The MDA concentration was calculated using the formula: MDA = [6.45 (A532−A600) −0.56 A450]/fresh weight.

Superoxide dismutase (SOD) enzyme activity was determined following the method described previously (García-Limones et al., 2002). Briefly, 1 g fresh leaves were homogenized and centrifuged to prepare the supernatant. The crude enzyme extract was added into a reaction mixture to start the reaction and maintained under 4000 l× of light for 20 min. In the control reaction, the crude enzyme extract was replaced with phosphate buffer. The reaction was quenched by switching off the light, the absorbance at 560 nm was measured. The amount of enzyme that inhibited NBT reduction by 50% was defined as a unit of SOD activity. Results are expressed as units mg–1 of protein.

Peroxidase (POD) activity was assayed in a reaction mixture contained 2.9 ml of 0.05 M phosphate buffer, 0.5 ml of 2% H2O2, 0.1 ml of 2% guaiacol, and 0.1 ml of crude enzyme extract. The change of absorbance was measured at 470 nm. POD activity was defined as the amount of guaiacol oxidized per minute, and is expressed as nanomoles per minute per mg of protein.

Polyphenol oxidase (PPO) activity was measured following Tao et al. (2007) with some modifications. One gram fresh leaves were homogenized in phosphate buffer (pH 6.5) containing 0.20 g polyethylene glycol and 10 mM citric acid. The mixture was centrifuged at 10,000 × g for 15 min at 4°C. The activity assay was performed in a mixture containing 0.01 M substrate catechol, 0.1 M phosphate buffer and crude enzyme. Changes in absorbance at 420 nm were measured for 5 min. One unit of enzyme activity was defined as the change in absorbance at 420 nm for 1 g fresh weight per minute.



GenBank Accession Number

The 16S ribosomal RNA sequence of S. lydicus M01 was deposited in NCBI under the GenBank accession numbers MN744679. The raw reads of Illumina MiSeq sequencing were deposited at NCBI’s Sequence Read Archive (SRA) database (accession number PRJNA598072).



Statistical Analysis

Statistical analysis of the data was conducted by one-way ANOVA followed by Duncan’s test (p < 0.05) using SPSS 25.0 software.



RESULTS


Isolation and Identification of the Pathogen Resistant Train Streptomyces lydicus M01

With the supplement of cycloheximide and nalidixic acid, six bacterial isolates were isolated from the rhizosphere soil of Callery pear (P. calleryana). Among the isolated strains, M01 showed highest antifungal activity against the leaf blight plant pathogen A. alternata (Figures 1a,b). 16S rRNA gene analysis showed that M01 shared 99.93, 99.86, and 99.57% sequence identities with S. lydicus strain GS93 isolate 23, S. lydicus strain ATCC 25470 and S. lydicus strain NBRC 13058, respectively. Combined with morphological features of the colonies and mycelia (Figures 1c,d), M01 was classified as S. lydicus and the 16S rRNA gene sequence of M01 was submitted to GeneBank, the accession number is MN744679. And S. lydicus M01 was deposited in China general microbiological culture collection center (CGMCC NO: 16840). Neighbor-joining tree based on 16S ribosomal RNA showed that S. lydicus M01 formed a subclade with the nearest neighbor S. lydicus strain GS93, S. lydicus WYEC 108 and S. lydicus ATCC 25470 were separated in different clades (Supplementary Figure S1).
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FIGURE 1. Antifungal activity of Streptomyces lydicus M01 against plant pathogen Alternaria alternata and morphological features of M01 colonies and mycelia. (a) Plant pathogen A. alternata grown on PDA plate as control. (b) Antagonistic effects of S. lydicus M01 against A. alternata. (c) Morphological features of the S. lydicus M01colonies. (d) Mycelia characteristics of S. lydicus M01 stained with crystal violet by light microscopy at 100× magnification.




Effect of S. lydicus M01 on the Growth of Cucumber Seedlings

The effects of S. lydicus M01 inoculation on plant growth promotion were investigated in cucumber plants. After 21 days of inoculation, growth promotion effects on cucumber plants treated with 50 ml M01 culture were not significant. However, when the inoculation amount was increased to 100 ml, the plant height, root status and leaf number and expansion of cucumber seedlings were all significantly enhanced compared to the CK (Figures 2A,B). Further increase in the inoculation amount reduced the growth promotion effects. With the treatment of 100 ml M01 culture, the shoot length, root length, and fresh weight were increased by 18.71, 26.53, and 49.74%, respectively, compared to CK (Figures 2C–E).
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FIGURE 2. Effects of S. lydicus M01 on the growth of cucumber seedlings. (A) Effects of S. lydicus M01 on the cucumber seedlings growth in pot experiments. CK, control; 1, 2, and 3, S. lydicus M01 culture were mixed with the soil at a ratio of 1:10, 1:5, and 3:10 (w:w), respectively. (B) Effects of S. lydicus M01 on phenotype of cucumber seedlings under different inoculum amount. (C) Shoot length, (D) root length and (E) fresh weight of cucumber plants grown in soil treated or not (CK) with S. lydicus M01. Statistical analysis was conducted by one-way ANOVA followed by Duncan’s test (p < 0.05) using SPSS 25.0 software. Different letters on columns indicate significant difference (p < 0.05).


To characterize of plant growth promoting traits of S. lydicus M01, the IAA production, phosphate solubilization potential, siderophore production and ACC deaminase activity were determined. The IAA produced was determined to be 19.81 ± 1.7 μg/ml. The presence of a clear zone around the colonies indicated that S. lydicus M01 has the ability to solubilize phosphate and produces siderophore (Supplementary Figure S2). ACC deaminase activity was also qualitatively evaluated, successful growing on the MM agar supplemented with ACC indicated ACC deaminase activity.



Effects of S. lydicus M01 on Soil Microbial Community Composition

In this study, analysis based on Illumina sequencing of the six rhizosphere soil samples generated 289,648 16S rRNA gene sequences and 407,987 fungal ITS sequences. The average amplicon length of the six bacterial samples was 414 bp, the average amplicon length of the six eukaryotic samples was 229 bp. After quality trimming, an average of 39,747 reads per sample was generated for the bacteria analyses and 67,544 reads per sample for the eukaryotic sample. The subsampling depth was equalized to the depth of the smallest sample (32,213 reads for the bacteria analyses and 56,672 reads for the eukaryotic sample). A total of 1864 OTUs for bacteria and 623 OTUs for fungi were identified. OTUs with abundance greater than 1% were defined as dominant, while OTUs with abundance less than 1% were combined as “others.”

Analysis against 16S rRNA database and ITS database revealed that 43 dominant bacterial and 17 dominant fungal genera were identified at the genus level in samples from different treatments (Figure 3). The 43 dominant bacterial genera included Pseudarthrobacter, Limnobacter, Sphingomonas, Pseudolabrys, Pseudomonas, Bradyrhizobium, Bryobacter, Rhodanobacter, Streptomyces, Nocardioides, Granulicella, Devosia, Gemmatimonas, Occallatibacter, Ramlibacter, Marmoricola, Massilia, Mesorhizobium, Lactobacillus and 24 unclassified bacteria (Figure 3A). Analysis based on the relative abundance of classified bacterial genera revealed that treatment of S. lydicus M01 influenced the bacterial and fungal composition of the soil compared with non-treated soil. The abundance of species increased included Pseudarthrobacter, Sphingomonas, Rhodanobacter, Pseudomonas, Bryobacter, and Streptomyces, the abundance of species decreased included Limnobacter, Bradyrhizobium, and Pseudolabrys (Figure 4A and Supplementary Table S1). The 17 dominant fungal genera included Mortierella, Penicillium, Naganishia, Acephala, Ascobolus, Fusicolla, Humicola, Pseudogymnoascus, Solicoccozyma, Paraphaeosphaeria, Thelonectria, Fusarium and five unclassified fungi (Figure 3B). The species Mortierella occupied a large portion in the total population in all samples, and the abundance was significantly increased in the treated samples. Except for Mortierella, the abundance of several other species such as Solicoccozyma, Paraphaeosphaeria, Humicola, and Fusicolla were also enriched. In the contrast, the abundance of Fusarium, Ascobolus, and Thelonectria which contain potential fungal pathogen species were significantly reduced (Figure 4B and Supplementary Table S1).
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FIGURE 3. The relative abundance of dominant bacterial genera (A) and fungal genera (B) for soil samples collected from soil treated or not with Streptomyces lydicus M01. CK1, CK2, and CK3, untreated plants; 1,2, and 3, treated plants. The relative abundance was based on the proportional frequencies of DNA sequences that could be classified at the genus level. The different numbers (1, 2, and 3) indicate the three replications.
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FIGURE 4. The relative abundance of the main bacterial (A) and fungal genera (B) with significant differences for the soil samples collected from soil treated or not with S. lydicus M01. CK, untreated plants; M01, treated plants. Each histogram represents the mean ± SE of three independent experiments. An independent sample t-test was implemented for statistical analysis of the significance between the M01-treated and the CK group (* for 0.01 < p < 0.05; ** for p < 0.01).




Streptomyces lydicus M01 Alleviates Foliar Disease Caused by Alternaria alternata

In contrast to soil microorganisms, microbial resources from the plant phyllosphere that have the potential to suppress diseases and support plant growth are limited (Rastogi et al., 2013). Therefore, it is tempting to take advantage of soil-borne microbes to develop foliar treatments of crops to fight economically relevant diseases. Thus, S. lydicus M01’s effects on foliar disease caused by A. alternata were investigated.

After inoculating with A. alternata, disease symptoms appeared on cucumber plants including yellow and wilted leaves. The disease incidence reached 80.25%. However, pretreatment with S. lydicus M01 significantly reduced disease incidence, with less yellowing and wilting of the cucumber leaves (Figure 5A). Compared to the control, the application S. lydicus M01 reduced the disease incidence by 52.4% (Figure 5B and Supplementary Table S2). ROS were postulated to be an integral part of the defense response of the plant, which are involved in the interaction of plants with pathogenic fungi. In this study, the production of hydrogen peroxide in leaves was detected by DAB staining, and the superoxide accumulation was analyzed by NBT staining. Leaves of plants treated with A. alternata showed the deepest brown color than control and other treatments, however, leaves of plants pretreated with S. lydicus M01 showed lighter brown color after the perception of pathogens. Similarly, blue staining was observed in leaves of plants treated with A. alternata, but pretreatment of S. lydicus M01 significantly reduced the staining intensity (Figure 6 and Supplementary Figure S4).
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FIGURE 5. Symptom (A) and disease index (B) on cucumber leaves 30 days after inoculation with A. alternata following different treatments. CK, untreated plants; S. lydicus M01, plants treated with S. lydicus M01; A. alternata, plants treated with A. alternata; S. lydicus M01+ A. alternata, plants pretreated with S. lydicus M01 then with A. alternata. The histogram represents the mean ± SE of three independent experiments. Statistical analysis was conducted by one-way ANOVA followed by Duncan’s test (p < 0.05) using SPSS 25.0 software. Different letters on columns indicate significant difference (p < 0.05).
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FIGURE 6. Analysis of ROS accumulation in cucumber leaves following different treatments. DAB, H2O2 accumulation was detected by DAB staining. NBT, O2– accumulation was detected by NBT staining.


Malondialdehyde content is considered as an index of membranous lipid peroxidation (Morsy et al., 2007) and stress-related enzymes PPO, POD, and SOD are commonly used to assess the physiological and biochemical responses of plants to biotic stresses (Gechev et al., 2003). The MDA content of plant leaves treated with A. alternata was significantly increased compared to the control, but leaves of plant pretreated with S. lydicus M01 was lower (Figure 7A). A significant increase in the PPO activity was also found in plant treated with the plant pathogen, but a higher activity was produced with the pretreatment of S. lydicus M01 (Figure 7B). Similar trends were observed in the POD and SOD activity determination, the highest activity was found in the plant treated with S. lydicus M01 then the plant pathogen (Figures 7C,D). Notably, an increase of PPO activity was observed in plant treated with S. lydicus M01 without invasion of plant pathogen.
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FIGURE 7. Activities of defense-related enzyme and concentrations of malondialdehyde measured in leaves. (A) Malondialdehyde (MDA). (B) Polyphenol oxidase (PPO). (C) Peroxidase (POD). (D) Superoxide dismutase (SOD). Statistical analysis was conducted by one-way ANOVA followed by Duncan’s test (p < 0.05) using SPSS 25.0 software. Different letters on columns indicate significant difference (p < 0.05).




DISCUSSION

The green revolution of the past century has significantly improved crop yield by extensive use of mineral fertilizers and chemically synthesized pesticides. Despite immediate benefits, this strategy is reaching its limits in maintaining food security for a growing population (Bosch et al., 2014). Alternative strategies for plant growth promotion and protection against pests are associated with soil microbes for nutrition gains and disease suppression (Rey and Schornack, 2013). Among the various soil-borne bacteria and fungi associated with agriculture, species in the Streptomyces genus, which has been highlighted in medical drug discoveries, are major actors in soil suppression of diseases (Cordovez et al., 2015; Cha et al., 2016) owing to the numerous metabolites they produce which inhibit the development of microbial pathogens. Despite their popularity as biocontrol agents, understanding of Streptomyces’s function as biological fertilizers is limited, especially their influence in soil microbial community.

In the present study, S. lydicus M01 distributed in the rhizosphere soil of Callery pear (P. calleryana) was isolated and exhibited strong activity against leaf blight plant pathogen A. alternata. Phylogenetic analysis revealed that S. lydicus M01 was clustered in a different clade compared with the commercialized S. lydicus WYEC 108 (Yuan and Crawford, 1995) and other Streptomyces strains, which indicated potential differences. In addition, comparative genomic analyses showed that closely related Streptomyces strains have high diversity in the secondary metabolite gene clusters they contain (Hwang et al., 2014; Jia et al., 2017). In the pot experiments, the application of S. lydicus M01 had a positive effect on the growth of cucumber seedlings, compared to the CK treatment, the plant height, fresh weight, and root status were all increased to different degrees. This result is in agreement with our previous study when S. lydicus M01 promoted cucumber seedlings growth in hydroponic experiments (Supplementary Figure S3). These results, in combination with the production of IAA, ACC desaminase, and siderophores demonstrate that S. lydicus M01 has the capacity to stimulate plant growth. Then, the underlying mechanism was investigated in the aspect of changes in soil microbial community following the application of S. lydicus M01. To minimize error caused by microbe culture, all cell suspension used in the treatment were from the same batch and sterile nutrient broth of the same composition were used as control. Thus, their influence the microbial community should be minor.

Analysis of microbial community composition and structure revealed that a higher relative abundance of Pseudarthrobacter, Sphingomonas, Rhodanobacter, Pseudomonas, Bryobacter, and Streptomyces genera were identified in the S. lydicus M01 treated soil. Species from Pseudarthrobacter are capable of degrading high concentrations of environmental contaminants such as 4-chlorophenol and phenanthrene (Westerberg et al., 2000; Kim et al., 2008). As such, they were used in bioremediation. Sphingomonas are widely distributed in nature, having been isolated from plant root systems and other sources. Reports showed that Sphingomonas stimulates the growth plants through phytohormone production, nitrogen fixation and driving developmental plasticity in the roots (Yang et al., 2014; Luo et al., 2019). Additionally, Sphingomonas was also shown to alleviate salinity stress in plants (Khan et al., 2017). Rhodanobacter are known denitrifying bacteria that are used for bioremediation (Prakash et al., 2012), interestingly, several strains showed biological control activity toward root-rot plant pathogen (De Clercq et al., 2006). Pseudomonas is one of the most common and widely used biocontrol and PGPR strains due to their pathogen inhibition and systemic resistance inducing properties (Chin-A-Woeng et al., 2000; Haas and Défago, 2005). Bryobacter inhabit in peat, but the function is unknown (Kulichevskaya et al., 2010). The relative abundance of Streptomyces was also significantly increased 21 days after inoculation which may indicate an effective colonization of S. lydicus M01. Most of the bacteria from the genera listed above have characteristics associated with pathogen inhibition, plant auxin biosynthesis or bioremediation. However, the abundance of Bradyrhizobium and Pseudolabrys that both function in nitrogen fixation (Hennecke, 1990; Rangel et al., 2017; Wongdee et al., 2018) were significantly reduced. Furthermore, the abundance of Limnobacter species that have the ability to oxidize thiosulfate (Lu et al., 2011; Vedler et al., 2013) was also reduced. Overall, most of the bacterial communities significantly altered by S. lydicus M01 treatment had a positive effect on growth promotion, biological control, alleviation of abiotic stress, or bioremediation.

The use of S. lydicus M01 in the plant growth promotion of cucumber seedlings occurs not only through shifting the rhizospheric bacterial community but also through altering the composition of the fungal community. Previous studies showed that Fusicolla sp. is a putative plant-growth-promoting rhizobacteria that correlated positively with canola yield (Lay et al., 2018) and Humicola is a fungus with potential for biological control of plant diseases (Ko et al., 2011). In this study, abundance of the two species were significantly increased in the presence of S. lydicus M01. Furthermore, the fungal genera Solicoccozyma and Paraphaeosphaeria were also enriched in comparison with the control soil. Solicoccozyma are yeasts isolated from soil that function in biodegradation (Stosiek et al., 2019). Species in Paraphaeosphaeria were found to enhance plant temperature tolerance in Arabidopsis (McLellan et al., 2007), thus the enrichment of Paraphaeosphaeria may contribute to the alleviation of abiotic stress of cucumbers. Notably, Fusarium was identified in the all soil samples and its abundance was significantly reduced in the presence of S. lydicus M01. Since this fungus is widely distributed in soil and most species are harmless, plant pathogenic species were not considered in the present study. Some species of Ascobolus were found on rotting Brassica stems (Buczacki and Wilkinson, 1992) and Thelonectria was reported to produce glycosidase inhibitors (Miyauchi et al., 2016), both genera were decreased in the presence of S. lydicus M01. Plants are tightly associated with complex microbial communities, modification of the plant microbiome play an important role to reduce the occurrence of plant disease, increase agricultural production, and reduce chemical inputs. Thus, overall shift in soil microbial community by M01 or other microbes is important in agriculture, resulting in more sustainable agricultural practices.

Plant growth-promoting rhizobacteria affect plant growth in direct and indirect ways. The indirect promotion of plant growth occurs when PGPR decrease the deleterious effects of phytopathogenic organisms or ISR. Foliar disease caused by A. alternata develops on leaves and often spread through air. However, colonization of PGPR on the aerial parts of plants remains a technical bottleneck (Samac et al., 2003). Thus, in this study, the alleviation of foliar disease by S. lydicus M01 around the cucumber rhizosphere reflected indirect effects of PGPR on plant growth promotion and disease suppression. The ROS production is one of the earliest cellular responses following successful pathogen recognition and accumulation of ROS were consistently observed in the plant after the perception of pathogens (Torres et al., 2006). However, excessive production of ROS causes progressive oxidative damage and ultimately cell death (Das and Roychoudhury, 2014). The reduced staining intensity of ROS in cucumber leaves indicated that the S. lydicus M01 treatment reduced ROS accumulation. Further investigation revealed that antioxidants related with ROS scavenging were influenced by S. lydicus M01 treatment under biotic stress. MDA content is usually increased under stressed conditions such as pathogenic infection (Heber et al., 1996). In this study, pretreatment with S. lydicus M01 significantly reduced the MDA content, which reflects a lower level of membranous lipid peroxidation. This result agrees with previous report that the content of MDA in leaves treated with biological fertilizer was much lower than the control plants (Wu et al., 2008). Antioxidases such as SOD and POD are associated with eliminating ROS (Asada, 1992), whereas PPO may be induced to produce lignin and other phenolics to strengthen the cell walls (Avdiushko et al., 1993). In this study, the POD, SOD, and PPO enzyme activities were increased significantly when plants were pretreated with S. lydicus M01 before the invasion of plant pathogen, but the activities of these enzymes increased less in cucumber only treated with A. alternata. Similar results were also observed in previous report when antagonistic bacterium B. subtilis strain AR12 was used to induce defense enzymes toward Ralstonia solanacearum in tomato (Li et al., 2008). These results suggest that S. lydicus M01 enhanced disease resistance of cucumber, at least in part, by increasing activities of defense related enzymes. Further studies are required for investigation of ISR and related signaling pathways.



CONCLUSION

In conclusion, the application of S. lydicus M01 effectively promoted the plant growth and suppressed foliar disease caused by A. alternata in cucumbers. S. lydicus M01 may systemically affect plant-soil interactions by producing auxins, siderophores and ACC deaminase and increasing the abundance of certain plant beneficial microbes, such as bacteria genera Pseudarthrobacter, Sphingomonas, Rhodanobacter, and Pseudomonas and fungi genera Fusicolla and Humicola. Furthermore, S. lydicus M01 enhanced plant disease resistance through induced antioxidases activity, possibly together with other beneficial microbes influenced around rhizosphere. The beneficial plant microbiome interactions represent a promising sustainable solution to improve agricultural production instead of chemical fertilizers.
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Replanting disease caused by negative plant-soil feedback in continuous monoculture of Radix pseudostellariae is a critical factor restricting the development of this common and popular Chinese medicine, although wild R. pseudostellariae plants were shown to grow well without occurrence of disease in the same site for multiple years. Therefore, we aimed to identify the changes in microbial community composition in the rhizosphere soil of wild R. pseudostellariae thus providing a potential method for controlling soil-borne diseases. We analyzed differences in soil physicochemical properties, changes in soil microbial community structure, and root exudates of wild R. pseudostellariae under different biotopes. And then, simple sequence repeats amplification was used to isolate and collect significantly different formae speciales of Fusarium oxysporum. Finally, we analyzed the pathogenicity testing and influence of root exudates on the growth of F. oxysporum. We found that the different biotopes of R. pseudostellariae had significant effects on the soil microbial diversity. The soil fungal and bacterial abundances were significantly higher and the abundance of F. oxysporum was significantly lower under the rhizosphere environment of wild R. pseudostellariae than under consecutive monoculture. The relative abundances of most genera were Penicillium, Aspergillus, Fusarium, Nitrobacter, Nitrospira, Streptomyces, Actinoplanes, and Pseudomonas. Venn diagram and LEfSe analyses indicated numerously specific microbiome across all the samples, and the numbers of specific fungi were higher than the shared ones in the four biotopes. Eight types of phenolic acids were identified across all the rhizosphere soils. Mixed phenolic acids and most of the examined single phenolic acids had negative effects on the growth of isolated pathogenic F. oxysporum strains and promoted the growth of non-pathogenic strains. Similarly, correlation analysis suggested that most of the identified phenolic acids were positively associated with beneficial Pseudomonas, Nitrobacter, Nitrospira, Streptomyces, and Bacillus. This study suggested that wild R. pseudostellariae was able to resist or tolerate disease by increasing soil microbial diversity, and reducing the accumulation of soil-borne pathogens.

Keywords: soil sickness, plant–microbe interactions, rhizospheric dialog, consecutive monoculture, allelopathic


INTRODUCTION

In recent years, the increase in world population and global climate change have increased the intensity of food production in agricultural systems. Intensive agriculture has great contributions on the increase of food availability in the past decades (Muller et al., 2017). However, this widespread intensification and consecutive monoculture of farming practices, combined with conversion of natural ecosystems to agriculture, are causing a major decline in soil quality and biodiversity globally (Muller et al., 2017). As a result, this agricultural expansion faces more stringent problems of replanting disease or soil sickness. Replanting disease leads to the serious soil-borne diseases and a decline in crop yield, these plant species include cucumber (Zhou and Wu, 2012), watermelon (Zhao et al., 2010), peanut (Li et al., 2014), and various Chinese medicinal plants (Wu et al., 2015, 2017a; Wei et al., 2018). In particular, approximately 70% of medicinal plant species with tuberous roots develop severe replant disease with continuous monoculture regimens (Wu H. et al., 2016). In China, the annual economic losses of replanting disease could reach more than billions of US dollars per year.

Radix pseudostellariae, an important traditional Chinese medicinal plant, is mainly produced in Fujian and Guizhou Provinces in southeast and southwest China, respectively. In recent years, Zhenshen 2 and Shitai 1 R. pseudostellariae have become the primary varieties after years of screening and genetic breeding of wild R. pseudostellariae, and these have since been planted in the main production regions of Fujian and Guizhou Provinces. However, continuous monoculture of the cultivated varieties has facilitated in the development of replant disease, which significantly decreased the quality and biomass of underground tubers (Wu et al., 2017a). Interestingly, our years of observation have shown that the wild uncultivated R. pseudostellariae was mainly distributed under the natural forest cover with a lower growth rate and yield and higher disease resistance and without disease in the same sites for multiple years. Meanwhile, we have planted the cultivated varieties and wild R. pseudostellariae lines in the same field in Fujian province. We found the wildtype could grow well but produce less biomass compared to the cultivated varieties (Supplementary Figure S1). However, the underlying mechanism of the wild R. pseudostellariae lines in relation to resistance or tolerance of disease remains unclear, especially in the case of the medicinal plants.

Various studies have indicated that community structure and the exhibited functions of the soil microbiome determine soil quality and ecosystem sustainability (Schloter et al., 2003; Yang et al., 2017; Wu H. et al., 2019). Meanwhile, previous studies have shown the distinct difference in soil microbiome between disease conducive soils and disease suppressive soils (Gómez Expósito et al., 2017; Carrión et al., 2018). A growing body of evidence suggested that replant disease is a process by which plants alter the biotic and abiotic qualities of soil, disrupt the balance of soil microbial community structure, and cause pathogen accumulation in the rhizosphere of plants (Mangan et al., 2010; Zhou and Wu, 2012; Wei et al., 2018; Wu H. et al., 2019). In our previous studies, we found that consecutive monoculture of R. pseudostellariae greatly altered the structure of the rhizosphere microbial community with increasing population size of pathogenic Fusarium oxysporum, Talaromyces helicus and Kosakonia sacchari, but with a decrease in the abundance of potentially beneficial Penicillium, Pseudomonas spp., Burkholderia spp., and Bacillus pumilus diversity in the rhizosphere soil (Wu H. et al., 2016; Chen et al., 2017).

Studies have shown that the microbial communities in the rhizosphere soil are likely to be dependent on the type and composition of root exudates secreted by plants (Haichar et al., 2008; Chaparro et al., 2013). Likewise, our previous studies have indicated that the root exudates of R. pseudostellariae were able to favor specific pathogens at the expense of beneficial microorganisms and significantly increased the relative abundance of pathogenic F. oxysporum (Wu et al., 2017a; Wu H. et al., 2019). The F. oxysporum fungus, one of the top 10 fungal pathogens in molecular plant pathology (Kamoun et al., 2015), was shown to be a ubiquitous and primary soil-borne pathogen in the occurrence of R. pseudostellariae replant disease (Chen et al., 2017; Qin et al., 2017; Wu H. et al., 2019), causing vascular wilt in a wide range of 100 different host plants. However, the overall effect of wild R. pseudostellariae plants on the rhizosphere microenvironment via induction of shifts in root exudates as well as the specific soil microbial community composition remains unclear.

To address this uncertainty, we investigated the changes in microbial community composition and key root exudates of wild R. pseudostellariae plants under different biotopes; we also isolated F. oxysporum. We then assessed F. oxysporum pathogenicity and the influence of root exudates on the growth of F. oxysporum to explain how wild R. pseudostellariae influences the rhizosphere processes using microbiota and root exudates interactions, thereby alleviating or tolerating disease.



MATERIALS AND METHODS


Soil Sampling

Wild R. pseudostellariae is mainly distributed in natural forest on mountains, which are generally distributed on a large-scale in the Langya Mountain of Chuzhou City, Anhui Province, China (118°11′–20′ E, 32°14′–20′ N). The mean annual precipitation of the Langya Mountain is 1,050 mm, the mean annual temperature is 15.2°C, the frost-free period is 217 days, and the relative humidity is 75%. The vegetation is composed of subtropical evergreen deciduous forests and broad-leaf forests. The soil mainly consists of brown soil, yellow-brown soil, and limestone soil. Brown soil and limestone soil are widely distributed. We chose four elevation sites (110, 120, 154, and 178 m) along the similar slope gradients based on the main distribution community of wild R. pseudostellariae (Supplementary Figure S1D), and the samples sites were named chu2, chu4, chu3, and chu5 in August 2017. At each elevation position, three 50 × 50 cm plots were established to cover all the R. pseudostellariae. Rhizosphere soil samples were collected from five random locations within each plot and mixed together to form a composite sample. Rhizosphere soil samples of each elevation position were conducted in three replicates. In order to compare the rhizosphere microbial abundance between wild and cultured R. pseudostellariae, we also collected the rhizosphere soils of 1-year (FY) and the 2-year (SY) monoculture of R. pseudostellariae under field cultivation at Zherong, Fujian Province (119°89′ E, 27°25′ N), respectively. Rhizosphere soil adhering to the roots and rhizomes was brushed off and collected, and then the sampled soil of wild R. pseudostellariae was immediately sieved through a 2-mm nylon mesh to remove stones and plant residues. Next, one group of soil samples was stored at −80°C for DNA analysis, whereas another was kept at normal room temperature before air-drying for soil physicochemical property analysis.



Soil Physicochemical and Biological Characteristics

We determined the soil NO3–-N (LOQ: 100 μg/kg, soil nitrate nitrogen detection kit, Suzhou Comin), NH4+-N (LOQ: 800 μg/kg, soil ammonium nitrogen detection kit, Suzhou Comin), cellulase activity (LOQ: 1 mg/d/g, Soil cellulase kit, Suzhou Comin), chitinase activity (LOQ: 15 μg/d/g, Soil chitinase kit, Suzhou Comin), and sucrase activity (LOQ: 0.5 mg/d/g, Soil sucrase kit, Suzhou Comin) using the Soil Kit, following the manufacturer’s protocols. Three independent replicate assays were extracted and measured for each treatment.



Genomic DNA Extraction, PCR Amplification and Miseq Sequencing

Total DNA was extracted from 0.7 g subsamples of soil using a BioFast soil Genomic DNA Extraction kit (BioFlux, Hangzhou, China) based on the manufacturer’s protocol. The internal transcribed spacer (ITS1) and the variable regions 3 to 4 (V3–V4) were used to amplify the fungal-specific fragment and bacterial-specific fragment with the primers ITS1F/ITS2R (Supplementary Table S1) (Yao et al., 2017) and 341F/806R (Ikoyi et al., 2018), respectively. The PCR reactions were conducted using the Phusion High-Fidelity PCR Master Mix (New England Biolabs, Ipswich, United States) and the PCR products were purified using a Qiagen Gel Extraction Kit (Qiagen, Germany). The library was then sequenced on an Illumina HiSeq 2500 platform by Personal Biotechnology Co., Ltd. (Shanghai, China).

FLASH tool was used to merge paired-end reads (Magoc and Salzberg, 2011), then quality filtering and chimera removal was performed (Edgar et al., 2011; Bolger et al., 2014). The remaining sequences were used to perform OTU clustering and species annotation. The fungal and bacterial species annotation were determined via the Unite database (Koljalg et al., 2013) and Silva database (Quast et al., 2013), respectively. Alpha diversities were analyzed by Mothur version 1.31.2 (Schloss et al., 2009). The raw data have been deposited in the NCBI SRA database with the submission accession PRJNA622661.



Quantitative PCR Analysis of Soil Fungal and Bacterial Abundance

Quantitative PCR assay was performed on the CFX96 Real-Time system (Bio-RAD, United States) to determine the abundances of total fungi (ITS1F/ITS4) (Gao et al., 2008; Okubo and Sugiyama, 2009), total bacteria (Eub338/Eub518) (Kielak et al., 2008; Weedon et al., 2012) and Fusarium oxysporum (ITS1F/AFP308R) (Lievens et al., 2005), respectively. The PCR primers conditions were listed in Supplementary Table S1. The standard curves were created using serial 10-fold dilutions of plasmids containing the target genes of total fungi, total bacteria and F. oxysporum. Four independent assays were performed for each treatment.



Phenolic Acids Extraction and Determination

Soil phenolic acids were extracted as previously described (Wu H. et al., 2016). The Waters HPLC system equipped with a C18 column (Inertsil ODS-SP, 4.6 × 250 mm, 5 μm) was used to analyze phenolic acids. The mobile phase was a mixture of methanol and 2% acetic acid. Detection was performed at 280 nm and 30°C. Identification and quantification were confirmed by comparing retention times and areas with pure standards.



Isolation and Validation of F. oxysporum and Pathogenicity Testing

Potato dextrose agar (PDA) containing 0.1 mg/mL streptomycin sulfate was used to isolate F. oxysporum from the rhizosphere soil of wild R. pseudostellariae. Total genomic DNA was extracted from all pure-culture isolates of F. oxysporum using the CTAB method. Genomic DNA was amplified using ITS1F to ITS4 primers (Supplementary Table S1), then subjected to sequencing and species determination. Then, simple sequence repeats (SSR) amplification was used to investigate genetic diversity of formae speciales of F. oxysporum. SSR detection was performed using FolSSR-3 primers (Mahfooz et al., 2012). PCR assays were conducted in a 20-μL volume mix containing 10 μL of Taq PCR Master Mix (2×), 1 μL of each primer, and 20 ng of purified DNA extracts. The PCR conditions were as follows: 94°C for 3 min; followed by 35 cycles of 94°C for 45 s, 50°C for 45 s, 72°C for 45 s; and a final elongation at 72°C for 10 min. The PCR amplicons were resolved by electrophoresis on a 3% agarose gel to identify the informative SSR loci across all isolates.

Based on the results of SSR, we selected the discrepant formae speciales of F. oxysporum, and added mycelia of F. oxysporum to the tissue culture of wild R. pseudostellariae in the M519 medium (supplemented with agar at 8 g/L, sucrose at 30 g/L, 6-BA at 0.3 mg/L). Then, the tissue cultures were placed in a growth chamber (day length 16 h, day/night temperature 26°C/18°C) for 15 days to observe the growth status and disease symptoms of R. pseudostellariae.



Influence of Phenolic Acids on the Growth of F. oxysporum

The standardized phenolic acids used in this study to form a mixed solution (i.e., gallic acid:coumaric acid:protocatechuic acid:p-hydroxybenzoic acid:syringic acid:vanillin:ferulic acid:benzoic acid = 2.7:29.0:7.1:41.7:110.7:57.5:16.3:98.2) based on the soil measurements of phenolic acids in the wild R. pseudostellariae rhizosphere (chu2, chu4, chu3, and chu5). A series of concentration gradients of the mixed and single phenolic acids in the solution were set at 0, 10, 30, 60, 80, and 100 μmol/L. The culture medium contained 1/4 PDA and a series of concentration gradients of phenolic acids. Following preparation of the 1/4 PDA-phenolic acids plates, the fungal mycelia had been removed from actively growing colony margins and were inoculated in the center of each plate, then placed in an incubator at 30°C constant temperature for 7 days, with the final mycelium diameter recorded being taken at the end of the experiment. Each treatment was performed independently three times.



Statistical Analysis

The R software package1 (version 3.6.1) was used to perform all of the statistical analyses, unless otherwise indicated. Faith’s phylogenetic metrics were used to calculate the alpha diversities of bacterial and fungal communities at the OTU level. Principal component analysis (PCA) and pair-group method with arithmetic mean (UPGMA) were used to analyze fungal and bacterial communities. The data were visualized using Circos2 (Version 0.69). To ensure the accuracy and reduce the complexity of calculation, genera with low abundances were eliminated when they constituted <0.005% of the average relative abundance across all of the samples. The co-occurrence networks were then generated using “igraph” packages (Csardi and Nepusz, 2006) and visualized by the “Gephi” interactive platform3 (Ver 0.9.2). Keystone species (nodes), which are defined as those that hold communicating nodes together, were identified by betweenness centrality values (Vick-Majors et al., 2014) and co-occurrence networks visualization analysis was performed using the Gephi platform. The correlations between microbial taxa and soil physicochemical characteristics were then evaluated using Spearman’s rank correlation test.



RESULTS


Soil Physicochemical and Biological Characteristics

After assessing the rhizosphere soil variation of wild R. pseudostellariae at different elevations, we determined that different biotopes of R. pseudostellariae had statistically significant (p < 0.05) effects on the soil physicochemical characteristics (Table 1). The growth status and population quantity of R. pseudostellariae were showed in Supplementary Figure S2. The pH of chu5 and chu4 were 6.73 and 7.31, respectively, which are placed in the middle of all the samples. The NO3–-N and NH4+-N contents were the highest in the chu5, followed by those in the chu3. Chitinase content made up the majority in chu4 and chu5, while cellulose content had the highest value in chu3. Sucrase was significantly different (p < 0.05) among all four samples and could be arranged in decreasing order as chu4 > chu2 > chu3 > chu5.


TABLE 1. Soil chemical properties in the rhizosphere of R. pseudostellariae.
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Soil Fungal and Bacterial Abundance

The qRT-PCR analysis showed the abundances of soil fungi and bacteria were significantly (p < 0.05) higher under the wild R. pseudostellariae system than under consecutive monoculture (Figure 1). The abundances of F. oxysporum showed the opposite trend. In addition, chu3 and chu2 displayed a significantly higher fungal abundance across all the samples. These bacterial abundances were ranked in the following order: chu2, chu5, chu3, and chu4.
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FIGURE 1. The abundances and alpha diversity indices of the microbial communities under different sampling sites. (A–C) represent the qRT-PCR results of fungal, bacterial and F. oxysporum abundance, respectively. (D) and (E) represent the high-throughput sequencing results of microbial community. FY and SY represent the 1- and 2-year monoculture of R. pseudostellariae under field cultivation, respectively. The different letters in each column represent significant differences (LSD-test, p < 0.05, n = 3).


The sequencing of ITS1 and V3–V4 amplicons yielded a total of 393,257 and 418,625 effective tags, respectively. Moreover, the sequences of all samples were clustered to 7,642 fungal OTUs and 24,235 bacterial OTUs with a 97% identity threshold, with the number of OTUs per sample varying within the ranges of 599–673 and 1,777–2,241, respectively (Supplementary Figure S3). The alpha diversity indices of fungi and bacteria were represented by the Shannon, Chao1, and ACE indices (Figure 1). The results showed the fungal Shannon, Chao 1, and ACE indices of chu3 were significantly higher (p < 0.05) than the others. chu5 and chu4 displayed similar fungal Chao1 and ACE indices. Among the bacterial communities, the Chao1 and ACE indices of chu5 and chu2 were slightly but insignificantly (p > 0.05) higher than other samples. However, the bacterial Shannon of chu2 was the highest among all samples. In sum, different biotopes of R. pseudostellariae had significant effects on soil microbial alpha diversity.



Beta Diversity of the Soil Microbial Community

The PC1 and PC2 components explained 61.04 and 34.97% of the total fungal community variations, respectively (Figure 2). The fungal communities of chu5 and chu3 soils belonged to the same group. However, the chu2 and chu4 soils were located in the two groups, respectively, which were distinct from the other samples. Regarding analysis of the bacterial communities, the PC1 and PC2 components of PCA explained 82.98 and 10.76% of the total bacterial community variations, respectively. The result showed bacterial communities of chu5 and chu3 formed a group, the chu2 and chu4 were occupied by the two other groups.
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FIGURE 2. Beta diversity of the soil microbial community under different sampling sites. (A,D) Display Principal component analysis (PCA) of fungi and bacteria, respectively. (B,E) Display pair-group method with arithmetic mean (UPGMA) of fungi and bacteria, respectively. (C,F) Display hierarchically clustered heat map of the top 50 most abundant fungal and bacterial genera, respectively.




Shifts in Soil Microbial Community Structure

The fungal and bacterial taxon numbers at the phylum level were similar in different biotopes, and higher bacterial and lower fungal taxon numbers were observed in chu5 at the genus level (Supplementary Table S2). The predominant phyla of fungal community were Ascomycota, Basidiomycota, and Zygomycota, which accounted for more than 85% of the sequences, and Basidiomycota (71.69%) was the most abundant phylum in chu4. There were 29 bacterial phyla among the all samples (Supplementary Figure S4). Among the fungal orders, Hypocreales and Eurotiales showed the highest abundance in site chu3 compared to other samples. In the chu5 sample, the Helotiales made up the majority, followed by Sordariales, Xylariales, Hypocreales, and other orders (Supplementary Figure S5). Interestingly, there were less differences at the predominant bacterial order level among samples (Supplementary Figure S6). The hierarchical clustering heat map analysis showed that the relative abundances of significantly modified genera could be classified into three groups (Figure 2).

The relative abundances of most genera were Penicillium, Aspergillus, Fusarium, Nitrobacter, Nitrospira, Streptomyces, Actinoplanes, and Pseudomonas. The Penicillium and Fusarium showed the similarly relative abundances across all the samples (except chu4), and the Aspergillus was the highest in the chu3. The results also showed the contents of Nitrobacter, Nitrospira, and Actinoplanes were very similar between sites chu5 and chu2. Interestingly, the Streptomyces and Pseudomonas showed higher relative abundance in chu5 and chu2. The Pseudomonas accounted for 0.135 and 0.125% of the overall community dissimilarity in chu5 and chu2, respectively (Supplementary Table S3).



Venn Diagram Analysis

Venn diagram analysis was conducted to detect exclusive and shared OTUs across all samples. The abundance of these 231 fungal OTUs shared in the all samples included Ascomycota (77.06%), Basidiomycota (11.26%), Zygomycota (3.46%), Cercozoa (0.87%), and Ciliophora (0.43%), respectively. The results showed that the number of fungal OTUs exclusively found in chu2, chu4, chu3, and chu5 were 341, 383, 404, and 279, respectively, and represented eight phyla (Figure 3). In addition, these genera could mainly be assigned to Bullera, Basidiobolus, Tomentella, and Penicillium (Supplementary Table S4). Furthermore, the results showed that the number of bacterial OTUs found in the all samples were up to 998 and represented 15 phyla that were mainly assigned to the Proteobacteria, Acidobacteria, and Actinobacteria (Figure 3). The number of bacterial OTUs exclusively found in chu2, chu4, chu3, and chu5 were 934, 1151, 691, and 659, respectively. Meanwhile, the shared and exclusive OTUs were mainly assigned to the genera Haliangium, RB41, Roseiflexus, Acidothermus, and Gemmatimonas (Supplementary Table S5).
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FIGURE 3. Venn diagram of exclusive and shared microorganism species-level taxa. (A–E): fungal species; (F–J): bacterial species.




LEfSe and Co-occurrence Network Analysis

LEfSe analysis was used to identify significantly different biomarkers (p < 0.05, LDA > 2.0) across all samples (Figure 4). The results showed numerous specific microbiomes across different elevation sites. The fungi with the greatest differences in numbers could be arranged in decreasing order as chu2 > chu4 > chu5 > chu3 and were affiliated with five phyla, which mainly belonged to the phyla Ascomycota and Basidiomycota, class Saccharomycetes and Agaricomycetes. The number of different bacterial biomarkers were affiliated with 15 phyla, which mainly comprised members of order Rhizobiales, Burkholderiales, Micrococcales, Xanthomonadales, Myxococcales, Streptosporangiales, and Pseudomonadales.
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FIGURE 4. LEfSe results showing the phylogenetic structure of the microbiota from different samples. (A) Fungal communities. (B) Bacterial communities. There are five circular rings in the cladogram; each circular ring deposit all taxa within a taxonomic level; the circular ring from inside to outside represent phylum, class, order, family and genus, respectively. The node on the circular ring represents a taxon that is affiliated within the taxonomic level. The node size corresponds to the average relative abundance of the taxon. Taxa that had significantly higher relative abundance in a certain treatment within each soil type were color-coded within the cladogram.


To compare the complexity of microbiome associations across all samples, four networks were constructed by combining all microbiomes originating from the four soil samples (Figure 5). The fungal network consisted of 101 nodes (genera) and 890 edges. These nodes were assigned to six fungal phyla and mainly affiliated to the Ascomycota, Basidiomycota, and Zygomycota (Figure 5A). When the distribution of nodes was modularized, all nodes were grouped into four major modules (Figure 5C). The nodes from modules I, II, and III mostly belonged to Ascomycota and Basidiomycota, with high abundances of the Scleropezicula, Archaeorhizomyces, Bullera, Epidermophyton, Mycoarthris, Russula genera (Figure 5E and Supplementary Figure S7). Based on the co-occurrence analysis for bacterial OTUs, 2,239 edges were captured from 161 nodes for the total soil samples. These nodes were assigned to 12 bacterial phyla (Figure 5B). Notably, as shown in Figure 5D, the entire bacterial network could be parsed into five major modules. Modules I and II accounted for 56.25 and 32.92%, respectively. The nodes from modules I and III mostly belonged to Actinobacteria, Proteobacteria, Acidobacteria, and Chloroflexi, respectively; nodes from module II were mostly Acidobacteria, Proteobacteria, Actinobacteria, Latescibacteria, and Planctomycetes (Figure 5F). The major module I and II included a high abundance of Bryobacter, Candidatus, Gemmatimonas, Haliangium, Nitrobacter, and Variibacter (Supplementary Figure S8). Meanwhile, the positive correlations of fungi and bacteria occupied 65.17 and 53.42%, respectively. Moreover, the respective average path length (APL) and clustering coefficient (CC) index of 2.335 and 0.601 in fungal networks, and 2.352 and 0.596 in bacterial networks strongly indicated that these observed networks have “small world” properties (Supplementary Table S6). The modularity (MD) indices of 1.354 and 6.135 (>0.4) in fungal and bacterial networks revealed that these networks have modular structures.
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FIGURE 5. Network of co-occurring fungal and bacterial genera based on correlation analysis. (A,B) Represent the co-occurrence networks of fungi and bacteria, respectively. (C,D) Represent the co-occurrence networks of fungal and bacterial modularity class, respectively. (E,F) Represent phylum-level composition of the dominant modules in fungi and bacteria, respectively.




Component Identification of Phenolic Acids in Rhizosphere Soil

HPLC results showed eight types of phenolic acids were identified across all the soils, which included gallic acid, coumaric acid, protocatechuic acid, p-hydroxybenzoic acid, syringic acid, vanillin, ferulic acid, and benzoic acid (Figure 6A). The results showed that the predominant components were syringic acid, vanillin, benzoic acid, coumaric acid, and ferulic acid across all samples. The phenolic acids levels in the rhizosphere soil varied among biotopes.
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FIGURE 6. Changes in the levels of phenolic compounds in the rhizosphere soil (A) and the correlation analysis demonstrated the relationships between soil environmental factors and microbial communities (B). Columns with different letters are statistically different (LSD test, p < 0.05, n = 3). **p < 0.01, *p < 0.05.




Correlation Analysis

The associations between microbial community structure and environment from different sites are shown in Supplementary Table S7 and Supplementary Figure S9. Among the variables, pH, and concentrations of chitinase and cellulose made the strongest contribution to the observed differences among the fungal and bacterial communities in all samples. In addition, NO3–-N and sucrose significantly affected the bacterial communities. RDA analyses demonstrated that soil NO3–-N and NH4+-N were positively correlated with a higher relative abundance of Ascomycota, Proteobacteria, Tectomicrobia, and Bacteroidetes, and negatively correlated with the lower abundance of Basidiomycota, Actinobacteria, and Verrucomicrobia. Strong associations were found between soil pH and the abundance of Glomeromycota, Proteobacteria, Armatimonadetes, and Actinobacteria.

Correlation analysis suggested that significant correlations based on the Spearman correlation coefficient were found between soil environmental factors and microbial taxa across all treatments (Figure 6B). The most frequently occurring phenolic acids were negatively correlated to potentially beneficial Penicillium and Trichoderma and positively associated with Fusarium, Pseudomonas, Nitrobacter, Nitrospira, Streptomyces, and Bacillus. Furthermore, soil pH was positively correlated with potentially beneficial Penicillium and Trichoderma, Pseudomonas, Bacillus, and Rhizobacter, and negatively correlated with pathogenic Aspergillus, Fusarium, and Talaromyces. The NO3–-N and NH4+-N contents were negatively correlated with Penicillium, Nitrobacter, Trichoderma, Streptomyces, and Bacillus, positively associated with Fusarium, Talaromyces, and Aspergillus.



Validation of F. oxysporum Pathogenicity

The SSR markers were used to investigate genetic diversity among different-origin F. oxysporum (Supplementary Figure S10). The results showed that the cultivars and genetic resources of isolates collected from the wild were significantly different. In addition, there were obviously distinct distributions and number of bands among the five F. oxysporum strains. Since we inoculated the F. oxysporum strains (FOM4, FOM5, and FOP8) on the medium about 2–3 cm away from the roots of the tissue culture plantlets, different F. oxysporum strains initiated contact with roots about 3 days later, the leaves started to flatten and turn yellow after about 12 days, the basal part of the stems was covered with F. oxysporum, and the plants died 16 days later. The F. oxysporum strains (FOM4, FOM5, and FOP8) were highly pathogenic to the tissue culture plantlets of R. pseudostellariae (Figure 7). However, F. oxysporum strains (FOM1 and FOP7) were not pathogenic to the tissue culture plantlets.
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FIGURE 7. Validation of F. oxysporum pathogenicity (A–D) and the effects of phenolic compound mixture on the growth of five Fusarium oxysporum strains (E). The yellow numbers represent the concentration of phenolic acids mixture (μmol/L). Columns with different letters are statistically different (LSD test, p < 0.05, n = 3).




The Influence of Phenolic Acids on the Growth of F. oxysporum

We tested the influence of mixed and single phenolic acids on the physiological characteristics of five F. oxysporum strains (Figure 7E and Supplementary Figures S11–S18). The results showed that the mixture of phenolic acids significantly promoted the mycelial growth of non-pathogenic FOP7 when applied at a concentration from 10 to 60 μmol/L, and the positive effect decreased at high concentrations. A slight but insignificant promotions of pathogenic F. oxysporum strains (FOM4, FOM5, and FOP8) were observed at high concentrations, but these imparted inhibitory effects at low concentrations. Concurrently, it was found that each individual phenolic acid had different effects on the growth of the five F. oxysporum strains, with the predominant syringic acid significantly promoting the growth of the non-pathogenic FOM1 and FOP7. However, ferulic acid inhibited the growth of non-pathogenic F. oxysporum and had positive effects on some pathogenic strains (FOM4, FOM5, and FOP8). Syringic acid and benzoic acid promoted FOM5, and inhibited FOM4 and FOP8. Coumaric acid significantly exhibited a stimulatory effect on FOM5 and FOP8. Vanillin displayed positive effects on FOM1 and FOM4, but inhibited FOM5, FOP7, and FOP8 at a certain concentration. The rare p-hydroxybenzoic acid imparted significant inhibitory effects on pathogenic strains (FOM4 and FOP8). The rare protocatechuic acid and gallic acid inhibited FOP7 and FOP8, respectively.



DISCUSSION


Enhanced Soil Microbial Biodiversity and Specific Microbiome Changes

In recent years, the land-use intensity has constantly increased at a global scale, resulting in the degradation of 25% of soils worldwide and threatening soil biodiversity (Stavi and Lal, 2015; Tsiafouli et al., 2015). This intensive agriculture system is characterized by high resource inputs and high losses, and thus has a depleted soil life (Bender et al., 2016). Generally, intensive agricultural practices are considered to lead to simpler soil food webs comprising of fewer functional groups and smaller-bodied organisms (Tsiafouli et al., 2015; Bender et al., 2016). Our previous results indicated that intraspecific intercropping of R. pseudostellariae increases fungal and bacterial community diversity, further reducing disease in the consecutive monoculture regimes (unpublished data). In this study, we found the fungal and bacterial abundances of wild R. pseudostellariae were significantly higher than the cultivated varieties in agricultural fields. This might be due to the fact that wild R. pseudostellariae is distributed in the natural ecosystems. Our data agrees with previous findings, which indicated natural ecosystems usually have a higher (sometimes much higher) level of soil biodiversity compared to agricultural land-use systems (Tuck et al., 2014; Tsiafouli et al., 2015). Meanwhile, Trap et al. (2016) found that the increase in bacterivorous microfauna contributed to enhanced plant nutrition. This indicated that these complicated plant–microbe interactions improved soil nutrient cycling.

We also found a number of specific microbiomes across different elevation levels, and the number of specific microbes was similar or higher than the shared ones in the four biotopes. Enhanced soil-specific microbiome changes can complement each other to increase overall ecosystem stability and sustainability (Bender et al., 2016). Furthermore, chitinase, cellulose, and pH were significantly correlated with soil fungal and bacterial community structure. Previous studies have shown that cellulase and chitinase were involved in the antagonistic activity of some biological control agents against soil-borne plant pathogens (Inbar and Chet, 1991; Budi et al., 2000; Qiuhong et al., 2006; Prasad et al., 2013). The findings of our study suggest that the wild R. pseudostellariae system increased both soil cellulose and chitinase levels compared to the cultivated varieties (Wu H. et al., 2019). The complex activity of soil enzymes may be involved in shaping and regulating microbial communities. Therefore, the rhizosphere of wild R. pseudostellariae has a high rate of internal regulatory processes, a rich soil life, and is characterized by low resource inputs and outputs.



Wild R. pseudostellariae Preferentially Associated With the Rhizosphere Microbiome

In modern agriculture, cultural crops have been selected to maximize yield and confer additional benefits, particularly bringing in traits such as crop resistance to drought, pathogens, etc. (Mijatoviæ et al., 2013). In the selection process, less attention has been given to plant microbiomes, which have been shown to contribute to altered plant traits or disease suppression (Mendes et al., 2011; Bender et al., 2016), this is especially important because several modern plant cultivars have partially lost their ability to associate with beneficial soil biota (Sawers et al., 2008).

Among the communities of fungi and bacteria studied here, the predominant phyla included Ascomycota, Basidiomycota, Zygomycota, Proteobacteria, Acidobacteria, and Actinobacteria, and this relationship has been found in rhizosphere soils of different cultivation regions (Wu et al., 2016a; Wu H. et al., 2019; Wu L. et al., 2019). Network analysis also showed that most of the nodes belonged to these six phyla. These co-occurrence networks were explored to offer insights into microbial interactions. The associations in microbial networks may represent a niche or ecological interactions that are shared among microorganisms (Berry and Widder, 2014; Zhang et al., 2018). Our results showed the positive correlations of these microorganisms were significantly more frequent than the negative correlations. The positive correlations among microorganisms may be due to their ecological commensalism or mutualism (Berry and Widder, 2014). Moreover, the similar CC and path length were observed between the fungi and bacteria. The small path lengths are considered small-world networks and have been linked to the quick responses of an ecosystem to perturbations (Watts and Strogatz, 1998; Zhou et al., 2010; Zhang et al., 2018). Therefore, the fungi and bacteria of wild R. pseudostellariae rhizosphere microbial community may be equally sensitive to environmental changes.

The co-occurrence networks of microbial modules are densely linked network regions (Bissett et al., 2013). Similar to co-occurrence networks in other systems, the networks constructed here for the rhizosphere microbial communities of wild R. pseudostellariae exhibited modular characteristics. The MD values were higher in the bacterial networks than in the fungal networks. Several studies have interpreted modules as niches (Eiler et al., 2012; Wu et al., 2016b), and the higher MD values may therefore be linked to stronger niche differentiation in the rhizosphere bacteria than in the fungi. The modules in microbial networks were predominated by fungal (i.e., Ascomycota and Basidiomycota) or bacterial (i.e., Actinobacteria, Proteobacteria, and Acidobacteria) taxa. This is concordant with the result that the majority of the network links were derived from these microorganisms with other phyla. In modules of the network, Gemmatimonas can modulate C and N intakes, be involved in soil nutrient transformations, and contribute promoting plant growth and suppressing plant diseases (Carbonetto et al., 2014; Li et al., 2017). Beneficial Nitrobacter has been reported to contain genes encoding nitrite-oxidizing enzymes and provide increased N availability to plants (Shen et al., 2019). Overall, the microbial networks were comprised of highly connected fungi and bacteria and formed a “small world” topology in the rhizosphere of wild R. pseudostellariae. Furthermore, these strong ecological linkages manifesting as a cluster of commensalism or mutualism correlations, indicated that they may play critical roles in maintaining the structure and function of ecological communities. Hence, the complicated plant–microbiome interactions enriched in soil food webs, directly and indirectly affect the functions of the remaining soil biota.



Wild R. pseudostellariae Supports Beneficial Microbes but Suppresses Host-Specific Pathogen Accumulation

Numerous studies have shown that the occurrence of replant disease, which is mediated by individual plant performance parameters, increases under conditions of abundant pathogen presence. Similarly, the relative abundance of pathogenic Fusarium significantly increased and beneficial Pseudomonas significantly decreased under consecutive monoculture of many crops such as R. pseudostellariae, Panax notoginseng, Rehmannia glutinosa, and Panax quinquefolius, these changes were considered to be the key factors limiting plant production under consecutive monoculture regimes (Jiao et al., 2015; Wu et al., 2015; Chen et al., 2017; Wei et al., 2018).

Root exudates initiate and modulate dialog between roots and soil microbiome, which has the propensity to shape the rhizosphere microbiome directly or indirectly and also influences the growth of plants (Li et al., 2014; Venturelli et al., 2015; Wu et al., 2017b). Extensive evidence suggests that the imbalanced microbial populations mediated by secreted phenolic acids are involved in allelopathy and cause replanting disease (Bais et al., 2006; Kulmatiski et al., 2008; Wu et al., 2015; Wu H. et al., 2016; Liu et al., 2017). We previously identified nine types of phenolic acids in the rhizosphere of cultivated varieties and in culture medium under sterile conditions (Wu H. et al., 2016), but eight types and lower phenolic acids content were detected in wild R. pseudostellariae. Previous results have also shown that phenolic acids with similar contents detected in soil significantly promoted the growth of soil-borne pathogenic F. oxysporum and inhibited the growth of beneficial Pseudomonas and Bacillus pumilus in the rhizosphere of R. pseudostellariae (Wu H. et al., 2016; Chen et al., 2017). Similar results were also observed in replanting disease in Rehmannia glutinosa, peanuts, and cucumber (Zhou and Wu, 2011; Li et al., 2014; Wu et al., 2015). However, the results of the present study showed that a mixture and also most of the single phenolic acids by themselves had negative effects on the growth of pathogenic F. oxysporum strains and promoted the growth of non-pathogenic strains. Meanwhile, we also found the abundance of F. oxysporum in the rhizosphere of wild R. pseudostellariae was far below the cultivated varieties in 2-year monocultured fields. Interestingly, correlation analysis suggested that the most often identified phenolic acids were positively associated with beneficial Pseudomonas, Nitrobacter, Nitrospira, Streptomyces, and Bacillus. This might be due to the lower types and concentrations of phenolic acids in rhizosphere soil of wild R. pseudostellariae. Previous studies have shown that the volatiles of the bacterial community had strong negative effects on the assembly of soil fungal colonizers (Li et al., 2020), and competitive interactions within soil beneficial bacterial communities could trigger the production of mVOCs (volatile organic compounds) that suppressed plant pathogenic fungi (De Boer et al., 2019). Our study implied that complex plant–microbe interactions may have suppressed host-specific pathogen accumulation in the rhizosphere of wild R. pseudostellariae.

Plant disease system are composed of pathogens and plant interactions in a specific environment, and the interactions of plants, pathogens, and environmental factors determine the occurrence and prevalence of diseases. In nature, the co-evolution between plants and pathogens was shown to result in multiple resistance of plants and pathogenic germination of physiological strains, which contribute to increase the genetic diversity of the host and pathogen population (Zhu, 2013). However, the pathogenic variations among pathogens involve targeted selection, which lead to the establishment of predominant pathogens with strong pathogenicity as the number of monoculture years increased, ultimately resulting in the occurrence of diseases in the continuous monoculture regimens (Zhu, 2013). For example, the disease variation rate of Pyricularia grisea is much faster than can be countered in resistant rice breeding (Zhu, 2013). A previous experiment corroborated the evolutionary hypothesis that increasing host diversity imposes disruptive selection on pathogen populations, suggesting that pathogen genotypes that are selectively favored by one host genotype may have lower fitness on other host genotypes in the mixture (Lambers et al., 2009; Marshall et al., 2009). Previous studies have also indicated that higher plants and microbial diversity contributed to reduce evolution in the associated Phytophthora infestans pathogen, leading to more stable pathogen population structure and weaker host selection in host–pathogen interactions, thus further reducing plant diseases (Yang et al., 2019). The existence of a large number of non-pathogenic physiological strains and their mutual recognition among hosts will inevitably affect the interaction between pathogenic strains and hosts, thus minimizing the occurrence of diseases (Zhu, 2013). Therefore, the presence of higher microbial biodiversity and less root exudates directionally selected, the less-pathogenic or non-pathogenic F. oxysporum strains in the rhizosphere of wild R. pseudostellariae, thus impeding the ability of the pathogenic fungus to evolve rapidly towards higher aggressiveness, which in turn impelled less malgenic symptoms in R. pseudostellariae.



CONCLUSION

In summary, we provide evidence that wild R. pseudostellariae resists or tolerates disease by increasing soil microbial diversity and reducing the accumulation of soil-borne pathogens (Figure 8). Complex plant–microbe interactions promote the growth of beneficial microorganism and impede the coevolution of pathogenic F. oxysporum with the plant. Hence, the biodiversity or natural forest cropping systems may help in improving the performance and prevent replanting disease in R. pseudostellariae. Selection for plant microbiomes can also contribute to disease suppression.
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FIGURE 8. Schematic representation of rhizosphere responses to environmental conditions in the wild R. pseudostellariae rhizosphere under the natural forest. Red “+” represent a positive effect; green “–” represent a negative effect.
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Colaphellus bowringi Baly mainly damages cruciferous vegetables, leading to huge economic losses. The secretory insecticidal protein (Sip) of Bacillus thuringiensis (Bt) has high insecticidal activity against C. bowringi Baly. The tertiary structure of Sip1Aa protein was analyzed by homologous modeling and other bioinformatics methods to predict the conserved domain of Sip1Aa protein. Acidic and basic amino acids in the conserved domain were selected, and alanine was used to replace these amino acids by site-directed mutation. The difference between the insecticidal activities of mutant protein and Sip1Aa protein was analyzed. The insecticidal activities of H99A, K109A, K128A, and E130A against C. bowringi Baly were significantly increased, among which that of K128A was the most obviously changed, and the LC50 value was decreased by about 10 times compared with that of Sip1Aa protein. The LC50 value of mutant E130A was 0.286 μg/mL, which was about six times less than that of Sip1Aa. K128 and E130 were both in the β9–β10 loop. The toxicity of D290A, H242A, and H303A to C. bowringi Baly was significantly reduced, and their LC50 value increased by about six, eight, and three times compared with that of Sip1Aa protein, respectively. This study showed that acidic and basic amino acid residues played a certain role in the toxicity of Sip1Aa protein, and the loss of side chains in key residues had a significant impact on the insecticidal activity of the protein. This study provides the theoretical basis for revealing the relationship between the structure and function of Sip1Aa protein and also provides a new method for the subsequent study of sip gene.

Keywords: Bacillus thuringiensis, Sip1Aa, site-directed mutation, structure analysis, Colaphellus bowringi Baly


INTRODUCTION

Bacillus thuringiensis (Bt) is a gram-positive Bacterium that has been widely used in the control of agricultural and forestry pests such as Lepidoptera, Diptera, and Coleoptera due to its high specificity to target pests and non-target biosecurity (Schnepf et al., 1998). It is the most successful biological insecticide for major agricultural pests at present (Xu et al., 2018). Insecticidal protein are mainly Insecticidal crystal proteins (Cry) (Donovan et al., 2001, 2006; Milne et al., 2008), Vegetative insecticidal proteins (Vips) (Estruch et al., 1996), and Secreted insecticidal proteins (Sip) (Donovan et al., 2006). Among them, Cry and Vip have been studied deeply, and many kinds have been discovered, but little is known about Sip.

Currently, there are several research reports on Sip. Donovan studied the insecticidal activity of Bt strains on Coleoptera and found that the culture supernatant of some strains has insecticidal activity on the larvae of Colorado potato beetle (CPB) at the lethal dose 50 (LD50) of 0.12 (0.09∼0.15) μg/mL. The researchers further cloned the new gene, which contains 1104 bases and encodes 367 amino acids. The gene was named Sip1A (Donovan et al., 2006). The similarity between Sip1A and the mosquitocidal protein Mtx3 is 46% (Promdonkoy et al., 2003). In 2012, the sip gene containing 1038 bp and encoding 345 amino acid sequences was cloned and identified from another Bt strain QZL26 in our laboratory, but the insecticidal activity was not reported (Liu et al., 2012). Murawska et al. (2013) applied genome sequencing technology and showed that strain IS5056 contained the sip gene, but no further study was conducted. In addition, our laboratory cloned a sip gene that contains 1188 bp and encodes 395 amino acid sequences from Bt strain DQ89 in 2015, which showed high toxicity to Colaphellus bowringi Baly, with LC50 of 1.542 mug/mL (Jinbo et al., 2015).

In addition, Sha Junxue cloned a novel sip gene that contains 1095 bp and encodes 364 amino acids from Bt strain QZL38, which was 95% similar to the nucleic acid sequences of the known sip1A gene, and named it as sip1Ab. Then, she constructed a truncated mutant, amplified and expressed the sip1Ab coding sequence that contained 1005 bp after the first 90 bp signal peptide was removed, and encoded 334 amino acids, and she renamed it as Sip1Aa, whose size was 37.6 kDa. The assay results of the insecticidal activity showed that the Lethal Concentration 50 (LC50) of the C. bowringi Baly was 1.051 μg/mL (Sha et al., 2018).

Site-directed mutagenesis is widely used in the study of the function of a particular amino acid residue in a protein. Alanine substitution is widely used to analyze the biological functions of amino acid residues in protein molecules. Since the side chain of alanine is relatively small, many residues can be substituted by alanine without affecting the overall structure of the protein molecule (Cunningham and Wells, 1989; Howlader et al., 2010). Hu et al. (2018) predicted that the amino acid residues of Cry1Ac (Met341, Asn442, and Ser486) and CR7–CR11 (Asp32, Arg101, and Arg127) were hotspot residues involved in the interaction of toxin receptor complexes through computer-assisted alanine scanning mutations. Ward et al. (1988) mutated acidic and basic amino acids into alanine to explore its role in polar phospholipid group interaction. Chi et al. (2018) and Luo et al. (2018) applied site-directed mutagenesis in the study of key sites of the insecticidal activity of Vip3Aa11 protein. Yang et al. (2014) applied site-directed mutagenesis in the study of improving the activity and stability of the enzyme. Ming et al. (2017) applied site-directed mutagenesis in the study of the insecticidal mechanism of Vip3Aa protein. Wang et al. (2012) predicted the tertiary structure model of Cry5Ba by homologous modeling and studied the structural and functional importance of asparagine residues in the block 3 sequence of the Cry5Ba subfamily by alanine scanning mutation. In the study of the insecticidal mechanism of Cry protein, it was found that proteolytic activation may be an important limitation for Cry toxin. After proteolytic cleavage, it was relatively easier to access the epithelial cells of the core toxin than that of protoxin. The specific association between the hydrolyzed toxin and the brush border membrane vesicle (BBMV) is stronger than that between the original toxin and BBMV (Deist et al., 2014). CRY toxin breaks down the midgut cells of larvae after forming small pores (Pacheco et al., 2018; Xu et al., 2018). In the study of the insecticidal mechanism of Vip protein, it was found that Vip3Aa protein was activated by midgut proteases, which passed through the peritrophic membrane and were bound to the specific proteins in the midgut cells of the apical membrane, leading to the formation of pores and ultimately the death of insects (Ming et al., 2017). However, information about the insecticidal mechanism of Sip protein has not been reported so far.

In the past studies of Sip, the structural information was often overlooked. Although the structural information of Sip protein is still unknown, the structural analysis of the Sip protein can be theoretically accomplished by homology modeling. In this study, the bioinformatics research method was used to predict the tertiary structure of Sip1Aa and to guide the site-directed mutagenesis test. The conserved domain of Sip1Aa protein was predicted, and the alanine scanning mutations were performed on the acidic and basic amino acid residues in the conserved domain. 18 mutant proteins H99A, K109A, K128A, E130A, D134A, D136A, D141A, K145A, K193A, H242A, H259A, D290A, R292A, D299A, H303A, H318A, and D328A were successfully constructed. We selected C. bowringi Baly, an insect of Coleoptera, that is widely distributed in the northeast part of China. The insecticidal activity of these mutant proteins was determined, and the insecticidal activity of some mutant proteins showed a difference from that of wild-type protein. This study provides the theoretical basis for explaining the relationship between the structure and function of Sip1Aa and provides the genetic resources for the prevention and control of Coleoptera (Aronson and Shai, 2001; Hu and Aroian, 2012; Fuente-Salcido et al., 2013), providing guidance for the study of the structure and activity mechanism of Sip1Aa protein.



MATERIALS AND METHODS


Computer-Aided Modeling of the Three-Dimensional of Sip1Aa Protein

The Sip1Aa protein (undisclosed) was discovered in our laboratory. According to Chi et al. (2018), the amino acid sequence of Sip1Aa was submitted to the automated protein structure homology-modeling server (Phyre2)1 and run in intensive mode to generate the multi-template modeling (Kelley et al., 2015). The resulting 3D model was submitted to the ModRefiner server2 for optimization, and then the model was evaluated by RAMPAGE3. The Ramachandran plot was used to confirm the stability and reliability of the simulated conformations. The DEEP VIEW SWISS—PDB VIEWER software from the EXPASY server4 was used to visualize and analyze the atomic structure of the model. Finally, PyMOL from the Molecular Graphics System was used to produce the figures.



Bacterial Strains and Plasmids

Escherichia. coli (E. coli) JM109 and BL21(DE3) were used as the host strains for the cloning and expression studies. Vectors derived from pET-28a(+) were used for the production of recombinant protein. The Bt strain QZL38 harboring the wild sip1Aa gene was maintained in the laboratory.



Primers and the Construction of Site-Directed Mutagenesis

pET28a-sip1Aa (pET28a-carrying sip1Aa gene) was stored in our laboratory, cloned, and methylated in the E. coli strain of JM109 as a template. The eighteen primers used for the construction of mutagenesis are shown in Table 1. Reverse PCR amplification was conducted on the closed circular DNA, and 1 μL DpnI enzyme was added into 50-μL PCR product; after mixing well, they were incubated at 37°C for 2 h. The linearized product was recyclized with Mut Express II Fast Mutagenesis Kit V2 (Vazyme Biotech, Nanjing, China), then the cyclic products were transformed into the E. coli BL21 strain. Positive transformants were screened using primers Sip-F/Sip-R, and the mutant plasmids were sequenced. After sequencing by Comate Bioscience Co., Ltd, the mutants were, respectively, named as H99A, K109A, K128A, E130A, D134A, D136A, D141A, K145A, K193A, H242A, H248A, H259A, D290A, R292A, D299A, H303A, H318A, and D328A.


TABLE 1. PCR primers used for amplification.
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Expression and Extraction of Protein of Sip1Aa and the Mutants in E. coli

Recombinant E. coli BL21(DE3) strains harboring the sip1Aa gene or mutant genes were pre-cultured overnight at 37°C and 220 rpm in 5 mL of the LB medium containing 100 μg/mL kanamycin. The culture was transferred to 100 mL of LB medium. When OD600 reached 0.6, isopropyl-β-D-thiogalactopyranoside (IPTG) was added to achieve the final concentration of 1.5 mM. The culture continued to grow for additionally 14 h at 16°C and 160 rpm. The final culture was centrifuged at 8000g for 5 min at 4°C. The supernatant was discarded and the cells were resuspended in 30 mL of pre-chilled PBS buffer (20 mM sodium phosphate, 0.5 M NaCl, pH 7.4), and the process was repeated for two times, then recentrifuged at 8000g for 5 min at 4°C, the pellet was resuspended with 5 mL PBS buffer (pH 7.4). The bacteria were broken by lysozyme and ultrasonic vibration in an ice-water mixture (Ampl 80%, pulse on 3 s, pulse off 3 s, 10 min), then centrifuged at 12,000g for 15 min at 4°C in order to remove the insoluble material. Finally, the supernatant was filtered through a 0.22-μm filter, and the pellet was resuspended in PBS buffer (pH 7.4) and the suspension was collected. All the collections were analyzed by SDS-PAGE electrophoresis, and the estimation of Sip1Aa protein and mutant protein concentration was performed with BSA standards and the software of ImageJ.



Purification of Mutant Protein

Since the pET28a vector was labeled with histidine, a nickel column was used for purification. According to the method in the protein purification kit (ComWin Biotech, Beijing, China), add the deionized water of 5 column volumes to the filled column to rinse the ethanol, then balance the column with binding buffer (20 mmol/L Na3PO4, 0.5 mol/L NaCl, 40 mmol/L imidazole) of 10 column volumes. At the end of equilibration, add 5 mL of soluble protein. Rinse the column with the binding buffer of 15 column volumes to remove the impurities. The purified protein was collected by elution with an appropriate amount of elution buffer (20 mmol/L Na3PO4, 0.5 mol/L NaCl, 500 mmol/L imidazole) and verified by SDS-PAGE. After elution, the column was washed with deionized water of 10 column volumes, and then the column was balanced with 20% ethanol of 3 column volumes. The column was sealed and stored at 2∼8°C.



Insects and Bioassays

The standard C. bowringi Baly used in this study was donated by the Institute of Plant Protection (IPP), Chinese Academy of Agricultural Sciences (CAAS). Analysis of the toxicity in C. bowringi Baly was conducted on second instar larvae with fresh cabbage using the leaf-dip bioassay (Tabashnik et al., 1993), performed in triplicate using different concentrations of crude-extracted mutant protein and the Sip1Aa protein as well as the insecticidal protein solution of PBS buffer as the control. An empty plasmid was used as the negative control. For each concentration and control, 16 s instar larvae of C. bowringi Baly were used. The number of dead insects was recorded, and the insect mortality was calculated after 2 days of larvae exposure at 27°C, 55 ± 5% RH, and a 14/10-h light/dark cycle. The corrected mortality rate of mutant protein to insects was calculated according to the number of dead larvae in the control group. In addition, after purification, the soluble protein was diluted into six concentration gradients for the measurement of insecticidal activity; the LC50 value was measured with POLO-PC software. Each bioassay was repeated in triplicate.



RESULTS


Construction of Protein Three-Dimensional Models

The Sip1Aa protein was modeled with multiple templates, and the PDB IDs of the templates were d1uyja, c4rhzA, c3d42B, c4znoB, c4pkmA, c1w3gA, d3c0na2, c2ztbB, c3c0mB, and d1tzoa, respectively. The homologous region of d1uyja in the first place covers 25% of the Sip1Aa protein. The model was optimized with ModRefiner and pulled closer to its original state based on hydrogen bonding, skeleton topology, and side-chain positioning. From the structural model of Sip1Aa protein, it was seen that in the tertiary structure of Sip1Aa protein, most of them were β-sheets and only a few were α-helices; the location of the conservative domain is shown in red in Figure 1A. The evaluation result of the model is shown in Figure 1B. The Ramachandran plot showed the distribution of Φ-Ψ dihedral angles in the main chain of the model. The Φ-Ψ angle of the 95.9% amino acid residues in the Sip1Aa protein model was in the core region, and only 1.4% of the residues were in non-permissive regions, and the amino acid residues in the non-permissive were not within the scope of study. It showed that the dihedral angle of amino acid residues in the model was reasonable and that the model was dependable.
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FIGURE 1. Construction and analysis of a three-dimensional structure model of Sip1Aa protein. (A) Predicted the three-dimensional structure model of Sip1Aa protein. (B) The Ramachandran plot for evaluating the model.




Expression and Extraction of Mutant Protein in E. coli

Expression from recombinant strains was induced by IPTG. The expression of Sip1Aa protein in E. coli was used as the positive control, and the expression of pET28a in E. coli was used as the negative control. SDS-PAGE analysis is shown in Figure 2. The results showed that all mutants were successfully expressed in E. coli, and the expressed product contained a fusion protein of 37.6 kDa, which was consistent with Sip1Aa protein.
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FIGURE 2. Expression of mutant soluble protein in E. coli. M: Protein marker (low), CK-: pET28a, Sip1Aa: Expression of wild-type Sip1Aa protein in E. coli; 1: H99A, 2: K109A, 3: K128A, 4: E130A, 5: D134A, 6: D136A, 7: D141A, 8: K145A, 9: K193A, 10: H242A, 11: H248A, 12: H259A, 13: D290A, 14: R292A, 15: D299A, 16: H303A, 17: H318A, and 18: D328A.




Bioassay

The expression from recombinant strains was induced by IPTG. In the qualitative bioassays for the insecticidal activity of mutant protein, second-instar C. bowringi Baly were used as tested insects, and in that of the protein expressed in E. coli, pET28a was used as the negative control. The protein concentrations for bioassay were, respectively, 0.5, 5, and 20 μg/mL. Forty-eight insects were tested for each protein, and the death of insects was counted 48 h later. The experiment was repeated for three times. The test results are shown in Figure 3. The lethal rates of the mutant protein H99A, K109A, K128A, E130A, K193A, H248A, H259A, and H318A to C. bowringi Baly were higher than that of Sip1Aa protein, and the insecticidal activities of mutant protein H242A, D290A, and H303A against C. bowringi Baly were lower than that of Sip1Aa protein. There was no significant difference between the lethal rates of the mutant protein D134A, D136A, D141A, K145A, R292A, D299A, and D328A and the Sip1Aa protein to C. bowringi Baly.
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FIGURE 3. Qualitative bioassay results of mutant protein and Sip1Aa protein against Colaphellus bowringi Baly.


Based on the results of qualitative bioassay, H99A, K109A, K128A, E130A, K193A, H242A, H248A, H259A, D290A, H303A, and H318A were purified (Figure 4) and subjected to quantitative bioassay against C. bowringi Baly. PBS buffer was used as negative control. The concentration gradients for the insecticidal activity of C. bowringi Baly were 0.1, 1, 5, 10, 20, and 50 μg/mL. Bioassay results are given in Table 2.
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FIGURE 4. Purification of mutant soluble protein. M: Protein Marker (Low), Sip1Aa: Sip1Aa crude protein, 1: Purified Sip1Aa protein, 2: H99A, 3:K109A, 4: K128A, 5: E130A, 6: K193A, 7: H242A, 8: H248A, 9: H259A, 10: D290A, 11: H303A and 12: H318A.



TABLE 2. Quantitative bioassay of mutant proteins against Colaphellus bowringi Baly.

[image: Table 2]The insecticidal activities of H248A, H259A, and H318A against C. bowringi Baly were slightly better than that of Sip1Aa protein, but there was no significant difference. The insecticidal activities of the mutants H99A, K109A, K128A, and E130A against C. bowringi Baly were significantly better than that of Sip1Aa protein, and the LC50 values were reduced by about 3 times, 4 times, 10 times, and 6 times. The insecticidal activities of H242A, D290A, and H303A against C. bowringi Baly were significantly lower than that of Sip1Aa protein, and the LC50 values were increased by about 8 times, 6 times, and 3 times, respectively. There was no significant difference in the insecticidal activity of mutant K193A against C. bowringi Baly compared with that of Sip1Aa protein.



Structural Analysis of Mutation Sites

Structural analysis of the H99, K109, K128, E130, H242, D290, and H303 sites of Sip1Aa protein was performed with the software of PDB Viewer. The 99th histidine of Sip1Aa protein was in the middle of the β5–β6 loop, as is shown in Figure 5A. After H99 was replaced by alanine, the side chain was removed and the steric hindrance was reduced, resulting in the mutant’s increased insecticidal activity against C. bowringi Baly. K109 located on the β6–β7 loop formed intramolecular hydrogen bonds with phenylalanine at position 92, as is shown in Figure 5B. According to hydrophobic analysis, K109 was located on the outside of the protein molecule and might be involved in the binding of Sip1Aa protein to the receptor. When the hydrogen bond is broken, K109 may bind more easily to the ligand, thereby increasing the insecticidal activity of the protein. Lysine at position 128 of Sip1Aa protein and glutamate at position 130 were located in the loop at positions β9–β10, both of which have unstable side chains, as is shown in Figure 5C. The insecticidal activity of K128A and E130A mutants to C. bowringi Baly has been improved, possibly because the electron cloud becomes smaller after the mutation of K128 or E130 into alanine, which smoothes the loop structure on the surface and makes it easier to complete the binding with insect receptors. Aspartic acid at position 290 of Sip1Aa protein is located on the alpha 3-beta 17 loop, as is shown in Figure 5E. When D290 was replaced by alanine, the insecticidal activity of the protein decreased by about six times, suggesting that D290 plays an important role in the toxic effect of the protein. The 242th histidine was located on β15 of Sip1Aa protein and formed two hydrogen bonds with asparagine at position 159 on β10, and the distance values between the hydrogen bonds were 1.78 Å and 1.86 Å, as is shown in Figure 5D. The 303rd histidine was located on β18 of Sip1Aa protein and formed two hydrogen bonds with methionine at position 295 on β17, and the distance values between the hydrogen bonds were 2.0 and 2.06 Å, as is shown in Figure 5F. The interaction between H242 and N159 and that between H303 and M295 maintained the stability of the structure. H242 and H303 were mutated in alanine, which lost two stable intramolecular hydrogen bonds and might lead to an antibiotic change in the steric structure and a decrease in the insecticidal activity of the protein against C. bowringi Baly.
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FIGURE 5. Structural analysis of mutant sites. (A–F) The structural information His99, Lys109, Lys128 and Glu130, His242, Asp290, and His303.




DISCUSSION

Colaphellus bowringi Baly (Chrysomelidae: Coleoptera) is widely distributed in northeastern China. It is fond of cruciferous vegetables, causing a large reduction in the production of cruciferous vegetables and resulting in huge economic losses. B. thuringiensis has been used worldwide for genetically modified plants or spraying pesticides to control agricultural pests (Pacheco et al., 2009; Pardo-Lopez et al., 2009; Rodriguez-Almazan et al., 2009). The Bt Sip protein has a high toxic effect on the C. bowringi Baly; however, the mechanism of its insecticidal activity is still unclear. As previously studied, Sip1A protein has high insecticidal activity in Colorado potato beetle (Donovan et al., 2006). Therefore, Sip protein may have some insecticidal activities against other Coleoptera insects, which needs further study.

In order to explore the key sites of insecticidal activity of Bt Sip1Aa protein, the three-dimensional structure model of Bt Sip1Aa protein was successfully predicted by the bioinformatics research method. However, the structure information of mutants cannot be obtained accurately by homology modeling because the spatial structure of the template is followed first in the process of model building. Therefore, it is necessary to construct mutant protein for functional verification. A portion of the acidic and basic amino acids were selected in the conserved domain for alanine scanning mutations and 18 mutants of H99A, K109A, K128A, E130A, D134A, D136A, D141A, K145A, K193A, H242A, H248A, H259A, D290A, R292A, D299A, H303A, H318A, and D328A were successfully constructed, all of which were able to form inclusion bodies and successfully express 37.6 kDa soluble protein, indicating that these amino acid residues were replaced by alanine without destroying the advanced structure of the protein.

Hydrophobicity analysis of Sip1Aa protein showed that lysine 109 was located on the surface of the protein molecule, which might be related to the binding of the intestinal receptor to the target insect. When K109 was replaced by alanine, a hydrogen bond between K109 and F92 was also cleaved, which may enhance the ability of the mutant protein to bind to the target cells, but further experiments such as ligand binding are needed to prove this subsequently. When K128 was replaced by alanine, the insecticidal activity against C. bowringi Baly was significantly increased, and its LC50 value was reduced by about 10 times compared with Sip1Aa. Among these mutant proteins, the change in toxin activity was most pronounced when Lys128 was substituted with alanine. The conformation changed when K128 was replaced by alanine; it might enhance the ability to bind and lyse target cells in vitro. However, more experiments are needed to test this hypothesis. When E130 was replaced by alanine, the LC50 value of mutant E130A was 0.286 μg/mL, which was about six times less than that of Sip1Aa. K128 and E130 were both in the β9–β10 loop, and after the two amino acid residues were replaced by alanine, the insecticidal activity of the C. bowringi Baly was significantly increased. It is presumed that this loop plays an important role in the tertiary structure of the Sip1Aa protein.

Three mutations involving the substitution of acidic amino acid (D290A) and basic amino acids (H242A and H303A) resulted in a significant decrease in the insecticidal activity against C. bowringi Baly, indicating that these residues are located in the position of critical toxicity in the tertiary structure. The mutations in conserved amino acid residues can affect the insecticidal activity of protein. For example, the insecticidal activity of H242A against C. bowringi Baly was about eight times lower than that of Sip1Aa, which indicates that this amino acid site may be a key site in the core active region of Sip1Aa protein. In addition, the interaction of H242 with N159 stabilizes the spatial configuration of the region. To clarify the function of H242 and the reasons for the decrease in insecticidal activity, further experiments are needed. The data obtained from the analysis of mutant protein indicated that the charged residues affecting the insecticidal activity were distributed throughout the conserved domain. However, the change in D290 did result in considerable loss of insecticidal activity, indicating that it had a critical position in the overall tertiary conformation of the molecule. The significant decrease in the insecticidal activity of D290A might be due to the abnormal conformation caused by the loss of charge at this position, which affected the normal function of the core region of the toxin. In order to verify the demand for acidic amino acid at this position, D290 can be changed to E290 so as to investigate whether the insecticidal activity of the mutant protein can be restored to the level of that of the wild-type protein.

Without the exact structure information of Sip1Aa protein, it is always a difficult problem to explore the relationship between its structure and function. In this study, site-directed mutagenesis was combined with bioinformatics to explore the effects of specific amino acid residues on protein function, which laid a foundation for studying the insecticidal mechanism of Sip1Aa protein. At the same time, highly active mutants were obtained, which provided a new method for expanding the Bt insecticidal spectrum and subsequent research on the sip gene. However, the biological activity of the sip gene to Coleoptera insects needs further screening and analysis, which lays a solid foundation for subsequent research. This also provides materials for the study of genetically modified and engineered bacteria.
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Limited P availability in several agricultural areas is one of the key challenges facing current agriculture. Exploiting P-solubilizing bacteria (PSB) has been an emerging bio-solution for a higher rhizosphere P-availability, meanwhile the above- and below-ground interactions that PSB would trigger remain unclear over plant growing stages. We hypothesized that PSB effects on plant growth may be greater on root traits that positively links with aboveground physiology more than the commonly believed rhizosphere P bio-solubilization. In this study, five contrasting PSB (Pseudomonas spp.) isolates (low “PSB1”, moderate “PSB2 and PSB4” and high “PSB3 and PSB5” P-solubilizing capacity “PSC”) were used to investigate above- and below-ground responses in wheat fertilized with rock P (RP) under controlled conditions. Our findings show that all PSB isolates increased wheat root traits, particularly PSB5 which increased root biomass and PSB3 that had greater effect on root diameter in 7-, 15- and 42-day old plants. The length, surface and volume of roots significantly increased along with higher rhizosphere available P in 15- and 42-day old plants inoculated with PSB4 and PSB2. Shoot biomass significantly increased with both PSB2 and PSB5. Root and shoot physiology significantly improved with PSB1 (lowest PSC) and PSB4 (moderate PSC), notably shoot total P (78.38%) and root phosphatase activity (390%). Moreover, nutrients acquisition and chlorophyll content increased in inoculated plants and was stimulated (PSB2, PSB4) more than rhizosphere P-solubilization, which was also revealed by the significant above- and below-ground inter-correlations, mainly chlorophyll and both total (R = 0.75, p = 0.001**) and intracellular (R = 0.7, p = 0.000114*) P contents. These findings demonstrate the necessity to timely monitor the plant-rhizosphere continuum responses, which may be a relevant approach to accurately evaluate PSB through considering below- and above-ground relationships; thus enabling unbiased interpretations prior to field applications.
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Introduction

After nitrogen (N), phosphorus (P) is the most important nutrient that plants need at an adequate rate from the early stages of their development. This nutrient plays key roles in root development, root traits anatomy modifications and root hair density with a significant contribution in increasing yield of crops and plants resistance against multiple diseases (Kondracka and Rychter, 1997; Ma et al., 2001). At a cellular level, P is vitally important, owing to its involvement in cells division, growth of new tissues and nucleic acid structure which all regulate protein synthesis, energy transfer, and photosynthesis (Vance et al., 2003). Notwithstanding, low P availability in agricultural soils is a pressing issue that affects over two billion hectares worldwide (Oberson et al., 2001). For instance, P deficiency was reported to cause a significant reduction (5–15%) of crop yield (Shenoy and Kalagudi, 2005) with P-deficient plant symptoms characterized by reddish leaves and necrosis in old leaves tips (Luiz et al., 2018). Generally, P availability in most soils depends on multiple factors, notably the ions concentration and soil pH (Hinsinger et al., 2018). In calcareous soils, P is often precipitated with Ca and in acidic soils P binds to Fe and Al (Tariq et al., 2014), resulting in little P bioavailable forms for root absorption, which affects the plant growth and production.

To overcome the low P availability in soils, use of P-efficient crops along with reasonable application of different P sources is paramount to secure crop productivity. For example, using plant species with higher ability to take up and use P in a soil with a low P availability has been an efficacious plant-based strategy. Findings by Djadjaglo and Richter (2008) and Gao et al. (2016) demonstrated that leguminous plants such as Medicago sativa, Vicia faba and Phaseolus vulgaris yielded better under P deficient conditions and had increased P available fraction, P uptake and soil acid phosphatases (APase) activity as a consequence of a more developed root system compared to other crops such as Sorghum bicolor. In addition, crop diversification such as the case of legume–cereal intercropping systems have been reported to stimulate P uptake due to a higher belowground biochemical and morphological functional heterogeneity, notably faster root growth and higher nodulation (Hauggaard-Nielsen et al., 2009; Bargaz et al., 2017). Stimulation of plant growth, availability and acquisition of P by roots is likely due to numerous rhizosphere-induced changes including rhizosphere acidification (Betencourt et al., 2012; Latati et al., 2016), exudation of organic acids and P-hydrolyzing enzymes (Hakeem et al., 2014), soil respiration (Ibrahim et al., 2013; Latati et al., 2014), and modulation of the microbial activity in the vicinity of the rhizosphere (Morgan et al., 2005; Song et al., 2007; Sun et al., 2009). Agriculturally beneficial microorganisms commonly known as plant growth promoting microbes (PGPM) have been adopted as a potent microbial strategy (e.g. inoculants, biofertilizers, biopesticides, biostimulant) that may stimulate plant growth via direct and/or indirect mechanisms (Mishra and Sundari, 2013; Gupta et al., 2015; Mishra et al., 2017). Direct effects attributed to plant growth promoting rhizobacteria (PGPR) rely on several physiological and biochemical pathways that improve plant nutrition and which encompass most mechanisms related, among other, to solubilization and uptake of nutrients (e.g. P, K, Zn, etc.), biological N2 fixation and production of phytohormone and siderophore molecules (Fankem et al., 2006; Panhwar et al., 2011). Furthermore, PGPR may indirectly stimulate plant growth by modulating local and systemic plants defense mechanisms or by producing secondary metabolites (allelochemicals) behaving as plant-immunity inducing signals against phytopathogen attacks (Kumar et al., 2018).

Multiple beneficial effects of soil microorganisms have widely been identified as key drivers for a better plant growth and increased soil P availability (Kumar, 2016; Pérez et al., 2016; Bargaz et al., 2018). PGPR exhibiting high PSC have been described to benefit plant growth and yield when associated with roots and even within other plant parts such as leaves (Fahad et al., 2015; Jambhulkar et al., 2016; Tang et al., 2018). For example, application of efficient phosphate solubilizing bacteria (PSB) such as Bacillus megaterium increased soil P availability by nearly 30% (Alzoubi and Gaibore, 2012). Likewise, other bacterial species belonging to multiple genera such as Pseudomonas (Sharma et al., 2013), Azotobacter (Kumar and Singh, 2001), Xanthomonas (De Freitas et al., 1997), Rhodococcus, Arthrobacter, Serratia, Chryseobacterium, Gordonia, Phyllobacterium, and Delftia sp. (Wani et al., 2005; Chen et al., 2006) are known to exhibit high PSC. In addition to a single use of PSB as bio-inoculants, dual use of the PSB and P-based mineral fertilizers including sparingly insoluble P forms also provided evidences for a profitable integrated plant nutrition system that may lead to a successful “microbial–P mineral” alliance (Adnan et al., 2017; Bargaz et al., 2018; Tahir et al., 2018). Studies by Panhwar et al. (2011) and Bakhshandeh et al. (2015) measured higher yield in rice and sunflower in response to co-application of different mineral P such as triple super phosphate (TSP) and inoculation with various PSB (Bacillus, Rahnella aquatillis, Enterobacter sp., Pseudomonas fluorescens and Pseudomonas putida) isolates. Such a positive dual use of both resources was confirmed at both physiological and grain yield plant developmental stages consisting of multiple functional traits including photosynthetic pigments -Chl a, Chl b, Chls and Car-, growth parameters, plant height, number of panicles hill, stems hill, grain weight, biological yield, seed oil yield, nutrient concentrations in seeds and oil.

Combinatory use of PSB and rock phosphate (RP) that are considered to be natural resources has been successful through a number of applied research investigations that demonstrated an improved agronomic RP efficiency (Gomes et al., 2014; Abbasi et al., 2015; Giro et al., 2016; Bargaz et al., 2018). Exploitation of microbial functional traits related to P solubilization is paramount as to propose microbial-based strategies enabling increased RP use efficiency required in many high P-retention agricultural soils (Kumar, 2016). Many experimental studies provided evidence that synergies may occur when combining both PSB strains and RP that may lead to a cost-effective P-based biofertilizer for a direct application in high P-retention soils. For instance, dual application of RP and PSB (e.g. Klebsiella, Azotobacter, Azosporillum and Rhizobium) significantly improved P nutrition in both cereal and legume crops (Del Pilar López-Ortega et al., 2013; Kaur and Reddy, 2015; Midekssa et al., 2016; Adnan et al., 2017; Manzoor et al., 2017; Ditta et al., 2018). Several above- and below-ground plant parameters are used to quantify such positive effects; however, PSB effects may be complementing nutritional features of RP whose solubilization should occur, owing not only to PSB themselves, but also to which extent they can tightly modulate both functional traits and root activities. As per current knowledge, bacterial in vitro assays and plant inoculation experiments have been majorly adopted in order to make decisions on efficient PSB bacterial isolates to be formulated as potent bio-inoculants. Nevertheless, PSB behavioral properties at a temporal scale during plant growth stages need to be mechanistically unraveled and timely monitored either for a single strain or a consortium. This will help understand how tight the relationship between the PSB of interest and the rooting system under sparingly P forms is and whether it always remains tight throughout the different plant growth stages, considering that highly performing PSB in vitro are presumably the most efficient in planta. Another important aspect of a successful PSB–root interaction would be the best fit in terms of rooting stimulation in addition to rhizosphere P solubilization that most studies have focused on as only few investigations (Bakhshandeh et al., 2015; Sarsan, 2016; Rezakhani et al., 2019) described a positive influence on specific root functional traits. This is in line with the objective of this study to assess the effect of five P solubilizing rhizobacteria exhibiting different PSC “low, medium and high” on durum wheat morphological root traits and associated rhizosphere P solubilization in order to shed light on how tight does inoculation link rhizosphere parameters with plant aboveground morphological and physiological traits under RP fertilization.



Materials and Methods


Microbial Experiments


Plant Sampling and Rhizobacteria Isolation

In this study, five PSB isolates (Pseudomonas spp.) with contrasting PSC were used as inoculant in order to investigate above- and belowground physiological responses in RP-fertilized wheat. They were among 42 PSB isolates that were captured from the rhizosphere soils of several crops (wheat, barley, maize, oat, faba beans, peas, etc.) from two main agricultural areas (Haouz and Erhamna) regions and from the rhizosphere soils of naturally grown plants in the P mining area of Benguerir in Morocco. For PSB isolation, the National Botanical Research Institute’s phosphate growth medium (NBRIP)-agar was used with either tricalcium phosphate (TCP, Ca3 (PO4)2, 5g/l) or RP (5g/l containing P2O5: 30.65%, CaO: 48.51%, MgO: 0.63%, K2O: 0.09%, Fe2O3: 0.25%) as the only source of P added with (per liter) glucose: 10 g; MgCl2∙6H2O: 5 g; MgSO4∙7H2O: 0.25 g; KCl: 0.2 g and (NH4)2 SO4: 0.1 g). Bacterial isolates with clear P solubilisation halos were kept as PSB prior to quantitative analyses of P solubilization rates in NBRIP liquid medium added with either TCP or RP after 7 days of incubation at 28°C. In addition to P solubilization trait, isolates were also screened for other PGP-traits such as medium acidification, N fixation, indole acetic acid (IAA) production, ammonium production, hydrogen cyanide (HCN) production, and salinity tolerance. Based on their PSC, all PSB isolated (including PSB tested in this study) were sorted out into three groups (low, moderate and high PSC).



DNA Isolation and Molecular Identification

Prior to DNA isolation, PSB isolates were cultivated under gentle agitation in 10 ml of Luria–Bertani broth for 24 h at 28°C. One millilitre of the bacterial culture was placed in micro-tubes and pelleted by centrifugation for 2 min. For genomic bacterial DNA isolation, the GenElute™ Bacterial Genomic DNA kit was used following the manufacturer’s instructions. Bacterial DNA from five isolates (PSB1 to PSB5) were visualized by agarose gel electrophoresis (0.8%) and spectrophotometrically quantiﬁed using the NanoDrop TM ND-1000 V3.7.0 (Thermo Fisher Scientiﬁc Inc., Wilmington, USA) prior to PCR ampliﬁcation of the 16S rDNA. The taxonomic identification of isolates was done by 16S rRNA gene sequencing using the following primers: 27F (5’-AGAGTTTGATCCTGGCTCAG-3’) and 1492R (5’-GGTTACCTTGTTACGACTT-3’). The BLAST analysis of the five PSB isolates (PSB1 to PSB5) belongs to Pseudomonas plecoglossicida, Pseudomonas reinekei, Pseudomonas koreensis, Pseudomonas japonica and Pseudomonas frederiksbergensis, respectively. The 16S rRNA gene sequences were deposited in GenBank under accession numbers MT362706–MT362710.



Determination of P Solubilization Rate

PSB isolates (PSB1 to PSB5) were tested for their ability to solubilize TCP by determining the P solubilization index (PSI) in NBRIP agar medium after 7 days of incubation at 28°C. PSI was calculated as the sum of the colony diameter and the clearing zone divided by the colony diameter (Iqbal et al., 2016). Quantitative estimation of either TCP or RP solubilization by each bacterial isolate was done in NBRIP liquid medium in which pH variations were also monitored. The NBRIP medium was inoculated with 0.1 ml of a liquid bacterial culture (108 CFU ml−1), incubated at 180 rpm for seven days at 28°C and the supernatants of each PSB suspension was obtained by centrifugation (3,000g for 10 min). The available P fraction were estimated spectrophotometrically using molybdenum blue method against standards that were plotted using spectrophotometer at 880 nm. The absorbance of samples was measured by means of the standard curve using the same wavelength and converted into P concentrations expressed as µg∙ml−1 (Fernández et al., 2007).



Determination of Bacterial Plant Growth Promoting Traits

Free N2 fixation was confirmed in N-free Ashby medium composed of (per l): agar (15 g), mannitol (15 g), K2HPO4 (0.4 g), CaCl2•2H2O (0.1 g), NaCl (0.2 g), MgCl2 (0.1 g), FeSO4•7H2O (3.0 mg), NaMoO•2H2O (3.0 mg). After 7 days of incubation at 28°C, PSB isolates developed in Ashby medium were considered as free N-fixer isolates and their ability to produce ammonium was verified using Nessler’s reagent according to Geetha et al. (2014).

Qualitative analysis of IAA production was first determined (pink colour indicates IAA production) in NBRIP liquid medium added with tryptophan using Salkowski’s method (Biswas et al., 2018). Secondly, IAA-producing isolates were then selected to estimate IAA production using bacterial cultures that were grown in 50 ml medium and gently shacked for five days at 28°C. Two millilitres of Salkowski reagent (mixture of 0.5 M ferric chloride (FeCl3) and 35% perchloric acid (HClO4)) were added to 1 ml of culture supernatant and the mixture was incubated in dark at room temperature for 30 min. The development of a pink colour indicating IAA production that quantified (estimation) spectrophotometrically at 535 nm using an IAA concentration curve made with 0, 10, 20, 50, and 100 µg∙ml−1of synthetic IAA (Barra et al., 2016).

Siderophore production by PSB isolates was revealed on blue CAS (chrome azurol S) agar medium according to Pérez-Miranda et al. (2007). After incubation at 28 ± 2°C for 5 days, the change of CAS agar colour from blue to orange around PSB colonies is an indication of siderophore production. Production of hydrogen cyanide by PSB isolates was carried out in tryptone soya agar medium added with 0.44% of Glycine (Geetha et al., 2014). After two days of incubation at 28°C, HCN production was visually indicated by a color change from yellow to reddish-brown. Salinity tolerance was tested by growing the PSB isolates on Luria–Bertani medium supplied with increasing NaCl concentrations (e.g. 2, 5 and 8%) incubated for three days at 28°C and tolerance to salinity was determined by simple visualization of bacterial growth on Luria–Bertani agar medium (Sarkar et al., 2018).




Plant Inoculation Experiment


Inoculation of Wheat and Plant Growth Conditions


Effect of Inoculation with PSB Isolates on Seedlings Radicles

Five bacterial isolates exhibiting high (PSB3 and PSB5), moderate (PSB2 and PSB4) and low (PSB1) PSC and multiple other PGP-traits were used. Their ability to improve wheat seedlings growth, was also determined in 7-day old radical seedlings. Wheat seeds were surface sterilized with sodium hypochlorite (6°, 1 min) and ethanol (96%, 1 min) and then washed thoroughly with sterile distilled water. Inoculum for each PSB isolate was prepared in Luria–Bertani liquid medium at 28°C for 48 h (108 CFU ml−1), centrifuged and cell bacterial pellet were used to seed inoculation, which was applied by soaking the seeds in 20 ml of inoculum for 1 h under a gentle shaking. Inoculated seeds were germinated in sterilized germinating paper wherein seeds were evenly spaced, moistened by 2 ml of sterilized water mixed with RP and rolled up in vertical standing of paper. Seeds were incubated for germination in a growth chamber (phytotron) under controlled conditions (28°C, 70% humidity, 16/8 h photoperiod and an illumination intensity of 240 μmol m−2s−1). Radicles of the 7-day old seedlings were measured using the root scanner WinRhizo (Regent Instruments Inc., Quebec City, Canada).



Effect of Inoculation With PSB Isolates on 15- and 42-Day Old Wheat Plants

Wheat seeds were surface sterilized and inoculated as described above for seedlings germination parameters. Briefly, the experiment was conducted in plastic pots (20 cm in depth and 15 cm in diameter) that were previously sterilized (6° sodium hypochlorite) and filled with sterilized mixture of sand, soil and peat (2:0.5:0.5). Five bacterial-inoculated (PSB1 to PSB5) treatments versus two control treatments were tested. Control treatments correspond to 1) non-inoculated wheat plants supplied with rock P (157 kg ha−1) and 2) non-inoculated wheat plants supplied with TSP (85 kg ha−1) a readily available P form (estimated based on wheat P requirement according to Kaur and Reddy, 2015). Inoculated treatments (single inoculation with PSB1 to PSB5 isolates) had the same amount of either RP or TSP that were mixed sterilely with the plant growth substrate prior sowing. The experiment was conducted under controlled conditions (28°C, 70% humidity, 16/8 h photoperiod and an illumination intensity of 240 μmol m−2s−1) in a complete randomized design of four replicates per treatment with each replicate consisting of a pot with eight wheat plants. The irrigation was done once a week with P-free Hoagland’s solution and watered twice with sterile distilled water to maintain adequate soil field capacity. Six weeks after sowing, two non-destructive analyses (e.g. chlorophyll fluorescence, and stomatal conductance) were measured (Zeng et al., 2013) before plants and rhizosphere soils were harvested for additional above- and below-ground analyses.






Determination of Plant and Rhizosphere Parameters


Measurement of Morphological Root Traits and Plant Biomass

At both 15 and 42 days after germination, plants were harvested and separated into shoots and roots. The rhizosphere growth substrate was obtained by carefully separating roots from the loosely adhering soil, which was then sieved (2 mm) prior to measurements of Olsen P concentration. Root morphological traits were measured using the automated image analysis software WinRhizo (Regent Instruments Inc., Quebec City, Canada). Each root sample was evenly spread apart in a water layer on a Plexiglas transparent tray and imaged at a resolution of 300 dpi with an Epson Expression 836 L scanning system. Root images were analyzed for total root length (RL), root surface area (RSA), average root diameter (RD) and root volume (RV). Subsequently, dry weights of shoots (SDW) and roots (RDW) were determined before they were ground to a fine powder for analyses of P and N concentrations.


Determination of Rhizosphere Available P and Nutrients (P and N) Acquisition

Available P content in the rhizosphere soil was measured according to Fernández et al. (2007). Total P contents in shoots and roots were determined in finely ground dried samples (0.5 g) that were incinerated at 600°C for 6 h followed by ash solubilization in hydrochloric acid (10N). Obtained filtrates (1 ml) were added to 5 ml of a reaction mixture consisting of ammonium molybdate (2.5%) and hydrazine sulfate (0.15%) and absorbance was read at 820 nm (Majeed et al., 2015). Roots and shoots (100 mg fresh weight (FW)) were ground with an extraction mixture consisting of 500 μl of 0.1M sodium acetate buﬀer (pH 5.6) containing 1 mM dithiothreitol. Homogenates were centrifuged at 13,000g at 4°C for 30 min and aliquots of 50 μl of supernatant were used for quantiﬁcation of inorganic P (Pi) (Bargaz et al., 2012; Bargaz et al., 2017).

Shoot and root Pi contents were measured following the ascorbic acid method as described by Zheng et al. (2009). The ﬁnely ground shoot subsamples (0.5 g) were also used for total N analysis using Kjeldahl method (Magomya et al., 2014). The root P acquisition efficiency (RPAE), which reflects the capacity of roots to absorb P from soil, was calculated as the ratio of plant P content to root dry weight (Pan et al., 2008).



Protein and Chlorophyll Contents in Wheat Shoots

Samples of 100 mg fresh weight were ground in 4 ml Tris–HCl buffer (0.1 M pH 7.5) and centrifuged at 15,000g for 20 min. Protein content was determined using Bradford method. Protein concentration was determined based on a bovine serum albumin standard curve. Total chlorophyll concentration was measured according to Pérez-Patricio et al. (2018). An aliquot of 100 mg of fresh leaf tissue was ground in 5 ml of acetone (80%, v/v). Total chlorophyll was determined using the following formula:

	



Acid Phosphatase Activity in Wheat Roots

Roots APase activity was measured according to Bargaz et al. (2017). Root fresh weight (100 mg) samples were ground with an extraction mixture consisting of 500 μl of 0.1M sodium acetate buﬀer (pH 5.6) containing 1 mM dithiothreitol. Homogenates were centrifuged (13,000g at 4°C for 30 min) and supernatant (50 µl) was used for quantiﬁcation of root APase activity. p-nitrophenyl phosphate (pNPP) was used as a substrate and the enzyme activity was defined as the amount hydrolyzing 1 nmol of pNPP per min per g of root fresh weight.




Statistical Analysis

The statistical data analysis was carried out by IBM® SPSS® Statistics V. 24 software. One-way ANOVA (analysis of variance) was used, followed by Tukey post hoc test to determine the significant difference among means of the treatment at 0.05 significance level. PCA analysis was performed using Minitab V.18 statistical software.




Results


PSB Biochemical Properties and Effects on Wheat Seedlings Root Growth


PSB Identification and In Vitro Properties

Based on 16S rRNA gene sequencing, PSB isolates used in this study belong to Pseudomonas genera. PSB isolates had different PSC from TCP ranging from 113 to 121.2 mg P l−1 for PSB3 and PSB5 (high PSC), 88.79 to 99.88 mg l−1 for PSB2 and PSB4 (moderate PSC) and up to 41.37 mg P l−1 for PSB1 (low PSC) (Table 1). Clear P solubilizing halos around bacterial colonies were observed in all isolates and varied from 4.9 to 5.8. Medium acidification with either RP or TCP showed a sharp drop from an initial value of 7 to 4.34, except for the PSB1 isolate whose pH medium was kept around neutrality over five days of incubation. In addition, PSB were assessed to be IAA-producing isolates (10.46–36.41 μg ml−1), N2-fixers (ammonia production from 0.02 to 0.19 µmole ml−1), siderophore-producers, HCN producers and also salt tolerant growing at up to 0.86 M NaCl.


Table 1 | Properties of phosphate solubilizing bacterial isolates (PSB1 to PSB5) related to P solubilization, solubilization index in agar plate, available P in inoculated soil (ppm), medium acidification, IAA production, ammonia production, siderophore index, HCN production and salinity tolerance.





PSB In Vivo Effects on Root Growth of Wheat Seedlings

Measurement of root growth morphological traits in both 7- and 15-day old inoculated seedlings indicated significant increase of most radicle traits with the exception noted for RD showing no difference as compared to non-inoculated seedlings (Table 2). Specifically, PSB1 and PSB3 improved significantly RL (34.40%), RSA (34.04%) and RV (32.5%) of the 7-day old seedlings; meanwhile, it is the PSB4 that significantly increased RL (58.54%), RSA (65.55%) and RV (77.77%) of the 15-day old seedlings. This isolate had the highest effect on 15-day old seedlings, notably for RSA and RV that significantly increased by 126.33 and 60% as compared to 7-day old seedlings.


Table 2 | Variations in morphological root traits at 7-, 15- and 42-day old of durum wheat fertilized with rock P in response to inoculation with five PSB isolates versus P (RP and TSP) treatments alone.






Effects of PSB Isolates on 42-Day Old Durum Wheat Plants Supplied With RP


Effects on Wheat Plant Growth Parameters

Inoculation of RP-fertilized wheat plants with all PSB improved growth parameters, notably SDW, RDW and shoot height (Table 3). For all PSB isolates, this positive effect was significant as compared to wheat plants fertilized with RP alone. PSB2 significantly increased both SDW and RDW as compared to either RP- or TSP-fertilized wheat plants. This increase by PSB2 showed the highest SDW as compared to RP (48%) rather than TSP (34%). Differences were also noted among PSB isolates in terms of RDW (though not significant), notably with PSB5 and PSB4 exhibiting the highest and the lowest RDW, respectively.


Table 3 | Variations in durum wheat growth fertilized with rock P in response to inoculation with five PSB isolates versus P (RP and TSP) treatments alone.





Effect on Wheat Morphological Root Traits

Morphological root traits (e.g. RL, RSA, RV, RD, Number of tips (Ntips), Number of crossing (Ncross) and Number of froks (Nfroks)) of the 42-day old inoculated plants markedly improved as compared to non-inoculated plants (Table 2). Obvious differences were noted between PSB isolates, notably PSB2 whose effect on root traits (except RD) appeared to be the most significant as compared to both RP- and TSP-fertilized and non-inoculated plants. Similar effects were noted for the remaining PSB isolates, but to a lower extent than PSB2. Significant variations were found with PSB3 and PSB4, particularly the significant increase in RL (by 37 and 34%) and RSA (by 66.57 and 53.56%) over RP rather than TSP application. In addition, both “PSB1 and PSB5” isolates also positively affected wheat root traits, albeit differences remain insignificant as compared to either RP- or TSP-fertilized wheat plants.

Furthermore, specific root traits such as specific root area (SRA) and specific root length (SRL) revealed significant differences in response to PSB inoculation (Figure 1). Both SRL and SRA were highest in wheat inoculated with PSB4 as compared to application of both RP (increase of 59 and 56%) and TSP (increase of 33 and 30%). The remaining PSB isolates also presented similar trends for SRL and SRA as compared to RP rather than TSP application, though to a lower extent than PSB4.




Figure 1 | Variations in specific root length (A) and specific root area (B) of durum wheat fertilized with rock P in response to inoculation with five PSB isolates versus P (RP and TSP) treatments alone harvested at 42-day after germination. Error bars represent the standard deviation of four replicates and each replicate consists of eight wheat plants per pot. Mean values labeled with the same letter were not significantly different at p < 0.05.






Effects of PSB Isolates on Above- and Below-Ground Physiological Modifications of Durum Wheat Supplied With RP


Effect on P Nutrition of Wheat Supplied With RP

P content of both shoots and roots increased in response to PSB inoculation compared to non-inoculated plants in both 15- and 42-day old wheat plants (Table 4). For both “shoot and root” Pi contents, a significant increase was noted in response to PSB1 and PSB2 (and PSB5 for shoot Pi) inoculation as compared to RP-, but also to TSP-fertilized plants in terms of root Pi. This trend tended to vary in 42-day old wheat plants whose Pi content variations were the most significant in shoots (highest) and roots (lowest) in response to PSB3 inoculation compared to RP-fertilized plants. However, inoculation with PSB1 induced (42-day old plants) significant root Pi accumulation compared to either RP- or TSP-fertilized plants. In terms of shoot total P content in 42-day old plants, PSB5 induced higher accumulation compared to all inoculated and non-inoculated treatments. Reversely to root Pi accumulation being significantly low as compared to that TSP-fertilized plants.


Table 4 | Variations in P content (total and inorganic) in both root and shoot, available P in rhizosphere growth substrate and APase activity in roots at two growth stage of wheat plants fertilized with rock P and inoculated with five PSB isolates versus P (RP and TSP) treatments alone.





Effect on Rhizosphere Available P and Root APase Activity of Wheat

Results in Table 4 show that the rhizosphere available P increased in all inoculated RP-fertilized 15-day old seedlings, though not significant either between isolates or TSP treatments. However, this parameter significantly decreased in 42-day old plants inoculated with PSB1, PSB3 and PSB5 that exhibited a better root P acquisition as this was confirmed by a higher shoot P content as compared to RP-fertilized plants (Table 4). However, TSP-fertilized plants presented the highest rhizosphere available P fraction as compared to all treatments. Additionally, P-hydrolyzing APase in wheat roots varied in response to inoculation and plant growth stage, particularly in the 42-day old wheat plants in which root APase activity increased significantly along with a decrease in rhizosphere P availability (Table 4). This trend was mainly noted in roots inoculated with PSB1, PSB2 and PSB5 whose APase activity were almost five times higher as compared to non-inoculated RP- and TSP-fertilized wheat plants.



Effect on Root P Acquisition Efficiency

TSP-fertilized plants have the highest RPAE as compared to the lowest efficiency in RP-fertilized plants (Figure 2A). Inoculation of RP-fertilized plants with PSB1, PSB3, PSB4 and PSB5 did not affect RPAE whose variations remain insignificant to that in RP-fertilized plants. Only PSB2 significantly enhanced (129.59%) RPAE as compared to non-inoculated RP-fertilized plants. Such a notable increase was also significantly higher as compared to the remaining PSB isolates, but to a lesser extent with PSB4. On the other hand, inoculated plants expressed a highly significant and positive correlation (R = 0.6, p = p = 0.0014**) between the inorganic “Pi” content and total P, indicating that PSB isolates likely contribute to a better internal P use efficiency (Figure 2B).




Figure 2 | Variation in root P acquisition efficiency RPAE (A) and the relationship between inorganic P and total P of durum wheat (B) fertilized with rock P in response to inoculation with five PSB isolates versus P (RP and TSP) treatments alone. Error bars represent the standard deviation of four replicates with each replicate consists of eight wheat plants per pot harvested at 42-day after germination. Mean values labeled with the same letter were not significantly different at p < 0.05. In panel (B), black circles: RP-fertilized plants inoculated with five PSB isolates consisting of twenty replicates (four replicates per PSB). Grey squares: RP and TSP fertilized plants consisting of four replicates with each replicate consists of eight wheat plants per pot.





Effect on Chlorophyll (a and b) Content and Stomatal Conductance

An overall increase in chlorophyll content (Chl a and Chl b) was observed in response to inoculation of wheat with all PSB isolates with differential effects found between isolates (Figures 3A, B). Only inoculation with PSB1 and PSB5 significantly improved Chl b content compared to TSP- and RP- fertilized plants (Figure 3A). Similarly, only PSB1 increased significantly Chl a content and exhibited, among all PSB isolates, the highest Chl a content as compared to controls (Figure 3B). Of note, PSB2 and PSB3 also increased significantly Chl a content in comparison to non-inoculated plants fertilized with RP only. Likewise, stomatal conductance (gs) was significantly higher in inoculated wheat plants regardless of PSB isolates with an average increase of 71.71 and 58.62% as compared to both RP- and TSP-fertilized wheat plants, respectively (Figure 3C).




Figure 3 | Variations in leaf chlorophyll b content (A), leaf chlorophyll a content (B), and stomatal conductance (gs) (C) of durum wheat fertilized with rock P in response to inoculation with five PSB isolates versus P (RP and TSP) treatments alone. Error bars represent the standard deviation of four replicates and each replicate consists of eight wheat plants per pot. Mean values labeled with the same letter were not significantly different at p < 0.05.



Significant correlations were found between total Chl content and contents of both Pi (R = 0.5, p = 0.001**) and total P (R = 0.6, p = 0.001**) of inoculated RP-fertilized wheat plants (Figures 4A, B). Such positive correlations may refer to both use and physiological efficiency of RP for a better photosynthesis activity in inoculated than in non-inoculated plants. This positive interdependency may be estimated up to 36 and 22% based on the slope of the regression model (y = ax + b) of Chl content as a function of Pi and total P plant contents, respectively.




Figure 4 | Correlations between total chlorophyll and plant P (inorganic (A) and total (B) content in durum wheat inoculated with five PSB isolates and fertilized with rock P (black circles) versus non-inoculated wheat fertilized with P (RP and TSP) treatment alone (grey squares). Black circles: RP-fertilized plants inoculated with five PSB isolates consisting four replicates per PSB. Grey squares: RP and TSP fertilized plants consisting of three replicates per RP and four replicates per TSP. For each treatment, each replicate consisting of eight wheat plants per pot.





Effect on N and Protein Contents in Durum Wheat Shoots

Wheat plants N content enhanced in response to PSBs inoculation with an average increase of 10.04% compared to non-inoculated plants fertilized with RP alone (Table 5), although no significant difference (P <0.05) was noted among inoculated and non-inoculated plants. However, TSP fertilization increased significantly N content by 19 and 30.66% compared to PSB inoculation and RP fertilization, respectively. On the other hand, although N content in inoculated plants did not significantly increase compared to RP-fertilized plants, NUE revealed significant effects due to inoculation with PSB3 (78%), PSB5 (50%) and PSB1 (37.5%) compared to TSP (highest N content) and RP fertilization. Similar to N content, TSP-fertilized plants had the highest protein content as compared to all treatments (Table 5). Nevertheless, compared to non-inoculated plants, a statistically greater amount of protein content was increased in response to PSB2, PSB3, PSB5 and PSB4 by 134.75, 131.52, 57.60 and 40.76%, respectively.


Table 5 | Variations in nitrogen and protein contents of durum wheat fertilized with rock P in response to inoculation with five PSB isolates versus P (RP and TSP) treatments alone.





Effect of PSB Inoculation on the Interdependency Between Above- and Below-Ground Traits

Multi-parameter correlation analyses between all above- (e.g. biomass, physiological traits, P and contents, etc.) and below-ground (e.g. root traits, root APase, available P) parameters revealed significant differences between inoculated and non-inoculated plants (Figure 5; Supplementary Table S2). The principal component analysis revealed that clustered groups wherein specific root traits (e.g. SRL, SRA, RDW, Ntips) were closely related to N and P content in both shoot and root of inoculated wheat plants (Figure 5A), which is also confirmed in the correlation matrix (Supplementary Table S2) showing differential responses between PSB isolates. Moreover, inoculated plants presented a second group clustering parameters related to root morphological traits (e.g. RL, RV, RD, Ncross and NForks), physiological traits (e.g. protein and N contents, gs), and rhizosphere available P, which all indicate the importance of root morphological traits in root nutrient acquisition and absorptive capacity (Figures 2 and 5A; Supplementary Table S2). In addition, inoculation with PSB isolates seems to have positive interdependency between total Chl, root Pi content, SDW and root APase. Unlike inoculated plants, in non-inoculated (fertilized with either RP or TSP) plants morphological root traits (e.g. RV, SRL, RSA and Nfroks) seemed to correlate with shoot P content, but with no correlation between morphological root traits, APase activity, root Pi content or even RDW that clustered alone (Figure 5B). Moreover, the second group clustering physiological and growth parameters (Chl content, SDW, protein content) had a positive correlation with rhizosphere soil P availability. It was also noted that most functional traits involved in P uptake (e.g. RDW, available P, APase and root traits are scattered in the inverse direction of both root morphological and physiological traits (e.g. Chl, protein and N contents, gs) plausibly indicating an unbalanced deployment of these traits responsible of P acquisition and growth performance.




Figure 5 | Principal component analysis elaborated based on growth, root traits and physiological parameters measured in durum wheat fertilized with rock P in response to inoculation with five PSB isolates versus non-inoculated plants fertilized with P (RP and TSP) treatments alone. Data are means of four replicates and each replicate consists of eight wheat plants per pot harvested at 42-day after germination. Pt shoot, total P of shoot; Pi shoot, intracellular P of shoot; Pt root, total P of root; Pi root, intracellular P of root; N, Nitrogen uptake; P Olsen, P in the rhizosphere; APase, acid phosphatase activity in root; Chl b, leaf chlorophyll b content; Chl a, leaf chlorophyll a content; Chl tot, total Chlorophyll; gs, stomatal conductance; Prot, protein content; RDW, root dry weight; SDW, shoot dry weight; SRL, specific root length; SRA, specific root area; RL, root length; RSA, Root surface Area; RD, Root diameter; RV, Root volume; Ncross, Number of Crossing; NTips, Number of Tips; Nforks, Number of Fork.







Discussion

The present study contributes to the available knowledge on wheat plant–PSB interaction under low P availability, speciﬁcally variations in root morphological traits along with associated rhizosphere modifications and aboveground physiological parameters related to P use efficiency. We show a signiﬁcant eﬀect of five PSB isolates contrasting in their PSC on the rhizosphere P availability, root morphological traits and improved aboveground parameters whose variations can help advance understanding the highly intricate root–PSB interactions under low available P forms such as rock P. We also address the hypothesis that PSB may have a stronger effect on root biophysical traits (more than localized rhizosphere P solubilization) reverberating positively on root nutrient absorption capacity (including P among other) and the overall crop physiology. In addition, our findings suggest that a highly in-plate P solubilizing bacterium does not necessarily indicate important in-planta responses given that temporal modifications at the belowground level were found to be PSB-specific regardless of the P solubilization capacity they were first selected for.


P Solubilizing Rhizobacteria Had Different Effects on Durum Wheat Seedlings Development

The ability of PSB isolates to solubilize two different P forms (e.g. RP and TCP) was demonstrated to influence positively wheat seedling development, an improvement that may be related not only to increased rhizosphere P bio-solubilization and modifications in root morphology (Table 2; Supplementary Table S1), but also to the multiple PGP traits (i.e., IAA, siderophore, NH4+, etc.; Table 1) plausibly contributing to an additional growth improvement. Improvements in seedlings root morphological traits in response to inoculation (specifically PSB1 and PSB4) were probably a consequence of a higher IAA production, which is a plant growth regulator hormone that in addition to boosting growth and root elongation, it also improves photosynthetic capacity, carbohydrate metabolism and the overall plant yield (Li et al., 2019). In this context, a recent study by Marathe et al. (2017) demonstrated the ability of an IAA-producing PSB strain (Pseudomonas aeruginosa) to stimulate 2 days earlier seed germination and increase both nutrients uptake (N, P, and K) and chlorophyll content (chl a and chl b). This is fully aligned with the current study’s findings as well as a number of previous research investigations (Khiangte and Lalfakzuala, 2011; Linu et al., 2019; Liu et al., 2019), although accurate quantitative analysis will be required to determine either the amount and the type of IAA likely responsible for root growth (Kowalczyk and Sandberg, 2001; Liu et al., 2012). However, it remains unclear why inoculation with PSB3 that exhibit the highest IAA production rate did not affect root traits (especially in 15-day old seedlings) as compared to either the remaining PSB isolates or to non-inoculated seedlings. Other bacterial traits such as ammonia production, medium acidification and osmotic stress tolerance (Table 1) may positively contribute in seedling robustness including important early-stage root nutrient absorptive capacity that could improve RP solubilization and subsequent utilization (Abbasi et al., 2015; Kumar, 2016; Pérez et al., 2016).

The PGP bacterial traits are well documented (Cerozi and Fitzsimmons, 2016; Vandamme et al., 2016; Paul and Sinha, 2017; Suleman et al., 2018; Liu et al., 2019; Parastesh et al., 2019) in terms of increasing plant growth and yield, meanwhile, spatial and temporal modifications of root functional traits in response to PSB inoculation are still not well-known. In this study, rhizosphere modifications at early stage of plant development (7- and 15-day old seedlings) are likely attributable to inoculation with PSB isolates whose in soil P solubilization rates were almost three times higher than non-inoculated plant-less soils, which is consistent with the in-plate findings (Table 1). In addition, variations in terms of P solubilization both in vitro and in plant-less soil indicated clear differences between PSB isolates, especially with PSB1 that increased significantly RL and RSA in 7-day old seedlings, while exhibiting the lowest PSC. Such stimulation was also observed in 15-day seedlings whose P content (especially in roots) significantly increased in response to inoculation with PSB1 (Table 2). Inversely, the isolate PSB5 exhibiting the highest PSC had no significant effect on the 7-day old wheat seedlings as compared to non-inoculated seedlings supplied with RP. Furthermore, the observed variations in 15-day old seedlings seemed to be PSB-specific given that only PSB4 (moderate PSC) induced significant improvements in root traits, mainly RL, RSA and RV (Table 2). Such early-stage rhizosphere variations that the current study unfolded for the first time could indicate clear differential effects that PSB may have on wheat seedling at an early growth stage. This will lead to new research questions enabling a better understanding of potential modes of actions that the PSB–root interface may evolve rather than the routinely evaluated bacterial P solubilization and currently believed to be crucial in screening efficient PSB.



P Solubilizing Bacteria May Have Greater Effect on Rooting System More Than Rhizosphere P Solubilization

Besides the direct effects that PSB may have on RP solubilization, it seems that changes in root morphological traits over time (e.g. 7-, 15- and 42-old day wheat plants) were associated with higher plant growth (Tables 2–4). After 15 days of growth, inoculation with all PSB isolates significantly improved RDW, whereas rhizosphere available P did not change significantly even though a slight increase may be seen as compared to RP-fertilized plants (Table 4). Roots of the 42-day old wheat plants also showed a similar trend when inoculated with PSB1, PSB2 and PSB5. For plants inoculated with PSB5 (exhibiting the highest PSC), the lower rhizosphere available P fraction may partly be attributed to important RDW and root depth that indicate an important root growth presumably responsible for increased root P uptake and P content in wheat shoots (Table 4). In line with these findings, experimental evidences about soil bacterial P bio-solubilization are available (Mamta et al., 2010; Batool and Iqbal, 2019; Emami et al., 2019), meanwhile relationship between PSB and root functional traits and their extension within the rhizosphere are not yet fully deciphered and so more when it comes more particularly to temporal variations throughout crop growth stages. Overall, our findings show for the first time that PSB may exhibit different PSC over growing time (three plant growth stages) and that P solubilization rate at the rhizosphere level likely difficult to estimate while roots continue to grow spatially and temporally. It may be hypothesized that an accurate PSB screening would definitely consider both biochemical features of PSB as well as the root-bacteria interaction responses giving that rhizosphere P assimilation is a root-driven biological process that heavily rely on overall belowground growth performances.

To the best of our knowledge and even though root parameters were measured destructively, this study is the first to describe interesting temporal variations of both morphological and physiological wheat root traits in response to inoculation with PSB that are contrasting in their PSC. Indeed, our findings corroborate with most PSB- and/or PGPR-based research investigations wherein crop growth responses, notably root modifications were measured either at early (germination and seedling) or at late harvesting stages without considering the contrast that PSB may have on P solubilization rate they may express during different plant developmental stages. Overall, at the three plant growth stages (7-, 15- and 42-day), root morphological traits (e.g. volume, surface, diameter, and number of tips and forks) obviously increased in response to inoculation that enabled efficient use of RP, which is consistent with the recent findings by Wang and Chu (2015); Suleman et al. (2018); Liu et al. (2019) and Wang et al. (2019). These authors demonstrated that, in addition to P solubilization, PSB inoculation can modify root functioning through modulation of the expression of auxin-responsive genes, hence playing major role in regulation of endogenous IAA level with positive consequences on P acquisition and plant physiological status. Furthermore, spatial rhizosphere/root heterogeneity may occur due to increased soil exploration leading to a higher solubilization and root absorption of P, which may be a consequence of AIA-producing PSB isolates (notably PSB1, PSB2 and PSB3) likely involved in regulating the root system morphology such as lengthening lateral roots (Raya-Gonzalez et al., 2014). Moreover, vigorous and efficient rooting systems in inoculated wheat plants was associated with higher shoot N and leaf protein contents, notably in response to PSB2 characterized to be an ammonium-producing (equivalent to 80 nmol ml−1) isolate and plausibly involved in non-symbiotic N2 fixation during plant growth. Correlation analyses (Supplementary Table S2) also indicated tight relationships between shoot N, leaf protein contents and root traits (e.g. RSA, RD, and N tips), which provides evidence of a stronger belowground effect. Particularly, root morphological traits (e.g. SRL, SRA, RDW, Ntips) could heavily contribute to a better acquisition of both N and P (Figure 5; Supplementary Table S2). However, advanced multidisciplinary approaches are needed, notably combining N2 fixation methods (i.e. natural 15N abundance), belowground photosynthate allocation and root occupancy of introduced PSB candidates. In this context, it was estimated that up to 60% of the photosynthesis-ﬁxed C in wheat, pea, maize, and tomato, is belowground-translocated where root-associated microorganisms can metabolize it or use it for the beneﬁt of plant growth and the rhizosphere microbiome (Morgan et al., 2005; Hernández et al., 2015; Wang et al., 2016).



Rhizosphere Bacterial Bio-Solubilization of P Presumably Stimulates Positive Above- and Below-Ground Interactions

The majority of the previous studies have largely described the direct effects of PSBs on plant growth based essentially on P solubilization and plant growth (Manzoor et al., 2017; Singh et al., 2018; Liu et al., 2019). Other studies have also reported important beneficial effects on few root parameters (Sarsan, 2016; Suleman et al., 2018; Rezakhani et al., 2019) with no strong linkage with aboveground P-related parameters. However, this study provided new evidence that PSB effects are not basically restricted to P solubilization alone, but extend to multiple known and unknown indirect effects on morphological root traits, thus improving both acquisition and internal use of P. Multiple differential responses at the level of “PSB-plant” interactions are reported herein, notably the significant increase of the rhizosphere P availability due to PSB inoculation (Table 1) at an early stage of plant development (7-day old seedlings), which could provide adequate amount of P readily available for the continuously growing roots, thus a better plant growth and P nutrition presumably secured for the subsequent growth stages. Another response is that PSB could play a key role in plant growth through promoting root development in the 15-day old seedlings more than P solubilization that seemed to be pronounced earlier at the 7th day after germination, and tended to decrease in 15-day and 42-day old wheat plants. This is consistent with the observation that in inoculated plant-less soil (results not shown) P solubilization was higher after 7 days of incubation and tended to decrease at the day 15 followed by an important (though not significant) P solubilization recovery at the 42nd day.

In wheat plants inoculated with PSB isolates, most above- and belowground parameters were clustered in one group, particularly root morphological traits such as Ntips indicating root proliferation (Harmer, 1990) that significantly correlated with root and shoot P contents. This relationship could be explained by the root’s ability for a high soil foraging, owing among other, to root proliferation leading to a greater P uptake. In addition, the positive correlation between rhizosphere available P and both root Ntips and RD in response to inoculation may indicate that increased P availability in the rhizosphere soil and its better aboveground translocation occurred either directly or indirectly in response to PSB inoculation, presumably owing to a better deployment of root morphological traits (Table 2) that enabled a larger soil surface exploitation (higher RL, RSA, Nforks and specific root length and area). Moreover, in 42-day old plants, PSB tended to stimulate both root APase activity and RL more than P solubilization activity which decreased over time owing to increased root absorption capacity as well as to a possible internal remobilization of cellular P pools due to increased root APase activity. This is consistent with previous studies reporting the ability of PSB strains to produce APase for improving P nutrition (Behera et al., 2017; Chawngthu et al., 2020). However, this trait has never been timely monitored in inoculated roots or properly considered as an essential root trait worth investigation during the in planta PSB screening steps.

Moreover, inoculated plants showed clear improvement of aboveground physiological traits exemplified by higher P, N and chlorophyll contents and stomatal conductance compared to non-inoculated plants. Photosynthetic activity (total Chl) coherently improved with increased shoot P (both total and inorganic) content under RP supply and PSB (notably PSB3) inoculation (Figure 4; Supplementary Table S2), which is clearly explained by the inoculation positive effects on root proliferation enabling more P acquisition from soil that correlates well with photosynthetic chlorophyll content. Such a finding indicates clear relationships that are likely PSB-triggered under low P availability as compared to adequate (TSP) mineral P nutrition that did not produce such a response. This is consistent with the recent ﬁndings by Wang et al. (2015) and Rozier et al. (2019) that PGPR (e.g. Azospirillum lipoferum, Azospirillum brasilense and Burkholderia phytofirmans, notably N2 fixing) contributed to a better photosynthetic activity in maize, wheat and switchgrass, however neither above- or below-ground mechanistic interactions related to P and PSB were highlighted so far.




Conclusions

Although PSB-focused research investigations have advanced understanding the complexity of involved mechanisms, it remains unclear how do PSB contribute to below- and above-ground interactions. It is strongly realistic that PSB contribute directly to rhizosphere P solubilization, however the extent in which PSB may contribute to root biophysical properties and aboveground physiological variations remain puzzling, especially owing to intricate root-PSB interactions that may occur and plausibly change over time. Our findings demonstrate that contrast in terms of bacterial P solubilization rate might not be the sole criterion to discriminate at early stage (in plate screening) low-rate PSB isolates whose effect in planta could be significant due to specific interactions with roots that somehow enable positive aboveground responses (case of PSB1 and PSB4). It may also be suggested that capturing efficient PSB and evaluating their in planta promoting growth traits through multiple inoculation experiments is still unavoidable, however plant responses should be monitored timely and spatially in order to point out “in-time & in-space” modifications enabling accurate interpretations of the bacterial effects. Such a strategy, although time-consuming, could provide insightful data on relevant ploy-bacterial “PSB” mixture with complementary and synergistic effects during all plant growth stages. This could crucially complement the routinely “In plate” bacterial consortium construction approach, which do not consider timely plant responses during the screening process. It might also be concluded that adopting interdisciplinary approaches, notably phenotyping functional traits both below- and above-ground, is likely necessary for unbiased results interpretations and accurate screening, ultimately leading to successful in field applications.
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In this study, a series of bacteria capable of degrading starch and cellulose were isolated from the aging flue-cured tobacco leaves. Remarkably, there was a thermophilic bacterium, Bacillus subtilis ZIM3, that can simultaneously degrade both starch and cellulose at a wide range of temperature and pH values. Genome sequencing, comparative genomics analyses, and enzymatic activity assays showed that the ZIM3 strain expressed a variety of highly active plant biomass-degrading enzymes, such as the amylase AmyE1 and cellulase CelE1. The in vitro and PhoA-fusion assays indicated that these enzymes degrading complex plant biomass into fermentable sugars were secreted into ambient environment to function. Besides, the amylase and cellulase activities were further increased by three- to five-folds by using overexpression. Furthermore, a fermentation strategy was developed and the biodegradation efficiency of the starch and cellulose in the tobacco leaves were improved by 30–48%. These results reveal that B. subtilis ZIM3 and the recombinant strain exhibited high amylase and cellulase activities for efficient biodegradation of starch and cellulose in tobacco and could potentially be applied for industrial tobacco fermentation.
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INTRODUCTION

Tobacco (Nicotiana tabacum L.) is the most economically important non-food cultivated product worldwide. China is the largest producer and consumer of tobacco in the world, accounting for about one third of the total global consumption each year (Liu et al., 2015). The unaged tobacco leaves are inadequate for cigarette products because of their sharp odors and undesirable aromas as well as harsh, irritating smoke (Huang et al., 2010). A further process called fermentation or aging for about 1–2 years is purposefully used to improve tobacco qualities. Fermentation not only shortens the aging cycle but also prominently develops the aroma and other qualities desirable in cigarette products (Su et al., 2011). This process not only is a chemical reaction process but also is linked to the enzymatic actions of microbes (Reid et al., 1937), which play extremely vital roles in the aging process. For example, many microbes, such as the genera Aspergillus, Bacillus, Staphylococci, Penicillium, and Mucor, initially have been observed upon cured and fermenting tobacco (Reid et al., 1937). Many previous researches have demonstrated the importance of microbial fermentation to the tobacco leaves for cigarette-making purposes (Di Giacomo et al., 2007; Zhao et al., 2007; Gong et al., 2009). In recent years, the high-throughput sequencing technologies have been utilized to analyze the diversity and dynamics of microbial communities from different types of tobaccos based on the 16S rRNA gene sequences (Huang et al., 2010; Su et al., 2011; Wang et al., 2018). However, little is known about the microorganisms appropriate for assisting in tobacco aging and microbial roles in aging, which are required for controlling artificial fermentation of tobacco.

Starch and cellulose are essential components of tobacco leaves, which have around 50% carbohydrates (10–30% starch, 10–25% cellulose, and 12% pectin) and 5–15% proteins, which affect the quality of flue-cured tobaccos (Reid et al., 1937). In a burning cigarette, tobacco leaf components are exposed to the burning environment; meanwhile, cellulose could lead to the emission of harsh smoke, resulting in a bitter taste among smokers. Some studies involved in the analysis of pyrolysis products from a single-component cellulose present in the tobacco leaves showed that some kinds of small molecular aldehyde and polycyclic aromatic hydrocarbons (PAHs) had been identified in tobacco smoke (Yang et al., 2018). PAHs are thought to have toxic properties such as carcinogenicity and cytotoxicity. The starch could affect the combustion velocity and completeness of cut tobacco and can also interfere with aroma-forming reactions because of the undesirable charring smell generated when the starch burned. Similarly, proteins could also produce throat choking and an unpleasant smell when burned (Reid et al., 1937). Therefore, the appropriate degradation of starch, cellulose, and proteins is the key to improve the quality of tobacco leaves. Meanwhile, the Maillard reaction is a chemical reaction between amino acids (the degradation products of proteins) and reducing sugars (the degradation products of starch and cellulose) that could produce distinctive flavor compounds and high-temperature speeds up the Maillard reaction when cigarettes are burning (Arihara et al., 2017).

In this study, a highly amylolytic and cellulolytic strain was directly isolated from the aging flue-cured tobacco and was found to be capable of simultaneously degrading starch and cellulose at a wide range of temperature and pH values. Starch and cellulose degradation were further confirmed by genome sequencing and comparative genomics analyses. The molecular genetics analyses and enzymatic activity assays demonstrate that both amylase and cellulase were secreted into ambient environment to function and could be heterologously overexpressed to improve the biodegradation of starch and cellulose in strain SIM1. The further small-scale fermentation experiment showed that the recombinant strain could improve the starch and cellulose degradation efficiency in tobacco, paving the way for tobacco fermentation application.



MATERIALS AND METHODS


Tobacco Samples, Culture Conditions, and Plasmids

A total of three kinds of the aging flue-cured tobaccos were obtained from Sichuan, Yunnan, and Zimbabwe, respectively. The LB medium (5 g/L yeast extract, 10 g/L tryptone, and 10 g/L NaCl, pH 7.0), R2A agar medium (10 g/L tryptone, 5 g/L beef extract, 5 g/L NaCl, pH 7.0, containing 2% starch or 3% skimmed milk) for identification of amylase and proteinase activities, and modified minimal salt media (MSM) [0.5 g/L KCl, 0.5 g/L (NH4)2SO4, 1 g/L KH2PO4, 3.5 g/L Na2HPO4,2H2O, 0.2 g/L MgCl2,6H2O, 0.05 g/L Ca(NO3)2,4H2O, 0.001g/L FeSO4, 7H2O, and 1 ml of trace element solution] were used for isolation and cultivation of starch, cellulose, and protein-hydrolyzing bacteria. The Escherichia coli–Bacillus sp. shuttle vector, pMK3 (ampicillin resistance in E. coli and kanamycin resistance in B. subtilis), was used to construct the amylase and cellulose producing plasmid. The empty vector and resultant constructs were transferred into the Bacillus strains via electroporation. Plasmids used in this study are listed in Table 1.


TABLE 1. Plasmids used in this study.
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Isolation of Starch and Cellulose Degrading Strains From the Aging Flue-Cured Tobaccos

After clipping the aging flue-cured tobacco, 5 g of each cut tobacco leaves was weighed and inoculated into 250-ml flasks containing 80 ml of MSM medium with 2.5% carboxymethyl cellulose (CMC) and 2% starch as a sole carbon source, respectively, and incubated with 220 rpm shaking at 28°C for 24 h. Subsequently, the bacterial culture was serially gradient diluted (10–2–10–6) and was plated on 2.5% CMC and 2% starch agars, incubated for 2–3 days at 30°C. Bacterial colonies with rapid growth and large diameters were picked and purified.



Microbial Growth Assessment in Different pH and Temperature

The bacterial growth was measured by using the liquid LB medium. Four milliliters of liquid LB medium was prepared in one suit of three culture tubes (12 ml), and inoculated with 1% of the fresh bacterial inoculum (OD600 of 0.8) after autoclaving at 121°C for 20 min. The strains were cultured at a wide range of temperature (30–70°C) or pH (5.0–9.0) with 220 rpm shaking at suitable pH (7.0) or temperature (30°C) for 36 h. The bacterial growth was monitored by OD600 measurement.



Determination of Enzymatic Activities

The chosen colony of individual strain was inoculated on 2.5% CMC and 2% of starch agar plates and incubated at 30°C for 16 h, respectively. For amylase activity tests, the plates were flooded with Lugol solution (gram iodine solution: 1% potassium iodide and 0.1% Iodine) for 5 min and positive activity was characterized by the clear zone formed on a purple background (Pascon et al., 2011). The cellulase and proteinase activity was assayed by measuring the CMC hydrolyzing zone on the CMC agar plates containing 0.2% Congo reds and the proteolysis zone on the skim milk agar plates after incubation for 36 h.

The amylase, cellulase, and proteinase activities were identified by using the culture supernatants of each strain over an entire growth period (36 h) using starch, CMC, and casein as substrates according to the methods of Miller (Miller, 1959; Miller et al., 1960) and McDonald and Chen (McDonald and Chen, 1965). The optical density of amylase and cellulase solutions was measured at 540 nm, respectively. The optical density of proteinase solutions was measured at 680 nm using a spectrophotometer. The enzymatic activities were measured by using Cellulase (CL) Assay Kit, α-amylase Assay Kit, and Alkaline Proteinase Assay Kit (Beijing Solarbio Science & Technology Co., Ltd). One unit (U) of amylase or cellulase activity was quantified as 1 μmol of glucose per minute generated by 1 ml of bacterial culture-produced enzymes under the assay conditions. One unit (U) of proteinase activity was quantified as 1 μmol of tyrosine per minute generated by 1 ml of bacterial culture-produced enzymes under the assay conditions. The enzymatic activity assays were carried out in triplicate.



Effect of Temperature and pH on Amylase and Cellulase Activities and Stability

To evaluate the effects of pH on the enzymatic activity and stability, each bacterial culture was incubated at different pH values of 5.0–9.0 using the following buffer reaction solution: Tris–HCl buffer (pH 6.0–8.0), citrate buffer (pH 3.0–5.0), and glycine-NaOH buffer (pH 9.0–10.0); 2.5% starch and 2.0% CMC were used as substrates, respectively. The temperature should be kept at 30°C. The pH value of the cellulase and amylase reaction mixture was adjusted by using the above specified buffers, while both enzymatic activities were quantified as per the standard assay method. The stability of both the enzymes was determined by pre-incubating the enzyme reaction mixture for 30 min at 30°C. Meanwhile, the effects of temperature on the enzymatic activity and stability were determined by incubating each reaction solution at a different temperature (30–70°C) and the pH value should be kept at 7.0 for 1 day and the relative enzymatic activities were measured by the use of 2.5% starch and 2.0% CMC as substrates. The thermal stability of both the enzymes were quantified by pre-incubating the reaction mixtures at 30–70°C temperature and constant pH value of 7.0 for 30 min. The amount of enzyme synthesized was then quantified to analyze the thermal stability of both of the specified enzymes (Awasthi et al., 2018).



Identification of Isolated Bacterial Strains

The genomic DNA of each isolated strain was extracted by using the E.Z.N.A.® Bacterial DNA Kit (Omega Bio-Tek, United States). DNA was suspended in 100 μl of sterile distilled water and the DNA quality and quantity were checked by agarose gel electrophoresis and nano-drop measurement. The extracted DNA was used as template for PCR amplification of 16S rDNA by universal primers set: forward 27F primer (5′-AGAGT TTGATCCTGGCTCAG-3′) and reverse 1492R primer (5′-GG TTACCTTGTTACGACTT-3′) (Moreno et al., 2002). The sequence determined in this study was compared with the 16S rDNA sequences of the GenBank database. Nucleotide sequences were aligned initially using Clustal X (Thompson et al., 1997) and then adjusted manually. Distance matrices and phylogenetic trees were calculated according to the Kimura two-parameter model (Kimura, 1980) and the neighbor-joining algorithm (Saitou and Nei, 1987) using the MEGA 7 software packages (Kumar et al., 2016). One thousand bootstraps were performed to assign confidence levels to the nodes in the trees.



Genome Sequencing, Assembly, Annotation, and Comparative Genomic Analyses

The DNA sequencing and assembly of the strain B. subtilis ZIM3 genomes were generated by using the Illumina Hiseq 2000 platform and SPAdes Genome Assembler1 (An et al., 2016). The open reading frames (ORFs) and the functional annotation of translated ORFs were predicted by using the RAST (Rapid Annotation using Subsystems Technology) server online2 (Overbeek et al., 2014).

The progressive Mauve (Darling et al., 2010) was used to compare the newly sequenced genome to the previously reported Bacillus tequilensis KCTC 13622, as a tool to check for synteny and unique regions among large blocks of genomic sequences. We compared the metabolic reconstruction of B. subtilis ZIM3 to that of B. tequilensis KCTC 13622 by using a function-based comparison tool (Brettin et al., 2015). Easyfig was used to visualize the coding regions and reveal the inter-cluster relationship (Sullivan et al., 2011).



Alkaline Phosphatase A-Fusion Assay

The 5′-nucleotide sequence, encoding the signal peptide, of amyE1, celE1, xlnC, xlnA, and licA gene, was fused with the truncated phoA gene without the sequence encoding the N-terminal signal peptide, respectively, to determine the cellular protein location. Primers used in this study are listed in Supplementary Table S1. The alkaline phosphatase A (PhoA)-fusion assay was conducted according to the previous protocol (Hoffman and Wright, 1985; Dai et al., 2015).



Expression, Purification, and Activity Assays of Amylase and Cellulase

The amylase genes amyE1 (lacking the N-terminal sequence encoding the signal peptide, LNSP) and celE1 (LNSP) were cloned into the pET28a vector and then were transferred into E. coli DE3 cells. The transformants of DE3 were incubated in the liquid LB medium (100 μg/L of ampicillin) at 37°C to an OD600 value of about 0.6–0.8 and were transferred into an incubator supplemented with IPTG (0.01%, w/v) at 16°C overnight to induce gene expression. The harvested cells were decomposed and homogenized by sonication (Scientz-II D, Ningbo). The recombinant proteins were purified by using Ni-NTA columns according to the previous reported protocol (Dai et al., 2019). The activities of amylase and cellulase were assayed by using Cellulase (CL) Assay Kit and α-amylase Assay Kit (Beijing Solarbio Science & Technology Co., Ltd). One unit (U) of enzyme activity was quantified as the amount of enzyme that synthesized against 1 μmol of glucose per minute under the assay conditions. The enzyme concentrations were measured by using a total protein assay kit (Jiancheng Biotech, Nanjing, China). Primers used in this study are listed in Supplementary Table S1.



Cellulase and Starch Content Analysis

The flue-cured tobaccos were treated with 2 ml of distilled water, the strain ZIM3 culture, and the recombinant strain ZIM1 culture, respectively, for 6–8 days at 40°C temperature and 65% relative humidity. After that, the tobacco tissues were dealt with 70% ethanol and 100% acetone, and then air-dried at 37°C. Each 6- to 10-mg sample was incubated in 1 ml of Updegraff reagent (acetic acid:nitric acid:H2O, 8:1:2) for 30 min in boiling water. After washing twice with deionized water, the pellet was soaked in 1–2 ml of 67% H2SO4 for 1 h. The amount of glucose was measured by the colorimetric method at 620 nm using 0.3% anthrone as a dye. After that, the cellulose content was calculated according to the standard curve of D-glucose (Updegraff, 1969). For the determination of starch content, the treated tobaccos were dehydrated in a refrigerated vacuum evaporator operated at an air pressure of 8.1 kPa at −60°C for 24 h. Starch was extracted by percolation with 40% perchloric acid, followed by ultrasonic extraction for 10 min. The starch content was estimated by the continuous flow method (Song et al., 2016).



Statistical Analysis

All experiments were conducted in three replicates. The means and standard deviation (SD) values are shown in the figures. One-way ANOVA was employed to determine statistical differences among multiple groups and t-test was applied to determine that between two groups.



RESULTS AND DISCUSSION


Isolation and Identification of Potential Bacteria Producing Amylase and Cellulase

There were 39 strains obtained from Yunnan tobacco, Sichuan tobacco, and Zimbabwe tobacco leaves through selective culture. Among these isolates, 10 strains resulted in the hydrolytic zone of different sizes on the MSM agar medium containing 2.5% CMC and 2% starch. The cellulose and starch degradation efficiency of two strains (YUN1 and YUN2) isolated from tobacco leaves from Yunnan province, two strains (SIC1 and SIC2) from Sichuan province, and six strains (ZIM1, ZIM2, ZIM3, ZIM4, ZIM5, and ZIM6) from Zimbabwe was evaluated based on the hydrolytic zone diameter (cm). The strain SIC1 exhibited a larger hydrolytic zone diameter on CMC agar plate, and the strains ZIM1 and ZIM4 produced wider hydrolytic zone diameters on starch agar plate (Supplementary Figure S1). Interestingly, the strain ZIM3 simultaneously resulted in a larger hydrolytic zone diameter on both CMC and starch agar plate (Figures 1A,B). Meanwhile, in our in vivo assays, the activity of amylase and cellulase was measured after 24 h of bacterial incubation during which the extracellular hydrolyzing enzymes were produced and secreted (Figures 1C,D). However, there were no significant differences in the protease activity observed among these strains (Figures 1E,F). These results indicated that the measured amylase activity, 2846 U/g, and cellulase activity, 2448 U/g, of the strain ZIM3 were more than 2.5 times as high as those of other strains except for the strain SIC1 whose cellulase activity was about 2560 U/g. These results are in accordance with the findings of English et al. (1967) who isolated eight strains of B. subtilis, five strains of B. coagulans, four strains of B. megaterium, and three strains of B. circulans from fermented Connecticut broadleaf tobacco. Some of those strains were employed to enrich the normal thermophile flora of “sweating” tobacco (English et al., 1967). However, there was no further research on the strains producing amylase and cellulose. Later, Awasthi et al. (2018) observed that four potential amylase- and cellulose-producing bacteria were isolated from the food wastes compost and belonged to the amylolytic and cellulolytic strains. Gonzalez Pereyra et al. (2020) also found that aflatoxin-degrading Bacillus strains could degrade zearalenone, which also produced proteases, amylases, and cellulases.
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FIGURE 1. The diameter of starch (A) and CMC (B) hydrolytic zone and the amylase (C) and cellulase (D) activities of all selected isolates cultivated in modified MSM medium with 2.5% CMC and 2% starch as the sole carbon source and cultured at 28°C for 24 h. One unit (U) of enzyme activity was quantified as 1 ml of bacterial liquid produced enzyme that synthesized against 1 μmol of glucose per minute under the assay conditions. The diameter of protein hydrolytic zone (E) and the proteinase (F) activity of all selected isolates cultivated in medium for identification of proteinase activity and incubated at 28°C for 24 h. Error bars represent standard deviation.


Interestingly, some strains could not form colonies on CMC agar plate but exhibited the hydrolytic zone diameter after incubation for 2–3 days. We suspected that they might enter into a viable but non-culturable (VBNC) state. Some studies have shown that VBNC bacteria still possessed metabolic activity such as nitrogen removal capabilities in indigenous population of the sediments (Su et al., 2019). Similarly, the PAH-degrading Novosphingobium sp. LH128 enters a VBNC-like state upon inoculation into soil but is metabolically active (Fida et al., 2017).



Effects of Temperature and pH on Growth of Bacterial Strains

To characterize the effects of temperature and pH values on bacterial growth, a total of six cellulolytic and amylolytic strains were selected according to their higher enzymatic activities. Bacterial growth profile of different strains was evaluated after 36 h under the different temperature or pH value. The results showed that the strains ZIM1 and ZIM3 exhibited significantly higher cell density than other strains at 40–70°C and pH 5.0–9.0 (Figures 2A,B). Besides, the previous results also showed the strain ZIM3 had higher amylase and cellulase activities. Together, these results confirmed that the strain ZIM3 did have a potential ability to biodegrade CMC and starch into the sub-products like glucose under the conditions of 5.0–9.0 pH and 40–70°C temperature. The strain ZIM3 possesses highly thermostable starch and cellulose hydrolytic capacity under different pH values and temperatures. Our results are consistent with the findings of Awasthi et al. (2018), who isolated some thermotolerant strains from the food waste compost, such as Brevibacillus borstelensis and Bacillus thuringiensis, which achieved significantly higher cell density at the high temperature of 50–60°C and pH 6.0–8.0. Thus, we propose that the strain ZIM3 would be considered as a biological agent to improve the efficiency of tobacco fermentation based on its better adaptability at a wide range of temperature and pH values.
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FIGURE 2. Growth of bacterial strains under different temperature and pH values. Effects of (A) temperature (30–70°C) and (B) pH (5.0–9.0) on the growth of the six strains. These strains were incubated in LB culture medium with shaking (220 rpm) for 36 h. Error bars represent standard deviation.




The Phylogenetic Analysis of the Strain B. subtilis ZIM3

Based on the 16S rDNA sequence analysis, the strains ZIM1 (Bacillus amyloliquefaciens, 98%), ZIM2 (Bacillus zhangzhouensis, 99% identity), ZIM3 (Bacillus subtilis, 98%), ZIM4 (B. amyloliquefaciens, 99%), ZIM5 (Bacillus sp., 99%), ZIM6 (B. zhangzhouensis, 99%), SIC1 (Bacillus stratosphericus, 98%), SIC2 (Paenibacillus amylolyticus, 98%), YUN1 (Solibacillus silvestris, 98%), and YUN2 (Bacillus kochii, 98%) had been identified and were found to be closely related to the previously classified Bacillaceae species, respectively. Because of the high amylase and cellulase activity, a phylogenetic tree of the strain ZIM3 based on 16S rRNA gene sequences is constructed (Figure 3) and it was found that the strain ZIM3 was closely related to the previously described B. tequilensis KCTC 13622 and B. tequilensis 10b strains. B. tequilensis possessed a novel extracellular active thermo-alkali-stable laccase, an alkaline pectate lyase, and a solvent-stable amylase, with potential applications in biobleaching, xenobiotics bioremediation, food industry, decolorization of textile dyes, and plastic degradation (Chiliveri and Linga, 2014; Tiwari et al., 2014; Sondhi et al., 2015). However, to date, few researches focus on the highly thermostable cellulase and amylase activity of Bacillaceae species isolated from the flue-cured tobaccos.
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FIGURE 3. Neighbor-joining tree of the strain ZIM3 and related bacterial strains based on the neighbor-joining algorithm of the 16S rDNA sequences. Bootstrap values are shown as percentages of 1000 replicates. The bar (0.005) at the bottom of the tree indicates the substitution per nucleotide position.




Comparative Genomic Analyses of the Strain B. subtilis ZIM3 and B. tequilensis KCTC 13622

The genome sequencing and annotation of the strain B. subtilis ZIM3 were carried out to reveal the mechanism underlying its higher amylase and cellulase activity. The sequence data were generated in the sequencing of the genomic DNA library of the strain ZIM3 and the genome was assembled de novo from 14,316,557 paired end reads, with the length of 150 nucleotides (nt) and approximately 500∗ coverage. The genome of the strain ZIM3 was estimated to be 4073 kilo-base pairs (bp) in length, with a G + C content of 43.7% and 4195 predicated coding sequences, while the genome size of the B. tequilensis KCTC 13622 strains was estimated to be 3981 kilo-bases, with a 43.9% GC content and 4363 predicated coding sequences.

The comparative genomics analysis of the two strains B. subtilis ZIM3 and B. tequilensis KCTC 13622 was conducted. Multiple genome alignments of these two genomes, using progressive Mauve (Supplementary Figure S2), demonstrated a few similarities between B. subtilis ZIM3 and B. tequilensis KCTC 13622. However, there were some rearrangements and sequence elements specific to a particular genome, respectively. By using a function-based comparison tool, we observed that both B. subtilis ZIM3 and B. tequilensis KCTC 13622 possessed a cellulolytic and hemi-cellulolytic multienzyme complex and an amylolytic multienzyme system, indicating that they could degrade complex plant biomass into fermentable sugars efficiently. We found that these two strains possess a variety of plant biomass-degrading enzymes, including alpha-amylase AmyE1 (EC 3.2.1.1), oligo-1,6-glucosidase GluA (EC 3.2.1.10), alpha-glucosidase GluB (EC 3.2.1.20), neopullulanase NplT (EC 3.2.1.135), beta-1,4-glucanase (cellulase) CelE1 (EC 3.2.1.4), glucuronoarabinoxylan endo-1,4-beta-xylanase XlnC (EC 3.2.1.136), endo-1,4-beta-xylanase XlnA (EC 3.2.1.8), endo-beta-1,3-1,4 glucanase (licheninase) LicA (EC 3.2.1.73), and spore coat protein CotA (Laccase) (EC 1.10.3.2). In particular, the alpha-amylase AmyE1, beta-1,4-glucanase (cellulase) CelE1, glucuronoarabinoxylan endo-1,4-beta-xylanase XlnC, endo-1,4-beta-xylanase XlnA, and the endo-beta-1,3-1,4 glucanase LicA were computationally predicted to contain the signal peptide for secretion by using the SignalP 5.0 software (Armenteros et al., 2019) and Protter (Omasits et al., 2014) (Figure 4A). Meanwhile, the PhoA-fusion assay demonstrated that AmyE1, CelE1, XlnC, XlnA, and LicA were secreted into the periplasm of E. coli DH5 alpha as predicted above, because the signal peptide of AmyE1, CelE1, XlnC, XlnA, and LicA could mediate the secretion of PhoA into periplasm of E. coli, respectively (Figure 4A and Supplementary Figure S4). Comparative genomic analyses revealed that B. subtilis ZIM3 possess more functional genes than B. tequilensis KCTC 13622, which lacks approximately 605 genes such as the genes required for chitin and N-acetylglucosamine utilization, histidine degradation, spore germination, teichoic and lipoteichoic acid biosynthesis, inositol catabolism, lactate utilization, as well as cold and heat shock response (Supplementary Table S2). Furthermore, the relatedness of these two strains was also determined, using the Easyfig software (Supplementary Figure S3). The alignment analysis demonstrated that the close relationship and the extensive gene rearrangements between B. subtilis ZIM3 and B. tequilensis KCTC 13622 might account for their speciation and adaptation to the specific habitats in which they evolved. The B. subtilis ZIM3 has been sent and stored in the China Center for Type Culture Collection (CCTCC NO: M2018707).
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FIGURE 4. Amylase and cellulase activity assays of AmyE1 and CelE1. (A) PhoA-fusion assay (the lower panel) demonstrated that AmyE1 and CelE1 are secreted into the periplasm as computationally predicted (two upper panels). The two upper panels are computational prediction of signal peptide for AmyE1 and CelE1 secretion by using the SignalP 5.0. The 5′-nucleotide sequence, encoding the signal peptide of amyE1, celE1, xlnC, xlnA, and licA gene, was fused with the E. coil phoA gene without the sequence encoding the N-terminal signal peptide, respectively. (B) Photographic representation of the SDS-PAGE of AmyE1 proteins. Lane 1: marker proteins; lane 2: enzyme supernatant (amylase). Molecular weights were presented in the form of kDa. The amylase activity was defined under the assay conditions described. (C) Photographic representation of the SDS-PAGE of CelE1 proteins. Lane 1: marker proteins; lane 2: enzyme supernatant (cellulase). Molecular weights were presented in the form of kDa. The cellulase activity was defined under the assay conditions described.




The Genes Potentially Involved in Cellulose and Starch Degradation

To further characterize the enzyme activities of AmyE1 and CelE1, a series of expression, purification, and in vitro activity assays of the AmyE1 and CelE1 recombinant proteins were conducted. The alpha-amylase AmyE1 (residues 34–659, lacking the N-terminal signal peptide, MFAKRFKTSLLP LFAGFLLLFHLVLAGPAAASA) gene and beta-1,4-glucanase (cellulase) CelE1 (residues 30–499, lacking the N-terminal signal peptide, MKRSISIFITCLLTTLLTMGGMMASPASA) gene were successfully cloned into the pET28a vector and were overexpressed in the E. coli DE3 strain (Figures 4B,C). In vitro assays demonstrated that the recombinant AmyE1 protein exhibited an amylase activity as high as 5827 U/ml and the cellulase activity of overexpressed CelE1 reached 8978 U/ml (Figures 4B,C). These results, together with the in vivo assays (Figure 1), strongly indicated that both AmyE1 and CelE1 are functional in the strain B. subtilis ZIM3 and are probably secreted outside of the cell to degrade the cellulose and starch. Some psychrotolerant yeasts only exhibited extracellular amylase or cellulase activity at a narrow range of low temperature and pH values (Carrasco et al., 2016), unlike B. subtilis ZIM3, which could adapt to a wider range of temperature and pH values. Interestingly, there were previous attempts to employ the thermostable cellulase- and amylase-producing bacteria for the biodegradation of tobacco waste extract and food wastes (Awasthi et al., 2018; Ye et al., 2019). In this study, we attempted to improve the quality of tobacco leaves by biodegradation of starch, cellulose, and protein in flue-cured tobacco leaves via fermentation, and hopefully could produce distinctive flavor. Some other researches showed that Bacillus could produce extracellular xylanase (Khandeparker et al., 2017) and extracellular thermo-alkali-stable laccase (Sondhi et al., 2015), which are consistent with our genomic prediction on the strain B. subtilis ZIM3, with an exception for the laccase of strain ZIM3, which was intracellular bacterial spore coat protein. The 1,3-1,4-β-glucanase of Bacillus exhibited remarkable activities (Teng et al., 2006; Wang et al., 2014; Niu et al., 2017, 2018) that can effectively hydrolyze high-molecular-weight β-glucans into oligosaccharides by cutting the 1,4-β glycosidic bonds (Niu et al., 2017), promising for application in the fermentation industry.



Effects of Temperature and pH on Enzymatic Activities in Liquid Culture

To further characterize the enzymatic activities and stability of the strain B. subtilis ZIM3 as compared to other strains at a wide range of temperature and pH values, a series of experiments were conducted to measure the cellulase and amylase activities over the temperature and pH range from 30 to 70°C, and 5.0 to 9.0, respectively. The four selected strains all showed high enzymatic activities at 37°C (Figure 1). However, our results indicated that the SIM3 strain not only had a highly active amylase activity but also maintained the maximum amylase stability over a wide range of temperature (30–70°C) and pH values (6.0–9.0) (Figures 5A,B). The maximum enzymatic activities were observed at 50°C and pH 7.0. These results are consistent with the previous finding that a strain of B. amyloliquefaciens produced the highest enzyme activity at about 50°C (Tanyildizi et al., 2007). Similarly, the strain of Bacillus sp. GM8901 exhibited highly active amylase stability at pH 6.0–8.0 (Hmidet et al., 2009). Moreover, the strains ZIM1 and ZIM4 have lower amylase activities but higher amylase stability (Figure 5). Besides, the strains SIM3 and SIC1 exhibited maximum cellulase activities and stability at a wide range of temperature and pH values (Figures 5C,D), and the maximum enzymatic activities were observed at the temperature of 50°C and pH 7.0 (Figures 5C,D), consistent with the findings of the higher cellulase activity of another Bacillus sp. strain observed at pH 7.0–8.0 (Mawadza et al., 2000). In Bacillus pumilus, the cellulase activity was retained about 70% for 24 h cultivation at 70°C (Poorna and Prema, 2007). Interestingly, the strain SIC1 has lower cell density as compared to other strains at 50–70°C. Therefore, the strain SIM3 could really grow quickly and produce the extracellular highly active cellulase and amylase at a wide range of temperature (30–70°C) and pH values (6.0–9.0).
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FIGURE 5. Effects of temperature (A) and pH (B) on amylase activity and stability after incubation for 30 min. Effects of temperature (C) and pH (D) on cellulase activity and stability after incubation for 30 min. One unit (U) of enzyme activity was quantified as 1 ml of bacterial liquid produced enzyme that synthesized against 1 μmol of glucose per minute under the assay conditions. Error bars represent standard deviation.




Improving Activities of Amylase and Cellulase by Genetic Engineering

The strain ZIM1 achieved significantly higher cell density but lower amylase and cellulase activities as compared with other strains at higher temperature (Figure 2A). Therefore, we tried to further improve its efficiency for biodegradation of starch and cellulose by using the molecular genetics approaches. The results showed that overexpression of amyE1 (from the strain ZIM3) and celE1 (also from the stain ZIM3) could lead to the increase of amylase and cellulase activities in strain ZIM1, respectively (Figures 6A,B). In particular, amylase activity was increased by threefold in the engineered strain carrying the pMK3-amyE1 compared to that of the wild-type strain ZIM1 carrying only empty pMK3 vector, even slightly more than that in strain ZIM3. Similarly, the cellulase activity was increased by five times in the recombinant strain carrying the pMK3-celE1 compared to the wild-type strain ZIM1. Moreover, the activities of cellulase and amylase in the cell pellet were also measured, but the enzymatic activities were below the limit of detection (Figures 6A,B). Therefore, the findings, together with the above-described results, strongly indicated that most of the amylase and cellulase were secreted into the outside of cells and very low or negligible amount was within the cell. Importantly, we confirmed that the amylase and cellulase of strain ZIM3 exhibited higher enzymatic activities and was heterologously expressed to improve the biodegradation of starch and cellulose in strain SIM1. A study showed that expression of enzymes such as β-1,4-glucosidase and β-1,4-endoglucanase in the ethanologenic E. coli was found as better biomass hydrolysis (Munjal et al., 2015). Nowadays, many studies are mainly focused on bacteria strain itself producing thermostable amylase and cellulase enzymes, and these results showed that many wild-type strains could biodegrade the food waste, tobacco waste, and wastepaper (Poorna and Prema, 2007; Awasthi et al., 2018; Ye et al., 2019). However, few researches are involved in genetic approaches for improvement of microbial enzyme activity applied in tobacco fermentation. We firstly improve activities of amylase and cellulase by genetic engineering, paving the way for the engineered strain to be applied in tobacco fermentation.
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FIGURE 6. Overexpression of the amyE1 (A) and celE1 (B) in the strain ZIM1 could improve the amylase and cellulase activities and the biodegradation efficiency of starch (C) and cellulose (D) in tobacco. ZIM1/pMK3 represents the strain ZIM1 carrying the pMK3 plasmid, and the enzyme activities from cell-free culture supernatants were measured; note that ZIM1/pMK3/P represents the strain ZIM1 carrying the pMK3 plasmid, and the enzyme activities from the cell pellet extract (P) were measured; Control represents the treatment with 2 ml of distilled water; ZIM3 represents the treatment with 2 ml of ZIM3 strains cultures; ZIM1/pMK3-amyE1 represents the treatment with 2 ml of ZIM1/pMK3-amyE1 strains cultures; ZIM1/pMK3-celE1 represents the treatment with 2 ml of ZIM1/pMK3-celE1 strains cultures.




Effects of Microbial Treatment on the Cellulose and Starch Contents in Tobacco

Cellulose and starch, primary components of the tobacco cell organization and skeleton, are about 11 and 20% in tobacco, respectively (Figures 6C,D) (Reid et al., 1937). High cellulose and starch contents, which could decrease the tobacco flavor and smoke quality of cigarettes, lead to intense irritation of the sensory organs and coughing during smoking (Zhu et al., 2015). To reduce the cellulose and starch contents in tobacco, we evaluated the efficacy of the ZIM3 strain and the engineered strain ZIM1 to degrade cellulose and starch in tobacco. As described above, the wild-type strain ZIM3 and the engineered strain ZIM1 have significantly higher amylase and cellulase activities, respectively (Figures 6A,B). In the present study, a small-scale tobacco fermentation experiment was also performed with our strains. The flue-cured tobaccos were further treated with the strain ZIM3 or (and) the engineered strain ZIM1 for 6–8 days at 40°C temperature and 65% relative humidity. As shown in Figures 6C,D, the contents of starch and cellulose in tobacco declined significantly after the treatment by the strain ZIM3 and the engineered strain ZIM1. Interestingly, the content of starch in tobacco treated with strain ZIM3 and ZIM1 was reduced by 35.7 and 48%, respectively. On the other hand, the content of cellulose in tobacco was reduced by 29.8 and 46.6%, respectively. In conclusion, treatment with the strain ZIM3 and the engineered strain ZIM1 could improve the starch and cellulose degradation efficiency by 30–48%. These findings are consistent with the fact that overexpression of amyE1 and celE1 could lead to the increase of amylase and cellulase activities in strain ZIM1, hereby improving the biodegradation efficiency of starch and cellulose in tobacco. It was previously shown that the tobacco stems treated with a pectinase solution led to an increase in the contents of reducing sugars and Maillard reaction products by 20.5 and 67.2%, respectively (Zhu et al., 2015). The neutral aroma substances were increased by 29.94%, which could improve the aroma quality of tobacco leaves and the overall sensory quality to a great extent (Zhu et al., 2015). These results showed that B. subtilis ZIM3 and the recombinant strain exhibited high amylase and cellulase activities and hopefully could be applied in tobacco fermentation for an efficient degradation of both starch and cellulose.
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Pastures are an important part of crop and food systems in cold climates. Understanding how fertilization and plant species affect soil bacterial community diversity and composition is the key for understanding the role of soil bacteria in sustainable agriculture. To study the response of soil bacteria to different fertilization and cropping managements, a 3-year (2013–2015) field study was established. In the split-plot design, fertilizer treatment (unfertilized control, organic fertilizer, and synthetic fertilizer) was the main plot factor, and plant treatment [clear fallow, red clover (Trifolium pratense), timothy (Phleum pratense), and a mixture of red clover and timothy] was the sub-plot factor. Soil bacterial community diversity and composition, soil properties, and crop growth were investigated through two growing seasons in 2014 and 2015, with different nitrogen input levels. The community diversity measures (richness, Shannon diversity, and Shannon evenness) and composition changed over time (P < 0.05) and at different time scales. The community diversity was lower in 2014 than in 2015. The temporal differences were greater than the differences between treatments. The overall correlations of Shannon diversity to soil pH, NO[image: image], NH[image: image], and surplus nitrogen were positive and that of bacterial richness to crop dry matter yield was negative (P < 0.05). The major differences in diversity and community composition were found between fallow and planted treatments and between organic and synthetic fertilizer treatments. The differences between the planted plots were restricted to individual operational taxonomic units (OTUs). Soil moisture, total carbon content, and total nitrogen content correlated consistently with the community composition (P < 0.05). Compared to the unfertilized control, the nitrogen fertilizer loading enhanced the temporal change of community composition in pure timothy and in the mixture more than that in red clover, which further emphasizes the complexity of interactions between fertilization and cropping treatments on soil bacteria.

Keywords: legume–grass mixture, bacterial community, seasonal change, pasture, sustainable agriculture


INTRODUCTION

Grassy pastures are an important part of agricultural systems where ruminants are the main way for producing food under cold, dry, or other stressful conditions. Pastures for silage, hay, or grazing cover 26% of the arable region of Finland (Niemi and Väre, 2017), where the climate is defined as boreal and sub-boreal. To sustain or improve pasture production, farming systems have been widely intensified particularly through nitrogen (N) fertilizer inputs (Tilman et al., 2002; Stott and Gourley, 2016). However, reactive N as nitrate (NO[image: image]) in either synthetic fertilizer or manure is highly mobile and easily leached into waterways or denitrified, resulting in substantial environmental pollution (Philippot et al., 2007; Ju et al., 2009). Soil microbes can directly or indirectly affect plant productivity by regulating the acquisition of limiting nutrients and the farming impacts on the environment by moderating the biogeochemical processes (Verwaal et al., 2006; Van et al., 2008; Strickland et al., 2009). Soil bacteria are critical for N flows through biological nitrogen fixation (BNF) that provides N for crop growth, nitrification by oxidizing NH[image: image] into NO[image: image], denitrification by reducing NO[image: image] into NO, N2O, and finally N2, and in dissimilatory NO[image: image] reduction to ammonium (Philippot et al., 2007; Franche et al., 2009; Jia and Conrad, 2009; Yoshida et al., 2009; Robertson and Groffman, 2015).

Achieving or maintaining functional and diverse populations of soil organisms is one of the major criteria for sustainable land management (Dumanski et al., 1991). The effects of fertilizer and crop management on soil microbial communities may help us to understand the key roles of soil microbes on the biogeochemical processes of nutrient flows and crop production. Wang et al. (2017) reported a decrease in bacterial richness with synthetic fertilizer, and the simultaneous loss of soil biodiversity caused by intensification has raised concerns (Orgiazzi et al., 2016). In a comparison between grassland and managed fields, more intensive management resulted in greater differences in bacterial communities over time (Lauber et al., 2013). Generally, detecting the differences requires long-term studies (Shen et al., 2010; Hui et al., 2017). A meta-analysis by de Graaff et al. (2019) summarized that bacterial diversity was increased when synthetic N input rate was less than 150 kg ha–1 year–1, with organic N applied for more than 5 years, and the authors suggested that this was due to increased soil organic matter accumulation and retention. With elevated N input or across a N gradient, the community composition became progressively more distinct at higher N levels from those at no or lower levels of N fertilizer (Ramirez et al., 2010; Fierer et al., 2012). In addition, Soong et al. (2020) reported that soil organic carbon (C) content is the primary limitation for heterotrophic microbial communities.

The presence of N2-fixing legumes in legume–grass intercropping was considered as a component of sustainable intensification to enhance resource use efficiency and improve crop productivity (Tilman et al., 2002; Martin-Guay et al., 2018). Plant species could strongly affect the structure of rhizosphere microbial communities through root exudates (Haichar et al., 2008; Berg and Smalla, 2009). Nevertheless, little is known about the temporal response of soil bacterial community diversity and composition to the presence of legumes in field-grown crop mixtures with different fertilization treatments. Hence, we established a 3-year field study in the sub-boreal conditions of southern Finland. We have previously shown that the management and the season induced temporal changes in crop growth and soil properties, with the legume–grass mixture providing particular advantages over the pure stands of red clover (Trifolium pratense) and timothy (Phleum pretense) in terms of improved pasture yield and reduced potential N loss (Li et al., 2019). Given that the changes in soil organic C content, N availability, C/N ratio (Marschner et al., 2003; Ramirez et al., 2010), soil pH (Enwall et al., 2007; Shen et al., 2010), and soil moisture and temperature (Lauber et al., 2013) could drive the differences in microbial communities, we hypothesized that the response of community diversity measures (richness, Shannon diversity, and Shannon evenness) and composition would change over time and that the higher N input level in the third year would result in greater differences between treatments. Assuming that the advantages of the grass–legume mixture were linked to the differences in the biogeochemical processes of the nutrients caused by the bacterial community, we hypothesized that the soil bacterial communities in the mixture would be different from that in pure stands and that this would provide insight into the connections between soil bacteria and sustainable intensification of agriculture.



MATERIALS AND METHODS


Field Establishment and Soil Sampling

The flat experimental field of 0.56 ha was at the Viikki Experimental Farm, University of Helsinki, Finland (60.227°N, 25.018°E, approximately 10 m above mean sea level). The soil texture was clay loam, with 32% clay, 36% silt, and 32% sand on average. The preceding crops were faba bean in 2010 with fertilizer N at 20 kg ha–1 year–1, followed by barley in 2011 and 2012 with fertilizer N at 60 kg ha–1 year–1. Prior to this experiment, soil pH was 6.41, total N content was 1.68 g kg –1, total C content was 25.3 g kg–1, NO3–N content was 5.42 mg kg–1, and NH4–N content was 4.51 mg kg–1.

The experiment started in May 2013 and ended in September 2015. The split-plot design included 48 plots (four replicates × three fertilizer treatments × four crop treatments). Each replicate block of 18 m × 8 m was divided into 6 m × 8 m main plots for the fertilizer treatments: no fertilizer (control), organic (urine in 2014 and manure slurry in 2015), and synthetic [Ca(NO3)2]. The main plot was divided into four 6 m × 2 m sub-plots for the crop treatments: fallow, pure red clover, pure timothy, and a mixture of red clover and timothy. The weeds in the fallow were removed with a rotary tiller. Barley was grown in the surrounding field in all 3 years, with N fertilization at 80 kg ha–1 year–1. Fertilizer was applied manually twice per year. In 2014, with reduced nitrogen input, organic fertilizer was spread at 35 and 20 kg N ha–1 and synthetic fertilizer was spread at 40 and 20 kg N ha–1 on 7 May and 8 July, respectively. In 2015, with normal nitrogen input, both the organic and the synthetic fertilizers were spread at 75 and 75 kg N ha–1 on 1 June and 16 July, respectively. Except for the small difference at the first time point, the N inputs were consistent in the organic and the synthetic treatments. The surplus N (kg ha–1) was calculated as fertilization N input – crop N yield.

The surface soil (0–20 cm) was sampled twice annually in 2014 and 2015 as 16 subsamples per sub-plot and mixed into one composite sample. The sampling dates were June 2014, September 2014, July 2015, and September 2015. In total, 191 soil samples were investigated. Field-moist soil samples were passed through a 5 mm sieve and preserved at −20°C until DNA isolation and dried before the biophysiochemical analysis. Soil NH[image: image] and NO[image: image] were extracted with 2 M KCl and measured with Lachat QuickChem 8000 (Lachat Instruments, Milwaukee, WI, United States), soil pH and EC were determined in a 1:2.5 (w/w) soil–water mixture, and total C and N were determined with TruSpec Elemental Determinator (LECO, United States). The details were reported in Li et al. (2019).



DNA Isolation and Amplicon Sequencing

Soil DNA was isolated from 0.25 g of soil with a Power Soil DNA Isolation Kit (MoBio, Carlsbad, CA, United States), following the manufacturer’s instructions. The quality of isolated DNA was checked with electrophoresis in 1% agarose gel, and the DNA was quantified fluorometrically using a PicoGreen dsDNA Quantification Reagent Kit (Molecular Probes, United States) in 96-well plates according to the manufacturer’s instructions. To amplify the V3 and V4 regions of the bacterial 16S rRNA gene, we used the primers 341F and 785R in duplicate 25 μl PCR reactions (Supplementary Table S1). After PCR, the amplicons from the duplicates were pooled and checked with electrophoresis in 1% agarose gel. The amplicons were sequenced using Illumina MiSeq sequencing (2 × 300 bp paired end) at the Institute of Biotechnology sequencing core facility, University of Helsinki.



Bioinformatics

The sequences were processed using Mothur v.1.39.5 (Schloss et al., 2009) with standard operating procedures SOP (Kozich et al., 2013) in the Taito supercluster of the Finnish IT Centre for Science (CSC, Espoo, Finland). In total, 11,020,235 sequences were aligned against the SILVA reference database v.132. After removing the chimeras, 2,568,584 sequences were classified into operational taxonomic units (OTUs) at 97% similarity level against the SILVA database v.132, with a bootstrap value of 80% for taxonomic assignment. Finally, 27,535 OTUs were obtained after removing the singletons and subsampled into the sequencing depth of 4,680 sequences per sample. The number of OTUs, Shannon diversity, and Shannon evenness was calculated in Mothur (v.1.39.5) (Kozich et al., 2013).



Statistical Analysis

All statistical analyses were performed in RStudio v. 1.1.383 (RStudio Team, 2016) with related packages based on R v. 3.5.0 (R Core Team, 2018). As the soil samples were collected from the 48 plots over four time points, the repeated-measures analysis of variance (rmANOVA) was performed to test the overall between-subjects and within-subject effects on soil bacterial community diversity and the relative abundances of individual taxa. Sampling time was treated as a repeated factor (a within-subject factor), block was a random factor, and fertilizer and crop treatments were fixed factors. As fertilizer was the main-plot factor, the overall main effect of fertilizer (df = 2) was tested against fertilizer × block (df = 6), and the effect of time × fertilizer was tested against time × fertilizer × block (df = 18). As crop was the sub-plot factor, the overall main effect of crop (df = 3) and the interaction of crop × fertilizer (df = 6) were tested against the main residual (df = 27). The effects of crop × time and crop × fertilizer × time were tested against the overall residual (df = 80).

To further test the fertilizer and the crop effects on soil bacterial community diversity and the relative abundance of individual taxon at each time point, the linear mixed-effects model was performed with lme function in nlme v.3.1-137 package (Pinheiro et al., 2018). In the model, according to the split-plot design, block was a random factor within block × fertilizer (frame), while fertilizer and crop factors were fixed factors with lme function (response variable ∼ fertilizer × crop, data = data, random = ∼ 1| block/frame). The normality of the distribution and the homogeneity of model residuals were tested by plotting the residuals against theoretical quantiles and fitted values. When the probability (P-value) of the effects was less than 0.05, the comparisons between two levels of the treatment and the Tukey tests were performed in package lsmeans (Lenth, 2016).

The repeated-measures correlations (rmcorr) were calculated to test the overall association of soil properties and crop growth characteristics with bacterial community diversity in package rmcorr v. 0.3.0 (Bakdash and Marusich, 2018). At each time point, the correlations of soil properties with bacterial community composition were tested by using Mantel test with the Spearman method.

Based on the Bray–Curtis dissimilarity between samples, a repeated-measures permutational multivariate analysis of variance (rm perMANOVA) was conducted using a permutation test with pseudo-F ratios (permutations = 999). This was performed using the adonis function in vegan v.2.5.2 (Oksanen et al., 2018) to test the community composition change over time and the overall treatment effects on the community composition. To know the community composition differences between treatments at each time point, perMANOVA was conducted at each time point. When P < 0.05, the comparisons between two levels of the treatment were performed with Pillai–Bartlett test (permutations = 999) in RVAideMemoire package (Hervé, 2018).

DESeq2 package v.1.20.0 (Love et al., 2014) was used for detecting the differential OTUs (log2 fold change in relative abundance) between two levels of the treatment based on the not subsampled OTU abundances. The differential OTUs were selected by the adjusted P < 0.01. All figures were prepared using the packages ggplot2 v.3.1.0 (Wickham, 2016) and randomcoloR v.1.1.0 (Ammar, 2017).



Sequence Accession Numbers

The sequence files have been deposited in the European Nucleotide Archive with project accession number PRJEB32412.



RESULTS

The 27,535 16S rRNA gene OTUs were classified into 30 phyla (Figure 1), 82 classes (Supplementary Figure S1A), 198 orders (Supplementary Figure S1B), 355 families (Supplementary Figure S1C), and 698 genera (Supplementary Figure S1D). The most abundant phylum was Proteobacteria (relative abundance 0.25) that consisted of classes Alphaproteobacteria (0.163), Gammaproteobacteria (0.060), and Deltaproteobacteria (0.028). The other relatively abundant phyla were Actinobacteria (0.20), Acidobacteria (0.10), Bacteroidetes (0.11), Gemmatimonadetes (0.097), Chloroflexi (0.066), Planctomycetes (0.060), Verrucomicrobia (0.029), Patescibacteria (0.016), and Firmicutes (0.009) (Figure 1).


[image: image]

FIGURE 1. Soil bacterial phyla profile in a sub-boreal pasture. The abundances were defined based on 16S rRNA amplicon sequencing of soils from a split-plot field experiment with fertilizer and plant treatments. Fallow, no plant cover; mixture, red clover–timothy mixture; control, no fertilization; organic, organic fertilizer; synthetic, synthetic fertilizer.



Temporal Change of the Community Diversity and Composition

The bacterial richness [F(3,80) = 117.24, P < 0.001], Shannon diversity [F(3,80) = 72.54, P < 0.001], and Shannon evenness [F(3,80) = 27.53, P < 0.001] changed from year to year, but not from summer to autumn within a year (Table 1). The community diversity measures were generally higher in 2015 than in 2014 (Supplementary Table S2 and Figure 2). The Shannon diversity difference between crop treatments varied over time [F(9,80) = 2.22, P < 0.05] (Table 1). For example, the Shannon diversity in fallow was 0.15 lower than in planted plots in July 2015 [F(3,27) = 16.75, P < 0.001], whereas no difference was found in 2014 (Figure 2 and Supplementary Table S2). The overall repeated-measures correlation of the Shannon diversity with soil pH was 0.24 (P < 0.01), with NO[image: image] it was 0.21 (P < 0.01), and with NH[image: image] it was 0.38 (P < 0.001, Figure 3). The overall correlation of Shannon richness with crop dry matter yield was −0.20 (P < 0.05, Supplementary Figure S2) and with surplus nitrogen was 0.60 (P < 0.001, Supplementary Figure S3).


TABLE 1. Repeated-measures analysis of variance on soil bacterial community diversity in a sub-boreal pasture.
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FIGURE 2. Boxplot (n = 12) of bacterial richness (A) and Shannon diversity (B) in a sub-boreal pasture over 2 years. The diversity indices were calculated based on 16S rRNA amplicon sequencing of soils from a split-plot field experiment with fertilizer (unfertilized control, organic fertilizer, and synthetic fertilizer) and plant (fallow, red clover, timothy, and a red clover–timothy mixture) treatments. Fallow: no plant cover; mixture, red clover–timothy mixture. The statistical analyses of differences between treatments at each time point and their temporal change are shown in Supplementary Table S2.
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FIGURE 3. Repeated-measures correlation of soil bacterial diversity with soil pH, moisture, and NO3–N and NH4–N contents in a sub-boreal pasture. The diversity indices were calculated based on 16S rRNA amplicon sequencing of soils from a split-plot field experiment with fertilizer (unfertilized control, organic fertilizer, and synthetic fertilizer) and plant (fallow, red clover, timothy, and a red clover–timothy mixture) treatments.


The community composition changed over time [perMANOVA, F(3,80) = 7.42, P < 0.01], both year to year and from summer to autumn (Figure 4). The composition difference between crop treatments changed over time [perMANOVA, F(9,80) = 1.27, P < 0.01]. The changes over time exceeded the differences between crop treatments (Supplementary Figure S4A) and fertilizer treatments (Supplementary Figure S4B). Soil moisture (P < 0.05 in all time points) and soil total N and total C (P < 0.01 at the measured time points) contents consistently correlated with the community composition (Table 2 and Supplementary Table S3).
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FIGURE 4. Non-metric multidimensional scaling of soil bacterial community change in a sub-boreal pasture over 2 years. The Bray–Curtis dissimilarities between samples were calculated based on 16S rRNA amplicon sequencing of soils from a split-plot field experiment with fertilizer (unfertilized control, organic fertilizer, and synthetic fertilizer) and plant (fallow, red clover, timothy, and a red clover–timothy mixture) treatments.



TABLE 2. Mantel test (Spearman) of the correlation between soil physicochemical factors and bacterial community composition in a sub-boreal pasture.

[image: Table 2]The relative abundances of Actinobacteria and Chloroflexi were higher in summer than in autumn, whereas those of Acidobacteria, Gammaproteobacteria, Bacteroidetes, Gemmatimonadetes, and Planctomecetes were lower (Figure 5).
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FIGURE 5. Boxplot (n = 48) of temporal change of the most abundant phyla (class) in a sub-boreal pasture. The abundances are defined based on 16S rRNA amplicon sequencing of soils from a split-plot field experiment with fertilizer and plant treatments. Fallow, no plant cover; mixture, red clover–timothy mixture; control, no fertilization; organic, organic fertilizer; synthetic, synthetic fertilizer. The statistical analyses of differences between treatments and changes over time are shown in Supplementary Table S4.




Differences Between Fertilizer Treatments

At the end of the experiment, the Shannon evenness in the organic fertilizer treatment was higher than in the control and the synthetic fertilizer treatments [F(2,6) = 7.7, P < 0.05] (Supplementary Table S2). The community composition in the organic fertilizer treatment was different from those in the control and the synthetic fertilizer treatments [perMANOVA, F(2,6) = 1.54, P < 0.01] (Figure 6A). With time, the number of differential OTUs in the synthetic vs. the organic fertilizer treatments increased gradually from 2 to 45 (Table 3), but no differential OTUs were found between the control and the synthetic fertilizer plots. With the exception of one Chitinophagaceae OTU, the relative abundances of Bacteroidetes OTUs were higher in the organic fertilizer treatment than in the synthetic fertilizer treatment (Supplementary Figure S5A). At the end of the experiment, the relative abundances of Acidobacteria and Gemmatimonadetes OTUs were higher in the synthetic fertilizer treatment than in the organic fertilizer treatment (Supplementary Figure S5A).
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FIGURE 6. Non-metric multidimensional scaling of soil bacterial communities in a sub-boreal pasture under different fertilizer (A) and plant (B) treatments. The abundances are defined based on 16S rRNA amplicon sequencing of soils from a split-plot field experiment. Fallow, no plant cover; mixture, red clover–timothy mixture; control, no fertilization; organic, organic fertilizer; synthetic, synthetic fertilizer.



TABLE 3. Number of differential operational taxonomic units (OTUs) between treatments in a sub-boreal pasture.

[image: Table 3]The relative abundances of Acidobacteria were generally higher in the control and the synthetic fertilizer treatments than in the organic fertilizer treatment (Supplementary Table S4). At the end of the experiment, the relative abundances of Proteobacteria and Fibrobacteres were higher in the organic fertilizer treatment than in the synthetic fertilizer treatment (P < 0.05), whereas those of Acidobacteria and Chloroflexi were higher in the control treatment than in the organic fertilizer treatment (P < 0.05) (Supplementary Table S4).



Differences Between Crop Treatments

In 2015, the community diversity measures in fallow plots were lower than those in planted plots (P < 0.05) (Supplementary Table S2). At each time point, the community composition in the fallow treatment was different from those in the planted treatments [perMANOVA, F(3,26) = 1.53 in June 2014, F(3,27) = 1.65 in September 2014, F(3,27) = 1.83 in July 2015, and F(3,27) = 1.64 in September 2015; P < 0.01] (Figure 6B and Supplementary Figure S6). The relative abundance of Fibrobacteres was higher and that of Nitrospirae was lower in the mixture and timothy treatments than in the fallow and red clover treatments (P < 0.05) (Figure 1 and Supplementary Table S4). The number of differential OTUs between the crop treatments changed over time (Table 3). At the end of the experiment, the number of differential OTUs was highest in timothy vs. fallow and lowest in red clover vs. timothy (Table 3). The differential OTUs in red clover vs. timothy treatments were mainly from the orders Flavobacteriales, Rhizobiales, and Saccharimonadales. Among the differential OTUs, the relative abundances of Gemmatimonadetes OTUs were higher in the fallow treatment than in the planted treatments (Supplementary Figure S5B). Compared to the unfertilized control, fertilization enhanced the temporal change in community composition in the mixture and the timothy plots (Supplementary Figure S7).



DISCUSSION

We studied the dynamic response of soil bacteria to three fertilization and four crop management practices over four time points in a 3-year field study. As expected, the community diversity and the composition changed over time. The community diversity and the composition changed at different time scales, with the diversity changing between years, whereas the composition also changed between seasons within a year. Similarly, Hillebrand et al. (2018) reported that changes in species richness were often decoupled from the changes in composition.

The temporal change of the communities exceeded the differences between the fertilizer and the crop treatments, as also found in a very different climate in California, United States (Cruz-Martínez et al., 2009). Diversity increased slightly in all the treatments and correlated positively with soil NO[image: image] and NH[image: image] contents. The opposite and the negative correlations were found when the study was based on a single time point (Zeng et al., 2016), which emphasizes the importance of knowing the overall driving factors of diversity through time series analyses (Lauber et al., 2013). Microbial diversity is not a quantitative measurement with absolutes that require caution when comparing directly across different methods or studies (Mikkonen, 2012; Shade, 2017). Nevertheless, in accordance with our hypothesis, the higher N input in the third year resulted in greater differences between treatments: the number of OTUs differentiating organic from synthetic fertilizer treatments increased gradually from two in June 2014 to 45 in September 2015. The quality and the quantity of organic C influence the soil microbiome (Fierer, 2017), which may explain the OTU level differences between organic fertilization and other treatments. In contrast, no OTUs separated the control from the synthetic fertilizer treatment. The soil bacterial communities are primarily organic C limited, and only secondarily N limited (Soong et al., 2020), which may explain the similarity of the communities in the control and the synthetic fertilizer treatment. According to the report from Fierer et al. (2007), the continuous C input in the organic fertilizer treatment may have contributed to the higher abundances of the copiotrophic Bacteroidetes OTUs. The communities in the organic fertilizer plots were more even than those in the control and the synthetic fertilizer plots, as also found by Sun et al. (2004).

The community diversity and the composition differences were mainly between fallow and planted treatments. The differences between planted treatments were restricted to individual OTUs. The relative abundances of differential Flavobacteriales and Rhizobiales OTUs were higher in the red clover treatment than in the timothy treatment. Even though differences in absolute abundances cannot be concluded from differences in relative abundances (Gloor et al., 2017), it is likely that Rhizobiales abundances could have increased due to their capability to live in symbiosis with legumes (Lindström et al., 2019).

We found that the soil total C, total N, and moisture contents consistently correlated with the community differences between treatments. The differences between fallow and planted plots could be attributed to the higher soil C content under canopies and differences in soil moisture and temperature linked to crop shading (Trivedi et al., 2019). Soil moisture can directly affect microbial activity, decomposition rates, and nutrient diffusion rates (Manzoni et al., 2012). The higher relative abundance of Gemmatimonadetes in fallow may have been due to lower moisture since this phylum prefers drier soil (Fawaz, 2013). Other composition differences included the higher relative abundances of Planctomycetes and the lower relative abundances of Chloroflexi and Verrucomicrobia in the fallow than in the planted treatments. The differences in composition may indicate differences in the rates of biogeochemical processes (Schimel, 2001). However, a deeper understanding of the parallel changes between bacterial community compositions and the process rates requires further studies.

Generally, the soil had lower NO3–N content and higher moisture content in the autumn than in the summer (Li et al., 2019). From summer to autumn, the relative abundances of Acidobacteria and Bacteroidetes increased, while that of Actinobacteria decreased. In contrast, Lauber et al. (2013) found an opposite pattern across land-use types, indicating that the interaction between the local climate and the agricultural managements on soil microbiome is complex. In the present experiment, fertilization enhanced the temporal changes in community composition in the mixture and the timothy plots but not in the red clover plots, which further emphasizes the complexity of interactions among fertilizer and cropping managements in affecting soil bacterial communities.



CONCLUSION

In conclusion, we investigated the responses of soil bacterial diversity and community composition to pasture fertilizer and crop management procedures. Increased nitrogen input in the third year promoted diversity, which was associated with the overall increased pH as well as the increased availability of mineral N. Major differences in diversity and community composition were found between fallow and planted treatments, but not among the planted treatments, in spite of the higher botanical biodiversity in the mixture plots over the pure-stand plots. The relative abundances of individual OTUs differed between planted treatments and between organic and synthetic fertilizer treatments, such as the higher relative abundance of Rhizobiales OTUs in the clover-containing plots than in the timothy plots and the higher relative abundance of copiotrophic Bacteroidetes OTUs in the organic fertilizer plots than in the synthetic fertilizer plots. This suggests that the relative abundances of individual OTUs, in contrast to overall community diversity and composition, may help us to understand the mechanisms of bacterial response to agricultural practices and the possible connections of the response to the sustainability of agricultural practices.
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Organic greenhouse farming is an innovative system that may maintain a high yield and healthy agroecosystem. There have been no rigorous studies on the comparison of total and nitrogen-cycling bacterial community in vegetable soils between organic and conventional farming management at large scale. A survey of bacterial community and nitrogen cycles from soils under organic and conventional greenhouse farming was performed at 30 sites, covering seven soil types with 4 to 18 years of organic farming history. Communities of the total, diazotrophs and ammonia-oxidizing bacteria were studied with high-throughput sequencing of the 16S rRNA, nifH and amoA genes, respectively. Organic greenhouse farming did not influence alpha diversities. Beta diversities among the total (26/30) and diazotrophic (17/19) bacteria differed between farming systems, but compositional differences in ammonia-oxidizing bacteria between the two farming systems were only detected at 6 sites. Despite the effects of farming system on most bacterial genera were varied across different sites, organic greenhouse farming persistently selected for a few genera, possibly for the biodegradation of organic carbon with high molecular weight (Hyphomicrobium, Rubinisphaera, Aciditerrimonas, Planifilum, Phaselicystis, and Ohtaekwangia), but against putative ammonia oxidizing (Nitrosospira, Nitrosopumilus) and diazotrophic (Bradyrhizobium) bacterial genera, as determined by 16S rRNA analysis. Diazotrophic bacteria affiliated with nifH cluster 1J were preferentially associated with organic greenhouse farming, in contrast to Paenibacillus borealis. In summary, this study provides insights into the complex effects of organic greenhouse farming on the total, diazotrophic and ammonia oxidizing bacterial communities across different environmental context.

Keywords: organic greenhouse farming, bacteria, diazotrophs, ammonia-oxidizing bacteria, high-throughput sequencing


INTRODUCTION

In China, greenhouse vegetable production increased rapidly, with a yield of ca. 260 million tons in 2014, accounting for 35% of the total vegetable production (National Bureau of Statistics of the People’s Republic of China [NBSC], 2014; Zhong Jing Hui Cheng Institute of Urban-Rural Planning and Design [ZIURPD], 2014). Intensive agricultural management, such as continuous cropping and overuse of chemical fertilizers, pesticides, irrigation or tillage, can maintain high but short-term productivity. However, soil degradation (Hannachi et al., 2015), severe greenhouse gas emissions (Alam et al., 2019), contamination of groundwater (Yang et al., 2018), loss of organic matter (Scotti et al., 2015), and accumulation of pesticides (Chen et al., 2015) frequently lead to failure of sustainable production, especially under greenhouse conditions. Adaptation of organic agricultural management into greenhouse vegetable production may mitigate these adverse environmental problems. In general, organic greenhouse farming delivered greater ecological services but smaller (between 5 and 34%) productivity than conventional farming (Bengtsson et al., 2005; Seufert et al., 2012). Due to price premiums for organic foods, organic farms could still achieve income levels similar to or higher than those of comparable conventional farms (Qiao et al., 2018). In China, the total area for organic vegetable production reached 148,500 hectares by 2017, accounting for 6% of the commercial vegetable planting area1. Although whether organic greenhouse farming can mitigate climate warming is controversial (Searchinger et al., 2018; Smith et al., 2019), the positive effects of organic greenhouse farming on ecosystem functions such as soil fertility (Gomiero et al., 2011) and plant health (Van Bruggen et al., 2016) are very promising.

Soil bacteria, providing the majority of biodiversity in soil ecosystems, participate in almost every crop-soil interaction, including in soil carbon and nitrogen cycling (Thorpe and Callaway, 2011; Che et al., 2018), plant growth and health (Janvier et al., 2007; van Bruggen et al., 2015), and the maintenance of soil architecture (Bonanomi et al., 2016). For example, aerobic ammonia oxidation mediated by β- and γ-proteobacteria is the rate-limiting step in nitrification, which is associated with nitrogen availability to plants, the leaching of nitrate into groundwater or N2O emission (Di and Cameron, 2016). Diazotrophic bacteria can transform atmospheric N2 into a biologically useful form, and the nifH gene encoding a subunit of nitrogenase reductase (Kuypers et al., 2018) is often used as a genetic marker for the molecular analysis of N-fixing bacteria (Levy-Booth et al., 2014). Functional populations involved in nitrogen fixation or nitrification are associated with soil fertility and high nitrogen use efficiency (Levy-Booth et al., 2014). Free-living or symbiotic diazotrophic bacteria contribute to the gaining of biological useful nitrogen while ammonia-oxidizing bacteria (AOB) or ammonia-oxidizing archaea (AOA) could oxidize ammonia into nitrite and further into nitrate which can easily loss during leaching. Here, we studied greenhouse agriculture where excessive nitrogen was often applied to maintain high vegetable productivities, AOB was selected as indicative microbial populations due to it were more responsive to higher N inputs (Hink et al., 2018).

The effects of organic farming on the soil microbiome are complex. Previously, its effects on the taxonomic compositions of the soil microbiome have been explored under field (Dennert et al., 2018) and greenhouse (Hartmann et al., 2015; Ding et al., 2019) conditions. Organic farming enhances soil microbial abundance and activity (Lori et al., 2017; Ouyang et al., 2018b) and shifts microbial community compositions (Moeskops et al., 2010; Bonanomi et al., 2016). However, the effects on microbial alpha diversity (Lupatini et al., 2017; Chen et al., 2018) and specific taxonomic groups (Tuck et al., 2014) has varied between studies (Postma et al., 2008; Bonanomi et al., 2016) and across time (Wu et al., 2019). The effects of organic fertilizer on the diversity and abundance of ammonia-oxidizing bacteria have been evaluated extensively (Chu et al., 2007; Ouyang et al., 2018a). The abundance or relative abundance of ammonia oxidizing bacteria tends to be lower in organic than conventional or integrated farming systems (Wessen et al., 2011; Ding et al., 2019). In a farm-scale field study, the community composition of ammonia oxidizing bacteria and archaea showed no difference between organic and integrated farming systems (Wessen et al., 2011). In a greenhouse experiment, organic farming altered the ammonia-oxidizing bacterial community (Ding et al., 2019). Agricultural management may enrich the abundance and diversity of diazotrophic bacteria (Köberl et al., 2016), but a direct comparison between organic and conventional farming systems is rare (Ding et al., 2019). The effects of organic greenhouse farming on soil microbial diversity are likely to be context dependent. Here, we hypothesized that organic greenhouse farming may still cause persistent, indicative changes in total, diazotrophic and ammonia oxidizing bacterial communities in the soil microbiome across different environmental context. This knowledge is significant to deepen our understanding of the mechanisms associated with ecological services delivered by organic greenhouse farming.

In the present study, a survey including thirty sites in China was performed in July 2017 to study the interplay between organic greenhouse farming and the soil microbiome. The diversities of total, diazotrophic and ammonia-oxidizing bacteria were explored by high-throughput sequencing analyses of PCR amplified 16S rRNA, nifH and amoA gene fragments. The aims of the present study were to (1) examine the interplay between organic greenhouse farming and total, diazotrophs, and ammonia-oxidizing bacteria across different sites; (2) identify the key factor underlying the interplay; and (3) identify persistent, predictable changes in those microbial populations.



MATERIALS AND METHODS


Soil Sampling

A total of 30 sites located in the regions with the most organic farms in China were selected (Figure 1). These sites represent 4 to 18 years of organic greenhouse management and seven soil types. Eight and six sites were in Beijing and Shanghai, respectively (Figure 1). All studied organic farms were certified. Organic greenhouse farming was performed according to the basic standards of the International Federation of Organic Agriculture Movements (IFOAM) by using biological and physical methods for plant protection and organic fertilizers (farmyard manure and commercial organic fertilizer) (Table 1). Frequently, both organic and mineral fertilizers were used in conventional farms, in which chemical agents for weed (glyphosate and oxalamine), disease (azoxystrobin and thiophanate methyl) and insect (chlorfenapyr and lufenuron) control as well as synthetic plant growth regulators were applied (Table 1). For each site, three adjacent conventional and organic greenhouses with the same crop (tomato, cucumber, eggplant, or green pepper), the same soil types and similar cropping rotations, were selected by interviewing local farmers. For each replicate, ten drills of topsoil (0–20 cm) were collected (approximately 1 kg). Samples were transported to the lab in a cool box and kept at −20°C prior to DNA extraction, which was performed after sieving the samples through a 2-mm mesh. The soil physicochemical properties total nitrogen (TN), total carbon (TC), pH, electrical conductivity (EC), density, available nitrogen (AN), Olsen phosphorous (Olsen P), available potassium (K) and cation exchange capacity (CEC) were determined according to standard protocols (Bao, 2000).
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FIGURE 1. Locations of organic and conventional farms for greenhouse vegetable production. The colors on the points indicate soil types: black (Beijing, brown lime soil), blue (Hebei, cinnamon soil), yellow (Henan, alluvial soil), magenta (Shandong, brown soil), green (Jiangsu, yellow brown soil), red (Shanghai, saline soil) and purple (Chengdu/Chongqing, purple soil).



TABLE 1. Details of agricultural managements under the long-term greenhouse experiments.
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PCR Amplification of 16S rRNA, amoA, and nifH Genes

Total community DNA was extracted using the FastDNA Spin Kit for Soil (MP Biomedicals, Santa Ana, Carlsbad, CA, United States) according to the manufacturer’s instructions. The primers used for amplification of the 16S rRNA, amoA and nifH genes are given in Supplementary Table S1 (Rotthauwe et al., 1997; Poly et al., 2001; Tamaki et al., 2011). PCR products were gel purified, quantified and pooled, with equimolar amounts for each sample, for high-throughput sequencing on the Illumina Hi-Seq platform by using the Reagent Kit v2 2 × 250 bp (Hi-Seq platform 2500).



Bioinformatic and Statistical Analyses

Sequences of high quality (length >300 bp, without ambiguous base “N,” and average base quality score >30) were used for downstream analyses. Sequences of the 16S rRNA and nifH genes were assembled using the software package mothur v1.39 (Schloss et al., 2009) and were further assigned to each sample based on barcodes and primers. Bidirectional sequences of the amoA genes were assigned to samples separately due to insufficient read length. Denoising, OTU assignment, and classification of the 16S rRNA gene were performed as previously described (Schloss et al., 2009; Caporaso et al., 2010; Cole et al., 2013; Ding et al., 2012, 2019). For the nifH and amoA genes, a standalone BLASTX analysis was performed against corresponding functional gene sequences downloaded from the RDP database to identify correct translation frames. Only those sequences with no stop codon within their deduced amino acid sequences were included for further analysis. Deduced amino acid sequences were further subjected to hmmscan analysis to identify nifH or amoA gene sequences. The hmm profile was acquired from the RDP FunGene website2. Amino acid sequences of nifH were further assigned to OTUs (>95% sequence identity) using vsearch software. Representative OTUs of nifH were assigned to different subgroups using the curated database as described by Zehr et al. (2017). For amoA genes, the selected sequence was grouped into OTUs at 80% identity by analyzing representative sequences of different subgroups as described previously (Li et al., 2011; Guo et al., 2017). Discriminative taxa, OTUs and differences in community composition and co-occurrence network were mainly examined as described previously (Hothorn et al., 2008; Li et al., 2019). Briefly, significant differences in microbial community composition were compared by permutation test (Kropf et al., 2004) using the calculated pairwise Bray-Curtis distance. Based on the “Vegan” package, alpha diversity indexes (Chao1, Simpson, and Pielou’s evenness) were calculated by 1000 re-samplings of an equal amount of sequences from each sample to alleviate biases caused by read number or individual sampling. Comparisons of community composition, identification of taxa with significantly different relative abundances and network analysis were performed as previously described (Li et al., 2019). Classification random forest analyses were also performed with the R-addon package “randomForest” (Liaw and Wiener, 2002) to identify key taxa for farming systems. This network was analyzed using Gephi (version 0.91) software (Bastian et al., 2009). All statistical analyses and plotting were performed with R 3.1.2 software3, and these tools were implemented in a Galaxy instance4.



RESULTS


Effects of Organic Greenhouse Farming on the Alpha and Beta Diversities of Soil Bacteria

Soil bacterial diversity from organic and conventional farms at 30 sites was studied by 16S rRNA sequencing. Proteobacteria, Acidobacteria, Actinobacteria, Firmicutes, Bacteroidetes, Chloroflexi, Planctomycetes, Gemmatimonadetes, and Cyanobacteria were dominant in all the soil samples (Supplementary Figure S1). Alpha diversity (Chao1 richness and Pielou’s evenness index) was not affected by organic greenhouse farming and was significantly correlated with soil pH (Chao1: R2 = 0.23, P = 0; Pielou’s evenness: R2 = 0.12, P = 0) (Figure 2A). Beta diversity clearly differed between organic and conventional farming systems at 26 out of the 30 studied sites (Figure 2B and Supplementary Figure S2). Permutation analysis also confirmed that the bacterial community was significantly (p = 0; d = 20.2%) different between organic and conventional farming systems. However, the average dissimilarity between organic and conventional farming systems did not increase with the period of organic farming (Supplementary Figure S3). The heterogeneity in community composition was slightly higher in organic than conventional farming system (Figure 2C).
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FIGURE 2. Alpha- and beta-diversity of bacterial microbial communities in soils under organic (ORG) and conventional (CON) farming systems at 30 sites. (A) Chao1 and Pielou’s evenness indexes and their correlations with pH; green dots and orange squares indicate organic and conventional farming, respectively. (B) Number of sites with the schematic UPGMA cluster. (C) Variation in beta diversity within ORG or CON farming systems.




Common and Site-Specific Taxa Associated With Organic Greenhouse Farming

Genera with significantly (P < 0.05) different relative abundances between farming systems were identified for those 26 sites with different community compositions between farming systems. The effects of organic greenhouse farming on most genera were inconsistent, as demonstrated by the low frequency or site-dependent response to farming systems (Figure 3A). Ninety-four genera that frequently (>12 sites) differed in relative abundance between farming systems were further analyzed for their response patterns (Figure 3B). Despite the wide geographical distribution of the studied sites, genera that were preferentially (Group 1) or negatively (Group 5 and 6) associated with organic greenhouse farming were still identified (Figure 3B). Hyphomicrobium, Rubinisphaera, Aciditerrimonas, Planifilum, Phaselicystis, and Ohtaekwangia, known as chemoorganotrophic microorganisms, were preferentially associated with organic greenhouse farming (Figure 3B). Bradyrhizobium, Nitrosospira, Nitrosopumilus, Gaiella, Arthrobacter, Flavisolibacter, Acidobacter Gp1, GP3, Gp4, and Gp25 were negatively associated with organic greenhouse farming (Figure 3B). Interestingly, 23 of these genera ranked as the top 50 genera that were the most influential between farming systems as revealed by random forest analysis (Figure 3B). Notably, seventeen of them demonstrated persistent response patterns to organic farming (Figure 3B). These results suggested that organic greenhouse farming tended to select for organic matter-degrading bacteria but against diazotrophic, ammonia-oxidizing, and oligotrophic bacteria.
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FIGURE 3. Bacterial genera with significantly (p < 0.05) different relative abundances between farming systems and their association with different soil physicochemical properties. (A) The frequency of a genus to be discriminative between farming systems. The light yellow triangle indicates an increased frequency of a genus to be discriminative between farming systems. (B) Groups of genera with similar response patterns to farming systems and which ranked in the 50 most influential genera across sites; ORG, organic farming system; CON, conventional farming system. Brown and cyan squares indicate significantly (p < 0.05) higher or lower relative abundance in the ORG than in the CON, respectively. Gray squares indicate no significant difference between farming systems.




Diversity and Community Composition of Diazotrophic Populations

The diversity of diazotrophic bacteria was studied by high-throughput sequencing analysis of the nifH gene. The effects of organic greenhouse farming were only successfully studied at 19 sites where sufficient sequences were acquired for at least two samples per farming system. Most sequences fell within nifH clusters 1 and 3 (Figure 4A), which were mainly affiliated with Proteobacteria, Cyanobacteria and Firmicutes. Alpha diversity (Chao1 richness and Pielou’s evenness indexes) was not affected by organic greenhouse farming (Figure 4B) but was significantly correlated with CEC (Chao1: R2 = 0.09, P = 0; Pielou’s evenness: R2 = 0.08, P = 0.001) (Figure 4B). The community composition of diazotrophic populations differed between organic and conventional farming at 17 out of 19 sites (Figure 4C and Supplementary Figure S4). The relative abundance of subgroup J of nifH cluster 1 was significantly high in the soil organically managed at nine sites (Figure 4D), where soil pH, K and density were significantly lower than those at other sites (Figure 4E). The relative abundances of cluster 3 and subgroup G and C of cluster 1 tend to be negatively associated with organic greenhouse farming (Figure 4D). A divergent association of subgroup A of cluster 1 with organic greenhouse farming was observed (Figure 4D). The most dominant (top 5) OTUs in each sample were selected to identify key diazotrophic populations that responded to organic greenhouse farming. Seventy out of 81 OTUs varied between the two farming systems at one or more sites, and a majority of these OTUs were identified as nifH cluster 1 or 3 (Figure 4F). Interestingly, the relative abundance of the nifH gene affiliated with Paenibacillus borealis was negatively associated with organic greenhouse farming (Figure 4G). Several other diazotrophic populations were divergently associated with organic greenhouse farming (Figure 4G). The putative lifestyles of these populations are diverse, including symbiotic (Bradyrhizobium), free-living (Azoarcus, Paenibacillus, and Bacteroidales) and anaerobic (Desulfofustis, Desulfovibrio) lifestyles (Figure 4G). Redundancy analysis (RDA) indicated that soil pH, TC, and CEC could explain most of the variations in those OTUs on a large scale (Figure 4H).
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FIGURE 4. Association of the diversity of diazotrophic populations with the farming system. (A) Relative abundance of major nifH gene clusters, (B) Chao1 and Pielou’s evenness indexes and their correlations with CEC; green dots and orange squares indicate organic and conventional farming, respectively. (C) Number of sites with the schematic UPGMA cluster. (D) Discriminative subgroups of nifH genes. (E) Boxplot of differences in pH, density and K levels between the sites with increased and non-increased relative abundance of subgroup J of nifH cluster 1. (F) The association of each diazotrophic OTU with the farming system. The size of the dots indicates the frequency of each OTU to be discriminative between farming systems. The tendency of each OTU to organic or conventional farming systems was indicated by their distance to farming systems. (G) Discriminative diazotrophic OTUs between farming systems ranked in the 50 most influential OTUs. Brown and cyan squares indicate significantly (p < 0.05) higher or lower relative abundance in the ORG than in the CON, respectively. Gray squares indicate no significant difference between farming systems. (H) Redundancy analysis (RDA) of soil characteristics and diazotrophic microbial communities. ORG, organic farming system; CON, conventional farming system.




Diversity and Community Composition of Ammonia-Oxidizing Populations

Here, the effects of organic greenhouse farming on ammonia-oxidizing bacteria were analyzed at 16 sites. The diversity of amoA gene sequences was also high, reaching 6,769 OTUs (>80% identity), with the majority affiliated with Nitrosospira, Nitrosovibrio and Nitrosomonas-like bacteria. Again, the alpha diversity of amoA was not influenced by organic greenhouse farming, and Chao1 was significantly correlated with TC (forward: R2 = 0.097 P = 0.001; reverse: R2 = 0.036, P = 0.035) (Figure 5A). The community composition of ammonia oxidizing bacteria only differed between organic and conventional farming systems at six sites (Figure 5B and Supplementary Figures S5, S6). AmoA OTUs affiliated with Nitrosovibrio-like bacteria tended to be negatively associated with organic greenhouse farming, in contrast to those Nitrosospira-like bacteria (Supplementary Figure S7). These results indicated that the effects of organic greenhouse farming on the composition of ammonia oxidizing bacteria were patchy.
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FIGURE 5. Association of the diversity of ammonia-oxidizing bacteria with the farming system. (A) Chao1 indexes of ammonia-oxidizing bacteria as revealed by forward and reverse datasets and their correlations with TC; green dots and orange squares indicate organic and conventional farming, respectively. (B) Number of sites with the schematic UPGMA cluster. Brown and cyan squares indicate significantly (p < 0.05) higher or lower relative abundance in the ORG than in the CON, respectively. Gray squares indicate no significant difference between farming systems. ORG, organic farming system; CON, conventional farming system.




Associations Among Total, Diazotrophic and Ammonia-Oxidizing Populations and Test-Site Physicochemical Properties

It is known that soil microbial communities are sensitive to environmental changes such as physicochemical characteristics and climate change and result in differences in microbial communities of test sites. Dominant (>1% relative abundance) total (112), diazotrophic (177) and ammonia-oxidizing (97) bacterial OTUs were subjected to co-occurrence network analysis (Supplementary Figure S8). On average, 37.3% of the selected taxa exhibited significant co-occurrence with each other, and these genera were mainly affiliated with Proteobacteria (16), Acidobacteria (13), acteroidetes (6), Firmicutes (5), Actinobacteria (4) and Chloroflexi (3) (Supplementary Figure S8). Among these phyla, the highest fraction of co-occurring genera was affiliated with Acidobacteria, a phylum frequently referred to as k-strategists (Supplementary Figure S8). These co-occurring microbial populations formed 11 major microbial hubs (more than five nodes) by network analysis (Figure 6A). Interestingly, total taxa and diazotrophic and ammonia-oxidizing bacteria mainly formed separate hubs, suggesting that the dominant bacteria exhibited low correlation with both functional populations (Figure 6A). The relative abundance of different hubs varied greatly among sites but exhibited little association with farming systems (Supplementary Figures S9A–C). Soil pH and CEC were two main factors affecting the relative abundances of three major total bacterial hubs (green, cyan, and blue) (Figure 6B). Soil pH, CEC, TC, TN, and EC values were closely associated with the composition of diazotrophic bacteria, among which five major hubs were significantly correlated with pH, TC or CEC (Figure 6C). Interestingly, the relative abundance of the orange hub tended to be high under neutral pH conditions, in contrast to that of the purple hub (Figure 6C). In addition to pH, two hubs (red or brown) were positively correlated with CEC, and the yellow hub was positively correlated with TC (Figure 6C). Dominant OTUs of ammonia-oxidizing bacteria formed two major hubs (Figure 6D). The relative abundance of the green hub tended to decrease when the pH was lower than 6.5 (Figure 6D), while the opposite trend was observed for the black hub (Figure 6D). RDA further revealed that soil pH explained the significant variation within co-occurring populations for all three populations (Figures 6B–D). These results indicate that soil pH was a key factor shaping microbial occurrence in the total, diazotrophic and ammonia-oxidizing bacterial communities.
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FIGURE 6. Co-occurrence network analysis of dominant total, diazotrophs and ammonia oxidizing bacteria. (A) Co-occurrence network and major microbial hubs as indicated by different colors. Number and fraction of cooccurring microbial populations; microbial hubs association with soil physicochemical properties for total (B), diazotrophs (C) and ammonia-oxidizing bacteria (D).




DISCUSSION

Understanding the interplay between organic farming and the soil microbiome is important for enhancing the ecological benefits of organic farming for the sustainable production of food. Here, a large survey across soils with a broad range of physicochemical properties, geographical regions and organic farming periods was performed to examine the effects on total, diazotrophic and ammonia oxidizing bacterial diversity, which provides an opportunity to examine the effects of organic farming on the soil microbiome. In addition, organic greenhouse farming may cause persistent, predictable changes in total, diazotrophic and ammonia oxidizing bacterial communities across different soils. This knowledge is significant to deepen our understanding of organic farming on the soil microbiome under greenhouse conditions across space.


Organic Farming Shifted Bacterial Community Composition, but It Did Not Affect Alpha Diversity or Increased Community Heterogenicity Under Greenhouse Condition

Previously, the effects of organic farming on soil microbial communities have been detected under both greenhouse and field conditions for a few studied sites (Hartmann et al., 2015; Bonanomi et al., 2016; Ding et al., 2019). However, spatial and temporal variation are common for soil microbial communities (Uksa et al., 2014; Hill et al., 2016); thus, it is still uncertain whether organic greenhouse farming can cause changes in soil microbial diversity. Here, distinct bacterial compositions between organic and conventional greenhouse farming systems were observed for 26 out of 30 sites. These findings indicated that organic greenhouse farming was largely a momentous driver of bacterial communities across different sites. The alpha diversity of soil bacteria did not differ by farming system, in agreement with other studies (Prober et al., 2015; Banerjee et al., 2019). It was significantly correlated with soil pH. The decisive role of pH in the alpha diversity of soil bacteria has been demonstrated previously (Rousk et al., 2010; Wang et al., 2017). Our results showed that the effect of pH on bacterial alpha diversity could also be extended to greenhouse conditions. The heterogenicity in community composition was comparable between farming systems. Other studies suggested that the soil microbiome was more heterogeneous in organic than in conventional farming systems (Tuck et al., 2014; Lupatini et al., 2017). Compared to the field or grassland, agricultural management under greenhouse conditions is highly intensive, and these management practices may reduce heterogenicity in soil.



Organic Greenhouse Farming Caused Persistent Changes in a Few Bacterial Taxa Across Different Sites

The effects of organic greenhouse farming on most bacterial genera (including groups 2, 3, and 4 in Figure 2B) varied across different sites, as several other factors, such as soil physicochemical properties, types and amount of organic fertilizer, may also affect soil microbial communities (Chu et al., 2007; Yao et al., 2016; Ouyang et al., 2018a). However, we still detected genera that were persistently responsive to organic greenhouse farming. Several genera (group 1 in Figure 3) preferentially associated with organic greenhouse farming were often prevalent in environments with abundant organic materials (Dennert et al., 2018; Zhang et al., 2019). In contrast, other genera, such as Nitrosospira and Bradyrhizobium, were negatively associated with organic greenhouse farming. Members of Nitrosospira were able to perform ammonia oxidization, and changes in putative ammonia-oxidizing bacteria agree with other studies on organic farming (Wessen et al., 2011; Ding et al., 2019). Members of Bradyrhizobium were able to form symbioses with legume plants for biological nitrogen fixation (Liu et al., 2015). Furthermore, groups of genera with similar response patterns to farming systems and which ranked in the 50 most influential genera across sites by random forest analysis provide insight into the response of important taxa to organic greenhouse farming.



Organic Greenhouse Farming Shifted Diazotrophic Bacterial Communities, and Its Effects on Different Diazotrophic Populations Were Largely Site-Dependent

Free-living or symbiotic diazotrophic bacteria can fix atmospheric N2 and add biologically active N to agroecosystems (Orr et al., 2011). The alpha diversity of diazotrophic bacteria did not differ by farming system but was correlated with the CEC. In a recent study by Wang (Wang et al., 2019), the highest diversity of diazotrophic bacteria was detected in the soil with the highest CEC. The community composition of diazotrophic bacteria has implications for the rate of nitrogen fixation in agricultural systems (Hsu and Buckley, 2009; Feng et al., 2018). Here, the diazotrophic community differed by farming system at 17 out of 19 sites (The significant difference on the community composition between ORG and CON was confirmed by 1000 times two-way permutation analysis with a p-value of 0.000 and the community dissimilarity of 21.8%). Although direct comparisons of diazotrophic communities between organic and other farming systems are rare (Orr et al., 2011; Ding et al., 2019), agricultural management associated with organic farming, such as organic fertilization, has been suggested to be a factor driving diazotrophic bacterial populations including alpha- and beta- diversity (Tang et al., 2017; Wang et al., 2017; Lin et al., 2018).

NifH cluster 1 and 3 were dominant in greenhouse soils regardless of the farming system, and their prevalence in terrestrial ecosystems was reported previously (Zehr et al., 2017). The effects of organic farming on different groups of diazotrophs are largely unknown (Grossman et al., 2005; Ramos et al., 2011). Here, we found that nifH cluster 1J, frequently harbored by Proteobacteria and Cyanobacteria (Krausfeldt et al., 2017; Zehr et al., 2017), was preferentially associated with organic farming at sites where soil pH, K and density were significantly low. Diazotrophic P. borealis was negatively associated with organic farming. Changes in P. borealis seem to be inconsistent with the results of 16S rRNA gene analysis, in which the association of Paenibacillus with organic farming was divergent. It is possible that only a fraction of Paenibacillus carries the nifH gene (Grube et al., 2009). The effects of organic greenhouse farming on several other diazotrophic bacteria, such as Bradyrhizobium, Azoarcus, Paenibacillus, Bacteroidales, Desulfofustis, and Desulfovibrio, with putative symbiotic, free-living and anaerobic lifestyles were inconsistent across different sites (Wakelin et al., 2010). RDA further revealed that soil pH could explain most of the variation, in agreement with other studies (Reardon et al., 2014; Zarraonaindia et al., 2015; Wang et al., 2017). Organic greenhouse farming possibly exerts selection pressure on diazotrophic bacteria adapted to different niches by altering key soil physicochemical properties.



The Effects of Organic Greenhouse Farming on Ammonia-Oxidizing Bacteria Were Largely Patchy

Previously, the effects of organic greenhouse farming on the alpha diversity of ammonia-oxidizing microorganisms have only been explored in few studies (Wessen et al., 2011; Ding et al., 2019) and were largely unclear. Here, we found that the alpha diversity of ammonia oxidizing bacteria was not different by farming systems but was negatively correlated with the contents of organic matter. Ammonia oxidizing bacteria are largely lithoautotrophic, and ammonia application is likely to be the most important driver of its community composition (Li et al., 2018). Nitrogen fertilizer-dependent changes in the abundance, diversity and activity of these bacteria were frequently detected in several agroecosystems (Shen et al., 2012; Guo et al., 2017). Responses of AOB to ammonia addition were observed at both microcosm and filed experiments (Daebeler et al., 2015; Ying et al., 2017), highlighting that ammonia addition which is common under conventional farming system might play roles on shifting the AOB community. However, compared with the total and diazotrophic bacterial communities, the effects of organic greenhouse farming on ammonia oxidizing bacteria were unexpectedly inconsistent, as community composition was only different by farming systems at six out of seventeen sites. These results indicated that organic greenhouse farming was not necessarily the major driver of ammonia-oxidizing bacteria. In a farm-scale field study, the community composition displayed a patchy pattern (Wessen et al., 2011). Several other factors, such as EC and density, which were less associated with organic farming may synergistically, shape the communities of ammonia-oxidizing bacteria.



The Soil pH at the Test Site Was Correlated With the Microbial Hubs of Total, Diazotrophic and Ammonia-Oxidizing Bacteria

Organic farming frequently results in increased diversity of macroorganisms (Wanjiku Kamau et al., 2019); however, the effect of organic greenhouse farming on microbial diversity varies among different studies. In general, soil physicochemical properties such as pH, soil type rather than farming systems were the major factors shaping the alpha diversity of total, diazotrophic and ammonia-oxidizing bacteria in soil on a large scale by variation partition analysis (Supplementary Figure S10). Co-occurrence network analysis revealed that dominant total, diazotrophic and ammonia-oxidizing bacteria mainly formed separate hubs, suggesting that diazotrophic or ammonia-oxidizing bacteria were not closely associated with the dominant total bacteria. Previous studies suggested that the abundances of both ammonia-oxidizing and diazotrophic bacteria were frequently low in bulk soil, as the amount of energy harvested by oxidation of ammonia is very low, and N fixation is highly energy intensive (González-Cabaleiro et al., 2019; Luo et al., 2019). The association between the soil microbiome and the physicochemical properties of soil has been explored largely based on taxonomy (Hansel et al., 2008; Rousk et al., 2010; Zhao et al., 2019), and few persistent correlations were detected. It is possible that there was divergence between the taxonomy and physiological properties of the soil microbiome or that several taxa responded similarly to certain changes. Here, we found that the relative abundance of different microbial hubs was often associated with soil pH, CEC, and TC to a large extent. These findings further suggest that co-occurrence network analysis may also help identify the association of microbial populations as hubs with key soil physicochemical properties or highlight that organic farming may alter microbial interactions by changing soil physicochemical properties.



CONCLUSION

In summary, the alpha diversity of total, diazotrophic and ammonia oxidizing bacterial communities did not differ by farming system. The beta diversity of the total and diazotrophic, but not the ammonia oxidizing bacterial communities largely varied between farming systems across different sites. Organic greenhouse farming persistently selected for organic carbon degrading bacteria (Hyphomicrobium, Rubinisphaera, Aciditerrimonas, Planifilum, Phaselicystis, and Ohtaekwangia) and cluster 1J diazotrophs but not for ammonia oxidizing (Nitrosospira, Nitrosopumilus) and putative symbiotic diazotrophs (Bradyrhizobium), possibly by altering key soil physicochemical properties, such as pH or CEC. These results highlight that organic greenhouse farming manipulates the reassembling of soil microbiome associated with the cycling of soil carbon, biological nitrogen fixation and ammonia oxidation, which plays a key role on maintaining soil fertility.
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FIGURE S1 | Relative abundances of dominant bacteria between farming systems. ORG, organic farming system; CON, conventional farming system.

FIGURE S2 | Beta-diversity of bacterial microbial communities in soils under organic (ORG) and conventional (CON) farming systems by UPGMA cluster analysis.

FIGURE S3 | The linear relationship between the average dissimilarity of organic and conventional farming systems with the period of organic farming.

FIGURE S4 | Beta-diversity of diazotrophic microbial communities in soils under organic (ORG) and conventional (CON) farming systems by UPGMA cluster analysis.

FIGURE S5 | Beta-diversity of ammonia-oxidizing bacterial forward region microbial communities in soils under organic (ORG) and conventional (CON) farming systems by UPGMA cluster analysis.

FIGURE S6 | Beta-diversity of ammonia-oxidizing bacterial reverse region microbial communities in soils under organic (ORG) and conventional (CON) farming systems by UPGMA cluster analysis.

FIGURE S7 | Discriminative ammonia oxidizing reverse region OTUs between farming systems, which ranked in the 50 most influential OTUs. Brown and cyan squares indicate enrichment or depletion in the organic greenhouse farming system at the studied sites. ORG, organic farming system; CON, conventional farming system.

FIGURE S8 | Dominant (>1% relative abundance) total, diazotrophic and ammonia-oxidizing bacterial OTUs and the fraction of genera by Co-occurrence network analysis.

FIGURE S9 | Relative abundances of microbial hubs for total (A), diazotrophs (B) and ammonia-oxidizing bacteria (C) by Co-occurrence network analysis.

FIGURE S10 | The amount of variation in total, diazotrophic and ammonia-oxidizing bacterial communities explained by pH, soil types and farming systems.

TABLE S1 | Details of agricultural managements under the long-term greenhouse experiments.
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Drought is a critical factor limiting the productivity of legumes worldwide. Legumes can enter into a unique tripartite symbiotic relationship with root-nodulating bacteria of genera Rhizobium, Bradyrhizobium, or Sinorhizobium and colonization by arbuscular mycorrhizal fungi (AMF). Rhizobial symbiosis provides nitrogen necessary for growth. AMF symbiosis enhances uptake of diffusion-limited nutrients such as P, Zn, Cu, etc., and also water from the soil via plant-associated fungal hyphae. Rhizobial and AMF symbioses can act synergistically in promoting plant growth and fitness, resulting in overall yield benefits under drought stress. One of the approaches that rhizobia use to survive under stress is the accumulation of compatible solutes, or osmolytes, such as trehalose. Trehalose is a non-reducing disaccharide and an osmolyte reported to accumulate in a range of organisms. High accumulation of trehalose in bacteroids during nodulation protects cells and proteins from osmotic shock, desiccation, and heat under drought stress. Manipulation of trehalose cell concentrations has been directly correlated with stress response in plants and other organisms, including AMF. However, the role of this compound in the tripartite symbiotic relationship is not fully explored. This review describes the biological importance and the role of trehalose in the tripartite symbiosis between plants, rhizobia, and AMF. In particular, we review the physiological functions and the molecular investigations of trehalose carried out using omics-based approaches. This review will pave the way for future studies investigating possible metabolic engineering of this biomolecule for enhancing abiotic stress tolerance in plants.

Keywords: trehalose, arbuscular mycorrhizal fungi, rhizobia, legumes, drought stress


INTRODUCTION

Global climate change is projected to increase average temperatures, change rainfall patterns, and increase water scarcity (Karl and Trenberth, 2003). These effects will be felt especially in the semi-arid tropics, where evaporation and temperature are already high (Vadez et al., 2012). Among all abiotic stresses, drought (water deficit) has been identified as a critical factor limiting crop productivity, with roughly 64% of global land area affected (Meena et al., 2017). Abiotic stresses cause changes in the soil–plant–atmosphere continuum, resulting in crop yield reductions. Prolonged exposure to drought leads to altered metabolism and damage to biomolecules (Bhagat et al., 2014). Legumes deliver several vital environmental, economic, and social services and are a major source of food, nutrition, and feed worldwide, particularly in marginal regions of the global south. They are an essential component of the N cycle, with most species forming symbiotic relationships with diazotrophic bacteria (i.e., rhizobia). Legumes enrich agricultural systems with biologically fixed atmospheric N through the process of biological N fixation (BNF), reducing dependence on chemically produced nitrogenous fertilizers. BNF contributes 40–80% of N worldwide under different agronomic practices (Herridge et al., 2008), where 110–220 kg N/ha/year is fixed by perennial legumes, and 50% of this range is fixed by annual legumes (Havlin et al., 2005). Symbiotic BNF in legumes is highly sensitive to abiotic stresses such as drought and salinity. The protective mechanisms evolved by plants to adapt to stress include the upregulation of compatible solutes, e.g., osmoprotectants, osmolytes, and the activation of both enzymatic and non-enzymatic defense sites.

The rhizosphere is the zone of enhanced microbial activity because of the supply of nutrients via host plant root exudates. Plant-growth promoting rhizobacteria, especially rhizobia, colonize plant cells within root nodules, whereas arbuscular mycorrhizal fungi (AMF) form highly branched structures called arbuscules inside the root cortex, which acts as nutrient exchange site between the plant and AMF. The interaction of these two symbiotic entities with the plant helps the host plant with nutrition and protection against soil-borne pathogens (Vessey, 2003; Venant et al., 2013). The tripartite symbioses among rhizobia, AMF, and plants demonstrate the complexity of microbial interactions, resulting in enhanced resistance of plants to environmental stresses (Antunes and Goss, 2005; Antunes et al., 2006). AMF colonize the roots of 80% of terrestrial plant species and positively influence plant growth by augmenting soil nutrient transport, particularly P, N, Zn, and Cu (Govindarajulu et al., 2005). N-fixing rhizobia nodulate most legumes and enhance plant growth by fixing atmospheric N (Baral et al., 2016).

The symbiotic association of leguminous plants with trehalose-producing rhizobia has been reported to impart abiotic stress tolerance to the plants (Suárez et al., 2008; Sugawara et al., 2010; Garg and Pandey, 2016). Species of rhizobia and host genotype play a key role in the determination of the extent of trehalose accumulation by their symbiotic partner and can result in enhanced BNF. Inoculation of Rhizobium etli strains, characterized by the overexpression of trehalose-6-phosphate synthase into Phaseolus vulgaris, has been shown to enhance both the number of root nodules and N fixation parameters (Suárez et al., 2008).

Trehalose acts as a chemical chaperone as well as a metabolite for preventing the protein from acetylation and glycation under desiccation stress. High glucose in bacterial cells leads to acetylated aggregates, vitrification, and advanced glycation end products for cross-link formation of the proteins (Laskowska and Kuczyñska-Wiśnik, 2019). Trehalose accumulation in Rhizobium leguminosarum bv. trifoli strain NZP561 occurs by both otsA and TreYZ pathways during the stationary phase. It has been deemed essential for desiccation tolerance and overcoming stress related to nodule occupancy (McIntyre et al., 2007). Similarly, trehalose biosynthesis in Bradyrhizobium japonicum occurs by OtsA, TreS, and TreY genes playing a role in symbiotic N-fixation and survivability under salinity (Sugawara et al., 2010).

Mycorrhizal interaction can also impart benefits to trehalose production. Inoculation of the legume Cajanus cajan with the AMF (Rhizophagus irregularis), in combination with rhizobia, improved nodulation, N and phosphorus (P) uptake, and accumulation of higher trehalose in plants under salinity stress. The higher trehalose content was attributed to the increased activity of terpene synthase enzyme and decreased level of trehalase (Garg and Pandey, 2016). Furthermore, combined AMF with silicon inoculation in C. cajan genotypes has been shown to help plants to survive under cadmium and zinc heavy metal stress by improving rhizobial symbiosis competency and regenerating nodules. This was attributed to trehalose synthesis, phytochelatin synthesis, and reactive oxygen species (ROS) scavenging mechanisms (Garg and Singh, 2018). Similarly, the inoculation of AMF and polyamines along with Sinorhizobium fredii strain AR-4 was found to counteract nickel toxicity by increasing nodule functioning and modulating trehalose and ureide metabolism (Garg and Saroy, 2020).

Bacteria accumulate osmoprotective solutes, such as trehalose, in response to osmotic or desiccation stress (Vriezen et al., 2007). The survival of trehalose-loaded cells was found to be better than that of non-loaded cells when soybean (Glycine max) seeds were coated with cells and subjected to desiccation (Streeter, 2003). Trehalose accumulation in cultured cells and bacteroids by B. japonicum (Streeter, 1985) and subsequent increase due to desiccation stress have been reported (Cytryn et al., 2007), suggesting trehalose’s role as an osmoprotectant. The enhanced survival of B. japonicum in response to desiccation and salinity stress after exogenous addition of trehalose has been reported (Streeter, 2003). Ocón et al. (2007) investigated the role of trehalose in AMF-mediated plants in which they correlated gene expression and the enzymes involved in trehalose metabolism with AMF hyphal biomass. AMF-mediated plants with lower doses of external trehalose application have been shown to induce both biotic and abiotic stress-related genes, mainly promoting downregulated abiotic stress-associated genes (Schluepmann et al., 2004). Additionally, the roles of various bacterial-mediated trehalose biosynthetic pathways, their relationship with physiological responses, and their expression of stress tolerance genes have been studied (Sugawara et al., 2010). However, no systematic studies on trehalose accumulation and mobilization by the tripartite association of plants with rhizobia and AMF have been carried out. In this review, we discuss the significance of tripartite symbiosis of plants, rhizobia, and AMF in trehalose accumulation, metabolism, genomics, and their importance for mitigating abiotic stresses.



TREHALOSE IN PLANTS FOR ABIOTIC STRESS TOLERANCE

Trehalose is a non-reducing disaccharide (α-D-glucopyranosyl-1 and 1-α-D-glucopyranoside, comprising two α-glucose molecules) found in plants, insects, invertebrates, and microorganisms. The two α-glucose molecules joined by a glycosidic bond store a low level of energy, which imparts it a more stable configuration than sucrose (Iturriaga et al., 2009). Trehalose is a “minor” sugar produced in plants in response to biotic and abiotic stresses, as part of the mitigation mechanisms. Trehalose is considered a double-faced molecule, which, on the one hand, is required for the infectivity of many pathogens but, at the same time, also elicits plant defense against stress (Fernandez et al., 2010).

Trehalose was reported for the first time in soybean (G. max) root nodules during the early 1980s and was found to play a protective role especially during abiotic stress; however, the exact role is still unclear (Goddjin and van Dun, 1999; Fernandez-Aunián et al., 2010). In plants, the possibility exists of developing genotypes with stress-protective capacity by the enhanced expression of trehalose synthase genes or by using genetically engineered bacteria or mutants with improved capacity for accumulating higher trehalose as bio-inoculants. One example is rice cultivar R-64 which, through genetic modification and overexpression of trehalose-synthesizing trehalose-6-phosphate synthase (TPS) and trehalose-6-phosphate phosphatase (TPP) genes and fusion constructs trehalose-6-phosphate synthase/phosphatase (TPSP) from Escherichia coli, could tolerate multiple stresses like drought and salinity. The transgenic rice plants showed higher chlorophyll content, low sodium accumulation, high grain yield, and high trehalose accumulation (Joshi et al., 2020). Trehalose is a non-toxic carbon molecule characterized by its ability to accumulate at high concentrations in the cytoplasm and maintain turgidity besides its ability to evoke plant defense mechanisms (Schluepmann et al., 2004). During dehydration, the enhanced trehalose concentration acts as a protector for both proteins and membranes and also stabilizes metabolism in plants (Goddjin and van Dun, 1999; Liu et al., 2008). Moreover, trehalose-accumulating plants trigger ROS and guard macromolecular structures from the destabilizing effect of dehydration occurring during anhydrobiotic situations (Mittler et al., 2004). Bharti et al. (2016) identified soybean genotypes accumulating trehalose in root nodules formed by native rhizobia, which were recovered and characterized. However, improved mechanistic explanations for the correlation between trehalose concentrations and the physiological traits involved in abiotic stress tolerance are needed. Highly trehalose-mediated plants (either mutant or genetically modified) show membrane stability, regulate osmolytes, and have better tolerance to stresses when exposed to stress such as drought or salt (Romero et al., 1997). Exogenous trehalose application in tomato seedling stressed with salinity lowers starch content and increases soluble sugar content and distribution of sugars by modulating sugar-metabolism-related genes and sugar-transport-related genes, respectively. Trehalose application modulates the expression of abscisic acid (ABA)-metabolism-related genes like NCED1, NCED2, CYP707A1, and CYP707A2 for increasing ABA content to alleviate salt tolerance (Feng et al., 2019). Nevertheless, besides using trehalose as stress-protecting carbohydrates in microbial formulations, the exogenous uses (forms, mode, and doses) for application in legume plants need thorough investigation.



TREHALOSE IN MICROBIAL ABIOTIC STRESS TOLERANCE

Several researchers have reported improvement in the survival of bacterial cells due to trehalose accumulation. Streeter (1985) observed trehalose accumulation in cultured bacteria of B. japonicum under low O2 conditions, indicating that trehalose formation in nodules may be induced by a microaerophilic environment. Interestingly, these bacteria cannot grow using trehalose as the exclusive carbon (C) source, suggesting a function other than an energy source. The exogenous application of trehalose to bacterial cultures increased the accumulation of trehalose and improved their survival during the subsequent drying period (Leslie et al., 1995; Streeter, 2003). In soybean seeds, to which trehalose was co-inoculated with B. japonicum, this resulted in a threefold increase in trehalose concentration in B. japonicum cells and the increased survival of cells on seed surfaces. After 24 h of desiccation, a 294% increase in cell survival was reported when bacteria were grown in medium supplemented with trehalose, indicating a correlation between trehalose concentration and bacterial survival. Furthermore, for the survival of B. japonicum during desiccation, the accumulation of trehalose was found to be more critical in the cytoplasm than in the periplasmic space. Similarly, in free-living R. etli, overexpression of the OtsA gene encoding TPS led to an increased tolerance of osmotic stress (Suárez et al., 2008), whereas its mutation otherwise impaired stress tolerance. A macroarray analysis of 7,200 expressed sequence tags from legume nodules inoculated with a rhizobia strain overexpressing trehalose-6-phosphate synthase gene revealed the upregulation of genes involved in stress tolerance and C and N metabolism, suggesting a signaling mechanism for trehalose. In B. japonicum, the accumulation of trehalose also occurs as a consequence of salt-induced osmotic stress. The mutant strains without trehalose biosynthetic genes failed to grow on medium supplemented with salt (Domínguez-Ferreras et al., 2009; Sugawara et al., 2010). In another study, four trehalose-accumulating rhizobial strains isolated from the root nodules of P. vulgaris were shown to have improved recovery from salt conditions (Fernandez-Aunián et al., 2010). These studies indicate rhizobial trehalose metabolism to play a key role in signaling plant growth, yield, and adaptation to abiotic stress, and its manipulation implies having a tremendous agronomic impact on leguminous plants (Suárez et al., 2008).



RHIZOBIA-MEDIATED TREHALOSE METABOLISM AND ITS ROLE IN ABIOTIC STRESS TOLERANCE

Agricultural productivity benefits from the rhizobia–legume symbiotic association. It is well understood that trehalose sugar acts as a strategy to combat abiotic stress, where dehydrated enzymes and membranes are stabilized by trehalose and protect against desiccation of structures. Healthy plants generally do not produce adequate trehalose concentrations to induce osmoprotectant benefits. This does not impede trehalose gene expression and biosynthesis, and a very low concentration of trehalose has been reported in some plants (Leyman et al., 2001). Some plants have enhanced concentrations as a result of colonization by AMF (Schubert et al., 1992) and N-fixing rhizobia (Streeter, 1985). By recording the 1HNMR spectra of extracellular cultures, Montes-Grajales et al. (2019) identified trehalose in a culture supernatant of N-fixing rhizobial strains R. etli CFN42 and Rhizobium leguminosarum phaseoli Ch24-10. Under symbiotic conditions, trehalose is synthesized by the bacteroid in the nodule; however, the majority of trehalose is localized in the cytoplasm of host plant cells (Farias-Rodriguez et al., 1998). Low concentrations of trehalose have also been detected in aboveground legume biomass, indicating translocation (Streeter, 1980). Trehalose concentrations are variable in bacteroids and nodules of numerous leguminous plant species, with substantial quantities reported in soybean nodules when the nodules are in terminal senescence (Müller et al., 2001). Rhizobial strain genetics and plant age have been shown to impact the degree to which trehalose is accumulated in bacteroids (Streeter, 1985).

Trehalose synthesis in most rhizobial species takes place both in free-living and symbiotic phases and has the functional significance of disaccharide production (Jensen et al., 2005; Streeter and Gomez, 2006). Trehalose biosynthesis in symbiotic N-fixing bacteria occurs as a result of three distinct pathways, with B. japonicum and Bradyrhizobium elkanii, each having the three completely independent mechanisms for synthesis (Streeter and Gomez, 2006). The work of Streeter and Gomez reports the role of trehalose in the protection against desiccation, identifying three enzymatic drivers including trehalose synthase (TS-TreS), maltooligosyl trehalose synthase (MOTS-TreY), and trehalose-6-phosphate synthetase (TPS-OtsA). It was found that the bacteroids of nodules contained a higher concentration of TS nodule enzyme in comparison to the substrate for TS, maltose. This could be due to the high trehalose activity in bacteroids, inhibiting TS, and MOTS in bacteroids. However, in the family Rhizobiaceae, most Rhizobium species synthesize trehalose, except in the species Rhizobium tropici (Streeter and Gomez, 2006). Nevertheless, Domínguez-Ferreras et al. (2009) concluded that, for competitive and effective nodulation of alfalfa by Sinorhizobium meliloti, the trehalose biosynthesis pathway is essential. Upon further examination of the presence of genes encoding for the three pathways of trehalose synthesis, i.e., OtsA, TreYZ, and TreS in S. meliloti and R. etli, R. etli was found to have an overexpression of OtsA gene in the presence of osmotic stress, which increased its tolerance to osmotic stress and likely provided the inoculant with a higher survival capacity and symbiotic efficiency (Suárez et al., 2008). To date, in R. etli, three genes, TreYZ, TreS, and OtsAB, are present and involved in the trehalose biosynthesis pathway and exhibit a transcriptional response toward osmotic stress. OtsA was found to have a major role (with higher activity in the cultured cell than the symbiotic bacteroids) in trehalose accumulation and osmoadaptation. This indicates the upregulation of enzymes involved in trehalose synthesis and downregulation of others when a symbiotic relationship with the soybean plant is initiated by Bradyrhizobium. Quantitative reverse transcription-polymerase chain reaction (RT-PCR) analysis shows the significant upregulation of the OtsA gene along with nodC, P5CR, and molecular chaperone genes in Mesorhizobium ciceri cells incubated under polyethylene glycol (PEG)-induced desiccating stress conditions, indicating the prominent role of trehalose in M. ciceri drought stress tolerance (Yadav et al., 2020).

It is now well established that rhizobia are capable of synthesizing trehalose, which accumulates in nodules and bacteroids (Müller et al., 2001). The accumulation of trehalose in root nodules is chiefly determined by three factors, namely, rhizobia strain genotype, legume genotype, and the surrounding environment (Farias-Rodriguez et al., 1998). Trehalose accumulation in bradyrhizobial cells promotes nodulation, with soybean acting as a compatible solute to overcome host-induced osmotic stress that occurs during nodulation (Sugawara et al., 2010). Conversely, the accumulation of trehalose in R. leguminosarum and S. meliloti did not increase the symbiotic effectiveness on clover and alfalfa genotypes (Ampomah et al., 2008). This suggests that nodule occupancy and colonization ability may vary across alfalfa and clover cultivars, with the bacterial genotypes studied varying with trehalose utilization mutants of S. meliloti and Sinorhizobium medicae (thuB) and their parent strains (Ampomah et al., 2008). It has also been reported that, when applied exogenously to S. meliloti, R. leguminosarum bv. trifolii, and R. leguminosarum bv. phaseoli, trehalose may act as an osmoprotectant; however, observations indicate an indirect contribution of trehalose to cell turgor resulting from a stimulated increase in the osmolyte levels of glutamate and N-acetylglutaminyl glutamine amide rather than the increased cell concentrations (Gouffi et al., 1998).

Räsänen et al. (2004) evaluated the role of trehalose in the symbiosis of Acacia senegal–Sinorhizobium under drought stress and found that trehalose (0.01, 0.05, and 0.09 M) led to osmotic stress protection (9 and 17% PEG). Furthermore, when trehalose (applied exogenously at 0.0003 M in soil) was exposed to severe drought stress and planted with A. senegal, the plant was able to maintain even higher numbers of culturable rhizobia than under moderate drought. They concluded that a basal amount of trehalose is likely to be present in the nodules even under unstressed conditions, but under drought conditions the trehalose levels increase significantly (Räsänen et al., 2004). Another study by Song et al. (2017), based on gas chromatography–time-of-flight mass spectrometry analysis, reported over 20-fold increase in trehalose concentration in the roots of Rhizobium-treated plants after 6 days of alkali stress, while no such changes were observed in non-inoculated plants. These results indicate that trehalose may be affected by alkali stress in plants with root nodule symbiosis. A metabolomic study was performed to identify the compounds produced in roots and root hairs during the nodulation of soybean by B. japonicum. Of the 166 metabolites significantly regulated in response to B. japonicum inoculation, trehalose was among the most strongly induced metabolites produced following inoculation. Subsequent metabolomic analyses of root hairs inoculated with a B. japonicum mutant defective in trehalose synthase (trehalose 6-phosphate synthase) and maltooligo-syltrehalose synthase genes (ΔotsA ΔtreS ΔtreY triple mutant) showed that the trehalose detected in the inoculated root hairs was primarily of bacterial origin. During the infection process, B. japonicum may experience osmotic stress either on the root hair surface or within the infection thread, and trehalose might be playing a role in protecting actively nodulating roots against drought and other stress factors (Brechenmacher et al., 2010). The enhanced levels of trehalose in root nodules may also protect bacterial nitrogenase activity under moisture stress conditions (Jiménez-Zacarías et al., 2004). In addition, the increased concentrations of nodule trehalose have been correlated to increased BNF efficiency, which consequently improved the drought and salinity tolerance of the plant (Jiménez-Zacarías et al., 2004; López et al., 2008). In R. etli, mannitol is a precursor for trehalose synthesis, but the bacterial strain genome does not encode specific mannitol phosphotransferase as it does not mediate the entry of mannitol into the cell. Hence, it is likely that smoEFGK (which encodes a sorbitol/mannitol ABC transporter), mtlK (which encodes a mannitol 2-dehydrogenase transporter which transforms mannitol to fructose), and xylA (which encodes a xylose isomerase that transforms fructose to glucose) are involved (Reina-Bueno et al., 2012). This suggests that, during the initial stages of symbiotic interactions, the host drives trehalose production, underscoring its capacity to mitigate plant-induced stress during infection instead of influencing the colonizing ability of roots, which is critical for competitiveness.



AMF-MEDIATED TREHALOSE METABOLISM AND DYNAMICS IN THE ASSOCIATION WITH PLANTS

Plant benefits derived from AMF colonization are desirable for sustainable agricultural management strategies with the reduction of synthetic fertilizers (Douds et al., 2010). AMF is dependent on their plant partners for carbohydrates, where both glycogen and trehalose serve as the chief carbohydrate sources (Bécard et al., 1991), stored mainly (up to 95%) as triacylglycerols (TAGs). In AMF, trehalose is stored as C in the extraradical hyphae and spores of AMF (Bécard et al., 1991; Bago et al., 2003). Colonized plants deliver sucrose to the roots and enzymatically hydrolyze sucrose to maintain a pool of hexoses available for transfer to the fungus. In AMF, the alkaline invertase enzyme then converts hexoses to trehaloses (Smith and Read, 2008). These fungi, with the help of intraradical hyphae, draw C in the form of hexoses, which are then rapidly converted to glycogen and trehalose and then to lipids (Shachar-Hill et al., 1995; Pfeffer et al., 1999). To improve the plant’s stress tolerance, trehalose must then be transported back to the plant using specialized transporters in the membrane designed to facilitate hexoses and lipids. This suggests that trehalose accumulation in AMF may play a more significant role in cellular stress protection than previously thought. However, the isolation of neither trehalose synthesis genes nor their encoding enzymes has been reported in AMF. Lipids in the external mycelium of AMF are also converted to hexoses and trehalose (Ocón et al., 2007), with the role of trehalose in AMF implicated as intermediate carbon storage (Bécard et al., 1991; Bago et al., 2003). It has been shown that trehalose levels increase under stress, possibly as an energy source (Delorge et al., 2014). Schubert et al. (1992) showed that the trehalose content in Glomus mosseae (currently known as Funneliformis mosseae)-inoculated soybean roots increased positively with the extent of fungal colonization and decreased with P fertilization and dark conditions. Trehalose levels have also been shown to increase under heat stress as well as chemical stress imposed through arsenate (Ocón et al., 2007). Information on the extent to which trehalose is induced under stress across AMF genotypes is not available.



OMICS-BASED STUDIES IN AMF CONCERNING TREHALOSE METABOLISM

The first genome sequence of an AMF was published in 2013 for the model strain R. irregularis DAOM197198 (Tisserant et al., 2013). To date, complete genome sequences are available for only two AMF from a single genus, Rhizophagus (Kobayashi et al., 2018). These studies have been instrumental as they provided the first indication that AM fungi are fatty acid auxotrophs (Wewer et al., 2014). The genome of these two organisms contains ∼579–739 protein-encoding genes, and very interestingly, the loss of several genes that are otherwise present in their close relatives has also been reported (Huerta-Cepas et al., 2015). In the genome of Rhizophagus clarus, the absence of cytosolic fatty acid synthase (FAS) was noted, whereas all mitochondrial FAS components were present (Kobayashi et al., 2018). In another study, the transcriptomic analysis of sunflower and AMF revealed that differentially expressed genes (DEGs) were explicitly involved in known mycorrhizal processes, such as membrane transport and cell wall shaping. The most critical DEGs were carefully described to hypothesize their role in AM symbiosis (Vangelisti et al., 2018). Studies on the analyses of gene expression in AM-mediated roots revealed changes both in the plant and fungal transcriptomes, which are linked to mycorrhizal establishment and development (Shu et al., 2016). However, not much work has been carried out on AMF genomics concerning trehalose metabolism.

The alignment of G. mosseae and Glomus intraradices (currently known as R. irregularis) NTH1 with 21 other neutral trehalases showed that the AM fungal proteins are highly conserved in their protein sequence and structures (Ocón et al., 2007). The EF-like Ca2+-binding site localized at the N-terminus of both AM fungal proteins has also been identified in all fungal neutral trehalases (Ocón et al., 2007). This motif could contribute to the further regulation of enzyme activity as has been proposed for other fungi (Franco et al., 2003). Studies on the structures in vivo and biochemical studies have revealed the significance of the Tps2 N-terminal domain in fungal cellular stress responses and the conformational flexibility of the Tps2 C-terminal domain that imposes exquisite substrate specificity and permits efficient catalysis. These structures pave the way for “rational” inhibitor design against Tps2, facilitating antifungal drug design (Miao et al., 2016).

Assessment of trehalose content along with its transcriptional regulation and enzyme activity (for neutral trehalase and trehalose-6-phosphate phosphatase) was carried out in G. intraradices in response to heat shock and chemical or osmotic stress (Ocón et al., 2007). Prolonged or intensive exposure to heat or chemical stress, but not osmotic stress, caused an increase in trehalose in the hyphae of G. intraradices. The transient upregulation of the trehalose-6-P phosphatase (GiTPS2) transcript coincided with the rise in enzyme activity (Ocón et al., 2007). However, there were no changes in neutral trehalase (GiNTH1) RNA accumulation in response to the imposed stress (Ocón et al., 2007).



TRIPARTITE SYMBIOSIS AND ABIOTIC STRESS TOLERANCE

The formation of a tripartite symbiosis requires nodule-forming soil microbes, including but not limited to Rhizobium, Bradyrhizobium, Sinorhizobium, Mesorhizobium, and Azorhizobium (Hirsch, 1992) and AMF (Koide and Schreiner, 1992). Both rhizobial and fungal symbiotic partners accelerate mineral nutrient acquisition in exchange with carbon from the host. N and P are essential worldwide for plant growth, with poor soils requiring frequent amendments. During the tripartite relationship, rhizobia and AMF appear to act synergistically, with this combined inoculation enhancing plant growth and N content compared to single inoculation with either Glomus or Rhizobium (Bagyaraj et al., 1979) and leading to improved host colonization by both inoculants (Van Der Heijden et al., 2015). Although some studies on rhizobial–legume symbiosis have shown that, under drought stress, an increase in trehalose content was accompanied by an increase in plant stress tolerance, reports of trehalose accumulation in mycorrhiza are scarce, where, unlike rhizobia, plants do not receive carbohydrate from the microsymbiont. Moreover, the role of trehalose in the tripartite symbiosis of rhizobia–mycorrhiza–legume needs a detailed study. Combined mycorrhizal colonization and rhizobial nodulation have been reported to increase legume tolerance to drought. Ruiz-Lozano et al. (2001) observed that soybean plants inoculated with AMF could cope better with premature nodule senescence induced by drought stress. In faba bean (Vicia faba) under drought conditions, inoculation with mycorrhiza was shown to enhance nodulation in comparison to non-mycorrhizal plants (Abdel-Fattah et al., 2002). Under drought stress, inoculation with G. mosseae caused an increase in P uptake by maize plants in comparison to an uninoculated plant (Abdelmoneim et al., 2014).

Arbuscular mycorrhizal fungi, in combination with rhizobia, are also considered as optimal for the reclamation of saline soils. Under salt stress, a substantial improvement in plant biomass and N-fixing ability of nodules due to the symbiotic relationship between C. cajan and G. mosseae has been reported. Although the response was plant genotype dependent, AMF symbiosis could improve the plant’s ability to survive under salt stress by enhancing mineral nutrient acquisition (P, Zn, Fe), water use efficiency, rate of photosynthesis, and accumulation of trehalose (Garg and Chandel, 2011).

Ballesteros-Almanza et al. (2010) explored the role of tripartite symbiosis on trehalose accumulation in the nodules of three wild genotypes of common bean, two commercial genotypes of P. vulgaris inoculated with G. intraradices, and seven native AMF species planted at different moisture regimes. They found that co-inoculation with both microsymbionts negatively affected trehalose accumulation in the nodules of each genotype as compared to single inoculation either with Rhizobium or AMF, both under normal as well as stressed conditions. Overall, AMF colonization maintained a significant positive correlation with trehalose content in the nodules. These reports indicate a definite role of trehalose in BNF in mycorrhizal legume plants under abiotic stress conditions. Garg and Saroy (2020) investigated the role of AMF in improving rhizobial symbiosis and trehalose metabolism under nickel (Ni) stress in C. cajan. AMF inoculation was found to enhance nodulation, N-fixing potential, and trehalose synthesis under Ni toxicity. Due to the high activity of the trehalase (TRE) enzyme, a very low level of trehalose was observed in the nodules under control conditions. However, Ni stress reduced the TRE activity and thus increased the trehalose levels to a certain extent. Interestingly, a negative correlation between trehalose and nitrogenase activity indicated that nodules with reduced nitrogenase activity under Ni stress tended to synthesize more trehalose, suggesting that more trehalose is synthesized because of low demand for reduced C in the bacteroids. The antioxidant effect of trehalose might also protect nitrogenase from inactivation. Moreover, a significant decline in TRE activity was recorded with AMF inoculation, which resulted in significantly improved trehalose concentrations in the nodules. This increment in trehalose, accompanied by the increased activity of T6PS and T6PP enzymes, indicated a direct role of AMF in upregulating trehalose biosynthesis in pigeon pea plants to overcome Ni stress.

It has been shown that the AMF community composition not only differs between legume and non-legume plants but also is impacted by crop sequences in rotation. Distinct AMF species and strains have been identified in the root nodules of legumes compared to non-legume roots (Scheublin et al., 2004). It is, therefore, necessary to cultivate AMF and rhizobial strains from the same niche of the rhizosphere of that legume–crop sequence. A list of examples on tripartite symbiosis-mediated abiotic stress tolerance in legume plants is provided in Table 1.


TABLE 1. Examples of AM fungi-rhizobia mediated stress tolerance in legume plants*.
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RAISING HIGH-TREHALOSE-ACCUMULATION PLANTS

Approaches such as breeding for trehalose-over-producing genotypes and genetically engineering the plants for trehalose over-production are strategies for improving trehalose accumulation for abiotic stress tolerance. Transgenic varieties of tobacco, Arabidopsis, potato, alfalfa, rice, and tomato plants tolerant to diverse abiotic stresses have been developed by transformation with yeast/bacterial TPS/OtsA genes (Iturriaga et al., 2009). Initially, plasmid p42e (treY) and the chromosome and plasmid p42f (two copies of treZ) were reported to contain the genes responsible for trehalose synthesis. Reina-Bueno et al. (2012) provided a genomic analysis of the trehalose metabolism pathway in R. etli, illustrating the genes involved in trehalose synthesis, transport, and degradation (Figure 1).
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FIGURE 1. Scheme of trehalose metabolism in Rhizobium etli based on the annotated genome. Glu, D-glucose; Glu6P, D-glucose-6-phosphate; Glu1P, D-glucose-1-phosphate; Glutm, D-glutamate; D-Glucsm6P, D-glucosamine-6-phosphate; Fru, D-fructose; Fru6P, D-fructose-6-phosphate; Malt, maltose; Mnt, mannitol; MOTS, maltoolygosyltrehalose; Tre, trehalose; TreP, trehalose-6-phosphate; AlgEFGAK and ThuEFGK, putative trehalose/maltose/sucrose ABC transporters; GlmS, glucosamine-6-phosphate synthase; Mtlk, mannitol 2-dehydrogenase; Frk, fructokinase; OtsA, trehalose-6-phosphate synthase; OtsB, trehalose-6-phosphate phosphatase; Pgi, phosphoglucose isomerase; XylA, xylose isomerase; TreC, trehalose-6-phosphate hydrolase; TreS, trehalose synthase; TreY, maltooligosyl trehalose synthase; TreZ, maltooligosyl trehalose trehalohydrolase; SmoEFGK, sorbitol/mannitol ABC transporter (source: Reina-Bueno et al., 2012).


Tolerance to abiotic stress, particularly drought, was observed even when trehalose accumulated at lower concentrations in transgenic plants designed to overexpress microbial trehalose biosynthetic genes. Drawbacks of such studies include possible growth aberrations of the transgenic plants due to the accumulation of trehalose-6-phosphate, which plays a critical role in gene regulation during the seedling stage of development (Chary et al., 2008). Another approach includes the use of trehalose-over-producing mutant microorganisms as bio-inoculants to ease abiotic stresses in plants. Suárez et al. (2008) reported a significant increase in nodules inoculated with a trehalose-overproducing strain of R. etli, which resulted in a substantial increase in the expression of leghemoglobin-2 gene. This suggests the possibility of increased nitrogenase activity, N fixation, and bacteroid respiration. These observations indicated that the trehalose over-expressing strain of R. etli associated with common bean plants significantly fixed N and increased the nodule number, biomass, and grain yield. This hypothesis is further supported by the fact that trehalose protects nitrogenase from inactivation by oxygen (Jiménez-Zacarías et al., 2004). In another study (Suárez et al., 2008), a macroarray analysis of 7,200 expressed sequence tags from P. vulgaris nodules primed with R. etli overexpressing trehalose-6-phosphate synthase gene showed the upregulation of genes engaged in stress tolerance and carbon and N metabolism, suggesting a signaling mechanism for trehalose. Asafa et al. (2017) investigated the expression of three genes associated with stress responses and stress tolerance mechanisms in soybean plants by RT-PCR analyses. The study indicated an increased transcription of GmDREBa and GmDREB2 (dehydration-responsive element-binding protein-type transcription factors) and GmMYBJ1 (myeloblastosis transcription factor) in response to drought stress. However, inoculation of soybean plants with the trehalose-producing endophyte Sphingomonas sp. LK11 and exogenous trehalose application increased the mRNA gene expression of GmDREBa, GmDREB2, and GmMYBJ1 as compared to the control plants, indicating trehalose-associated drought resistance. Taken together, these studies demonstrate that inoculation with endophytes and exogenous trehalose application enhanced soybean plant growth and stress tolerance. However, further work at the molecular level is needed to understand the role of bacterial trehalose in regulating plant genes. Moreover, no substantial work has been done on AMF-mediated abiotic stress tolerance through high trehalose accumulation. Under salinity stress, pigeon pea plants showed high trehalose accumulation in AMF-inoculated plants, which showed a high correlation between increased trehalose turnovers with increased nodulation. The higher accumulation of trehalose in AMF-mediated plants improved stability, in addition to enhancing nodulation and N fixation under salinity stress (Garg and Pandey, 2016).

From the abovementioned studies, it can be concluded that the manipulation of trehalose in microbes may be more promising for enhancing abiotic stress tolerance than altering the gene in plants per se. Microbes, particularly rhizobia, can produce larger amounts of trehalose (Streeter, 1985; McIntyre et al., 2007; Sugawara et al., 2010) and are stress responsive; thus, a constant production of trehalose by the plant would be unnecessary. Hence, focusing on the microbes would thus save plant resources, allowing crops to concentrate their energy on growth and reproduction.



CONCLUSION AND FUTURE DIRECTIONS

The importance of trehalose in improving stress tolerance, storage properties, and shelf life (Pereira et al., 2004) of microorganisms has been recognized in recent years and is being commercially exploited worldwide (McIntyre et al., 2007). Trehalose-over-producing microorganisms can enhance the tolerance of legume crops to abiotic stresses. However, the specific signaling mechanism behind the microbial trehalose-induced response to abiotic stress in plants requires further efforts. Indeed it is worthwhile to perform a detailed screening of plant varieties and breeding lines for having higher trehalose content in their root nodules during stress. At the same time, it is also promising to use the naturally colonizing native strains of rhizobia and AMF as starter cultures for breeding new lines capable of producing higher trehalose and improving stress tolerance. Increasing evidence indicates that plant trehalose application in plants, either through soil application or microbial inoculants, results in enhanced drought tolerance (Figure 2). However, the question of whether compatible solutes are equally efficient in protecting plants or bacteria from drought under field conditions needs further exploration. To conclude, we present a few critical research areas for enhancing stress tolerance in plants by microbe-mediated trehalose accumulation:


[image: image]

FIGURE 2. Diagrammatical representation for developing agro-microbial strategy utilizing arbuscular mycorrhizal fungi and rhizobia for mitigating drought stress in plants.



1.The selection of bacteria and bacterial endophytes capable of overproducing trehalose is very crucial. Exploring such bacteria for developing liquid inoculants with enhanced survival and stability is needed.

2.It is also vital to understand the role of trehalose metabolism in rhizobia through further screening of the trehalose synthase genes (e.g., OtsA gene) in the symbiotic bacteroids at the molecular, biochemical, and physiological levels to increase tolerance and grain yield under stress conditions (Suárez et al., 2008).

3.There is a strong need to carry out detailed investigations on the molecular mechanisms and omics-based approaches involved in AMF colonization during trehalose metabolism to confer tolerance in plants against abiotic stresses.
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Strains belonging to Pantoea agglomerans species are known for their ability to produce metabolites that can act in synergy with auxins to induce the adventitious root (AR) formation. The latter is critically important in the agamic propagation of several woody species, including pear (Pyrus communis L.), playing a considerable role in the commercial nursery farms including those using micropropagation techniques. When grown on a medium amended with tryptophan, the plant-growth-promoting (PGP) strain P. agglomerans C1 produces a cocktail of auxin and auxin-like molecules that can be utilized as biostimulants to improve the rooting of vegetable (Solanum lycopersicum L.) and woody crop species (Prunus rootstock GF/677 and hazelnut). In this study, we evaluated the morphological and molecular responses induced by strain C1 exometabolites in microcuttings of P. communis L. cv Dar Gazi and the potential benefits arising from their application. Results showed that exometabolites by P. agglomerans C1 induced a direct and earlier emergence of roots from stem tissues and determined modifications of root morphological parameters and root architecture compared to plants treated with the synthetic hormone indole-3-butyric acid (IBA). Transcription analysis revealed differences in the temporal expression pattern of ARF17 gene when IBA and C1 exometabolites were used alone, while together they also determined changes in the expression pattern of other key auxin-regulated plant genes. These results suggest that the phenotypic and molecular changes triggered by P. agglomerans C1 are dependent on different stimulatory and inhibitory effects that auxin-like molecules and other metabolites secreted by this strain have on the gene regulatory network of the plant. This evidence supports the hypothesis that the strategies used to harness the metabolic potential of PGP bacteria are key factors in obtaining novel biostimulants for sustainable agriculture. Our results demonstrate that metabolites secreted by strain C1 can be successfully used to increase the efficiency of micropropagation of pear through tissue culture techniques.
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INTRODUCTION

A growing body of research demonstrated that cells and metabolites from plant-growth-promoting (PGP) bacteria and fungi can be successfully used as biostimulants to promote plant growth, enhancing nutrient uptake and photosynthetic activity, as well as to increase crop quality and plant resistance to both biotic and abiotic stresses (Wu and Zou, 2009; Glick, 2014; Ruzzi and Aroca, 2015; Colla et al., 2017; Rouphael and Colla, 2018; Woo and Pepe, 2018). Due to the increasing demand of high-quality planting materials through agamic propagation and, in particular, tissue culture techniques (Twaij et al., 2020), there is rising interest in the use of microbial and nonmicrobial biostimulants in the improvement of micropropagation methods for industrial, ornamental, and food vegetable and fruit crops (Campobenedetto et al., 2020; Cardarelli et al., 2020; Cirillo et al., 2020; de Azevedo et al., 2020; Dong et al., 2020; Gulzar et al. 2020; Luziatelli et al. 2020b; Umanzor et al., 2020). In this respect, beneficial microorganisms able to synthesize or metabolize plant hormones are of particular importance because they can modulate the balance between plant growth and defense against stresses and pathogens, by changing the concentration of specific phytohormones (Tsukanova et al., 2017; Saia et al., 2019, 2020; Rouphael et al., 2020).

In the context of plant tissue culture, one of the crucial processes in the vegetative propagation of many woody species is the formation of adventitious rooting (AR) from the stem, which involves the changing of the destiny of stem cells near the wound region which leads to the organization of new radical meristem (Garrido et al., 2002). For many woody species, including pear (one of the world’s most important fruit crops; FAOSTAT, 20181), this process is critical even in in vitro culture systems, making difficult the production of many plants on an industrial propagation scale and maintenance of the genetic identity of elite genotypes. Among many endogenous and environmental factors, auxins, such as indole-3-acetic acid (IAA), play a pivotal role for priming, initiation, and establishment of adventitious roots (Wiesman et al., 1988; Li et al., 2009; Pacurar et al., 2014; Druege et al., 2019) and in the regulation of root system architecture in response to internal signals and environmental stimuli (Overvoorde et al., 2010; Semeradova et al., 2020; Waidmann et al., 2020).

Plants synthesize auxins in the shoot apical meristem of young leaves, and then these molecules are transported and concentrated at the base of cutting through basipetal polar transport (Ahkami et al., 2013). Generally, the concentration of endogenous auxins at the base of cutting does not sufficiently induce AR; exogenous auxin is thus added to the culture medium used for in vitro culture systems to reach the optimal gradient. Many synthetic auxins are then used to induce roots on the shoot, and the use of these compounds in commercial plant propagation is commonly implemented (Kurepin et al., 2011; Reed et al., 2012). Each auxin has a different ability to induce AR, which can be attributed to the differences in the auxin receptors involved in the rhizogenic process, as well as to the interaction with other molecules and environmental factors that can interfere with the process (de Klerk et al., 1999; Tereso et al., 2008; Iacona and Muleo, 2010; da Costa et al., 2013; Daud et al., 2013). It is also known that plants exhibit different dose-dependent responses to exogenous auxin gradients: low concentrations of IAA can stimulate primary root elongation, whereas high IAA levels have an opposite effect (Thimann, 1939; Enders and Strader, 2015).

Several bacterial species, including Pantoea agglomerans, can produce IAA and auxin-related compounds that have great physiological relevance in bacteria-plant interactions and determine modifications both in the root system architecture and in the structure of root tissues (Spaepen, 2015). Production of bacterial auxins varies among different strains and is influenced by strain growth conditions, as well as by precursor (tryptophan) availability (Duca et al., 2014). In addition, IAA and IAA-related compounds are frequently produced together with other plant growth regulators that can enhance the growth stimulatory effect of microbial phytohormones (Stringlis et al., 2018).

P. agglomerans is a rod-shaped, non-spore-forming, Gram-negative bacterium that is found in soil and is adapted to live in association with plants (Walterson and Stavrinides, 2015; Zhang and Qiu, 2015). Certain strains belonging to this species are agronomically relevant for their PGP traits and biocontrol activity (Dutkiewicz et al., 2016) and for their ability to produce IAA through a highly conserved indole-3-pyruvic acid (IPyA) pathway (Luziatelli et al., 2020b). P. agglomerans strain C1 was previously isolated from the phyllosphere of lettuce plants (Lactuca sativa L.) treated with plant-derived protein hydrolysates (Luziatelli et al., 2016). The strain was characterized for its ability to solubilize phosphate, produce IAA, and produce siderophores for inhibiting plant pathogens (Luziatelli et al., 2019a, 2020a). Recently, the whole genome of P. agglomerans C1 was sequenced, providing insights into heavy metal resistance and metabolic capacities of this strain (Luziatelli et al., 2019b, 2020a). In addition, it was demonstrated that inoculation with C1 cells improved the growth in pots of tomato (Solanum lycopersicum L.) and corn (Zea mays L.) fertilized with rock phosphates (Saia et al., 2020) and, also, that metabolites secreted by this strain can be utilized as biostimulants to improve the root surface area in cuttings of tomato (Luziatelli et al., 2020a), Prunus rootstocks GF/677, and Corylus avellana L. (Luziatelli et al., 2020b).

Considering the importance of AR induction in the agamic propagation and micropropagation of cultures for research and industrial nursery farming applications, further evaluation of the plant response to metabolites secreted by selected PGP rhizobacteria (PGPR) can provide useful insights into the rational development of new biostimulants that can contribute to achieving agriculture-related sustainable development goals. In this work, we compared the effect of indole-3-butyric acid (IBA; the most widely used synthetic auxin for cutting propagation), metabolites secreted by P. agglomerans C1, and a combination of both on root architectural traits and gene expression in cuttings of Pyrus communis L. cv Dar Gazi. In addition, we evaluated the possibility to develop an improved rooting procedure based on the use of P. agglomerans metabolites.



MATERIALS AND METHODS


Bacterial Strain and Culture Conditions

P. agglomerans C1 was routinely cultured in Lennox LB broth (Acumedia, Baltimore, MD, USA; Miller, 1972). Shake cultures were performed in Erlenmeyer flasks at 30°C, in agitation (180 rpm). Production of IAA occurred only when tryptophan was added to the medium. Stock cultures were maintained at −80°C in LB medium amended with glycerol 20% (v/v). Bacterial metabolites used for in vitro rooting experiments were prepared according to a two-step culture procedure (Luziatelli et al., 2019b). Overnight pre-seed cultures were prepared by inoculating 50 ml of fresh LB medium with 0.5 ml of a glycerol stock and grown at 30°C with shaking (180 rpm). The culture was used to inoculate a 250 ml shake-flask containing 25 ml of LB supplemented with tryptophan (4 mM), with an initial optical density (OD600) of 0.1. Cells were grown under suboptimal temperature-agitation speed conditions (28°C and 150 rpm) to maintain auxin concentration between 200 and 350 μM IAA equivalent (IAAequ). After 24 h of growth, cells were separated from the exhausted medium by centrifugation (10 min at 10,000 rpm) and discharged. The supernatant was filter-sterilized (0.22 μm), the IAA concentration was determined as described below, and samples were stored at −20°C until use.



Determination of Indole Auxins in Culture Filtrate

Auxin production was measured using Salkowski’s reagent, as described previously by Patten and Glick (2002). In brief, 1 ml of filter-sterilized (0.22 μm) supernatant was added to 2 ml of Salkowski reagent (0.5 M FeCl3, 35% v/v HClO4). The mixture was incubated for 15 min in the dark at room temperature; the development of a pink color, which was determined spectrophotometrically at 535 nm, indicated the production of indole auxins. A series of IAA standard solutions of known concentrations were prepared to set up the calibration curve.



Plant Material

Shoot cultures of pear cultivar Dar Gazi were initiated with 5–10-mm-long shoot tips, excised from an already-established in vitro culture, and maintained in the proliferation medium. Proliferation medium, hormonal composition, and growth chamber conditions were reported in Abdollahi et al. (2004). Rooting experiments were run using microcuttings, about 2 cm long, cut from shoot cluster, and transferred onto rooting medium. The latter was composed of half concentrations of MS salts (Murashige and Skoog, 1962), supplemented with 20 g L−1 sucrose and with an appropriate amount of IBA (1.0 mM) and/or auxin-like phytohormones from P. agglomerans C1.

The medium was sterilized at 121°C for 20 min after the addition of 6 g L−1 plant agar (Duchefa Biochemie BV, The Netherlands) and pH titration to 5.7 with NaOH. To test the AR induction potential of C1 strain’s auxin-like metabolites, the medium was supplemented with the amount of exometabolites necessary to obtain an IAAequ concentration of 1.0 (C1-sm) and 2.0 mM (2× C1-sm). In standard experiments, an IAAequ concentration of 1.0 mM was obtained by a 250-fold dilution of the filter-sterilized supernatant of a C1 culture grown at 28°C and an agitation speed of 150 rpm. Rooting tests were carried out by using the bacterial metabolites alone or in combination with IBA 1.0 mM. Control treatments in which the medium was amended with a 250-fold dilution of LB amended with tryptophan (4 mM), with tryptophan at a final concentration of 16 mM, or with no hormonal addition were also used. All the supplements were added to the medium after sterilization immediately before pouring the plates. As culture vessels, 250 ml glass jars were used, each containing 30 ml of rooting medium.



Experimental Design and Parameters

Experiments were performed in the growth chamber maintained at a temperature of 24 ± 1°C, by placing vessels under the darkness for a period of 4 days, after the beginning of experiments, and then moving them under the light condition of 40 μmol m−2 s−1. Five jars, each containing six explants, were used in each hormonal treatment. Measurements included the number of rooted explants, the total number of roots per shoot, and the dimension of ARs for each hormonal treatment and were detected for a 40-day period, from the beginning of experimentation. All experiments were repeated twice, and the results were the average values of both experiments.



Ex Vitro Acclimatization

For in vivo acclimatization, rooted plantlets were transferred into plug trays (2 × 2 × 3.5 cm), containing sterile BRIL typical TYP 3 (Germany) peat substrate, and placed in a climate-controlled growth chamber, at a temperature of 25 ± 4°C, at constant photoperiod at a light intensity of 40 μmol m−2 s−1, and at a virtually constant RH (80%). Plant survival was determined after 2 months.



RNA Extraction and Gene Expression Analyses

Total RNA was extracted starting from 450 mg of tissues collected: time point T0, before the treatment; time point T1, at the end of the dark treatment (4 days after the treatment) or, for C1-sm + IBA treatment, at the beginning of callus formation (6 days after the treatment); time point T2, after the development of the primordial roots. The apex was removed, and the tissue collected at the base of the microcutting was powdered under liquid nitrogen according to Pistelli et al. (2012). Samples were purified using a Plant RNA Purification Kit (Norgen Biotek, Thorold, ON, Canada) combined with an on-column DNase digestion with the RNase-Free DNase set (Qiagen, Hilden, Germany) to remove genomic DNA contamination. All kits were used following the manufacturer’s instructions. RNA purity was evaluated by agarose gel electrophoresis and quantified by using a QUBIT® 2.0 fluorometer (Thermo Fisher Scientific, Monza, Italy). First-strand cDNA was synthesized using the kit Tetro Reverse Transcriptase (BioLine, London, UK), following the manufacturer’s guidelines.

Real-time PCR analysis of genes was conducted using the thermal cycler LC480II® (Roche, Monza, Italy). Each reaction (10 μl) contained 6 μl of LightCycler 480 SYBR Green I Master (Roche, Monza Italy), 0.5 μM of each primer, 0.5 μl of cDNA, and 2.3 μl of PCR-grade water. The PCR was conducted using the following conditions: 95°C for 10 min and 45 cycles at 94°C for 20 s, 59°C for 30 s, and 72°C for 30 s, followed by a melting cycle from 65 to 95°C. Real-time quantitative PCR was performed using three biological replicates, with three technical replicates for each sample. A minus reverse transcriptase control was used to exclude genomic DNA contamination. Data were expressed with the 2ΔCp method (Kubista et al., 2006) using the geometric means of the actin gene as endogenous reference genes for the normalization of transcript abundance. After PCR amplification, melting analysis and gel electrophoresis visualization were run to confirm their identity and the absence of false-positive products.



Statistical Analysis

The significance of the effects of P. agglomerans C1 metabolites on the AR induction and root development characters was tested by analysis of variance (ANOVA), performed by the SigmaStat 3.1 package (Systat Software Inc., San Jose, CA, USA). Means were separated by the LSD test. Data percentages were transformed to arcsine degree values before the ANOVA, when necessary.




RESULTS


Auxin Production

To evaluate synergistic effects between auxins and other metabolites secreted by P. agglomerans C1, cells were grown in medium amended with tryptophan at suboptimal temperature (28°C) and agitation speed (150 rpm). Under these conditions, culture filtrate of strain C1 contained 286 ± 57 μmol of IAAequ per liter and was used for in vitro experiments without extensive dilution. Under conditions of optimal temperature (30°C) and agitation speed (180 rpm), strain C1 produced on the same culture medium about 900 ± 50 μmol of IAAequ per liter.



In Vitro Rooting

Table 1 shows the effects of hormonal composition and concentration of compound applied into the rooting medium on stimulation of rooting from shoots of pear cv Dar Gazi. AR formation was strongly enhanced by the addition of metabolites secreted by P. agglomerans C1 (C1-sm) and to a lesser extent by IBA (Table 1). In the first experiment, two IAAequ concentrations of secreted metabolites were tested: 1 (C1-sm) and 2 μM (2× C1-sm). Exometabolites from strain C1 were tested alone or in combination with IBA (1 μM), and experiments were repeated twice. Subsequently, with the aim of confirming the results, other trials were run and only C1-sm was used, alone or in combination with IBA. In all experiments, the positive role in the induction of AR clearly resulted when compared with IBA, confirming the observations made in the first two trials.



TABLE 1. Effect of IBA, C1-sm, and the combination of both on pear root production and ex vitro survival.
[image: Table1]

AR required a lot of time to emerge from the stem of microcuttings; a strong difference was in fact observed when the IBA and microbial IAA were added into the rooting medium both alone and in combination (Table 1). The formation of roots occurred in the microcuttings treated with C1-sm in a shorter time (7 ± 1 days after the treatment) than in microcuttings treated with C1-sm + IBA (12 ± 1 days after the treatment) and IBA alone (20 ± 4 days after the treatment; Table 1). Root emergence was not a synchronous event and occurred in a time span between 14 ± 3 and 35 ± 1 days (Table 1). Microcuttings treated with metabolites secreted by P. agglomerans C1 rooted earlier and for a shorter period than those treated with IBA alone (Table 1).

The number of ARs per explant induced by the combination of C1-sm and IBA (4.0 ± 0.3) was, respectively, 1.7‐ and 4-fold higher than that obtained using C1-sm and IBA alone (Table 1). Root formation was not observed in control experiments with plant growth medium: (1) without growth regulators; (2) with 16 mM tryptophan; or (3) with 250-fold diluted LB medium +4 mM tryptophan (Table 1).

As reported in Table 1, the use of C1-sm, alone or in combination with IBA, also stimulated root elongation. In particular, the length of the main root was 2.9-fold higher when the medium was supplemented with C1 exometabolites in place of IBA (Table 1).

Interestingly, in the microcuttings where the ARs were induced by IBA or a combination of IBA and C1-sm, roots emerged from the undifferentiated callus tissue; on the contrary, in microcuttings treated with C1-sm, no callus formation was observed at the base of the shoot explants, without any apparent formation of callus tissues (Figure 1).

[image: Figure 1]

FIGURE 1. Adventitious root formation in microcuttings of Pyrus communis cv Dar Gazi cultured on MS medium added with C1-sm (1 μM IAAequ) (A), a combination of C1-sm (1 μM IAAequ) and IBA (1 μM) (B), and IBA (1 μM) (C) after 13 days of in vitro culture. Callus development was observed only when IBA was used alone or in combination with C1-sm (B,C). No root formation was observed in control treatments with microcuttings cultured on MS medium without auxins (D).




Expression Analysis of Selected Auxin Signaling-Responsive Genes


Auxin Response Factor PcARF6, PcARF8, and PcARF17 Genes

Differential expressions of PcARF6, PcARF8, and PcARF17 genes in pear microcuttings treated with IBA and C1-sm, alone or in combination with IBA, were investigated using real-time RT-PCR, and PcActin was used as a reference gene for normalization of target gene expression. The transcription analysis revealed that all these genes were downregulated by IBA (Figure 2). A similar effect was observed for PcARF6 and PcARF8 on microcuttings treated with C1-sm (Figure 2). In contrast, in cuttings treated with C1 exometabolites, the mRNA level of the PcARF17 gene decreased during the dark period (T1) and increased at the initiation of root primordia (time point T2; Figure 2). Interestingly, the expression profiles of the three genes were quite different when microcuttings were treated with a combination of C1-sm and IBA, with PcARF6 and PcARF17 expressions being upregulated at the initiation of root primordia (T2) and PcARF8 expression remaining constant across all time points (Figure 2).

[image: Figure 2]

FIGURE 2. The expression pattern of selected Pyrus communis (Pc) genes responding to auxin signaling in microcuttings treated with IBA (1 μM), C1-sm (1 μM of IAAequ), and a combination of both, C1-sm (1 μM of IAAequ) + IBA (1 μM). The bar at time point T0 indicates expression in untreated control microcuttings, the bars at time point T1 indicate expression in microcuttings 4 days (IBA and C1-sm) or 6 days (C1-sm + IBA) after the treatment, the bars at time point T2 indicate expression at the initiation of root primordia. Relative expression of the target gene was normalized to the reference gene PcActin, as an internal control. Means are from three independent repeats; error bars show standard deviations. Different letters indicate statistically significant differences compared to control (T0) and between groups (p < 0.05).




Gretchen Haven 3.1 (PcGH3.1) Gene

PcGH3.1 gene was upregulated at the initiation of root primordia (time point T2) in tissues treated with IBA (Figure 2). The expression profile of this gene was significantly different when tissues were treated with a combination of C1-sm and IBA, where a significant reduction of PcGH3.1 mRNA level was observed 6 days after the treatment (T1; Figure 2). In contrast, no significant difference was observed comparing the relative expression of this gene in microcuttings treated with IBA or C1-sm alone (Figure 2).



Auxin-Induced Protein 15A-Like (PcSAUR7) Gene

The expression profile of PcSAUR7 was similar to that observed for PcGH3.1, with a significant reduction of mRNA level at time point T1 on microcuttings treated with a combination of C1-sm and IBA and an increase in the mRNA level of the three genes between time points T1 and T2 (Figure 2).



TMV Resistance Protein N-Like (PcTMV) Gene

The expression profile of PcTMV on microcuttings treated with IBA and C1-sm alone and in combination followed the same expression trend observed for PcGH3.1 and PcSAUR7 under the same conditions (Figure 2).





DISCUSSION

In previous work, we demonstrated that the production of IAA and IAA-related compounds by P. agglomerans strain C1 is tryptophan dependent and is affected by several parameters, including the medium composition, the carbon source, the physiological state of the cells, and the induction timing (Luziatelli et al., 2020b). Usually, standard experiments with PGP bacteria are designed to obtain the maximum auxin production, and to avoid inhibitory effects on the plant growth, culture filtrates containing a higher IAAequ titer are extensively diluted before use as plant biostimulants. Although, in general, bacterial strains exhibiting higher volumetric productivity of a specific metabolite are preferred for large-scale production, in this context, extensive dilution of the culture filtrate can be detrimental to evaluating the synergistic effects that metabolites secreted by IAA/auxin-producing bacteria can have on transport and turnover of exogenous and endogenous auxin in plants (Luziatelli et al., 2020b). In this study, we demonstrated that the auxin production by P. agglomerans strain C1 can be modulated (until one-third of the maximum) by lowering the growth temperature and the aeration of the liquid culture. The cultivation under suboptimal conditions alters the balance between auxin and other metabolites constitutively produced by strain C1 and allows the use of its spent growth medium at a higher strength.

In microcuttings of P. communis L. cv Dar Gazi cultured into rooting medium enriched with exometabolites from auxin-producing cultures of P. agglomerans C1, AR emergence occurred earlier than in cuttings that cultured into IBA-enriched rooting medium. In addition, in (C1-sm)-treated shoots (Figure 1), all roots were located at the side of the stem, indicating that the primordia of AR directly develop from the cells neighboring vascular tissues and the subsequent elongated root directly emerged from the epidermal tissue of side of the stem, just above the basal pruned zone (de Klerk et al., 1999; Lakehal and Bellini, 2019). The direct rooting formation resulted independently from the concentration of C1-sm used, and when the medium was enriched with IBA, either alone or in combination with C1-sm, another contrasting morphological scenario was evident. As a first step, a cell division forming callus tissue was observed, and then AR was observed, probably, after the reprogramming of the AR founder cell (Bustillo-Avendaño et al., 2018). Our data are also in agreement with the observations demonstrating that the auxin transcriptional networks involved in both direct and indirect de novo root regeneration (DNDR) and callus formation in the model plant Arabidopsis partially share the same genetic pathway (reviewed in Jing et al., 2020).

It is already known that in cuttings of woody species, wounding can stimulate callus formation and AR primordia can emerge from the cells of this undifferentiated tissue (Li et al., 2009; Xu, 2018). In microcuttings of the apple tree, the AR initiation occurred from cells of the cambial zone located between the two vascular tissues of the stem, without the formation of callus, and the root emerged outside the stem 15 days after the treatment with IBA (Naija et al., 2008). Furthermore, the time of root emergence outside the stem and the diverse root morphology in microcuttings treated with C1-sm and IBA reinforced the hypothesis that the AR phenotype is regulated differently by the two treatments.

To evaluate the synergistic effect of auxin and other metabolites produced by strain C1, experiments were carried out by using two different amounts of growth medium, and interestingly, better results in terms of percentage of rooted explants and the average length of the main root were obtained with C1-sm at the lower concentration (1 μM IAAequ; Table 1). It is noteworthy that, upon a combination of C1-sm and IBA, we observed a 40% reduction in the timing of AR emergence compared to IBA, as well as a ninefold increase in the percentage of rooted explants and a fourfold increase in the number of roots per explant, while the length of the main root increased compared to IBA, but not to the same extent when using C1-sm alone (Table 1). These results confirm our hypothesis that the balance between auxin and other biostimulant molecules produced by strain C1, as well as the appropriate gradient generated by the amount of exogenous auxin that is used, plays a critical role in determining the performance of the biostimulant during the rooting stage of micropropagation, improving the efficiency of the nursery industry. In this study, IBA was applied at a concentration (1 μM) less than fivefold lower than the one which is usually used in the pear rooting medium (Reed et al., 2012), so it is not surprising that the addition of auxins present in C1-sm has a positive effect on AR formation. At the same time, the reduction in the percentage of rooted explants and in the length of the main root, which was observed when IBA was added to C1-sm, indicates that, when strain C1 metabolites are present at a certain concentration, an excess of auxins can inhibit the formation and the elongation of the adventitious roots (Table 1). The differences in the root architecture that are shown in Figure 1 clearly indicate that the metabolites produced by P. agglomerans C1 not only accelerate the AR formation when auxins are present but also increase the number and length of AR primordia that develop from stems, modifying the response of the pear plant to exogenous auxins.

In recent work, Lotfi et al. (2019) demonstrated that trans-cinnamic acid, a phenylpropenoic compound produced by the microbial deamination of phenylalanine (Hazir et al., 2017), efficiently induces AR formation in shoots of pear cv Arbi. It is noteworthy that P. agglomerans C1 has genes encoding enzymes (e.g., a CAT-catalase, ec 1.11.1.6) that are involved in the biosynthesis of cinnamic-related compounds from intermediates of the tryptophan pathway, and we have evidence that strain C1 produces cinnamates as well as peptides and cyclopeptides that can crosstalk with auxin (Luziatelli et al., 2020b). These compounds may likely play a possible regulative role in plant gene expression through epigenetic mechanisms, such as DNA methylation, histone modification (acetylation, methylation, and phosphorylation), and miRNA activation, as it already emerged in humans (Zhu et al., 2016; Frolinger et al. 2018; Arora et al., 2019; Carlos-Reyes et al., 2019; Patnaik and Anupriya, 2019). These mechanisms likely activate many regulatory pathways generating a response, in parallel to the pathway activated by auxin compounds, and thus establish a synergistic action. It is known, in fact, that polyphenols, such as phloroglucinol, caffeic acid, chlorogenic acid, and ferulic acid, have a synergistic action, together with auxins, as mediators of root formation from cuttings (James and Thurbon, 1981; Zimmerman and Broome, 1981; Wilson and Van Staden 1990; Wang, 1991; Nandi et al., 1996; De Klerk et al., 2011).

To gain insights into the molecular mechanisms elicited by strain C1 exometabolites, we analyzed the expression profile of three auxin response factor (ARF) genes, which play a key role in the AR initiation process and in auxin homeostasis. Results reported in Figure 2 indicated that these genes were differentially modulated in microcutting tissues treated with C1-sm or IBA. The temporal expression patterns of PcARF6 and PcARF8 were similar, while significant differences were observed in the temporal transcription pattern and in the steady-state transcript level of PcARF17 (Figure 2). The latter gene was overexpressed in microcuttings treated with C1-sm during the rooting phases examined in this work (Figure 2). Auxin homeostasis plays a key role in the AR formation: the level of free auxins, in the model plant Arabidopsis thaliana, controls the expression of the ARFs, AtARF6, AtARF8, and AtARF17, that activate a signaling cascade to lead to the AR initiation in the target cells until the emergence of root primordium (Gutierrez et al., 2012; Guan et al., 2015). These genes are also under the control of light and, when cuttings of A. thaliana are transferred from darkness to light, ARF6 and ARF8 are upregulated, while ARF17 is downregulated (Fattorini et al., 2018). In our experimental conditions, in microcuttings treated with IBA or C1-sm, the orthologous PcARF6 and PcARF8 genes were downregulated, and at each time point, no significant difference in transcript levels of these genes was observed (Figure 2). In contrast, when IBA was used in combination with C1-sm, PcARF6 was upregulated at sampling point T2, while the mRNA level of PcARF8 was stable across the three time points (Figure 2). Taken together, these results indicate that the addition of C1-sm to IBA determines a differential transcriptional or posttranscriptional regulation of PcARF6 and PcARF8 genes that is probably related to the different morphological and temporal responses elicited by IBA and C1-sm + IBA (Table 1; Figure 1). The temporal expression profiles of these ARF genes in cv Dar Gazi differ from those reported in the literature, but they appear to be consistent with data obtained in vitro with apple microcuttings, in which expressions of ARF6 and ARF8 were not observed during AR formation (Li et al., 2016). The same authors also demonstrated that, in apple microcuttings, a treatment with IBA determined an upregulation of ARF9 gene and a downregulation of ARF1 and ARF11. It is worth mentioning that, although no significant difference was found in the temporal expression patterns of PcARF6 and PcARF8 in microcuttings treated with IBA (1 μM) or C1-sm (1 μM IAAequ), the different timing of root primordium initiation at equal auxin molarity (7 and 20 days, respectively; Table 1) suggests that the auxin signal transduction is more effective and faster when target cells were treated with strain C1 exometabolites. This hypothesis is supported by the observation that, regardless of the speed of the process, at the AR emergence (time point T2), a significant reduction in the steady-state transcript levels of PcARF6 and PcARF8 was observed in both IBA‐ and C1-sm-treated microcuttings. It is reasonable to assume that the downregulation of PcARF6 and PcARF8 observed at time point T2 is related to the low concentration of auxin (1 μM) that was used in this study. According to the auxin signaling model proposed by Guilfoyle and Hagen (2007), the expression of these genes should be downregulated when auxin concentration is below a threshold level because ARF6 and ARF8 proteins act as transcriptional activators of GH3 genes, which encode auxin adenylating enzymes. The same model can also explain results obtained analyzing the expression of the PcARF17 gene at time point T1, which indicated downregulation of this gene independently of treatment (Figure 2). In A. thaliana, it has been demonstrated that ARF17 is a negative regulator of AR formation and is an antagonist of AtARF6 and AtARF8 genes (Gutierrez et al., 2009; Villacorta-Martín et al., 2015). So it can be suggested that by changing the concentration of ARF17 protein and modifying the balance among ARF transcriptional activators and repressors, the AR formation promoted by ARF6 and ARF8 can be promoted. Interestingly, at time point T1, the steady-state transcript level of PcARF17 significantly increased when replacing IBA with C1-sm, and independently from IBA, this gene was upregulated in the presence of strain C1 exometabolites (Figure 2). In accordance with the observations reported in the literature (Gutierrez et al., 2012; Gleeson et al., 2014; Ruedell et al., 2015), it can be postulated that the upregulation of PcAFR17 can explain, at least in part, the altered adventitious root phenotype of C1-sm-treated microcuttings.

C1-sm may contain metabolites that likely behave as co-inducers and/or inhibitors of AR formation. The higher expressions at time point T2 of PcAFR17 and all PcARF genes when C1-sm was used alone or in combination with IBA, respectively (Figure 2), may imply that C1-sm contains molecules which interfere with auxin homeostasis and, in synergy with auxin, accelerate the AR formation process. In this context, the regulatory effect that the metabolites secreted by P. agglomerans C1 have on the transcriptional and posttranscriptional control of the PcAFR17 gene plays a central role in the modification of the root traits and temporal patterns that occur in Dar Gazi.

Interestingly, independent of treatment, the temporal expression patterns of PcGH3.1, PcSAUR7, and PcTMV were similar (Figure 2). All three genes were upregulated at time point T2 when IBA or C1-sm was used alone and were downregulated at time point T1 when IBA was used in combination with C1-sm (Figure 2). These results are in accordance with data obtained on apple microcuttings, which indicate that the expressions of these genes are stimulated by a reduction in the concentration of free auxin (Li et al., 2019). At the same time, the downregulation of the three genes observed at time point T1 after treatment with C1-sm + IBA can be due to the auxin initial concentration that is doubled compared to the conditions in which IBA and C1-sm are used alone.

Genes Gretchen Hagen 3 (GH3) is a family of genes involved in processes of the conjugation of auxins and regulates free auxin content (Ludwig-Müller, 2011; Westfall et al., 2016). The GH3.1 gene encodes an auxin-conjugating enzyme involved in modulating the level of free auxin (Druege et al., 2016).

The trend of PcGH3.1 gene expression that was observed in the different treatments at time point T2 (Figure 2) confirms the hypothesis by Druege et al. (2016). According to them, as soon as the rooting induction is completed, the level of free auxin must decrease in order to avoid an uncontrolled induction of root primordia and inhibit the development of AR previously developed. The minor expression of PcGH3.1 that is observed at time point T1 in tissues treated with C1-sm + IBA may imply that auxin remains in a free form for a longer time when exometabolites from strain C1 are present and thus induces more efficiently the AR formation.

The stability of the auxin signal depends on the type of auxin used in the culture medium. It is known, in fact, that IAA degrades very quickly when it undergoes high temperatures, air, and light (Yamakawa et al., 1979), while IBA, which is a synthetic hormone, is more stable (Robbins et al., 1988). It may thus be hypothesized that auxins present in C1-sm may degrade some days after treatment and, therefore, do not generate unbalances in plant hormone homeostasis when C1-sm and IBA are added together. However, it should be emphasized that in this study, we reduced the hormone concentration, which is usually 5 μM (Jan et al., 2015), up to 1 μM, in order to reduce the risk of uncontrolled accumulation of auxin.

The auxin-induced protein 15A-like encoding gene from P. communis is homologous to the “small auxin upregulated RNA” SAUR7 gene from A. thaliana. SAUR7 encodes a protein involved in an early response of the auxin stimulus and can be used as a marker gene to evaluate the efficiency of auxin treatment (Goda et al., 2004). Instead, the pear gene PcTMV, orthologous to the AtTMV gene, encodes a resistance protein, TIR-NBS-LRR, belonging to the family of response proteins to pathogens R and can be used as a sensor of the response to exogenous auxin and high-light stress (Huang et al., 2019). In microcuttings treated with C1-sm, the steady-state transcript level of both genes in the different rooting phases was similar to that observed in IBA-treated microcuttings, confirming that P. agglomerans C1 metabolites impact the timing of the auxin turnover rather than the accumulation of auxin.

In conclusion, the results obtained in this study show that the metabolites secreted by P. agglomerans C1 contain molecules that act in synergy with auxins and maintain an optimal gradient of this hormone, which positively affect the temporal pattern of de novo root formation, as well as root morphology and efficiency. Identification and characterization of these molecules will be useful to investigate the underlying mechanisms leading to the modification of AR development.
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The soil-borne plant pathogens cause serious yield losses and are difficult to control. In suppressive soils, disease incidence remains low regardless of the presence of the pathogen, the host plant, and favorable environmental conditions. The potential to improve natural soil disease suppressiveness through agricultural management practices would enable sustainable and resilient crop production systems. Our aim was to study the impact of autumn tillage methods and crop sequence on the soil carbon status, fungistasis and yield in boreal climate. The disease suppression was improved by the long-term reduced and no tillage management practices with and without crop rotation. Compared to the conventional plowing, the non-inversion tillage systems were shown to change the vertical distribution of soil carbon fractions and the amount of microbial biomass by concentrating them on the soil surface. Crop sequence and the choice of tillage method had a combined effect on soil organic carbon (SOC) sequestration. The improved general disease suppression had a positive correlation with the labile carbon status and microbial biomass. From the most common Fusarium species, the predominantly saprophytic F. avenaceum was more abundant under non-inversion practice, whereas the opposite was true for the pathogenic ones. Our findings furthermore demonstrated the correlation of the soil fungistasis laboratory assay results and the prevalence of the pathogenic test fungus Fusarium culmorum on the crop cereals in the field. Our results indicate that optimized management strategies have potential to improve microbial related soil fungistasis in boreal climate.
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INTRODUCTION

Diseases caused by soil-borne pathogens are among the most important limiting factors for plant growth and productivity (Oerke, 2006). Due to the pathogens abilities to survive in the soil for long periods of time, even without the plant host, they cause problems worldwide (Wang and Li, 2019). Some of the soil-borne fungal pathogens produce mycotoxins, such as deoxynivalenol (DON) by Fusarium spp. (Parikka et al., 2012; Hietaniemi et al., 2016; Hofgaard et al., 2016). In modern farming, simple crop sequence, conventional tillage, and cultivation of only a limited number of crop varieties favor the increased incidence and severity of diseases caused by necrotrophic soil-borne pathogens (Cha et al., 2016).

The overall aim of sustainable farming is to cut down the use of pesticides (European Commission, 2017). The greater reliance on the beneficial functions and ecosystem services provided by the soil microbiome is a promising approach forward (Sipilä et al., 2012; Constanzo and Barberi, 2014; de Boer et al., 2019). Disease suppressive soils, through the competitive activity of the non-pathogenic residents of the total soil microbiota (general suppression) or the antagonistic capabilities of specific groups of microorganisms (specific suppression), are able to reduce the occurrence or severity of diseases caused by soil-borne phytopathogens (Weller et al., 2002; Dignam et al., 2018). For most soil pathogens, however, the microorganisms responsible for suppression and the suppression mechanisms are not fully known, but it is likely that the soil suppressiveness is a mixture of both types of suppressiveness (Postma et al., 2008). The complex interplay of soil suppressiveness cannot simply relate to a single microbial taxon or group (de Boer et al., 2007; Legrand et al., 2019). The majority of rhizobacterial taxa indicative of the suppressiveness status of the soil may differ when comparing different types of suppressive soils or even different soils suppressive to a same phytopathogen (de Boer et al., 2019; Wang and Li, 2019).

Fungistasis is one form of soil suppressiveness, defined as the ability of the soil to restrict the germination and growth of fungi (Lockwood, 1977; Garbeva et al., 2011). The key mechanism that explains soil fungistasis is intensive competition for nutrients within the soil microbial community. Along with this, the production of antifungal compounds in different forms, including volatile organic compounds (VOC), may play a major role (Garbeva et al., 2011; van Agtmaal et al., 2018). Most likely suppressive soils are governed by microbial consortia where saprotrophic fungi have an important role (Mendes et al., 2011; Sipilä et al., 2012; Penton et al., 2014; van Agtmaal et al., 2017).

On global scale, conservation agriculture with either reduced or no tillage management, crop rotation and crop cover has increased rapidly during the last decades and was evaluated to be ca. 180 million ha in 2016 (Prestele et al., 2018; Kassam et al., 2019). Crop residues left untouched, as happens in non-inversion management, accumulates organic matter on the surface layer of soil (Muukkonen et al., 2007; Singh et al., 2015; Laine et al., 2018; Ogle et al., 2019). The carbon allocation, mixing intensity, and soil moisture and temperature conditions, affect the distribution and living conditions of microbial communities in soil. Soil and crop residue-borne plant pathogens have been reported to benefit from crop residues on the soil surface (Hofgaard et al., 2016). On the other hand, reduced tillage practices, crop species selection, diverse crop rotation and practices to increase organic matter in soils are all shown to increase the amount of microbial biomass in soil, and also tend to improve disease suppressive activity of soil (Janvier et al., 2007; Sipilä et al., 2012). However, the underlying mechanisms and the relationship between disease suppression and agrotechnological practices are still not fully understood.

In their cross-site study of soil microbial communities and Fusarium sp. fungistasis on long-term no-till and moldboard plowed treatments, Sipilä et al. (2012) ended up to a general model of interlink between low and high amount of organic matter resources for microbial metabolism together with microbial biomass and interactions. Labile carbon has been shown to be a sensitive soil quality indicator for impacts of tillage and organic matter inputs on microbial pools and activity (Bongiorno et al., 2019a,b). More studies comparing the different carbon pools [Soil Organic Carbon (SOC), labile C, microbial biomass C] of soil and their contribution to the general disease suppressiveness are needed. Also, the prevalence of the actual model disease for suppression on the field needs to be studied. The emergence of soil-borne plant diseases is a result of the interactions between micro-organisms, pathogens and plants in the complex physical environment of soil. Farming practices that affect these soil qualities have potential to influence the general suppressiveness of soil against soil and residue-borne plant pathogens, and further, the crop yield. More insight is needed on the impact of reduced tillage practice and use of crop sequence.

The objectives of this study were to examine the impact of autumn tillage methods (no-till, stubble cultivation, and plowing) and crop sequence on the soil carbon status and the development of the general plant pathogen suppressiveness (test species pathogenic Fusarium culmorum fungus). The occurrence of soil and plant residue transmitted plant diseases (Fusarium spp.) were studied in a long term experimental field with two different crop sequences [spring barley (Hordeum vulgare L.) monoculture, 4-year crop rotation] in boreal climate.



MATERIALS AND METHODS


Field Site and Sampling

A long-term experimental field, located in Jokioinen in southwest Finland (coordinates 60°49′N, 23°28′E), was used in the study [Regina and Alakukku, 2010 (site 2); Sipilä et al., 2012 (site 2)]. The field consists of clay soil, 0-20 cm layer with a mean clay content of 62% and 20-40 cm layer with a mean clay content of 81%, and is classified as a Vertic Endostagtic Cambisol (IUSS Working Group WRB, 2006). The field experiment was established in year 2000 to compare different primary tillage treatments: (i) autumn plowing (mouldboard plowed about 20-23 cm depth), (ii) reduced tillage (autumn stubble cultivation 10-12 cm), and (iii) no-till (direct drilling in spring). Since 2011, two crop sequences were established as sub-plots to the main plots: (i) Spring barley (Hordeum vulgare) monoculture was continued, and (ii) a 4 year crop rotation system was started: spring barley (2011), faba bean (Vicia faba) (2012), spring oats (Avena sativa) (2013), spring turnip rape (Brassica rapa subsp. oleifera; 2014). The split-plot experimental design contained two factors: tillage (main-plot factor) and crop sequence (split-plot factor). Four replicates were divided into three main plots each containing two sub-plots (split plots). The three levels of the tillage factor (plowing, reduced, and no-tillage) were randomized to the main plots. The two levels of crop sequence factor (monoculture, crop rotation) were randomized to sub-plots within each three main plot. The randomizations were repeated at the four replications separately. Each sub-plot (split plot) was 9 m wide and 40 m long, a total 360 m2.

In spring, autumn tilled treatments were sown by combined rotary harrow and drill (one-pass method, combined drill). The seedbed was prepared to 5 cm depth. No-tilled treatment was directly sown to 3–5 cm depth with combined drill having double disk coulters. Mineral fertilizers were used for barley 90 N, 3.3 K kg/ha, for faba bean 30 N, 1.1 K kg/ha, and for oats 60 N, 2.2 K kg/ha (reduced amount due to presiding N-fixing faba bean). Weather parameters in study year 2013 (mean of years 2003-2012 in parenthesis) were: annual precipitation 562 mm (656 mm), annual mean air temperature 5.6°C (5.1°C), number of temperature days where ground temperature minimum >0.0°C 195 (184).

Composite soil samples (minimum 20 subsamples with the augers of diameter of 2 cm) from each treatment plot were randomly collected in October 2013 before tillage. The soils were sampled at depths of 0–5, 5-10, and 10–20 cm, and manually homogenized on site. Samples were divided for air drying, cold room storage (+4°C in dark) and freezer (−18°C).



Physical and Chemical Analyses of Soil

The physical and chemical properties of the soil samples were analyzed as described in Regina and Alakukku (2010) and Singh et al. (2015). Soil pH and electrical conductivity (EC) were measured in water suspensions (1:2.5 v/v). Inorganic nitrogen (NH4-N + NO3-N; Nmin) in soil was extracted with 1 M KCl (v/v 1:2.5) and analyzed by Skalar autoanalyzer (SKALAR SA 40 5101). Soluble reactive phosphorus (PAcetate) [extraction with 0.5 M acid ammonium acetate, pH 4.65, Vuorinen and Mäkitie (1955)] was analyzed by spectrophotometry by molybdenum blue method.



Soil Carbon Fractions

The soil organic carbon (SOC) and total nitrogen (Ntot) content was determined from air dried, ground samples sieved through a 2 mm sieve and analyzed using the Leco CN-2000 analyzer (LECO, St. Joseph, MI, United States). Particulate Organic Matter Carbon (POM-C), which is the labile soil carbon fraction most available for microbes, was analyzed based on wet sieving (Cambardella and Elliott, 1992). The dry bulk density of soil was determined using the volume accurate Kopec corer with a diameter of 5 cm for sampling (three subsamples per plot).

The soil microbial biomass carbon (Cmic) was measured by chloroform fumigation extraction method, for which the total soluble organic carbon was determined from the 0.5 M K2SO4 extracts using a Shimadzu TOC-V CSH Total organic carbon analyzer. Results are given as soil oven-dry basis (105°C, 48 h).

The total amount of SOC and Cmic in the top soil layer was calculated two ways: by using the content of SOC and Cmic on top soil layers (0-20 cm) per m2 and by using the equivalent mineral soil mass method (200 kg DM soil; soil layer corresponding approx. 0-15 cm) to compare the total soil C stock between the treatments (Ellert and Bettany, 1995; Wendt and Hauser, 2013; Singh et al., 2015).



Fungistasis Surface Bioassay

Fungistasis bioassay was performed using the surface method described by de Boer et al. (1998) and Sipilä et al. (2012), with slight modifications. Three replicates were measured. Fusarium culmorum was used as inoculum in fungistasis experiment because of its relevance as a common pathogen of barley and oats with soil and plant residue related dispersion (Knudsen et al., 1999). Fungistasis plates were prepared by diluting the test soil from the experimental field (soil depth 0–5 cm) with a sterile clay-sand mixture. Sterile kaolin clay (Quality China Clay, Imerys) and sand (0.2–1 mm) (50/50%) was used as diluent and in the control petri dishes included in each assay. The soil 10/90% dilution level was selected on basis of preliminary experiments. The water content of each plate was adjusted to 75% of water holding capacity of the soil mixture (fresh weight 50 g). Freshly grown F. culmorum [from the growth margin on potato dextrose agar (PDA) medium] was used in the bioassay as 1.5 cm diameter circle and inoculated on sterile cover glass (diam. 1.8 cm), placed on the test soil (50 g) in a petri dish (9 cm). The petri dishes were sealed with double wrapping of parafilm and incubated 7 days at 20°C. The area (cm2) of fungal growth was measured using microscopic photography. The average extension in sterile kaolin clay and sand mixture (control) was 10.8 cm2.



Fusarium spp. Observations From the Crops in the Field

Fusarium spp. contamination of developing grain was investigated three times during the growth period. Samples from the stem base were taken 2 weeks after the heading phase. To investigate Fusarium species on stem bases, whole plants were sampled (50 stems per sample) and 1 cm pieces of stem bases were incubated on PCNB medium (Pentachloronitrobenzene; Nash and Snyder medium; Nelson et al., 1983) at 22°C. At the same way, Fusarium species on stubble were investigated after harvest. Fusarium contamination of harvested, dried grain was determined of 100 grains/sample.

The resulting colonies were inoculated for identification on PDA medium and cultured in the dark. Fusarium species were determined from cultures using the microscope, and contamination% values for each species were counted of the identified colonies. The most common species were the toxins forming pathogens F. culmorum (FC) and F. graminearum, (FG) and predominantly saprophytic species F. avenaceum (FA).



Statistical Analysis

Statistical analysis based on a split-plot experimental design (Box et al., 2005) where main plots included three different tillage treatments, while two different crop sequence systems (monoculture, and the 4 year crop rotation-system) were randomly assigned to sub-plots. The experiment included four replications (blocks). So, each response variables were analyzed using the following model:
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where sequencek, tillagej, tillage∗sequencejk are fixed effects of sequence, tillage treatment and their interaction, respectively. While blocki, block∗tillageij and εijk are random effects of block, main-plot error and sub-plot error (residual). The model was fitted using SAS-software and MIXED-procedure using REML estimation method. Data from the three different depths were analyzed separately.

Assumptions about normal distribution and homogeneity of error variance was checked using box-plots of residuals and scatter plot of residual and fitted values. Some variables of fungistasis activity were normally distributed only after arcsine or square-root transformation. However, all presented estimates were transformed back to the original scale.

Correlation analysis was performed using Pearson’s correlation coefficient if scatter plot of variables showed that the relationship of variables was linear, otherwise Spearman’s rank-order correlation coefficient was used.

Several variables were measured from three different depths in the plot. To test differences in the magnitude of variation in the soil profiles, the coefficient of variation (CV) was calculated for each plot: (standard deviation of observations from three depths)/(mean of observations) × 100%. After that, calculated CV-values were compared statistically using the model applied to other variables.



RESULTS


Chemical and Physical Properties of Soil

In the plowed treatment, the values of the chemical and physical variables (Tables 1, 2 and Supplementary Table S1) were relatively even throughout the different top soil layers, whereas both reduced tillage and no-till had steep gradient profiles in most variables having higher values in the surface layers. Deeper in the top soil profile, the differences in mean values were small between treatments.


TABLE 1. Test results of the fixed main effects in the generalized linear mixed models for soil chemical and physical properties in soil.

[image: Table 1]Crop rotation, which had been performed only two growing seasons before the soil sampling, did not markedly affect soil chemical and physical properties, compared to barley monoculture, even though the mean values were consistently higher at crop rotation. The only exception was Nmin, where rotation (oats after faba bean) had statistically significantly higher values than monoculture (Table 1), in spite of the reduced mineral fertilizer use for oats.



Soil Organic Carbon and Microbial Biomass Carbon in the Soil Profile

In no-till and reduced tillage treatments, soil organic carbon (SOC) content decreased by depth and formed a resource gradient for soil micro-organisms (Tables 2, 3). The gradient was especially steep in soil surface (0–5 cm vs. 5–10 cm), and steeper in no-till than in reduced tillage. On average, higher SOC content was detected on no-till (3.36% C) or reduced tillage (3.01% C) surface (0–5 cm) than plowed treatment (2.68% C) (p < 0.001). Very similar but even steeper profile was detected in POM-C (Particulate Organic Matter Carbon) values, carbon that is most available for soil microbes (Tables 2, 3). However, the total carbon to nitrogen ratio (C/N) of the soil stayed constant (Tables 2, 3).


TABLE 2. Test results of the fixed main effects in the generalized linear mixed models for soil carbon fractions.
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TABLE 3. Coefficient of variation (CV) for chemical, physical, and biological variables in the 0–5, 5–10, and 10–20 cm soil layers.

[image: Table 3]The microbial biomass carbon (Cmic) content of soil closely followed the vertical distribution of SOC and POM-C (Tables 2, 3). The top 5 cm on reduced and no-till treatments had clearly higher Cmic values than plowing (p < 0.001; Table 3). Crop rotation had the tendency to increase the Cmic content of soil, as well (p < 0.07). The amount of Cmic separated all tillage treatments from each other both on the top-soil (0-5 cm) and deeper at 10-20 cm (p < 0.001). The soil from plowing practice had the most even distribution of Cmic (CV 6.0%; Table 2), whereas the soil from no-till fields had highest amount of Cmic on the surface, but the strongest decline deeper in the soil (CV 30.7%). The Cmic contains a mixture of soil microbial carbon with no separation between e.g., bacterial and fungal origin.

The total amounts of SOC and Cmic on the topsoil layer were calculated based on both fixed 0-20 cm depth and on the equivalent soil mass method (equivalent mineral soil mass of 200 kg m–2, ≈15 cm depth; Wendt and Hauser, 2013; Singh et al., 2015) which takes soil bulk density into account (Table 4). Plowed treatment contained statistically significantly less SOC (6.60 kg C m–2) on 20 cm depth compared to the reduced tillage and no-till treatments (both 7.29 kg C m–2; p < 0.01). The difference turned to non-significant with the equivalent soil mass results (5.48, 5.58 and 5.56 kg C m–2 on plow, reduced tillage and no-till treatments, respectively). Crop rotation seemed to have tendency to decrease SOC in treatments with active mixing of crop residues (plowing, reduced tillage) (Table 4). Mean Cmic of the treatment combinations ranged from 65.3 and 77.0 g Cmic m–2 in the soil layer equivalent to 200 kg m–2 (Table 4), which is about 1.1–1.4% of the total soil C stock.


TABLE 4. Test results of the fixed main effects in the generalized linear mixed models for soil carbon pools in soil.
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Soil Suppressiveness Activity

Fungistasis is an inherent property of natural soil mediated mostly by soil micro-organism and it is interlinked to soil plant pathogen suppressiveness. Soil tillage methods had clear impacts on the soil fungistasis activity in the arable soil. On the top 0-5 cm soil, the plowing treatment had the least suppressive soil against the test fungus F. culmorum, whereas reduced and no-till treatments increased the F. culmorum fungistasis activity (Table 5). There were no statistically significant differences on fungistasis between the treatments in deeper soil layers below 5 cm (Fung_mm2; Supplementary Table S1).


TABLE 5. Test results of the fixed main effects in the generalized linear mixed models for fungistasis activity in soil (mm2 at the surface bioassay; a smaller area indicates a stronger fungistasis) in the layer of 0-5 cm, and for yield per hectare (kg ha–1).

[image: Table 5]Growth of F. culmorum in bioassay correlated negatively with the soil carbon fractions of SOC, POM-C and Cmic (SOC r = −0.34, p = 0.10; POM-C: r = −0.40, p = 0.05; Cmic r = −0.40, p = 0.06; Figures 1A–C), that is, the results correlated positively with the fungistasis activity (negative correlation with the growth of test fungus F. culmorum). The correlation was strongest with the labile carbon POM-C and weakest with the total SOC. There was no correlation between C/N ratio and the bioassay results (r = 0.05, p = 0.82; Figure 1D).
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FIGURE 1. Correlation between fungistasis activity in soil (y-axis; mm2 at the surface bioassay; the smaller growth area of the test fungus F. culmorum, the stronger the soil fungistasis) and different top soil (0–5 cm) organic carbon fractions. (A) Soil organic carbon (SOC), %; r = –0.34, p = 0.10); (B) Particulate organic matter carbon (POM-C), mg C g–1; r = –0.40, p = 0.05); (C) Microbial biomass carbon (Cmic), μg Cmic g–1; r = –0.40, p = 0.06), and (D) C/N (Soil total carbon to nitrogen ratio; r = 0.05, p = 0.82).




Prevalence of Soil-Borne Fusarium spp. in the Field and Crop Yield

During the growing season 2013, repeated samplings were carried out to detect the prevalence of Fusarium spp. on cereals growing on the experimental field. The most common species were F. culmorum, F. graminearum and F. avenaceum. The prevalence of the species in stem base, yield and stubble is shown in Figure 2A (monoculture; barley) and Figure 2B (crop rotation; oats). Generally, oats is seen to be especially susceptive to Fusarium spp. pathogen strains in boreal environment (Hofgaard et al., 2016), which was reflected on the results. Crop species at crop sequence (barley monoculture vs. oats at crop rotation) explained the differences in stem base (p < 0.01) and stubble (p < 0.06).
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FIGURE 2. The prevalence of toxins forming pathogens F. culmorum (FC) and F. graminearum (FG), and predominantly saprophytic species F. avenaceum (FA) on tillage treatments in (A) barley monoculture and (B) oats (crop rotation; oats is known to be more susceptible to F. culmorum than barley), on stem base 2 weeks after heading phase, yield during harvest, and at stubble after harvest (% ±SD; mean values, N = 4). See Supplementary Table S2 for statistical test results.


Non-inversion management decreased the occurrence of the toxins forming pathogens F. culmorum and F. graminearum whereas the predominantly saprophytic species F. avenaceum was detected more often (Figures 2A,B and Supplementary Table S2). On barley monoculture, F. graminearum was the main mycotoxin DON producer (Kaukoranta et al., 2019) in grain (harvested and dried) and stubble (collected and analyzed in September) under plowing. The toxins forming pathogen F. culmorum was the test fungus for the fungistasis surface assay (see section “Fungistasis Surface Bioassay”). Negative correlation between fungistasis activity in soil and prevalence of test fungus F. culmorum on stem base of crop plants was clear under monoculture (r = 0.59, p = 0.04; Figure 3A).
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FIGURE 3. Correlation between fungistasis activity in soil (y-axis; mm2 at the surface bioassay; the smaller area – the stronger fungistasis) and (A) prevalence of test fungus F. culmorum (x-axis; %) on crop stem base; Triangle = monoculture (r = 0.59, p = 0.04), Square = rotation (oats), r = 0.45, p = 0.15 (all tillage treatments combined), and (B) yield (kg ha–1); Triangle = monoculture (r = –0.29, p = 0.35; without an outlier (*r = –0.15, p = 0.03), Square = rotation (oats), r = 0.18, p = 0.58 (all tillage treatments combined).


Crop yield of the experiment in study year 2013 was over the average of the area [Official Statistics of Finland (2020); Supplementary Table S2, and Table 5]. From the tillage treatments, no-till produced the highest yield per hectare (p < 0.01), no-till with crop rotation being the best treatment combination. However, there was statistically significant correlation between crop yield and soil fungistasis only in monoculture after removal of an outlier (∗r = −0.15, p = 0.03; Figure 3B).



DISCUSSION


General Disease Suppressiveness of Soil

To our knowledge, this was the first study on the impacts of reduced and no tillage combined with crop sequence on the general disease suppressiveness of arable soil in boreal climate. The long-term reduced and no tillage management practices were shown to improve the disease suppressiveness of soil compared to conventional plowing practice. The improved disease suppressiveness was related to the improved labile carbon status, and increased microbial biomass of the soil surface layer. Our findings furthermore demonstrate the correlation of the soil fungistasis bioassay results and the prevalence of the pathogenic test fungus F. culmorum on the crop cereals in the field.

Soil-borne plant diseases are among the most important limiting factors for plant productivity in agriculture and difficult to control (Oerke, 2006). Crops lack genetic resistance to most necrotrophic pathogens (Cha et al., 2016). The possibility to improve natural soil disease suppressiveness through agricultural management practices would offer a cost effective and environmental friendly option, and show potential to the sustainable and resilient crop production system (Bailey-Serres et al., 2019). Non-inversion management (reduced and no tillage) with and without crop rotation improved soil fungistasis compared to plowed barley monoculture in boreal climate. Previously, van Agtmaal et al. (2018) suggested that the natural pathogen suppression by volatile compounds produced by soil microbes can be promoted via management. Suppression of the pathogen Rhizoctonia solani was most related to the organic matter content of soil, whereas suppression of Fusarium oxysporum was driven by field management of reduced tillage. Also, Friberg et al. (2019) found that OTUs (Operational Taxonomic Unit) representing putative plant pathogens Fusarium culmorum/graminearum were less abundant after non-inversion tillage.

Sharma-Poudyal et al. (2017) concluded that tillage practices have a profound impact on soil fungal communities in agricultural systems. Their results suggest that taxa more common in no-till are more suited to exploit decaying roots as a food source and potentially perform as root endophytes. The fungi would get an advantage in competition for colonizing the dying root. However, another possibility is that tillage is a mechanical disturbance to the fungal populations and hyphal networks, and they are negatively impacted by it. Sipilä et al. (2012) showed that the total microbial biomass was depth dependent in no-till, i.e., no-till accumulated microbial biomass in the surface soil but not in plowed fields and that the strong difference could be seen especially in fungal biomass. Despite that the fungal biomass was not separately measured in the current study, it is very likely that the no-till surface soil, with strongest fungistasis activity, accommodated a microbial consortia with accelerated proportion of saprotrophic fungi (Sipilä et al., 2012; van Agtmaal et al., 2017). Friberg et al. (2019) pointed out that the tillage systems have a significant effect on fungal community already in the first year with non-inversion tillage. The effects on fungal community and crop performance should be considered in relation to the crop sequence used.

Tillage methods have a clear impact on the physical and chemical characteristics of arable soil. If the tillage is reduced, more nutrients and carbon are accumulated on the surface and less is placed to the deeper layers (Muukkonen et al., 2007; Ogle et al., 2019). Our results show that soil conditions for soil microbiome can be improved with reduced mechanical disturbance and increased amount of soil organic carbon, especially labile carbon (POM-C). This leads to improved general soil suppression. However, we did not see strong correlation between SOC content and the soil suppressiveness, which could indicate the importance of SOC quality.

In line with this, Bongiorno et al. (2019b) found that soil suppressiveness was explained by labile carbon and microbial biomass in the soil, but not by the total content of soil organic matter. Labile carbon is important for the maintenance of an abundant and active soil microbiome, essential for the function of suppressive soil. They analyzed several chemical, physical and biological soil quality indicators from the study fields across Europe. Only 25% of the soil suppressiveness could be explained by the soil parameters measured, suggesting that other mechanisms contribute to soil suppressiveness, as well, like the presence and the activity of specific bacterial and fungal taxa with high biocontrol activity.

However, there is accumulating evidence showing the suppressive functions to be of the entire resident soil microbial community, instead of individual, beneficial microbial components (Toyota and Shira, 2018), and that the diversity of microbial taxonomic diversity is not linked to suppressiveness (Bonanomi et al., 2018). In fact, van Agtmaal et al. (2018) showed that only a small portion of natural disease suppression (caused by volatile organic compounds) was explained by microbial community attributes. Soil functionality depends on the community pattern, but not necessary in a direct way (Siegel-Hertz et al., 2018). It is possible that the activity of the microorganisms is directly involved in the targeted function (like disease suppression) only in the presence of certain other community members, without them to be directly involved in the function (Tyc et al., 2014; Williams et al., 2014; Chao et al., 2016). Plants typically lose >21% of all photosynthate through the roots into the soil. In the same time, soil-borne pathogens and pests reduce crop yields by ≥5–60% annually. This is why the plant–microbe interactions in the rhizosphere required for optimal root and soil health is critical to sustainable intensification of agriculture and needs further investigations (Cha et al., 2016).



Soil Labile and Organic Carbon

The improved disease suppressiveness was related to the improved soil organic carbon status in the top surface soil and depth related soil microbial biomass gradient. Globally, the loss of soil carbon is of major concern and a goal to increase SOC stock at an annual rate of 0.4% per year (or 4 per 1000 initiative) in all land uses has been set (Soussana et al., 2019). In Finland, cultivated mineral soils have lost SOC during the latest decades, relative decrease being 0.4% yr-1. This corresponds to a C stock loss of 220 kg ha-1 yr-1 (equivalent mineral soil mass; Heikkinen et al., 2013). The loss has been strongest in fields of continuous annual crops. Singh et al. (2015) studied the effects of tillage and straw management on soil aggregation and soil carbon sequestration in a 30-year split-plot experiment on clay soil in southern Finland. They concluded that the chances to increase topsoil carbon sequestration by reduced tillage or straw management practices appear limited in cereal monoculture systems of the boreal region.

Our results showed a clear impact of no-tillage and reduced tillage on the organic carbon content and distribution in the arable soil. Even if the total SOC stock did not change, more carbon was concentrated on the surface (0-5 cm) and less carbon was placed to the deeper layers. Similarly, Ogle et al. (2019) concluded based on their extensive literature review that SOC storage can be higher under no-till management in some soil types and climatic conditions, however, uncertainties tend to be large, and no-till may be better viewed as a method for reducing soil erosion and adapting to climate change. It should be noted that SOC improves the water holding capacity of soil, which is an important feature under drought conditions. This could explain that the importance of tillage system on soil suppressiveness may vary depending on the overall soil conditions and activity.

In our study, labile carbon stock, measured both as POM-C and as microbial biomass carbon, was however, higher under no-till. Even if the proportion of microbial biomass carbon is only ca. 1-2% of the total C stock, it is important to notice that the vertical distribution and high concentration on the top surface soil may be enough to cause changes in soil microbial functions.



Soil Fungistasis and Prevalence of Soil-Borne Fusarium culmorum in the Field

Fusarium head blight (FHB) disease, caused by several Fusarium species, is a serious threat on cereal yield and grain quality and is expected to benefit from future warmer and more humid climate in boreal area (Parikka et al., 2012; Hofgaard et al., 2016). According to Hofgaard et al. (2016), the increased amount of cereal residues and inoculum potential was thought to cause the increased occurrence of Fusarium mycotoxins in Norwegian cereals during the last decades, as a result of increasingly common non-inversion tillage practices. It had been a generally accepted idea that plowing practices were a tool to reduce the potential for Fusarium spp. to infect cereals. However, recently, Kaukoranta et al. (2019) concluded from a large survey data of 804 spring-oat fields in Finland that Fusarium spp., especially pathogenic F. culmorum, tended to be more common under plowing than under non-inversion tillage. In line with this, we found that the predominantly saprophytic F. avenaceum was more abundant under non-inversion practice, whereas the opposite was true for the pathogenic ones. Sipilä et al. (2012) linked high fungal biomass with high soil fungistasis activity.

Our field observations confirmed the fungistasis bioassay results: the general plant pathogen suppressiveness of soil could be improved by agricultural management, even if the impact of specific management practice may not be directly and generally linked with the disease suppression activity (Sipilä et al., 2012; Bongiorno et al., 2019b). Our findings furthermore demonstrated the correlation between the laboratory surface assay for fungistasis and the prevalence of the pathogenic test fungus F. culmorum on the crop cereals in the field. This makes the laboratory assay a potential tool to estimate the risk of Fusarium in cereals. A clear correlation between soil fungistasis and crop yield could not be seen, even though there were indications of correlation especially in monoculture practice. Cereal yields are affected by many different factors and long-term observations would be needed to ensure the connection. However, the no-till management and crop rotation tended to increase the crop yield. The choice of agricultural management practices is proved to be a key for sustainable agricultural production.



CONCLUSION

We demonstrated that agricultural management strategies can be applied to improve the microbial related soil ecosystem functions in the form of natural disease suppressiveness in boreal climate (Figure 4). The conditions for soil microbial communities can be manipulated by the choice of appropriate tillage and crop sequence system. Non-inversion methods, especially the no-tillage management, were shown to change the vertical distribution of carbon fractions and accumulate the SOC, labile carbon and microbial biomass carbon in the soil surface layer. Crop sequence and the choice of tillage method potentially have a combined effect on improved SOC sequestration. General soil disease suppression correlated with labile carbon and microbial biomass carbon, and had a potential impact on crop production, shown as correlation with the prevalence of the test pathogen F. culmorum on crops and indications of correlation with yield. The soil surface fungistasis bioassay is potentially a useful tool to monitor general soil suppressiveness. In light of these results, it is crucial to take into consideration the functionality of the whole soil microbiome when planning optimal agricultural management practices.
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FIGURE 4. Schematic summary of the study question, and the connections between soil conditions, soil carbon resources, soil microbiome, and natural soil disease suppression.
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Transcriptome Profiling Combined With Activities of Antioxidant and Soil Enzymes Reveals an Ability of Pseudomonas sp. CFA to Mitigate p-Hydroxybenzoic and Ferulic Acid Stresses in Cucumber

Yue Zhang1†, Chang-Xia Chen1†, Hui-Ping Feng1†, Xiu-Juan Wang2†, Ute Roessner3, Robert Walker3, Zeng-Yan Cheng1, Yan-Qiu An1, Binghai Du2 and Ji-Gang Bai1*

1State Key Laboratory of Crop Biology, College of Life Sciences, Shandong Agricultural University, Tai’an, China

2Shandong Engineering Research Center of Plant-Microbial Restoration for Saline-Alkali Land, College of Life Sciences, Shandong Agricultural University, Tai’an, China

3School of BioSciences, Faculty of Science, The University of Melbourne, Parkville, VIC, Australia

Edited by:
Ying Ma, University of Coimbra, Portugal

Reviewed by:
Kamrun Nahar, Sher-e-Bangla Agricultural University, Bangladesh
Amit K. Jaiswal, Purdue University, United States
Nripendra Vikram Singh, Indian Council of Agricultural Research (ICAR), India

*Correspondence: Ji-Gang Bai, baijg@sdau.edu.cn; baijg73@163.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: 26 December 2019
Accepted: 07 October 2020
Published: 27 October 2020

Citation: Zhang Y, Chen C-X, Feng H-P, Wang X-J, Roessner U, Walker R, Cheng Z-Y, An Y-Q, Du B and Bai J-G (2020) Transcriptome Profiling Combined With Activities of Antioxidant and Soil Enzymes Reveals an Ability of Pseudomonas sp. CFA to Mitigate p-Hydroxybenzoic and Ferulic Acid Stresses in Cucumber. Front. Microbiol. 11:522986. doi: 10.3389/fmicb.2020.522986

Continuous-cropping leads to obstacles in crop productivity by the accumulation of p-hydroxybenzoic acid (PHBA) and ferulic acid (FA). In this study, a strain CFA of Pseudomonas was shown to have a higher PHBA- and FA-degrading ability in media and soil and the mechanisms underlying this were explored. Optimal conditions for PHBA and FA degradation by CFA were 0.2 g/l of PHBA and FA, 37°C, and pH 6.56. Using transcriptome analysis, complete pathways that converted PHBA and FA to acetyl coenzyme A were proposed in CFA. When CFA was provided with PHBA and FA, we observed upregulation of genes in the pathways and detected intermediate metabolites including vanillin, vanillic acid, and protocatechuic acid. Moreover, 4-hydroxybenzoate 3-monooxygenase and vanillate O-demethylase were rate-limiting enzymes by gene overexpression. Knockouts of small non-coding RNA (sRNA) genes, including sRNA 11, sRNA 14, sRNA 20, and sRNA 60, improved the degradation of PHBA and FA. When applied to cucumber-planted soil supplemented with PHBA and FA, CFA decreased PHBA and FA in soil. Furthermore, a reduction of superoxide radical, hydrogen peroxide, and malondialdehyde in cucumber was observed by activating superoxide dismutase, catalase, glutathione peroxidase, ascorbate peroxidase, glutathione reductase, dehydroascorbate reductase, and monodehydroascorbate reductase in seedlings, increasing the reduced glutathione and ascorbate in leaves, and inducing catalase, urease, and phosphatase in the rhizosphere. CFA has potential to mitigate PHBA and FA stresses in cucumber and alleviate continuous-cropping obstacles.

Keywords: cucumber, ferulic acid, p-hydroxybenzoic acid, Pseudomonas, rate-limiting enzymes, small non-coding RNA


INTRODUCTION

Continuous cropping is a common practice in the intensive farming of many countries (Li et al., 2016). However, when monocrops, including cucumber, are cultivated in the same land annually without interruption, continuous-cropping obstacles can occur. These obstacles can lead to suppression of growth, development, and production of the crops (Qin et al., 2017). Meantime, phenolic compounds are widely distributed in plants, and they will accumulate in soil through root deposition due to continuous cropping (Rice, 1979). Low concentrations of phenolic compounds can be applied to mitigate heat (Zhang et al., 2012) and dehydration (Li et al., 2013) stresses in cucumber. High concentrations of these compounds have herbicidal activities and inhibit the germination and initial growth of weeds (Reigosa et al., 1999; Stupnicka-Rodzynkiewicz et al., 2006; Uddin et al., 2012). However, the accumulation of phenolic compounds in soil have allelopathic potential (Reigosa et al., 1999) and will also cause secondary oxidative stresses in many plants (Imatomi et al., 2013), being one important reason for continuous-cropping obstacles (Li et al., 2016). Therefore, degrading phenolic compounds in soil may contribute to mitigating continuous-cropping obstacles. Pseudomonas aeruginosa can efficiently degrade benzoic acid at pH 7 (Razika et al., 2010). According to Xu et al. (2008), in soil of cucumber continuously cropped for 7 years, p-hydroxybenzoic acid (PHBA, 4-hydroxybenzoic acid) and ferulic acid (FA) are the main phenolic compounds, while root diseases and continuous-cropping obstacles occur seriously; after Phanerochaete chrysosporium is applied to degrade these compounds, the occurrence of root diseases and continuous-cropping obstacles is reduced. Based on these results, a study by Wu et al. (2019) isolated a PHBA- and FA-degrading strain of Streptomyces and applied it into cucumber-planted soil, where PHBA and FA were added. They found that the strain mitigates PHBA and FA stresses in cucumber and has a potential to alleviate the continuous-cropping obstacle of this plant. Chen et al. (2015) reported that a strain CSY-P1 of Pseudomonas has a PHBA-degrading ability in soil and thereby mitigates PHBA stress in cucumber. However, Pseudomonas strains have not been applied to degrade the mixture of PHBA and FA in planted soil.

Using phenolic compound-degrading strains of Pseudomonas, both PHBA (Venturi et al., 1998) and FA (Narbad and Gasson, 1998) can be decomposed into protocatechuic acid (PA), and the enzymes involved in the metabolisms have been identified. Harwood and Parales (1996) reported the enzymes, which could convert PA to β-ketoadipate in Pseudomonas putida. We hypothesized that β-ketoadipate might be decomposed into acetyl coenzyme A (CoA) by Pseudomonas. To date, the complete pathways that convert PHBA and FA to acetyl CoA via PA and β-ketoadipate have not been proposed in Pseudomonas. On the other hand, rate-limiting steps and enzymes can determine the overall rate of a metabolic pathway (Lagace and Ridgway, 2005). Since PHBA and FA degradation by Pseudomonas might both have the β-ketoadipate pathway (Harwood and Parales, 1996; Narbad and Gasson, 1998; Venturi et al., 1998), the degradation rate of each phenolic compound in the mixture of PHBA and FA would depend on the metabolic steps where PHBA and FA are separately converted into PA. Although O-demethylation is a rate-limiting step, where vanillate O-demethylase catalyzes the O-demethylation of vanillic acid to PA (Buswell and Ribbons, 1988), all the rate-limiting steps and enzymes have not been identified when PHBA and FA are decomposed into PA by Pseudomonas. In addition, bacteria use small non-coding RNA (sRNA) that has complementarity with the target mRNA they regulate (Gottesman and Storz, 2011). Up to now, sRNA has not been reported to affect the PHBA and FA degradation in Pseudomonas.

In this study, a strain CFA was isolated from cucumber rhizospheric soil by separately using PHBA and FA as a sole carbon source. Then, the strain was identified to be Pseudomonas sp. CFA and applied to cucumber-planted soil, where the mixture of PHBA and FA was added. It was hypothesized that the strain CFA might have the PHBA- and FA-degrading abilities and would decompose the mixture of PHBA and FA in planted soil, thereby having a potential to mitigate this continuous-cropping obstacle of cucumber. To assess the mitigation effects of CFA on the stresses caused by the mixture of PHBA and FA, we determined the levels of superoxide radical (O2⋅–), hydrogen peroxide (H2O2), and malondialdehyde (MDA), which are markers for oxidative stress and accumulate in plants under conditions of phenolic compounds (Chen et al., 2015). To verify the level change of the three markers, we also measured the activities of antioxidant enzymes including superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GSH-Px), ascorbate peroxidase (APX), monodehydroascorbate reductase (MDHAR), glutathione reductase (GR), and dehydroascorbate reductase (DHAR) and the contents of non-enzymic antioxidants such as reduced glutathione (GSH) and ascorbate (AsA), which can control the levels of O2.– and H2O2 in plants and bacteria (Wu et al., 2019). Since soil enzymes including urease, phosphatase, and CAT are sensitive to phenolic compounds (Zhang et al., 2015) and can be indicators of the health and sustainability of one managed ecosystem (Kohler et al., 2009), their activities were assayed in this research when CFA was used to mitigate PHBA and FA stresses in cucumber. In order to elucidate one molecular mechanism underlying the PHBA and FA stress mitigation by CFA, the genome and transcriptome of this strain were sequenced in this study, and the genes involved in the complete pathways of PHBA and FA degradation were thereby isolated in Pseudomonas. Then, rate-limiting enzymes in the pathways were identified by using gene overexpression (Prelich, 2012), and sRNA gene knocked outs (Kim et al., 2015) to improve the PHBA and FA degradation. We hypothesized that, due to the PHBA and FA degradation that might be regulated by rate-limiting enzymes and sRNA genes, CFA would mitigate PHBA and FA stresses in cucumber by activating antioxidant and soil enzymes (Figure 1). The results obtained might provide a theoretical and practical basis for the application of CFA in alleviating the accumulation of PHBA and FA that leads to continuous-cropping obstacles.
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FIGURE 1. A hypothesis for CFA to mitigate p-hydroxybenzoic and ferulic acid stresses in cucumber.




MATERIALS AND METHODS


Isolation and Identification of CFA

A strain CFA was isolated from cucumber rhizospheric soil according to Wu et al. (2019) by using M-9 medium supplemented with 0.5 g/l PHBA (Chen et al., 2015) and 0.5 g/l FA (Zhang et al., 2015), respectively. The PHBA- and FA-degrading abilities of CFA were promptly analyzed in medium by preliminarily determining the concentrations of PHBA and FA at 247 and 320 nm, respectively (Mantel and Stiller, 1976; Zhang et al., 2015). To preliminarily identify CFA, a fragment (GenBank accession number MH558575) of a 16S rRNA gene was amplified using the primers 1492R and 27F (Wang et al., 2011).



Growth Conditions and Properties of CFA

To incubate CFA, 2 ml of strain cultures grown exponentially in Luria-Bertani (LB) liquid medium were inoculated into 100 ml of liquid M-9 medium supplemented with a mixture of PHBA and FA in the ratio of 42.82: 57.18 (Wu et al., 2018). Cell growth of CFA was measured at 600 nm (Mathew et al., 2007).

To promptly analyze the properties of CFA, the strain was incubated at 180 rpm for 6 h, and the percentages of degraded PHBA and FA in M-9 medium were preliminarily assessed at 247 and 320 nm, respectively. Based on the properties of CFA, Box-Behnken design was used to optimize the PHBA and FA degradation by CFA (Wu et al., 2018). The levels and codes of independent variables are given in Supplementary Table 1.



High-Performance Liquid Chromatography (HPLC) Analysis of PHBA, FA and Their Degradation Products in Culture Solutions

When CFA cultures being centrifuged, the supernatants (10 ml) were freeze-dried at −84°C. Subsequently, the resulting residue was resuspended in 1 ml of methanol and subjected to HPLC analysis. The UV detector was operated at 254 nm, and a C18 column was used. The mobile phase consisted of methanol: acetic acid, and the flow rate was 0.2 ml/min. The elution profile was: 0.01 min 15% methanol, and 8 min 35% methanol; then, methanol was increased to 60% over 10 min, held for 15 min, and decreased to 15% over 16 min, held for 20 min.



Degradation of the Mixture of PHBA and FA in Planted Soil

The CFA was incubated in LB liquid medium at 180 rpm and the optimized temperature (37°C) until OD600 = 1. Then, cells of the strain were collected into autoclaved water. Each cucumber seedling was cultivated in one pot containing 450 g of autoclaved soil (Wu et al., 2018). At the two-leaf stage, 32 cucumber seedlings were divided into four groups (8 plants per group). Each seedling in one group was watered with 25 ml of autoclaved water (control), cell suspension (8.04 log cfu/ml) of CFA (CFA treatment), solution containing PHBA (1.70 mg/ml) and FA (2.26 mg/ml) (PHBA + FA treatment), or solution containing CFA cells (8.04 log cfu/ml), PHBA (1.70 mg/ml), and FA (2.26 mg/ml) (CFA + PHBA + FA treatment). Subsequently, all seedlings were watered twice per day with autoclaved water (10 ml/plant each time) and cultivated at 25°C with a photoperiod of 12 h light (48,000 lux)/12 h dark. After 20 days of treatment, rhizospheric soil and the second leaves were collected from cucumber seedlings (Zhang et al., 2015). The concentrations of PHBA (Chen et al., 2015) and FA (Zhang et al., 2015) and the activities of CAT (Roberge, 1978), alkaline phosphatase (Anupama et al., 2008), and urease (Douglas and Bremner, 1971) were measured in rhizospheric soil. The levels of O2⋅– (Elstner and Heupel, 1976), H2O2 (Bernt and Bergmeyer, 1974), and MDA (Dhindsa et al., 1981), the contents of AsA (Kampfenkel et al., 1995) and GSH (Guri, 1983), and the activities of SOD (Hwang et al., 1999), CAT (Pereira et al., 2002), APX (Zhu et al., 2004), GSH-Px (Xue et al., 2001), DHAR (Hoque et al., 2007), and MDHAR (Doulis et al., 1997) were assayed in cucumber leaves.



Determination of Antioxidant Enzyme Activities in CFA

The strain CFA was inoculated into M-9 medium supplemented with the optimized concentration (0.2 g/l) of the mixture of PHBA and FA and incubated at 180 rpm and the optimized temperature (37°C). As controls, the strain was inoculated into M-9 medium supplemented with 85.6 mg/l PHBA, 114.4 mg/l FA, or 306.88 mg/l glucose (Wu et al., 2018). The activities of SOD (Hwang et al., 1999), CAT (Pereira et al., 2002), and DHAR (Hoque et al., 2007) were determined in CFA.



Degradation Products of PHBA and FA by CFA

When being inoculated into M-9 medium supplemented with 0.2 g/l mixture of PHBA and FA, 85.6 mg/l PHBA, or 114.4 mg/l FA, CFA were incubated at 180 rpm and 37°C. The concentrations of degradation products of PHBA and FA were determined by using HPLC.



RNA Sequencing

The CFA were inoculated into M-9 medium supplemented with 0.2 g/l mixture of PHBA and FA, 85.6 mg/l PHBA, 114.4 mg/l FA, and 306.88 mg/l glucose, respectively. When cells of the strain were incubated at 180 rpm and 37°C for 1.5 h, they were sent to LC Sciences (Hangzhou, China) for complete genome and mRNA sequencing. The complete genome sequence of CFA was generated by application of the Pacific Biosciences RS II (PacBio RS II) single-molecule real-time (SMRT) high-resolution sequence technology and assembly with the Hierarchical Genome Assembly Process (HGAP). RNA libraries of the strain were constructed using the Illumina Truseq RNA sample prep Kit. Then, samples were clustered (cBot Truseq PE Cluster Kit v3-cBot-HS) followed by sequencing (150 bp, Truseq SBS Kit v3-HS 200 cycles) on a Hiseq2000. Gene expression levels were calculated with the reads per kilobase of transcript per million reads mapped (RPKM) method. We used a negative binomial distribution to model the reads count. p-Value was estimated by using null hypothesis and Fisher exact test. A corrected p-value (q-value) was calculated using the false discovery rate (FDR). mRNAs with q-value < 0.05 and log2 fold-change (FC) > 1 were considered as differentially expressed. sRNAs were obtained by using a Rockhopper program. The sequence data of complete genome and transcriptome of CFA have been submitted to the GenBank database under accession number CP044546-CP044547 and SRR10267033-SRR10267044, respectively.



Transcript Levels of Genes in the Pathways of PHBA and FA Degradation

The CFA was inoculated into M-9 medium supplemented with 0.2 g/l mixture of PHBA and FA, 85.6 mg/l PHBA, 114.4 mg/l FA, or 306.88 mg/l glucose and incubated at 180 rpm and 37°C. Transcript levels of genes in the pathways of PHBA and FA degradation were estimated using reverse transcription quantitative PCR (RT-qPCR) according to Wu et al. (2018). Primers of these genes are listed in Supplementary Table 2. The gene of RNA polymerase sigma factor (rpoD) was selected as an internal control. Three biological and three technical replicates were maintained in the real-time RT-PCR analysis.



Gene Overexpression

Genes of feruloyl-CoA-synthetase (fcs), enoyl-CoA hydratase/aldolase (ech), vanillin dehydrogenase (vdh), vanillate O-demethylase (vanAB), and 4-hydroxybenzoate 3-monooxygenase (pobA) were amplified from CFA genomic DNA using the primers listed in Supplementary Table 2. Then, they were, respectively, inserted into pME6032 vector (Doberenz et al., 2017). After validation by colony PCR using the primers listed in Supplementary Table 2, the constructs were separately electrotransformed into CFA. To estimate whether the introduced constructs in CFA had the same copies, the transformed strains (6.61 log cfu) were used as templates, and quantitative PCR was performed with the primers listed in Supplementary Table 2. Subsequently, these strains overexpressing two copies of foreign fcs, ech, vdh, vanAB, or pobA were, respectively, inoculated into M-9 medium, where 1 mM IPTG was added and 0.2 g/l mixture of PHBA and FA was supplemented. The percentages of degraded PHBA and FA in medium were determined by using HPLC.



sRNA Knockout

Target mRNAs of five sRNA genes (including sRNA 8, sRNA11, sRNA 14, sRNA 20, and sRNA 60) were predicted in http://rna.informatik.uni-freiburg.de/IntaRNA/Input.jsp. The upstream and downstream sequences of the sRNA genes were combined by overlap extension PCR using the primers listed in Supplementary Table 2. Following this, they were, respectively, inserted into pK18mobsacB (Roberts et al., 2012). The constructs were separately cloned into Escherichia coli S17-1 and conjugated into the recipient strain CFA. The recombination events in the recipient strain were selected by using 10% sucrose and validated by colony PCR with the primers listed in Supplementary Table 2. The mutant recipients, where sRNA 8, sRNA 11, sRNA 14, sRNA 20, or sRNA 60 had been knocked out, were inoculated into M-9 medium supplemented with 0.2 g/l mixture of PHBA and FA. Then, they were incubated at 180 rpm and 37°C. The percentages of degraded PHBA and FA were determined using HPLC.



Statistical Analysis

One-way analysis of variance (ANOVA) and the least significant difference (LSD) were conducted to analyze differences among treatments. P-values less than 0.05 were considered significant.




RESULTS


Identification and Properties of CFA

Based on phylogenetic analysis of 16S rRNA gene sequences (Supplementary Figure 1) and sequence alignment of complete genomes, the strain CFA exhibited sequence identity with Pseudomonas and was identified as Pseudomonas sp. CFA. According to Supplementary Figure 2, CFA had PHBA- and FA-degrading abilities, and 0.5 g/l PHBA was completely degraded by the strain at 6 h. The highest percentages of degraded PHBA and FA by CFA were under conditions of 0.2–0.4 g/l mixture of PHBA and FA, 36–37°C, 0.75–1.5 g/l NH4C1, and pH 6 (Supplementary Figure 3). The strain CFA could also decompose the two phenolic acids at pH 7-9. Coefficient estimates of quadratic polynomial models for CFA (Supplementary Table 3) showed that the initial concentration of the mixture of PHBA and FA, temperature, and pH were variables correlated with the percentages of degraded PHBA and FA. Response surface plots (Supplementary Figure 4) indicated that the optimal values of the three variables were 0.2 g/l mixture of PHBA and FA, 37°C, and pH 6.56. When incubating CFA under the optimized conditions for 6 h, the percentages of degraded PHBA and FA by the strain were precisely analyzed using HPLC and were 100 and 63.77%, respectively.



PHBA and FA Degradation in Soil and Their Effects on the Activities of Soil Enzymes in Rhizosphere and Antioxidant Enzymes in Cucumber

Compared to control conditions, the concentrations of PHBA (Figure 2A) and FA (Figure 2B) in rhizospheric soil were significantly decreased in the CFA treatment and obviously higher in the PHBA + FA treatment. In the CFA + PHBA + FA treatment in comparison to the PHBA + FA treatment, the concentrations of PHBA and FA in rhizospheric soil were significantly decreased.
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FIGURE 2. Effects of CFA and the mixture of PHBA and FA on the concentrations of PHBA (A) and FA (B) in cucumber rhizospheric soil. Control, supplemented with water; CFA, supplemented with CFA; PHBA + FA, supplemented with the mixture of PHBA and FA; CFA + PHBA + FA, supplemented with CFA and the mixture of PHBA and FA. Bars represent standard errors of triplicate experiments. Values with the different letters are significantly different at P < 0.05.


In comparison to control conditions, the activities of CAT (Figure 3A), urease (Figure 3B), and phosphatase (Figure 3C) in rhizospheric soil were obviously increased in the CFA treatment and significantly decreased in the PHBA + FA treatment. When compared the CFA + PHBA + FA treatment with the PHBA + FA treatment, the activities of CAT, urease, and phosphatase were obviously increased in rhizospheric soil.
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FIGURE 3. Effects of CFA and the mixture of PHBA and FA on the activities of CAT (A), urease (B), and phosphatase (C) in cucumber rhizospheric soil. Control, supplemented with water; CFA, supplemented with CFA; PHBA + FA, supplemented with the mixture of PHBA and FA; CFA + PHBA + FA, supplemented with CFA and the mixture of PHBA and FA. Bars represent standard errors of triplicate experiments. Values with the different letters are significantly different at P < 0.05.


In seedlings of the CFA treatment in comparison to control, the plant height of cucumber (Figure 4A) was higher, and the contents of MDA (Figure 4B) and H2O2 (Figure 4C) in leaves were significantly decreased. The level of O2⋅– (Figure 4D), the activities of APX (Figure 4E), CAT (Figure 4F), and DHAR (Figure 4G), and the content of GSH (Figure 4H) in leaves did not change, while the activities of SOD (Figure 4I), MDHAR (Figure 4J), and GSH-Px (Figure 4K) and the level of AsA (Figure 4L) were obviously increased in leaves. When compared the PHBA + FA treatment with control, the plant height of cucumber, the content of AsA, and the activities of APX, CAT, and SOD in leaves were significantly decreased, and the levels of MDA, H2O2, and O2⋅– were obviously increased in leaves, while the activities of DHAR and GSH-Px and the content of GSH in leaves had no significant difference. In comparison to the PHBA + FA treatment, the plant height of cucumber, the contents of AsA and GSH, and the activities of APX, CAT, DHAR, SOD, MDHAR, and GSH-Px in leaves were obviously increased in the CFA + PHBA + FA treatment, and the levels of MDA, H2O2, and O2⋅– in leaves were obviously decreased.


[image: image]

FIGURE 4. Effects of CFA and the mixture of PHBA and FA on plant height (A), the levels of MDA (B), H2O2 (C), and O2⋅– (D), the activities of APX (E), CAT (F), DHAR (G), the content of GSH (H), the activities of SOD (I), MDHAR (J), and GSH-Px (K), and the level of AsA (L) in cucumber leaves. Control, supplemented with water; CFA, supplemented with CFA; PHBA + FA, supplemented with the mixture of PHBA and FA; CFA + PHBA + FA, supplemented with CFA and the mixture of PHBA and FA. Bars represent standard errors of triplicate experiments. Values with the different letters are significantly different at P < 0.05.




Effects of PHBA and FA on Antioxidant Enzymes in CFA

At 1.5 h, compared to the glucose treatment, the PHBA + FA treatment obviously decreased the activity of SOD (Supplementary Figure 5A), significantly increased the activity of CAT (Supplementary Figure 5B), and did not change the activity of DHAR (Supplementary Figure 5C) in CFA. The PHBA treatment significantly decreased the activities of SOD and DHAR and obviously increased the activity of CAT when compared to the glucose treatment, and the FA treatment significantly decreased the activity of SOD and obviously increased the activities of CAT and DHAR. At 2 h, the treatments of PHBA + FA, PHBA, and FA significantly increased the activities of SOD, CAT, and DHAR in comparison to the glucose treatment.



Genome-Wide Transcriptome Profiles in Response to PHBA and FA

The genome of CFA consisted of a circular 5,935,153 bp chromosome (Supplementary Figure 6) and a circular 201,121 bp plasmid. Twenty-two rRNA genes, 75 tRNA genes, 241 ncRNA genes, and 5916 protein-coding genes were identified in the strain (Supplementary Table 4). Based on the RNA sequencing, transcriptome analysis revealed that 474, 546, and 334 genes in CFA being incubated for 1.5 h were differentially expressed in response to the mixture of PHBA + FA, PHBA, and FA, respectively (Supplementary Table 5). Compared to the glucose treatment at 1.5 h, genes of fcs, ech, vdh, and vanillate O-demethylase subunits (vanA and vanB) were upregulated in the treatments of PHBA + FA and FA, and the gene of pobA was upregulated in the treatments of PHBA + FA and PHBA (Table 1). The genes of protocatechuate 3,4-dioxygenase subunit (pcaG and pcaH), 3-oxoadipate enol-lactonase (pcaD), 3-oxoadipate CoA-transferase subunits (pcaI and pcaJ), beta-ketoadipyl CoA thiolase (pcaF), and acetyl-CoA acetyltransferase (ACAT) were upregulated in the FA treatment.


TABLE 1. Parts of differentially expressed genes in response to the mixture of PHBA and FA (PHBA + FA), PHBA, and FA by transcriptome sequencing.
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To confirm the reliability of the transcriptome results, genes of fcs, ech, vdh, vanA, vanB, and pcaD were chosen. Their expression levels in CFA after incubation for 1.5 h were analyzed by RT-qPCR (Supplementary Figure 7). In comparison to the glucose treatment, the expression levels of fcs, ech, vdh, vanA, and vanB were higher in the treatments of PHBA + FA and FA, and the expression level of pcaD was increased in the FA treatment.

Based on the transcriptome results, pathways of PHBA and FA degradation in CFA were proposed (Figure 5) and were then verified by RT-qPCR in the strain being incubated for 2–7 h (Figure 6 and Supplementary Figure 8). At 2 h, compared to the glucose treatment, the expression levels of pcaH, 3-carboxy-cis,cis-muconate cycloisomerase (pcaB), pcaD, pcaI, pcaJ, pcaF, ACAT, and carboxymuconolactone decarboxylase (CMD1 and CMD2) were higher not only in the FA treatment, but also in the treatments of PHBA + FA and PHBA. The expression levels of fcs, ech, vdh, vanA, and vanB were significantly increased in the treatments of PHBA + FA and FA, and the expression level of pobA was obviously enhanced in the treatments of PHBA + FA and PHBA.


[image: image]

FIGURE 5. Proposed pathways of PHBA and FA degradation in CFA.
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FIGURE 6. Relative expression levels of pcaH (A), pcaB (B), CMD1 (C), CMD2 (D), pcaD (E), pcaI (F), pcaJ (G), pcaF (H), and ACAT (I) in CFA. Glucose, cultured in glucose; PHBA + FA, cultured in the mixture of PHBA and FA; PHBA, cultured in PHBA; FA, cultured in FA. Bars represent standard errors of triplicate experiments. At each treatment time, values with the different letters are significantly different at P < 0.05.


The proposed pathways of PHBA and FA degradation in CFA were also confirmed by the degradation products of PHBA and FA (Figure 7). The bioconversion products of the mixture of PHBA and FA contained vanillin, vanillic acid, and PA. According to Figures 7B,C, PA is a common product of PHBA and FA degradation. The metabolites of FA also had vanillin and vanillic acid. During the PHBA or FA degradation, the concentrations of PA, vanillin, and vanillic acid increased at first and then decreased. Accordingly, at 2.5 h, 99.29% PHBA was degraded by CFA, while 35.07% FA was degraded.
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FIGURE 7. Bioconversion products from the mixture of PHBA and FA (A), PHBA (B), and FA (C) by CFA. Bars represent standard errors of triplicate experiments.




Identification of Rate-Limiting Enzymes for the Bioconversion of PHBA and FA Into PA

Compared to untransformed CFA, the percentage of degraded FA was significantly increased by fcs overexpression at 1 and 6 h, by vdh overexpression at 1, 1.5, 2, 3, 4, and 6 h, and by vanAB overexpression at 1–6 h, and the percentage of degraded PHBA was obviously enhanced by vdh overexpression at 1 h and was not increased by overexpression of fcs, ech, and vanAB (Figure 8). Overexpression of pobA significantly increased the percentage of degraded FA at 1 h, and obviously elevated the percentage of degraded PHBA at 1–2.5 h (Figure 9). After being incubated for 3 h, both untransformed and pobA-overexpressed CFA made the percentage of degraded PHBA to be 100%. Therefore, vanAB and pobA are rate-limiting enzymes for the bioconversion of FA and PHBA, respectively.
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FIGURE 8. Percentages of degraded FA (A) and PHBA (B) in the mixture of PHBA and FA after overexpressing fcs, ech, vdh, and vanAB. CFA, wild type strain. pME6032, transformed with pME6032. fcs oe, transformed with pME6032-fcs and overexpressing fcs. ech oe, transformed with pME6032-ech and overexpressing ech. vdh oe, transformed with pME6032-vdh and overexpressing vdh. vanAB oe, transformed with pME6032-vanA-vanB and overexpressing vanA and vanB. Bars represent standard errors of triplicate experiments. At each treatment time, values with the different letters are significantly different at P < 0.05.
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FIGURE 9. Percentages of degraded FA (A) and PHBA (B) in the mixture of PHBA and FA after overexpressing pobA. CFA, wild type strain. pME6032, transformed with pME6032. pobA oe, transformed with pME6032-pobA and overexpressing pobA. Bars represent standard errors of triplicate experiments. At each treatment time, values with the different letters are significantly different at P < 0.05.




Effects of sRNA Knockout on PHBA and FA Degradation

Transcriptome results showed that sRNA 8, sRNA11, sRNA 14, sRNA 20, and sRNA 60 were small non-coding RNAs. Their sequences are listed in Supplementary Table 6, and they were predicted to interact with some mRNAs in the proposed PHBA and FA degradation pathways of CFA (Supplementary Figure 9). In comparison to untransformed CFA, the percentage of degraded FA was obviously increased by sRNA 8 knockout at 1 and 6 h, by sRNA 11 knockout at 1–2 h, by sRNA 14 knockout at 1–2.5 and 4 h, by sRNA 20 knockout at 1–2, 4, and 6 h, and by sRNA 60 knockout at 1–2, 3–4, and 6 h (Figure 10). Meanwhile, the percentage of degraded PHBA was significantly elevated by sRNA 11 knockout, sRNA 16 knockout, and sRNA 60 knockout at 1–2 h, obviously enhanced by sRNA 20 knockout at 1–1.5 h, and did not change by sRNA 8 knockout at 1–2 h. Therefore, knockout of sRNA 8, sRNA 11, sRNA 14, sRNA 20, or sRNA 60 increases the percentage of degraded FA, and knockout of sRNA11, sRNA 14, sRNA 20, or sRNA 60 elevates the percentage of degraded PHBA, especially at the early stage of PHBA and FA degradation.


[image: image]

FIGURE 10. Percentages of degraded FA (A) and PHBA (B) in the mixture of PHBA and FA after knocking out sRNA 8, sRNA 11, sRNA14, sRNA 20, and sRNA 60. CFA, wild type strain without knocking out genes. sRNA 8Δ, knocking out sRNA 8. sRNA 11Δ, knocking out sRNA 11. sRNA 14Δ, knocking out sRNA 14. sRNA 20Δ, knocking out sRNA 20. sRNA 60Δ, knocking out sRNA 60. Bars represent standard errors of triplicate experiments. At each treatment time, values with the different letters are significantly different at P < 0.05.





DISCUSSION


PHBA- and FA-Degrading Abilities of CFA

A strain CSY-P1 of Pseudomonas degrades 0.5 g/l PHBA in 8 h (Chen et al., 2015). Under the same culture conditions of CSY-P1, the strain CFA of Pseudomonas in this study decomposed the same amount of PHBA in 6 h, thus having higher PHBA-degrading ability. In the control group of this research, the FA concentration in cucumber rhizospheric soil reached 54.34 μg/g dry soil. The reason may be that the original soil collected for this study might contain high concentration of FA. When cucumber seedlings of this research were planted into this soil, roots could secrete this phenolic acid (Lu et al., 2019) and the concentration of FA increased further in the control. On the other hand, Pseudomonas sp. CFA, which was isolated from rhizospheric soil in the current experiment, could decompose a mixture of PHBA and FA in both medium and soil. As a result, the FA concentrations in the treatments of CFA and CFA + PHBA + FA were much lower than the control of this study. Similarly, a soil bacterium designated Pseudomonas fluorescens AN103 degrades FA in medium (Mohamed et al., 2020). These results suggest that CFA in this paper might have the potential for remediation of PHBA- and FA-contaminated soil, and it could be combined with phenolic acid-degrading strains reported by Razika et al. (2010) and other researchers to develop a bioremediation agent for mitigating continuous-cropping obstacles. Since 99.29% PHBA and 35.07% FA in 0.2 g/l mixture of PHBA and FA of this study were decomposed by CFA at 2.5 h, we propose that the strain CFA degrades PHBA preferentially. Moreover, pH values affect the degradation of benzoic acid and phenol by P. aeruginosa (Razika et al., 2010). In this study, CFA of Pseudomonas could decompose PHBA and FA at pH 6–9. These indicate that CFA can be recommended to soils having wide pH range. Using the strain CFA, we just obtained promising PHBA- and FA-degrading results in in vitro and pot culture experiments under controlled conditions. To utilize CFA effectively, a field experiment with lot of variables will be laid out to detect the phenolic acid-degrading ability of the strain in the future.



Pathways of PHBA and FA Degradation by CFA

Pseudomonas fluorescens AN103 degrades FA into PA via feruloyl-CoA, vanillin, and vanillic acid (Narbad and Gasson, 1998). P. putida WCS35819 can decompose PHBA into PA directly (Venturi et al., 1998). PA can be decomposed into beta-carboxy-cis,cis-muconic acid (beta-carboxy-muconate) by Pseudomonas sp. HR199 (Overhage et al., 1999) and converted to β-ketoadipate by P. putida (Harwood and Parales, 1996). In this study, the complete pathways of PHBA and FA degradation were first proposed that CFA degraded PHBA and FA into PA as described by Narbad and Gasson (1998) and Venturi et al. (1998) and then decomposed PA to acetyl CoA via beta-carboxy-muconate and β-ketoadipate. However, results of transcriptome and RT-PCR in the current experiment showed that, during PHBA degradation by CFA, pobA has been transcribed at 1.5 h, while genes of pcaH, pcaB, CMD1, CMD2, pcaD, pcaI, pcaJ, pcaF, and ACAT did not express at 1.5 h and were transcribed at 2 h. When CFA in this study degrading PHBA, the concentration of PA increased at first and reached a peak at 2 h. These results indicate that CFA of this paper might result in transient accumulation of PA at the early stage of PHBA degradation. During PHBA or FA degradation by CFA in this study, the concentrations of PA, vanillin, and vanillic acid increased at first, but then decreased. Thus, we propose that no phenolic products will accumulate to a certain concentration that are toxic to plants (Jung et al., 2004) when CFA in the current experiment is applied to degrade the mixture of PHBA and FA in planted soil.



Effects of Rate-Limiting Enzymes and sRNA on PHBA and FA Degradation by CFA

When PHBA and FA being degraded into PA by CFA in this study, pobA and vanAB were rate-limiting enzymes, respectively. This can be supported by the report that vanAB is a rate-limiting enzyme to catalyze vanillic acid to PA (Buswell and Ribbons, 1988). Overexpression of pobA and vanAB separately promoted the degradation of PHBA and FA in the current experiment. Similarly, Takemura et al. (2010) improve alkaloid productivity by overexpressing rate-limiting enzymes. In addition, sRNA knockout also increased the percentages of degraded PHBA and FA in this study, especially at the early stage of PHBA and FA degradation. Kim et al. (2015) found the similar result that knockout of Hfq-associated sRNA modulates the antibiotic susceptibility of bacteria. So rate-limiting enzymes and sRNA were first found to affect PHBA and FA degradation in CFA.



Effect of Antioxidant Enzymes in CFA on PHBA and FA Degradation by the Strain

During PHBA and FA degradation by CFA in this study, the strain was exposed to PHBA and FA conditions. Since phenolic compounds will cause secondary oxidative stresses in cells (Imatomi et al., 2013), CFA might be subjected to this kind of stress caused by PHBA and FA in medium. To respond to the oxidative stress, the antioxidant enzymes (including SOD, CAT, and DHAR) in CFA of the current experiment were induced at 2 h by the PHBA + FA, PHBA, and FA treatments. Similarly, the activities of multiple antioxidant enzymes in nicotine-degrading Pseudomonas sp. HF-1 are increased under oxidative stress caused by nicotine (Shao et al., 2009). The activated antioxidant enzymes in CFA of this study might enhance the PHBA and FA tolerance of the strain and contribute to the degradation of the two phenolic compounds by CFA (Chen et al., 2015; Zhang et al., 2015). It is similar to the report that antioxidant compounds in Burkholderia xenovorans improve polychlorobiphenyl degradation by the strain (Ponce et al., 2011).



PHBA and FA Stress Mitigation in Cucumber by CFA

Stress environments induce the production of reactive oxygen species (ROS) including H2O2, and O2⋅– in cells, while the overproduction of ROS can damage lipid membrane (Sun et al., 2012) and inhibit plant growth (Shah et al., 2020). Meantime, MDA is a product of membrane lipid peroxidation (Qu et al., 2020), and its content is increased under stresses (Li et al., 2013). In the PHBA + FA treatment in comparison to control of this study, the levels of MDA, H2O2, and O2⋅– in leaves were increased and the plant height of seedlings was decreased. The reason may be that the mixture of PHBA and FA in soil causes oxidative stress in cucumber (Imatomi et al., 2013) by inducing ROS such as H2O2 and O2⋅– (Wu et al., 2019). As a result, MDA is produced and plant height is inhibited. On the other hand, when being inoculated into PHBA- and FA-supplemented soil, CFA in the current experiment decreased the PHBA and FA concentrations in soil, increased the plant height of cucumber, and reduced the levels of MDA, H2O2, and O2⋅– in leaves. These results suggest that PHBA- and FA-caused oxidative stress (Imatomi et al., 2013) is mitigated in cucumber due to PHBA and FA degradation by CFA, thus decreasing MDA content and increasing plant height.



Effect of Antioxidant Enzymes in Cucumber on PHBA and FA Stress Mitigation by CFA

The antioxidant enzymes APX, CAT, and GSH-Px remove H2O2, and SOD dismutates O2⋅– into H2O2. Meantime, AsA acts as a substrate of APX and is regenerated by MDHAR or GSH-dependent DHAR (Sun et al., 2012). In the PHBA + FA treatment in comparison to control in this study, the activities of APX, CAT, and SOD were decreased in leaves and activities of DHAR, MDHAR, and GSH-Px did not change, which was different from the results that PHBA and FA in medium induced antioxidant enzymes in CFA. The reason may be that the stress caused by PHBA and FA in soil leads to more severe oxidative damage to antioxidant enzymes in cucumber, thus, the activities of enzymes begin to reduce gradually (Bharwana et al., 2013). When CFA was applied into PHBA- and FA-supplemented soil in this paper, we obtained the enhanced activities of APX, CAT, DHAR, SOD, MDHAR, and GSH-Px in leaves. These results were proved by the increased contents of AsA and GSH in seedlings in the CFA + PHBA + FA treatment in comparison to the PHBA + FA treatment of this study, in accordance with the reduced levels of O2⋅– and H2O2 in leaves, consistent with the decreased concentrations of PHBA and FA in soil, and in conjunction with the improved plant height. Wu et al. (2018) also observed the increased activities of antioxidant enzymes in PHBA- and FA-stressed cucumber by using a PHBA- and FA-degrading strain of Acinetobacter. Jain et al. (2020) found that plant growth-promoting bacteria induce antioxidant enzymes and improve plant growth under zinc conditions. These suggest that CFA in this study degrades PHBA and FA in soil and reduces the PHBA- and FA-caused oxidative damage to antioxidant enzymes, thus increasing the activities of antioxidant enzymes in leaves, decreasing ROS levels, improving plant growth, and mitigating PHBA and FA stresses in cucumber.



Effect of Soil Enzymes on PHBA and FA Stress Mitigation by CFA

The activity of soil enzyme is a sensitive indicator of soil health (Dussault et al., 2008). In heavy metal-polluted soil, the activities of soil enzymes such as CAT, urease, and phosphatase were inhibited (Hu et al., 2014), showing the toxic impact of heavy metal contaminats (Dussault et al., 2008). In PHBA- and FA-contaminated soil in this study, the decreased activities of CAT, urease, and phosphatase were observed, suggesting that PHBA and FA might also have adverse effects on soil health. When CFA in this paper being inoculated into PHBA- and FA-contaminated soil, the activities of CAT, urease, and phosphatase in rhizosphere were increased. One of the reasons might be that the concentrations of PHBA and FA in soil were decreased due to the PHBA- and FA-degrading abilities of CFA, hence, the adverse effects of PHBA and FA on soil health were reduced. Similarly, PHBA- and FA-degrading Streptomyces canus GLY-P2 enhances soil enzyme activities in cucumber soil, where PHBA and FA are added (Wu et al., 2019). Moreover, soil health affects plant growth (Pulavarty et al., 2020). Inoculation with P. fluorescens and Bacillus cereus activates soil enzymes and improves growth of Taxus chinensis (Bai et al., 2020). The enhanced activities of soil enzymes caused by CFA in this study were in accordance with the reduced levels of MDA in cucumber when compared the CFA + PHBA + FA treatment to the PHBA + FA treatment and consistent with the increased plant height. We thereby propose that, due to having the PHBA- and FA-degrading abilities, CFA in the current experiment can improve plant growth and mitigate PHBA and FA stresses in cucumber by inducing soil enzymes in rhizosphere.




CONCLUSION

Using transcriptome analysis, CFA converts PHBA and FA to PA and then to acetyl CoA. pobA and vanAB are rate-limiting enzyme genes for the bioconversion of PHBA and FA, respectively. Knockout of sRNA 11, sRNA 14, sRNA 20, or sRNA 60 elevates the percentages of degraded PHBA and FA, and sRNA affects the PHBA and FA degradation. When being applied to cucumber-planted soil where PHBA and FA are supplemented, CFA mitigates PHBA and FA stresses in cucumber by activating antioxidant enzymes in leaves and inducing soil enzymes in rhizosphere as the strain decomposes PHBA and FA in soil.
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Drought and salinity are among the most important environmental factors that hampered agricultural productivity worldwide. Both stresses can induce several morphological, physiological, biochemical, and metabolic alterations through various mechanisms, eventually influencing plant growth, development, and productivity. The responses of plants to these stress conditions are highly complex and depend on other factors, such as the species and genotype, plant age and size, the rate of progression as well as the intensity and duration of the stresses. These factors have a strong effect on plant response and define whether mitigation processes related to acclimation will occur or not. In this review, we summarize how drought and salinity extensively affect plant growth in agriculture ecosystems. In particular, we focus on the morphological, physiological, biochemical, and metabolic responses of plants to these stresses. Moreover, we discuss mechanisms underlying plant-microbe interactions that confer abiotic stress tolerance.

Keywords: drought, salinity, photosynthesis, osmotic adjustment, metabolic regulation, plant-microbe interactions, phytohormonal regulation, plant adaptations


INTRODUCTION

Plant growth, development, productivity, and resistance to climatic stresses are currently the major topics of interest for agriculture and plant-based biotechnologies. Both biotic (e.g., phytopathogens) and abiotic stresses (e.g., drought, salinity, flood, storm, and extreme temperatures) cause enormous losses in agricultural production (Fraire-Velázquez and Balderas-Hernández, 2013). In the past decades, tremendous progress has been made in understanding the mechanisms underlying plant resistance/tolerance to individual biotic and/or abiotic stresses. Moreover, plant responses to various stresses and their positive or negative impacts on plant growth have been comprehensively studied (Abuqamar et al., 2009). However, plants existing in nature must simultaneously cope with diverse and interacting stresses that generally occur simultaneously or in sequence (Pandey et al., 2015). It is well known that drought and salinity are the two foremost abiotic stresses that reduce the global productivity of major crops (Kaushal and Wani, 2016; Singh et al., 2018). So far, our current knowledge about the key processes involved in plant adaptations to abiotic stress conditions is still very limited. Therefore, there is a need to understand the mechanisms of plant tolerance/adaptation and mitigation strategies to abiotic stresses.

In the present review, we focus on recent advances in understanding the mechanisms involved in plant response/adaption to the selected environmental stresses (e.g., drought and salinity) at the morphological (e.g., root morphology, plant growth, and yield), physiological and biochemical (e.g., photosynthesis, pigment, osmotic adjustment, and antioxidants), and metabolomic (e.g., metabolite adjustments) levels, as well as plant-microbe interactions that confer abiotic stress tolerance in plants (Figure 1).
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FIGURE 1. Impacts of drought and salinity on plant growth. The arrows point to an effect and the colors are the origins (cause). For example, from Drought → its effects on plants, which the arrows and boxes are orange; Salinity → its effects on plants, which the arrow and boxes are colored dark gray.




PLANT ADAPTATION TO DROUGHT AND SALINITY STRESS

Plant physiology is significantly affected by abiotic/climatic stresses. It is well known that climate change and environmental extremes induce and enhance the impact of abiotic stresses (particularly drought and salinity) on plant fitness and performance (Kaushal and Wani, 2016). The positive and negative impacts of drought and salinity on plant growth and development are summarized in Figure 2. Besides all the negative effects induced by drought and salinity on plant performance, to some extent, drought or salinity may result in some positive effects on plants (Raza et al., 2019). For instance, Hatzig et al. (2018) found that drought stress showed a positive transgenerational impact on seedling vigor of Brassica napus. They attributed this to heterotic effects, the altered reservoir of seed storage metabolites, and inter-generational stress memory formed by stress-induced changes in the epigenome of the seedling. Salinity at certain concentrations may also cause an increase in clonal/sexual reproduction, thus improving plant fecundity (Van Zandt et al., 2003). This effect strongly depends on the genotypes/cultivar and plant developmental stage.

[image: Figure 2]

FIGURE 2. Plant-plant growth-promoting microorganism (PGPM) interactions confer abiotic stress tolerance. PGPM, plant growth-promoting microorganisms; IAA, indole-3-acetic acid; GA, gibberellins; CK, cytokinins; ABA, abscisic acid; ACC, 1-amino-cyclopropane-1-carboxylic acid; N, nitrogen; P, phosphate; K, potassium.


To meet the needs of developing sustainable agriculture and improving food safety, it is necessary to grow stress-tolerant plants and understand the mechanisms underlying their tolerance. In general, plant responses to abiotic stresses vary in morphology, physiology, biochemistry, and metabolism, which will be discussed in the following sections.



PLANT MORPHOLOGICAL RESPONSES TO DROUGHT AND SALINITY STRESS

Since water is vital to life on earth, drought or osmotic stress may significantly affect many aspects of plant morphology and physiology (Suwa et al., 2006; Rahdari and Hoseini, 2012). Exposure of plants to drought stress generally results in a significant reduction of growth and yield of crops such as Hordeum vulgare, Oryza sativa, Triticum aestivum, Zea mays (Kamara et al., 2003; Samarah, 2005; Rampino et al., 2006; Lafitte et al., 2007) due to low humidity in plants, high intensity of sunlight, high temperature caused by drought with enhanced respiration, photosynthesis, and enzyme activity in plants (Fathi and Tari, 2016). In the early phase of drought stress, gradual water depletion causes a decrease in shoot growth, whereas root growth is maintained, resulting in an enhanced root/shoot ratio (Bogeat-Triboulot et al., 2007). Plants subjected to moderate drought normally show a slight change in their growth pattern, along with only a small increase in the root mass fraction (RMF) calculated as the proportion of plant dry mass in roots. The plants seem to maintain their aboveground growth and, therefore, their competitiveness for aboveground resources, as long as possible under moderate drought. In contrast, plants exposed to severe drought, Poorter et al. (2012) reported that when the biomass is reduced by more than 50% compared with control plants, respond with a strong increase in RMF, which can be largely attributed to a decrease in the growth of the stems. Under the moderate or severe drought conditions, the accumulation of salts and ions in soil upper layers leads to osmotic stress and ion toxicity in plants. With an increase in the degree of drought stress, turgor pressure of the plant cells decreases, causing plant cell wall wrinkled and loose. These biophysical responses may eventually reduce the size and number of the leaves as well as fresh weight and water content of plants (Jaleel et al., 2009; Fathi and Tari, 2016). Under mild or moderate drought stress, the roots may change their architecture and allocation of resources (water and nutrients) to avoid dehydration (Smith and De Smet, 2012; Hasibeder et al., 2015). However, under severe drought stress conditions, the roots shrink, and the photosystem II becomes dysfunctional in the leaves (Fathi and Tari, 2016). During soil (low soil moisture) drought and atmospheric aridity (high vapor pressure deficit), the profiles of root exudation (e.g., composition and concentration) may also shift, therefore, influencing the rhizosphere soils properties (Henry et al., 2007; Song et al., 2012). Besides, the availability and plant uptake of nutrients in soils can be affected by drought, since nutrients are carried to the roots by water. Drought stress may further reduce nutrient diffusion and mass flow of water-soluble nutrients (Selvakumar et al., 2012).

Salinity adversely affects seed germination, plant growth, and development, causing significant crop yield losses worldwide (AbdElgawad et al., 2016). As a consequence of salinity stress, seed germination decreases by regulating the abscisic acid (ABA) concentration via changes in 9-cis-epoxycarotenoid dioxygenase3/salt tolerant1 (NCED/STO1) expression (Wang et al., 2015). Moreover, salinity stress can regulate the activity of two ethylene biosynthesis enzymes, namely 1-amino-cyclopropane-1-carboxylic acid (ACC) synthase and ACC oxidase. It is well known that ethylene has an essential role in stimulating the dormancy-breakage and seed germination of several plant species by inhibiting ABA functions (Ribeiro and Barros, 2006; El-Maarouf-Bouteau et al., 2015) and can contribute to seed tolerance to salinity (Silva et al., 2014). Therefore, the balance between ethylene and ABA is crucial to modulate seed germination to cope with salinity stress (González-Guzmán et al., 2002). Sibole et al. (2003) reported that stem and petiole growth of Medicago arborea and Melaleuca citrina was inhibited under salinity stress. Besides, salinity stress may significantly influence carbon and nitrogen metabolism in plants (Obata and Fernie, 2012) and induce alterations in the concentrations of tricarboxylic acid cycle intermediates, sugars, and amino acids in plants to maintain metabolic homeostasis under increasing salt concentrations (Richter et al., 2015; Li et al., 2017).

In recent decades, remarkable advances have been made in various domains of stress physiology, among which long‐ and short-distance signaling plays an essential role in the feed-forward and the feed-back control of photosynthesis in response to drought and salinity. Several studies indicate that signaling may act even before that the cell biophysical alterations occur (Mittler, 2006; Huang et al., 2012). It is well known that signaling pathways causing plants’ responses to various stresses are interconnected at many levels. To adapt to drought and salinity stresses, plants have developed diverse stress-responsive signaling pathways and activated defense mechanisms (Huang et al., 2012). Plants can employ multiple stress perception and signal transduction pathways, which can crosstalk at different steps in the pathways. When drought and salinity occur simultaneously, plants can also exhibit strategic defense responses which could be distinctive from the response to either individual stress (Koussevitzky et al., 2008). Thus, the molecular and metabolic responses to a combination of stresses are unique and cannot be extrapolated from plant response to the individual stress (Mittler, 2006).



PLANT PHYSIOLOGICAL AND BIOCHEMICAL RESPONSE TO DROUGHT AND SALINITY

Early responses to drought and salinity are very similar since both induce water stress that leads to a slowdown in growth, a decrease in stomatal aperture, and a nutrient deficiency (such as K+ and Ca2+). However, during long term exposure to salt, besides dehydration, plants experience ionic stress, which leads to leaf senescence and photosynthesis impairment (that in turn exerts an additional negative effect on growth; Chaves et al., 2009). When plants are exposed to long-term drought stress, continued root elongation occurs, which may be explained by the plant’s need to reach groundwater (Brunner et al., 2015). While under long-term salinity stress, heavier roots may accumulate higher amounts of chloride. The excessive accumulation of ions, predominantly Na2+, affects negatively the photosynthetic components, therefore, reducing enzyme activities and pigment synthesis. These stressful conditions decrease the CO2 assimilation rate, and the excess of light absorbed that is not used by the plant can lead to an increase in reactive oxygen species (ROS) production and consequently oxidative stress. Many species possessing salt exclusion mechanisms can prevent salt entry in plant cells, or they can minimize salt concentration in the cytoplasm by compartmentalizing salt in the vacuoles (Khan et al., 2019). These strategies reduce the negative effects on photosynthesis and other metabolic processes. In salinity acclimated plants, some metabolites related to primary metabolism (e.g., carbohydrates, amino acid, and nitrogen) play an important protective role acting as osmolytes (protecting membranes and protein) and ROS scavengers (Sharma et al., 2019).


Photosynthesis

Photosynthesis is one of the main processes affected by drought and salinity (Chaves et al., 2009). Stomata have two important key functions in plants: one is to regulate transpiration, which supplies plants with nutrients and regulates leaf temperature, and the other is to control CO2 entry into the leaf. Under drought conditions, one of the first response of plants is a reduction in the stomatal aperture, and when the stress event continues, both changes in leaf photochemistry and/or carbon metabolism are also impaired, therefore, negatively affecting photosynthesis (Dias et al., 2014; Vasques et al., 2016; Araújo et al., 2019). The reduction of the stomata aperture width (stomatal closure) prevents the loss of water to the atmosphere and this protection mechanism is considered an adaptation response of plants to the onset of drought conditions (Saradadevi et al., 2017). Besides, CO2 diffusion through the leaf mesophyll cells (mesophyll conductance) is also affected, mostly due to changes in leaf biochemistry, membrane permeability (aquaporin activity), and leaf shrinkage (modification of the intercellular spaces and structures; Chaves et al., 2009). Following stomatal closure, the low CO2 availability in the leaf intercellular spaces can impair the biochemical reactions. This result in a reduction or de-activation of the enzyme ribulose 1,5-bisphosphate carboxylase/oxygenase (RuBisCO), or other Calvin cycle enzymes, such as ribulose-5-phosphate kinase, or a decrease in the substrate of RuBisCO (regeneration of RuBP; Dias and Brüggemann, 2011; Galmés et al., 2011; Perdomo et al., 2017; Wang et al., 2018a). RuBisCO amount, activity, and alterations at the transcript level were reported even under mild water deficit (Zhang et al., 2013). Also, the ROS generated under stress conditions in the chloroplast is reported to damage ATP synthase and decrease ATP production, which consequently leads to lower ribulose-1,5-bisphosphate (RuBP) regeneration (Pinheiro and Chaves, 2011).

When plants are exposed to high light intensities and the inhibition of biochemical reactions by drought conditions precedes the inhibition of light-dependent reactions of photosynthesis, the rate of reducing power production can overcome the rate of its use in the Calvin cycle. Under this condition, the excess of light energy has to be dissipated to avoid overexcitation, and consequential damages in the photosynthetic machinery, particularly in photosystem II (PSII). Plants possess a range of protective mechanisms against the excess of light energy that decrease the probability of damage in PS reaction centers. These mechanisms include dissipation of absorbed light energy as thermal energy (non-photochemical quenching, involving the xanthophyll and the lutein cycle), pseudocyclic electron flow coupled to ROS scavenging systems, PSI cyclic electron flow, increased photorespiration, changes in leaf angle, and chloroplast avoidance movement (Pinheiro and Chaves, 2011; Wang et al., 2018b). Additionally, the protection of anthocyanins over chlorophylls also contributes to plant photoprotection (Gould et al., 2002). Anthocyanins function as light screening pigments, filtering the extra photons that would be damaging if absorbed by chlorophylls (Nichelmann and Bilger, 2017; Gould et al., 2018). Moreover, the anthocyanins located in the leaf epiderm seem more efficient to photoprotect the subjacent mesophyll from photoinhibition (Lo Piccolo et al., 2018).

Under salinity stress, stomata closure and consequent reduction of the intercellular CO2 concentration are the main causes of photosynthesis impairment. This decrease leads to reductions in the carbohydrate pool and protein concentration. Salt stress also affects other photosynthetic components such as the efficiency of RuBisCO for carbon fixation, and the enzymes related to chlorophylls and carotenoid biosynthesis (Demetriou et al., 2007; Chaves et al., 2009). The light reactions of photosynthesis were reported to be very susceptible to salt stress. Photosynthesis inhibition by salinity seems to be partially associated with the PSII complex. Salt stress reduces the PSII activity and the quantum yield of PSII electron transport and affects the photosynthetic pigment-protein complexes (Demetriou et al., 2007). Changes in these photosynthetic parameters depend on the intensity and duration of the stress, but plant species is also an important factor. For instance, both Sorghum bicolor salt-sensitive and -tolerant genotypes showed a reduction in net CO2 assimilation rate and PSII efficiency (Fv/Fm and ΦPSII), but in the sensitive genotype, these effects were stronger (Sui et al., 2015). In several O. sativa cultivars with different salt-tolerances, the ΦPSII and net CO2 assimilation rate were also negatively affected, but the Fv/Fm was maintained under optimal values (0.75–0.80; Yang et al., 2020).



Chlorophyll Content

Photosynthetic pigments are essential for light harvesting and, hence, for photosynthesis and plant growth. The decrease in chlorophyll content under drought or salinity stress, caused by pigment photooxidation and chlorophyll degradation, is considered a symptom of oxidative stress. Drought and salinity have been found to induce a reduction in chlorophyll contents in leaves of various crops, such as Carthamus tinctorius (Siddiqi et al., 2009), Phaseolus vulgaris (Beinsan et al., 2003), Vigna subterranean (Taffouo et al., 2010) and P. vulgaris (Taïbi et al., 2016), indicating the process of photooxidation (Rahdari et al., 2012). The reduced chlorophyll contents under drought or salinity stress may trigger the inactivation of photosynthesis. Moreover, drought or salinity induced reduction in chlorophyll content is contributed to excessive chloroplast swelling, loss of chloroplast membranes, the appearance/development of intracellular lipid droplet, and distortion of lamellae vesiculation (Kaiser et al., 1981). Low photosynthetic pigment content may hamper photosynthetic potential and thus primary plant production.



Phytohormonal Regulation

Plant stress response mechanisms are highly complex comprising the integration of several pathways. The perception of a stress event starts signal transduction cascades that interact with pathways traduced by phytohormones (Harrison, 2012). Endogenous phytohormones are not only important growth regulators but also play a pivotal role in plant adaptation to drought and salt stress by modulating plant physiology and molecular responses (Fahad et al., 2015; Wani et al., 2016). Water deficit and salt stress may alter the biosynthesis, accumulation, and distribution of several phytohormones, including ABA, jasmonic acid (JA), salicylic acid (SA), indole-3-acetic acid (IAA), gibberellins (GA), and cytokinins (CK), therefore, promoting specific protective mechanisms (Eyidogan et al., 2012).

Abscisic acid is one of the most important phytohormones and the major stress-responsive hormone produced after signal perception by drought and salt stress (Fahad et al., 2015; Ullah et al., 2018). Stress perception triggers the synthesis of ABA predominantly in roots (however ABA can also be synthesized in leaf cells and translocated around the plant) and acts in the regulation of the stomatal aperture, channel activities, and in the expression of ABA-responsive genes (Ullah et al., 2018). In leaves, ABA increases after drought or salt stress and regulates stomatal aperture (promote stomatal closure), consequently helping plants to control the water status and preventing dehydration. For instance, as a result of drought, leaf mesophyll cells come to be dehydrated, causing a release of ABA. The amount of ABA is then stored in the chloroplasts of guard cells. The increased concentration of ABA triggers the efflux of potassium (K) and calcium from the guard cells, leading to stomatal closure with water loss in the guard cells. The shortage of water causes discoloration, a decrease in the rate of photosynthesis in plants, and an increase in leaf trichomes and stomata on the leaf surface. Besides, ABA increases the production of ROS (especially H2O2) in guard cells to decrease the stomatal aperture (stomata closure; Golldack et al., 2014; Mittler and Blumwald, 2015). Furthermore, ABA is also involved in root architectural modifications by promoting root elongation to reach deep water in the soil during water deficit conditions and can upregulate the synthesis of osmoprotectants (e.g., proline), antioxidant enzymes, and the expression of several drought and salt stress-responsive genes and proteins (e.g., late embryogenesis abundant proteins and dehydrins; Comas et al., 2013; Fahad et al., 2015; Mittler and Blumwald, 2015; Wani et al., 2016; Ullah et al., 2018). Some works also demonstrated that ABA induces modification of primary lipid metabolism, contributing to stress adaptive reorganization of membranes (e.g., change the monogalactosyldiacylglycerol and digalactosyldiacylglycerol contents in the chloroplast envelope and thylakoid membranes) and to the maintenance of cellular energy supply under drought and salt stress (Golldack et al., 2014).

Jasmonic acid and its derivatives, the jasmonates, besides being involved in reproductive processes, root growth, and fruit ripening, also play a crucial role in drought and salt stress response regulation in plants (Fahad et al., 2015; Wani et al., 2016). Biosynthesis of JA occurs usually in leaves, particularly in chloroplasts and peroxisomes (Cheong and Choi, 2003), despite some reports also refer to the roots as a synthesis organ of this hormone (Fahad et al., 2015). Similar to ABA, JA induces drought and salinity tolerance in plants in various ways, such as inducing stomatal closure, scavenging of ROS, and promoting root development. Walia et al. (2007) proposed that JA induced salinity tolerance by regulating arginine decarboxylase, RuBisCO activase, and apoplastic invertase.

Salicylic acid is a naturally occurring phenolic compound, which is usually involved in the regulation of pathogen-associated protein expression (Miura and Tada, 2014). Besides, several works demonstrated that SA also has an important role in plant defense against drought and salt stresses (Khodary, 2004; Fahad and Bano, 2012; Miura et al., 2013). Low concentrations of SA enhance the antioxidant capacity of plants, but high concentrations can cause cell death or even some susceptibility to abiotic stresses (Jumali et al., 2011). SA activates the expression of genes involved in the biosynthesis of secondary metabolites, chaperones, and heat shock proteins (Miura and Tada, 2014). SA biosynthesis takes place mostly in the chloroplasts being then transported to other parts of the plant.

Indole-3-acetic acid is widely acknowledged for its implications in plant growth and development (e.g., cell elongation, vascular tissue development, and apical dominance; Fahad et al., 2015). Also, during water deficit and salt stress, this phytohormone seems to coordinate growth (Eyidogan et al., 2012; Iqbal et al., 2014) and induce the expression of genes related to root meristem initiation, promoting root branching and increasing plant stress tolerance (Wolters and Jürgens, 2009).



Osmotic Adjustment

Osmotic adjustment (OA), defined as the lowering osmotic potential as a result of net solute accumulation in response to water stress, is well known to have a significant role in plant adaptation to dehydration via the maintenance of turgor pressure, relative water content, stomatal conductance, and specific cellular functions (Martínez et al., 2004). The accumulation of compatible solutes in plants is thought to benefit stressed cells either by acting as cytoplasmic osmolytes to facilitate water uptake and retention, or by protecting macromolecules (e.g., proteins, chloroplast, and membranes) and their structure from stress-induced damage (Martínez et al., 2004). It is well known that plant growth is inhibited by drought before photosynthesis, causing the release of sugars toward OA. Moreover, OA can sustain photosynthesis by maintaining turgor as stress develops. Therefore, OA inhibits plant growth and protects photosynthesis simultaneously. Moreover, as one of the most important physiological parameters of plant adaptation to drought, cell wall elasticity (CWE) plays a key role in turgor regulation. The increases in CWE have been found in several plant species when they respond to drought, which may contribute to maintaining cell turgor or symplast volume (Marshall and Dumbroff, 1999). Under osmotic stress, plants can avoid reduced water potential and sustain turgor by decreasing their turgor-loss volume via shrinkage associated with cell wall elastic adjustment (Marshall et al., 1999). Cell shrinkage/contraction (a reduction in cell size) has been considered as the main character involved in plant resistance to drought stress. For instance, Alves and Setter (2004) have found a reduction in cell size and osmolyte accumulation in Manihot esculenta grown under drought stress.

Plants generally respond to salinity stress using different mechanisms, depending on the severity and duration of the stress. Soil salinity initially hinders plant growth in the form of osmotic stress (hyperosmotic stress) followed by ion toxicity (hyperionic stress; Munns and Tester, 2008). During the initial phase of salinity stress, root water absorption capacity diminishes, and the leaf water loss is augmented because of salt-induced osmotic stress in plants. This hyperosmotic stress results in various physiological alterations in plants, such as membrane disruption, nutrient imbalance, ROS detoxification, antioxidant enzyme activity, and photosynthetic activity. The latter phase is a hyperionic stress due to Na+ and Cl− uptake and their subsequent accumulation in leaves, leading to nutritional imbalance (e.g., inhibition of K+ uptake) and physiological disorder (e.g., significant alterations in the metabolism; Munns and Tester, 2008). It is well known that the accumulations and functions of compatible solutes, such as soluble sugars, proline, glycine betaine, and sugar alcohols, play an essential role in OA. The distribution of photoassimilates between source and sink tissues can contribute to accumulating these solutes (Hare et al., 1998). However, the role of these solutes in OA under salinity stress is still under debate. In many plant species, the absolute osmolyte concentrations are doubtful to mediate OA. However, these solutes have beneficial potential to buffer cellular redox potential, protect the cellular structure, and adaptively modify carbon allocation and sugar metabolism under salt stress. For instance, Suwa et al. (2008) observed a decrease in carbon allocation toward the roots of Lycopersicon esculentum, even before the salt symptoms of reduced photosynthesis. As a result of such changes in carbon distribution, the accumulation of sugar in mature leaves is higher under salt stress. The changes in sugar homeostasis and metabolism have been found in plants under salt stress (Peng et al., 2016). These changes are associated with cell wall modification by either stiffening cell walls to reduce the salt entry or enhancing cell wall elasticity to maintain cell turgor (Gall et al., 2015). However, sugar transport and homeostasis as well as cell wall viscoelastic properties are tightly regulated during plant development. Therefore, alterations in plant susceptibility to salt stress are possible, and they are determined by carbon status (Wingler, 2017).



Source/Sink Dynamics

In general, carbon assimilation is performed by source organs (exporters of photoassimilates, e.g., fully developed leaves), which converts it into glucose and other sugars and then exports them to sink organs (importers of fixed carbon, e.g., roots, stems, fruits, and seeds) for plant organ growth (Yu et al., 2015). During plant growth, communication between source organs and sink organs plays an important role in carbohydrate assimilation and partitioning/allocation that are strictly connected to photosynthesis. Carbohydrates, the end product of photosynthesis, after being exported from the leaves to non-photosynthetic tissues provide the substrate for growth and cell maintenance. Sugar transporters are required for carbohydrate allocation to long-distance at the plant level and a short distance in sugar partitioning at the cellular level. Source-to-sink transport of sugar has been considered as the main factor affecting plant growth and it depends on the proficient and controlled distribution of sugars across plant organs via the phloem. Nevertheless, sugar transport via the phloem can be influenced by various environmental stresses at three diffident levels (namely the source, the sink, and the path between source and sink) that may change source/sink relationships (Lemoine et al., 2013).

Under drought or salt conditions, the reduction of global photosynthetic productivity can be aggravated, therefore, impacting the carbon flow to different sink organs (Courtois et al., 2000; Lebon et al., 2006; Penella et al., 2016). The impact of drought and salinity on sugar metabolism and phloem loading has been widely investigated (Burke, 2007; Hummel et al., 2010; Lemoine et al., 2013). In sucrose-translocating species, carbohydrate levels in leaves and source-to-sink translocation patterns are generally altered by drought or salinity stress as the result of reduced photosynthesis (Pattanagul and Thitisaksakul, 2008). Sucrose and hexose accumulations contribute significantly to osmotic modulation to sustain metabolic activity in source leaves. However, the concentration of sugars may increase in leaves due to reduced demand as a consequence of growth limitation.

Under drought stress, transcript abundance of several genes encoding gluconeogenic enzymes including fructose biphosphate aldolase (Cramer et al., 2007), hexokinase in phosphorylation of soluble sugars (Whittaker et al., 2001), and galactinol synthase in raffinose family oligosaccharide biosynthesis (Taji et al., 2002) increased in source leaves. Moreover, drought may also cause changes in the concentrations of organic nutrients (e.g., sugars and amino acids). In sink organs, the presence of drought stress can promote sucrose biosynthesis rather than starch biosynthesis by inducing sucrose-phosphate synthase and hindering ADP glucose pyrophosphorylase (Geigenberger et al., 1997). At different development stages, drought may induce senescence and increase reserve mobilization, which is considered as a component of basic strategies for plant development and stress alleviation (Chandlee, 2001). In general, drought can cause higher sugar content in the cytosol to lower osmotic potential, therefore, maintaining cell turgor (Razavi et al., 2011). This would eventually diminish photosynthetic actives and thus accelerate senescence in leaves. The drought-induced increase in sugar levels in plants may be due to the attempt of plants to adjust their metabolism to maintain the osmotic homeostasis (Giné-Bordonaba and Terry, 2016). Sugar concentrations may affect leaf development via senescence as direct causal signals, and as substrates for C mobilization and reallocation to help host plants mitigate the negative effects of drought (Cramer et al., 2007).

Salinity stress generally results from irrigation with poor quality water and it shares many similar features with drought stress, particularly in the early stress response, as the primary effect induced by both stresses inhibits the absorption of water through the root system due to the osmotic effect (Navarro et al., 2008). However, the long-term plant responses to both stresses may behave differently, because sodium toxicity can add to the initial stress due to its transport within plant tissues via the transpiration stream. The K+ channels are involved in the Na+ recirculation from leaf phloem to roots for exertion, thus diminishing the amount of Na+ in leaves (Berthomieu et al., 2003). There is a lack of information about the positive impact of salinity on sucrose translocation into the phloem. As discussed above, salinity stress can adversely affect photosynthesis, thus leading to plant growth impairment, especially leaves (Suwa et al., 2006). In the study of Lohaus et al. (2000), salinity did not change sucrose concentration in the phloem of Z. mays, whereas increased amino acid and Na+ concentration in the sieve tube sap. The increased root/shoot ratio was probably attributed to the fact that the higher amount of amino acids was transported to the roots. Dissimilarly, Suwa et al. (2008) found that salinity stress inhibited phloem sucrose uptake and translocation, causing the insufficient distribution of sucrose to the roots. Some salt-tolerant plant species do not tolerate drought stress and vice versa (Kefu et al., 2003). The specific mechanisms that plants use for salt stress alleviation are either by minimizing the entry of salt ions into plant tissues or reducing the salt concentrations in the cell cytoplasm. In general, halophytes (plants that tolerate high concentration of salt) can exclude most of the Na+ and Cl− into the soil solution and compartmentalize salts in cell vacuoles, therefore, achieving salt tolerance, whereas most of the glycophytes (plants that tolerate relatively low concentration of salt) have a low potential to exclude salt and, therefore, accumulate toxic ions in the leaves with the transpiration flow (Munns, 2002).

Besides, polyols are thought to be the major osmotically active and antioxidant molecules for plants to cope with stress (Stoop et al., 1996). When plants are exposed to salinity stress, the polyol concentration usually increases in different plant tissues. This is probably the reason why salinity resistance/tolerance is commonly found in polyol synthesizing plants. Furthermore, the increased polyol synthesis together with an increased expression of genes encoding polyol transporters was observed in the phloem of Plantago major (Pommerrenig et al., 2007), Apium graveolens (Landouar-Arsivaud et al., 2011), and Olea europaea (Conde et al., 2011), suggesting that long-distance polyol transport is induced/enhanced by salinity stress. The translocation of polyols from shoots to roots may positively affect root metabolism and water potential.



Antioxidants

Both drought and salinity can induce the formation of ROS such as superoxide, singlet oxygen, hydrogen peroxide, and hydroxyl radicals within plant cells, and their overaccumulation results in oxidative damage of membrane lipids, proteins, DNA, and nucleic acids in plants (Gill and Tuteja, 2010). To scavenge high levels of ROS, the efficient non-enzymatic (e.g., ascorbate, flavonoids, glutathione, tocopherols, and phenolics) and enzymatic [e.g., catalase (CAT), peroxidase (POD), ascorbate peroxidase (APX), and superoxide dismutase (SOD)] antioxidant defenses system is involved. The upregulation of antioxidants has been found in drought or salinity tolerant cultivars of various crops, such as Calendula officinalis, Solanum lycopersicum, Jatropha curcas, and Z. mays (Chaparzadeh et al., 2004; Mittova et al., 2004; Gao et al., 2008; Anjum et al., 2017), implying the great potential of antioxidants to ameliorate drought/salt-induced oxidative stress. Maintaining a high level of antioxidative enzyme activities contributes greatly to drought or salt stress alleviation by enhancing the capacity of host plants against oxidative damage. Therefore, the ability of antioxidant enzymes to scavenge ROS and diminish the damaging impacts are closely related to plant drought or salinity stress resistance. Besides, drought or salinity can adversely affect various subcellular compartments (e.g., vacuole, cytoplasm, and nucleus), cell organs, and whole plant level (Rahdari et al., 2012), consequently affecting plant biomass and health. Thus, the alleviation of drought and salinity stresses is important to achieve a healthier food growing environment.




METABOLIC RESPONSES TO DROUGHT AND SALINITY STRESS

Stress conditions strongly affect plant metabolism, resulting in deep modifications in metabolites biosynthesis, transport, and storage (Fraire-Velázquez and Balderas-Hernández, 2013; Di Ferdinando et al., 2014). A quick metabolic response at the beginning of the stress event helps the plant to restore its performance faster and is crucial to stress acclimation and further plant survival (Fraire-Velázquez and Balderas-Hernández, 2013).

Metabolomic studies can help to identify key stress metabolite that could be useful as indicators of the adaptability of plants/species to drought or salinity, to detect the adjustments of groups of compounds involved in mediating the stress tolerance, and to investigate the flexibility of a species to rearrange principal metabolic pathways (such as carbon and nitrogen metabolism) to tolerate and/or adapt to various stresses (Jorge and António, 2018). Within the metabolic changes, both primary (e.g., osmolytes) and secondary (e.g., defense compounds) metabolic adjustment have been reported. Primary metabolites are essential for plant growth and development, being more conserved in their abundance within species, while secondary metabolites (besides it is not necessary for survival) play a role in the interaction of the plants with their environment and, therefore, differ more across the species (Jorge and António, 2018).

Under drought conditions, the adjustment of photosynthesis and osmoregulation is one of the earliest plant strategies (Slama et al., 2015). Metabolomic studies identified the accumulation of osmolytes, such as some carbohydrates (e.g., glucose, sucrose, trehalose, and raffinose), polyols (e.g., mannitol and sorbitol), amino acids (e.g., proline, betaine, valine, leucine, and isoleucine), quaternary ammonium compounds (e.g., glycine betaine, b-alanine betaine, and proline betaine), and polyamines (e.g., putrescine, spermidine, and spermine), which have an important role in the decrease of the osmotic potential and maintenance of cell turgor pressure (as the cell uptakes water), and contribute to the stabilization of membranes, enzymes, and proteins (Jorge and António, 2018; Sharma et al., 2019). Also, the accumulation of osmolytes helps to control ROS levels, provides energy to cope with stress, contributes to repair processes, and supports further growth (Silva et al., 2018; Fàbregas and Fernie, 2019). Other metabolites related to the tricarboxylic acid (TCA) cycle were identified in several metabolomics studies, but these compounds respond more heterogeneously to drought. For example, several reports revealed contrasting results, describing increases of TCA acids (e.g., isocitrate, oxoglutarate, succinate, fumarate, and malate) in Arabidopsis (Fàbregas et al., 2018), while in rice, showed decreased levels (Todaka et al., 2017). TCA cycle metabolites provide the precursors for energy generation and are also an integral part of the oxidative defense machinery (Mailloux et al., 2007). The overproduction of ROS is one of the primary consequences of the impairment of photosynthesis under drought conditions, and some TCA cycle compounds, such as α-ketoglutarate, participate in the detoxification of ROS (Fàbregas and Fernie, 2019). Besides, drought also upregulates the biosynthesis of other antioxidant compounds, leading to the accumulation of ascorbate, glutathione, and several polyphenols (Das and Roychoudhury, 2014). Among plant defense metabolites, the polyphenols with ROS scavenger capacity (e.g., anthocyanins, 4-coumaric acid, caffeic acid, ferulic acid, cis-resveratrol-3-O-glucoside, trans-resveratrol-3-O-glucoside, catechin, epicatechin, caftaric acid, kaempferol and kaempferol-3-O-glucoside, cyanidin-3-O-glucoside, rutin, quercetin and quercetin-3-O-glucoside, luteolin and luteolin-7-O-glycoside, and apigenin and chlorogenic acid) were the most responsive to drought (Di Ferdinando et al., 2014; Sharma et al., 2019). For instance, the rapid accumulation of the anthocyanins and flavones may act as vacuole ROS scavengers in response to drought (Fàbregas and Fernie, 2019). Also, other flavonoids like kaempferol and quercetin were enhanced by drought, participating efficiently in the detoxification of H2O2 molecules (Sharma et al., 2019). Lipophilic compounds are also sensitive to drought. The compounds involved in stress detoxification and tolerance, such as 2-naphthalene methanol, heneicosane, caryophyllene oxide, heptadecanal, tetratetracontane, heptatriacotanol, tetracosane, 1-heptacosanol, phytol, n-nonadecanol-1, n-pentadecanol, octacosyl acetate, octadecanoic acid, and hexatriacontane, increased significantly in response to water deficit (Soliman et al., 2019).

Under salinity, osmotic stress affects cell functions, leading to cell damages and a slowdown of plant growth. Sodium accumulation in cells induces secondary stress that affects negatively some principal processes, such as protein biosynthesis, photosynthesis as well as potassium ion absorption (Deinlein et al., 2014). Metabolite responses to salt stress have much in common with drought, evidencing an overlapping of biochemical pathways and similar metabolite adjustments. For instance, the accumulation of osmolytes is also an important adaptive mechanism to salinity, enabling cell turgor maintenance, and reposition of water status, membrane stabilization, and ROS increase control (Kao, 2015). Several metabolomic studies revealed that salt stress induces the accumulation of few primary metabolites, such as proline or primary products in the N metabolism (such as allantoin, urea, and glutamine; Slama et al., 2015). Also, some carbohydrates, such as sucrose, tagatose, psicose, glucoheptose, idose, allose, talose, lactulose, and cellobiose, and the sugar alcohol (inositol) respond with a sharp increase under salinity. Salt stress induces an over-accumulation of ROS (e.g., superoxide anions, hydroxyl ions, and hydrogen peroxide), resulting in damages in membranes and macromolecules (Sharma et al., 2019). The phenolic compounds have an important role in acting as powerful antioxidants that help in scavenging ROS. Metabolomic studies revealed that the phenylpropanoid biosynthetic pathway is one of the most stimulated by salinity. The stimulation of this pathway results in the increased production of various phenolic compounds, such as hydroxybenzoic acids (e.g., gallic acid, vanillic acid, syringic acid, p-hydroxybenzoic acid, and ellagic acid), hydroxycinnamic acids (e.g., caffeic acid, chlorogenic acid, p-coumaric acid, m-coumaric acid, ferulic acid, sinapic acid, and trans-cinnamic acid), and flavonoids (e.g., quercetin and iso-quercetin, rutin, luteolin and luteolin-7-O-glycoside, apigenin, kaempferol, and luteolin; Sharma et al., 2019). Accumulation of lipophilic compounds, such as α-tocopherol implicated in antioxidant responses (e.g., oxygen free radical, lipid peroxyl radicals, and 1O2 – scavenging capacity) in different species were found to activate the resistance to salinity (Malik et al., 2013). Carotenoids, another group of lipophilic antioxidants that can remove several types of ROS, were found to accumulate in sugar cane under salt stress (Malik et al., 2013).

In general, drought and salinity alter several metabolic pathways. However, some of them are not well studied and the potential of these metabolic changes is not completely and scientifically explored. Therefore, it is important to understand better, for instance, how controlled stress situations (e.g., low or moderate water deficit) shifts metabolic pathways resulting in the enhancement of metabolites that, besides protecting plants, can also alter its nutritional value. For instance, the increase of some metabolites, such as β-carotene in Brassica chinensis var. parachinensis, vitamin C in S. lycopersicum, polyphenols in Fagopyrum esculentum, stevioside in Stevia rebaudiana leaves, allicin in Allium sativum, and rosmarinic acid in Salvia miltiorrhiza leaves, in response to water deficit (Sarker and Oba, 2018; Isah, 2019) enhance the quality of these species/fruits. Moreover, the implications of these metabolic changes in plant growth and productivity must also be taken into consideration.



PLANT-MICROBE INTERACTIONS CONFER ABIOTIC STRESS TOLERANCE

Plant-microbe interactions are considered as an essential determinant of ecosystem processes (Cheng et al., 2019). Plants are living intimately with the microbial communities in the root system (Friesen et al., 2011). In general, the roots shape the niche or environment where the microbial communities establish and survive, while the plant-associated microbes, especially plant growth-promoting microorganisms (PGPM) can affect the growth, nutritional status, development, and fitness of the host plants (Pascale et al., 2020).


Role of PGPM in Abiotic Stress

Plant growth-promoting microorganisms including plant growth-promoting bacteria (PGPB), rhizobia, and arbuscular mycorrhizal fungi (AMF) are defined as microbes inhabiting around/in free-living soils, rhizosphere/rhizoplane (e.g., rhizobacteria and ectomycorrhizal fungi), or tissue interior (e.g., endophytic bacteria, endomycorrhizal fungi, and AMF) that are beneficial for plants (Ma et al., 2011). The role of PGPM in plant growth, nutrient acquisition, and biocontrol activity has been well established. Despite the difference between these types of microbes, these PGPM strains can colonize the rhizosphere soils or endo-rhizosphere of plants and they can protect plants from both abiotic (e.g., drought, salinity, and extreme temperature) and biotic stresses (e.g., phytopathogens) and enhance plant establishment and growth via the same plant growth-promoting mechanisms that involve direct and indirect mechanisms (Ma et al., 2019b). In general, the direct mechanisms include the facilitation of nutrient acquisition (e.g., nitrogen fixation, siderophore sequestration, and potassium and phosphate solubilization; Kohler et al., 2009), synthesis of phytohormones (e.g., auxin, cytokinin, ABA, and GA; Ma et al., 2019a), exopolysaccharides (EPS; Naseem et al., 2018), and volatile or non-volatile compounds, as well as induction of ACC deaminase (Forni et al., 2017). Indirect mechanisms include biological control against phytopathogens (e.g., bacteria, fungi, and nematodes) through the synthesis of allelochemicals (e.g., antibiotics and antifungal metabolites) or induced systemic resistance (e.g., reinforcement of plant cell wall, production of antimicrobial substances, and the synthesis of pathogen-related proteins; Ma et al., 2011). As the abiotic stresses (drought and salinity) have adverse impacts on crop yields, the potential role of PGPM in improving plant performance makes it important to elucidate the responses of plant-associated microbes to environmental change (Compant et al., 2010).



Drought and Salinity Stress Microbial Ecology

Drought or salinity could significantly reduce plant yields, cause land degradation, and influence plant-microbe interactions (Munns, 2002; Lesk et al., 2016). Recently, Santos-Medellín et al. (2017) explored the responses of rice root-associated microbiomes to drought stress and they found major compositional changes in the rhizosphere and endosphere communities, particularly changes in the relative abundance of taxonomically diverse bacteria in response to drought. Drought-resistant PGPM might potentially benefit the host plants and improve their adaption to various abiotic stresses, due to their contribution to plant tolerance to drought and their ability to protect plants from infection by pathogens (Ma et al., 2016, 2017; Tiepo et al., 2018; Eke et al., 2019; Halo et al., 2020). The isolation, characterization, and identification of microbes possessing the ability to promote plant tolerance to drought might be used to alleviate crop losses under adverse climate change conditions. Likewise, Xu et al. (2018) demonstrated that drought greatly diminished bacteria community diversity in the rhizosphere and root endosphere, and increased the abundance of Actinobacteria and Firmicutes, which were most pronounced in the root endosphere. Besides, drought stress resulted in a shift in the metabolites secreted by the roots of host plants. The findings suggest that there are molecular dialogs/interactions between host plants and their associated microbes for reshaping rhizosphere biota to cope with/adapt to drought stress. Unraveling the molecular dialogs may advance fundamental knowledge of employing beneficial microbes to improve plant stress tolerance. However, there is a lack of information about whether and how the drought-enriched metabolites deploy/drive rhizosphere microbial composition.

So far, the root microbial structure, composition, and function under natural and agricultural environments have been extensively explored. However, there has been no coordinated effort to dissect the impacts of extreme environments (e.g., drought, salinity, and heat) on microbial community composition for helping understand the mechanisms of reshaping plant-microbe interactions under changing climatic conditions (Busby et al., 2017). Also, the identification of rhizosphere microorganisms that thrive under different adverse environmental conditions can result in the discovery of beneficial symbiosis, as the microbial traits that confer stress tolerance may be beneficial to the plant hosts (Rodriguez et al., 2008). By the end of this century, the frequency of drought is expected to increase, and this trend may gradually change the underground characteristics of the affected agricultural ecosystems. Although drought may reconstruct the soil bacterial diversity (Barnard et al., 2013; Bouskill et al., 2013), little is known about the impact of drought on microbial communities in the rhizosphere of various plant species. These microbial communities might be directly affected by drought stress and/or indirectly by host-mediated processes since drought triggers a series of plant molecular, physiological, and developmental responses (Xu et al., 2010; Gray and Brady, 2016).

Salinity stress is known to influence both bacterial and fungal diversity in different manners, by driving the soil nutrient cycle in various land ecosystems. In general, bacterial diversity decreases with salinity, whereas the response of fungi to this stress is more complex. Bacterial and fungal community structure depends on the levels of salinity (Thiem et al., 2018). Zhang et al. (2019a) reported that the increasing soil salinity decreased the relative abundances of soil bacterial, fungal, and arbuscular mycorrhizal communities and, thereafter, affected their function (e.g., organic matter decomposition and lignin degradation) in saline coastal ecosystems.



Mechanisms of PGPM Mediated Drought and Salinity Tolerance

Several strategies have been explored to alleviate the toxic/detrimental effects induced by abiotic stress on plant growth and development, including plant genetic engineering, and recently the application of PGPM (Dimkpa et al., 2009; Ma et al., 2016, 2017, 2019a,b). Although Yang et al. (2009) and Dodd and Perez-Alfocea (2012) have extensively reviewed the use of PGPB in plants as elicitors of tolerance to abiotic stresses, we attempt to shed light on the underlying mechanisms used in various PGPM species to assist crops to cope with drought and salinity stresses. As the basic mechanisms behind drought and salinity stresses are similar, they are discussed together under common headings (Figure 3).
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FIGURE 3. Mechanisms underlying abiotic stress response and adaptation. DS, drought stress; SS, salinity stress; PGPM, plant growth-promoting microorganisms; ABA, abscisic acid; JA, jasmonates; SA, salicylates; IAA, indole-3-acetic acid; GA, gibberellins; CK, cytokinins.



Microbial Induction of Systemic Resistance

Plant growth-promoting microorganisms induced systemic tolerance (IST) may lead to physical and chemicals changes in plants, thus contributing to plant tolerance to abiotic and biotic stresses. Many researchers have advocated that crops inoculated PGPM persuade morphological and biochemical changes resulting in increased drought tolerance by eliciting IST (Yang et al., 2009; Ma et al., 2016, 2017; Vurukonda et al., 2016). Facultative endosymbionts can confer adaptive advantages to their hosts, such as digestion, fecundity, and resistance to abiotic (e.g., drought, salinity, and heat) or biotic stresses (Guo et al., 2017). IST is accompanied by PGPM by allopathic compound production, competition for ecotype and nutrient. Allelochemicals comprising antibiotics, lytic enzymes, and siderophores, act effectively against pathogens and suppress their growth (Jain et al., 2013). Frago et al. (2017) demonstrated that Hamiltonella defensa, an endosymbiont of aphids and other sap-feeding insects, protected plants against parasitoids and diminished the emission of plant defensive volatiles following aphid attack.



Nutrient Acquisition and Ion Homeostasis

Plant growth-promoting microorganisms have a great capacity to convert nutritional elements from unavailable to available form through biological processes (Ma et al., 2011). Their performances are greatly influenced by various environmental factors, such as soil type and properties, metal contamination, and abiotic stress (e.g., drought and salinity). Egamberdiyeva (2007) found that three PGPB isolates Pseudomona alcaligenes PsA15, Bacillus polymyxa BcP26, and Mycobacterium phlei MbP18 could tolerate high temperatures and salt concentrations and have stimulatory effects on nitrogen, phosphorus, and potassium uptake of Z. mays in nutrient-deficient calcisol soil, thus enhancing the ability of the plant to survive in arid and saline soils. Under drought stress, mycorrhizal association with the plants can improve nutrient accumulation via the establishment of extensive hyphal networks and glomalin secretion that facilitate water and nutrient uptake (Bahadur et al., 2019).

It is well known that salinity inhibits plant growth owning to increased Na+ concentration and low K+/Na+ ratio in plants. A number of studies have demonstrated that PGPM inoculation avoided the over-accumulation of Na+ and maintained the ion homeostasis under salinity stress (Bharti et al., 2014; Tewari and Arora, 2014). Kohler et al. (2009) examined the effects of inoculation of plant growth-promoting rhizobacterium Pseudomonas mendocina, alone or in combination with AMF Glomus intraradices or Glomus mosseae on the growth, nutrient accumulation, and physiological parameters of Lactuca sativa exposed to salt stress. The results showed that L. sativa inoculated with P. mendocina reduced plant Na+ uptake and increased K+ uptake, resulting in a higher K+/Na+ ratio, as well as greater shoot biomass, compared to the control treatments, suggesting that the application of PGPB could be used to alleviate salinity stress in plants that are sensitive to salt. The volatile organic compounds synthesized from Bacillus subtilis decreased transcriptional expression of a high-affinity K+ transporter (HKT1) in Arabidopsis roots whereas it was upregulated in shoots, thus reducing Na+ uptake by roots and Na+ expulsion from shoots (Zhang et al., 2008).



Phytohormonal Modulations

Plant growth-promoting bacteria can produce phytohormones such as IAA, GA, ABA, etc., which stimulate plant cell growth and division to become tolerant/resistant to environmental stresses (Ma et al., 2019a). Synthesis of IAA and GA by PGPB caused an increase in plant growth (e.g., root length, root surface area, and the number of root tips) and nutrient uptake, thus ameliorating plant health under drought and salinity stress (Egamberdieva and Kucharova, 2009; Ma et al., 2016, 2017). Several studies have found that PGPB can improve the growth of various plant species (such as S. lycopersicum, Solanum pimpinellifolium, Capsicum annuum, B. napus, Helianthus annuus, P. vulgaris, T. aestivum, and L. sativa) under drought or saline conditions (Yildirim and Taylor, 2005; Barassi et al., 2006; Hussain et al., 2014; Ma et al., 2016, 2017, 2019a; Khan et al., 2017).

The abscisic acid produced by PGPB can also contribute to microbe-induced drought or salinity tolerance. PGPB Phyllobacterium brassicacearum STM196 improved osmotic stress tolerance in Arabidopsis thaliana by increasing ABA content, thus inducing a reduction in leaf transpiration (Bresson et al., 2013). Likewise, inoculation of cytokinin producing PGPB B. subtilis enhanced the ABA content in the shoots of Platycladus orientalis seedlings and the stomatal conductance, consequently conferring drought stress tolerance (Liu et al., 2013). In terms of salinity stress, Naz et al. (2009) found that the bacterial strains isolated from Khewra exhibited salt tolerance and were able to produce IAA, GA, trans-zeatin riboside, and ABA. Moreover, the inoculation of these strains greatly improved the growth and proline contents in Glycine max under salt stress. Similarly, inoculation of ABA-producing endophytic bacteria significantly enhanced salinity stress tolerance in O. sativa by modulating endogenous hormone and upregulating essential amino acids (e.g., glutamic acid, aspartic acid, phenylalanine, proline, and cysteine; Shahzad et al., 2017). Sadeghi et al. (2012) observed that inoculation of IAA and siderophore producing Streptomyces isolate significantly enhanced the growth and development of T. aestivum, as well as the concentration of N, P, Fe, and Mn in plant shoots in normal and saline soil. The findings suggest that Streptomyces isolate can be used as biofertilizers in saline soils. Recently, Khan et al. (2017) reported that the application of plant growth-promoting endophytic bacteria (PGPE) and jasmonic acid enhanced the growth of S. pimpinellifolium when exposed to salinity stress. The findings suggest that the salinity tolerance ability of PGPE could be attributed to the existence of glutathione-related genes in their genome.



Role of ACC Deaminase Producing PGPM in Abiotic Stress Tolerance

Many aspects of plant growth are regulated by ethylene concentrations and ethylene biosynthesis is tightly controlled by transcriptional and post-transcriptional factors, which are mediated by biotic and abiotic stresses (e.g., drought and salinity; Hardoim et al., 2008). The phytohormone ethylene regulates plant homeostasis in response to stress conditions, leading to reduced plant growth and development. ACC deaminase producing bacteria can modulate plant ethylene levels through cleaving ACC into α-ketobutyrate and ammonia, therefore, ameliorating stress and promoting plant growth under adverse conditions (Glick et al., 2007). ACC deaminase producing Achromobacter piechaudii ARV8 conferred IST against salt in S. lycopersicum (Mayak et al., 2004). Under drought conditions, ACC deaminase producing PGPB A. piechaudii ARV8 greatly enhanced the seedling fresh and dry weight of L. esculentum and C. annuum while reduced the production of ethylene (Mayak et al., 2004). It was found that only wild type ACC deaminase-containing PGPB (not mutant PGPB that lack ACC deaminase) could protect plants from ethylene-induced growth inhibition, regardless of whether those bacteria are rhizobacteria or endophytes in nature (Forni et al., 2017).



Microbial Exopolysaccharide Production

The dynamic and complex interactions between microbes, plant roots, and soils in the rhizosphere can alter the soil physicochemical and structural properties (Ma et al., 2016). The extracellular polysaccharides produced by soil microorganisms can bind soil particles together to form micro‐ and/or macroaggregates, where plant roots, bacteria, fungal hyphae fit in the pores between microaggregates and are involved in macroaggregate stabilization (Naseem et al., 2018). The EPS producing bacteria were found to enhance the plant tolerance to drought and salinity stresses due to their ability to optimize soil structure (Sandhya et al., 2009; Naseem et al., 2018). Recently, Khan and Bano (2019) demonstrated that EPS produced by PGPB consortia positively affected drought tolerance and plant growth through the improvement of soil moisture contents. In the rhizosphere soil, bacterial EPS form a rhizosheath around the roots and hence protect plant host from desiccation for a longer period. Under salinity stress, EPS may bind to cations (e.g., Na+), making it unavailable to plants for their uptake. The co-inoculation of Rhizobium and Pseudomonas resulted in increased proline production along with decreased electrolyte leakage, maintenance of leaf relative water content, and selective uptake of K+, therefore, eventually improving salt tolerance in Z. mays (Bano and Fatima, 2009).



Alteration of the Antioxidant Defense System

As mentioned above, abiotic stress such as high salinity or drought induces overproduction of ROS, leading to altered cellular redox homeostasis. The elevated ROS level causes inactivation of membrane-bound proteins, diminished membrane fluidity, DNA damage, inhibition of protein synthesis, and enzymatic activities. There is substantial evidence indicating that PGPM inoculated plants can survive under abiotic stress-induced oxidative stress by manipulation of antioxidant enzymes (Kim et al., 2014). For instance, Pedranzani et al. (2016) found that the application of AMF Rhizophagus irregularis improved the physiological performance of Digitaria eriantha under drought, salinity, and cold stresses through the upregulation of antioxidant enzyme activity (e.g., CAT and APX) and jasmonate synthesis. Recently, Ma et al. (2017) reported that the application of plant growth-promoting endophytic bacterium ASS1 stimulated the activity of CAT and SOD under various stress conditions (e.g., drought, multi-metals, and drought + multi-metals). Although PGPM inoculated plants have been proved to mitigate the oxidative damage, the underlying mechanisms behind alterations in antioxidant enzyme activities that caused by PGPM are scarcely known. Many factors, such as host plant species, PGPM type, and strain, as well as type, degree, and duration of abiotic stress can be responsible for such alterations in enzymatic levels.



Microbial Osmolytes Production

Plant growth-promoting microorganisms can produce compatible osmolytes in response to drought or salinity stress, which act synergistically with osmolytes (e.g., proline, trehalose, and polyamines) secreted from plants and, thus, promote plant growth and development (Paul et al., 2008). The capacity to accumulate proline under stress conditions has been greatly correlated with stress tolerance in plants (Claussen, 2005). Under drought and salinity stresses, proline shows great potential to adjust cytosolic acidity and diminish lipid peroxidation by directly scavenging ROS and stabilizing proteins and membranes (Gill and Tuteja, 2010). There have been numerous reports implicating that plants inoculated with PGPM manifest increased proline content, which helps plants to cope with drought and salinity stress (Bharti et al., 2014; (Shintu and Jayaram, 2015). However, it is still not clear whether it is absorbed from rhizosphere soils or due to the upregulation of the proline biosynthesis pathway. On the contrary, several studies observed that the inoculation of PGPB decreased the proline content in plants exposed to drought and salinity stresses (Ma et al., 2017, 2019a; Singh and Jha, 2017). This is because PGPM may counteract the adverse effects of drought and salinity by inducing the regulation of osmotic balance and maintaining the bioenergetics of plant cells.

Moreover, as a highly sable glucoside, trehalose plays an important role in diminishing the damage to plant cells from drought and salinity. Rodriguez Salazar et al. (2009) observed that inoculation of Z. mays with Azospirillum brasilense overexpressing trehalose biosynthetic genes increased trehalose accumulation, consequently conferring drought tolerance or osmotolerance. This may be attributed to the ability of trehalose to stabilize membranes and proteins. Recently, a higher accumulation of trehalose was found in mycorrhizal plants under salt stress compared to non-mycorrhizal plants. This can be due to AMF-stimulated enhanced activities of enzymes responsible for the biosynthesis of trehalose (e.g., trehalose-6-phosphate synthase and trehalose-6-phosphate phosphatase) and lower activity of trehalose degrading enzyme (e.g., trehalase; Garg and Pandey, 2016).

Polyamines are biogenic amines having aliphatic nitrogen structure that exist in almost all organisms and are widely implicated in diverse plant growth and development processes, such as cell division and differentiation, root elongation, floral development, fruit maturation, senescence, programmed cell death, and DNA replication, transcription and translation (Alcazar et al., 2011). Cassan et al. (2009) found that inoculation of cadaverine (polyamine)-producing A. brasilense Az39 significantly promoted the root growth of Oryza seedlings under osmotic stress (Cassan et al., 2009). Recently, a pot experiment was conducted by Zhang et al. (2019b) to evaluate the role of AMF in root polyamine homeostasis, activities, and gene expression of polyamine-related synthesizing and degrading enzymes in Poncirus trifoliata under drought stress. The results show that mycorrhizal application induced higher putrescine and cadaverine with higher activity of polyamine catabolic enzymes and putrescine synthases under drought stress, demonstrating that mycorrhizas can improve plant drought tolerance through modulation of polyamine metabolism.





CONCLUSION AND FUTURE PERSPECTIVES

Considering the global climate change scenario, the main obstacle to global food security is sustained loss of crops due to abiotic stresses (particularly drought and salinity). In the past decades, great progress has been made in understanding how abiotic stresses affect plant growth and yield, and how the plant respond/adapt to these stresses. The duration and severity of drought or salinity exposed have undoubtedly pivotal roles in examining how plants respond to these stresses as elucidated in Figure 1.

In terms of drought, stomata close progressively along with a parallel reduction in water-use efficiency and net photosynthetic activity. Apart from other parameters, the alterations in photosynthetic pigments are closely correlated with drought tolerance. Self-protective responses to the stress at the leaf level must then be triggered quickly to protect the photosynthetic machinery from being irreversibly damaged. Scavenging of ROS by enzymatic and non-enzymatic systems, cell membrane stability, expression of stress-responsive genes, and proteins are essential mechanisms of drought tolerance. Moreover, metabolite adjustments strongly contribute to drought adaptation, particularly polyphenols, lipophilic compounds, and some TCA cycle metabolites are involved in defense and protection, while other compounds, such as carbohydrates, amino acids, and polyols, contribute to osmoregulation.

Plant response to salinity follows a biphasic model, wherein an early phase shows a similarity with drought (osmotic stress) and in the long-term induce ion toxicity. In the first phase, growth falls significantly, and stomata closure occurs in response to water potential decline. In the second phase, ions accumulations, particularly Na+, affects photosynthetic components such as enzymes and pigments, and increase oxidative stress. ROS play a dual role in salt stress response, functioning as toxic by-products of stress, as well as a signal molecule activating several pathways leading to protective responses that are also common to drought stress.

Plant-associated microorganisms can be considered as major components of the ecosystems and play an essential role in improving plant adaptation/evolution to climatic stresses (such as drought and salinity). In this regard, microbes can rescue plants from the negative consequences of drought and salinity through various mechanisms, such as solubilization of nutrients (N, P, K, and Fe), IST, and production of phytohormones (IAA, cytokinin, ABA, and GA), EPS, and ACC deaminase. Given the fundamental understanding of these mechanisms involved in plant-PGPM interactions, it is expected that the practical use of PGPM in agricultural fields will grow dramatically to improve plant survival to environmental changes. Nevertheless, it is not clear whether the mechanisms involved in PGPM induced amelioration of drought stress are different from those of salinity stress. Further research is required to provide evidence of underlying similarities and differences in microbe induced drought and salinity tolerance, basing on innovations in mirroring microbial interactions found in nature.
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Both inoculants treatment and enzyme treatment promote the reproduction of lactic acid bacteria (LAB) to produce enough lactic acid to lower pH in silage. The present study investigated the microbial community and metabolome in cellulase, Lactobacillus casei, and air treated alfalfa silage. Chopped and wilted alfalfa (first cutting, 29% dry matter) was ensiled without (CON) or with L. casei (1 × 106 cfu g–1 fresh matter) (LC) or cellulase (20,000IU, 0.5% of fresh matter) (CE) for 56 days, then exposed to air for 3 days (PO). Greater ensiling quality was observed in LC and CE, which had lower pH and higher lactic acid content than CON at 56 days of ensiling and 3 days post-oxygen exposure. Air exposure was associated with decreased lactic acid concentrations and increased yeast and mold counts in all silages. SEM showed that the structure of leaf epicuticular wax crystals were intact in fresh alfalfa, totally decomposed in CON silage, and partly preserved in CE and LC silage. Gas chromatography mass spectrometry revealed that 196 metabolites and 95 differential concentration were present in the 3 days air exposure samples. Most of these metabolites, mainly organic acids, polyols, ketones, aldehydes, are capable of antimicrobial activity. The bacterial communities were obviously different among groups and Lactobacillus developed to a dominant status in all silages. Lactobacillus became dominant in bacterial communities of LC and CE silages from days 7 to 56, and their relative abundances reached 94.17–83.93% at day 56, respectively. For CON silage, until day 56, Lactobacillus dominated the bacterial community with abundance of 75.10%. After 3 days of oxygen exposure, Lactobacillus and Enterococcus were predominant in CON, and Lactobacillus remained dominant in LC and CE silages. The results indicated that, compared to untreated silages, L. casei could be a priority inoculant for alfalfa silage to boost Lactobacillus abundance and improve fermentation quality. Our high-throughput sequencing and gas chromatography mass spectrometry results provide a deep insight into the bacterial community and metabolites in alfalfa silage.
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INTRODUCTION

Alfalfa is an important legume used as forage in animal husbandry, but is more difficult to ensile than other forages due to its high buffering capacity, low water-soluble carbohydrate (WSC) content and a tubular hollow stem that inhibits the complete removal of air during ensiling (McAllister et al., 1998; Nkosi et al., 2016). Ensiling is an effective method for maximizing the preserved nutritive value of forage crops or grasses (Pahlow et al., 2003). The improvement of fermentation quality of silages, evaluated by low pH, high lactic acid content, and low level of ammonia-N, can be achieved by treatment of silage with different additives, including inoculants, chemical matter and enzymes (Dunière et al., 2013; Ni et al., 2017; Muck et al., 2018).

Lactic acid bacteria (LAB) are extensively used in silage for their ability to accelerate the accumulation of lactic acids, lower pH, prevent protein degradation, reduce dry matter (DM) loss, and enhance animal performance (Weinberg and Muck, 1996; Filya et al., 2006; Oliveira et al., 2017). Unlike L. plantarum and L. buchneri, which conserve forage (Arriola et al., 2011; Contreras-Govea et al., 2011), L. casei (L. paracasei) has not frequently been used in silage, as its effects are uncertain. Some studies reported a positive effect of L. casei on silage, such as increased lactic acid, and decreased acetic acid (Nishino et al., 2007; Nishino and Touno, 2010). However, other studies have revealed possible negative effects of L. casei on silage, which found that L. casei was present in poor quality alfalfa silages with low acid content, which are characteristics of low quality silage (Langston and Bouma, 1960).

Enzymes can increase the rate of plant cell wall degradation by hydrolyzing cellulose fibers to soluble carbohydrates (Muck et al., 2018). The release of soluble carbohydrates promotes the growth of LAB, which produce lactic acid and decrease the pH of silage (Kung et al., 1991; Nadeau et al., 1996; Su et al., 2019). Conversely, Lynch et al. (2014) found that the use of cellulase and xylanase in wilted alfalfa (340 g DM/kg fresh crop) did not improve fermentation quality of silage. However, the addition of enzymes can result in a dose-dependent decrease of fiber (ADF, NDF) contents in silage according to dose (Nadeau et al., 2000; Khota et al., 2016). Other negative impacts were also found, such as excessive release of WSC (which may decrease aerobic stability), and in some cases the lower overall digestibility of consumed NDF by acting on the more-digestible components of NDF (Nadeau et al., 2000; Kung and Muck, 2015). Therefore, it is necessary to further study the application effect and mechanism of enzymes in silage.

Abundant metabolites are produced by microorganisms in silage. These metabolites have multiple effects in silage, such as improving fermentation quality and flavor, and prolonging aerobic stability. Organic acids produced by microorganisms in silage, such as conventionally detected acetic, formic, butyric, sorbic, isovaleric acids, play an important role in preventing the aerobic deterioration of silage (Ohyama and McDonald, 1975; Ohyama et al., 1977; Kung et al., 1998). Metabolomics shows that LAB in grass silage can produce more organic acids, such as 3-phenyllactic acid, 3-hydroxydecanoic acid, p-hydrocoumaric acid, hydroferulic acid, and p-coumaric acid (Broberg et al., 2007). In addition to organic acids, metabolomics allow to detect and quantify many other substances in silage. Actually, metabolomics analysis detected 280 metabolites and 102 different metabolites in LAB-treated alfalfa silage which include not only organic acids, but also amino acids and polyols (Guo et al., 2018). Some substances other than organic acids also have antibacterial activities, such as ethanol, acetaldehyde, 2, 3-butanedione, hydrogen peroxide, and exopolysaccharides (Driehuis and Elferink, 2000; Sjögren et al., 2003). At present, there are few metabolomics studies on silage, so it is necessary to further explore metabolites in silage.

The existing techniques, such as colony counting, terminal restriction fragment length polymorphism, denaturing gradient gel electrophoresis and real-time PCR, can only observe a limited number of species or the species with greater abundance in silage (Lin et al., 1992; Stevenson et al., 2006; Li and Nishino, 2011; Ridwan et al., 2015). In comparison, the next-generation sequencing (NGS) used in the present study can identify organisms with low abundance and then provide the composition of the whole microbial community in silage. Metabolomics targets all the small-molecular metabolites in the samples, and thus can reflect the changes in metabolite contents caused by different treatments, and as well as the correlation between the bacterial population and metabolites in silage (Xu et al., 2019). These new techniques could bring novel insights into silage research.

As mentioned above, unlike inoculants that directly promote LAB reproduction, cellulase promotes the growth of LAB by releasing water-soluble carbohydrates, but inoculants and cellulase both ultimately both improve the fermentation quality of silage by increasing the number of LAB. However, the exact compositions of the microflora and metabolites in silage may be different between inoculants-treated and enzyme-treated silages. Therefore, this study was conducted to determine the effect of L. casei treatment and cellulase treatment on (1) the fermentation quality of alfalfa silage; (2) the succession of bacterial community of alfalfa silage; (3) the ultra-microstructure of alfalfa silage; (4) the microbial metabolites of alfalfa silage.



MATERIALS AND METHODS


Materials and Silage Preparation

Alfalfa was harvested at the first cut during the 30% bloom stage from fields located at the Inner Mongolia University for Nationalities (E122° 15′, N43° 38′), Inner Mongolia, in June 2018. The alfalfa was wilted to 289.2 g DM kg–1 in air ventilation indoor for 5 h, and then chopped to 10–20 mm lengths with a forage cutter. The crude protein (CP), neutral detergent fiber (NDF), acid detergent fiber (ADF), water-soluble carbohydrate (WSC), and ammonia nitrogen (NH3-N) in alfalfa forage were 206.2, 457.1, 336.2, 726.4, and 15.8 g kg–1, respectively. The pH of forage was 5.82 and LAB, molds, and yeast log10 cfu g–1 values were 6.06, 5.43, and 5.91, respectively. Treatments included (1) deionized water (CON); (2) cellulase (Main cellulase activities as: Endo-β-1,4-Glucanase (EC3.2.1.4): 20,000 IU g–1; Cellobiohydrolase (EC 3.2.1.91): 1,560 IU/g; β-Glucoside glycohydrolase (EC 3.2.1.21): 689 IU g–1; Endoxylanase (EC 3.2.1.8): 8,624 IU g–1) (SD-124, Challenge Co., Ltd., Beijing, China), applied at 5 g kg–1 of fresh forage (CE), and (3) Lactobacillus casei (BNCC189777, Bnbio Co., Ltd., Beijing, China), freshly cultured, applied at 1 × 106 cfu g–1 of fresh forage (LC). The cellulase and the freshly-cultured inoculants were diluted with distilled water so that they were applied at the same rate (20 ml kg–1 FM); equal amounts of sterile distilled water were sprayed onto untreated forage. The alfalfa forage with given amount was sprayed with diluted additives (one sprayer for each treatment). Approximately 500 g of grass forage were vacuum sealed (Vacuum for 20 s, vacuum pressure 0.073MPa; DZ-260/PD, Afanlao Co., Ltd., Shanghai, China) in polyethylene silo bags (Size: 25 × 36 cm; Thickness: 0.24 mm) (Wangnuo Co., Ltd., Taizhou, China) (three silos per treatment). Silages were ensiled at room temperature (25–27°C) and sampled at 7–56 days. For air-exposed silage, the polyethylene bags containing 56 day silage were perforated (to formed 6 punctures evenly distributed on each side of silo bag) using a sterilized needle (3 mm in diameter) to allow air entry, placed in another opened polyethylene bag in the dark for 3 days (PO), and then sampled.



Chemical and Microbial Analysis

The DM content of ensiled silage was determined after drying samples in a forced air oven at 65°C for 72 h. WSC content was measured according to Owens et al. (1999). Twenty-five grams of silage were diluted with 225 mL of de-ionized water, blended for 30 s, and filtered through four layers of gauze. The liquid fraction was measured for pH using an electrode pH meter (S20K, Mettler Toledo, Greifensee, Switzerland), and ammonia-N (NH3-N), which was analyzed as described by Zahiroddini et al. (2004). To measure organic acids, including lactic acid, acetic acid, propionic acid and butyric acid, filtrate was centrifuged at 1,800 × g for 15 min at 4°C and analyzed by high performance ion chromatography (ICS-3,000 system, Dionex, Sunnyvale, CA, United States) by conductivity detection. Organic acids were separated on an AS11 analytical column (250 mm × 4 mm) and an AG11 guard column under the following gradient conditions: potassium hydroxide; 0–5 min, 0.8–1.5 mM; 5–10 min, 1.5–2.5 mM, 10–15 min, 2.5 mM. The flow rate was 1.0 mL/min. For microbial counts, the filtrate (after gauze filtering) was subjected to serial dilutions and spread onto agar plates. The numbers of LAB were enumerated on spread plates of de Man, Rogosa, and Sharpe agar (Oxoid, CM 361). Yeasts and molds were enumerated on malt extract agar (Oxoid CM59) plates. Colonies were counted after incubation of the plates for 3 days at 30°C.



Scanning Electron Microscopy Analysis

Leaves were sampled from fresh alfalfa and alfalfa silage ensiled for 56 days. The samples were fixed in 2.5% glutaraldehyde for at least 5 h, then were cleaned 3 times using 0.1M PBS. After this procedure, the samples were successively dehydrated with increasing ethanol concentrations (50, 70, 80, 90, 95, and 100% ethanol). Next, samples were cleaned in alcohol/isoamyl hexate (1:1) for 30 min followed by isoamyl hexate for 30 min. Then, samples were critical-point dried and sputtered with gold. Finally, the samples were visualized under a scanning electron microscope (Hitachi S-3,400, Tokyo, Janpan).



Metabolite Profile Analysis

For silage extraction, 100 mg silage fodder samples from 3 days air exposure silages were added to 360 μL pre-chilled methanol and 40 μL internal standard (L-2-chlorophenylalanine, 0.3 mg/mL methanol). The mixture was homogenized, ultrasound treated, and centrifuged at 10,000 rpm at 4°C for 10 min; 400 μL of supernatant was then added to 80 μL methoxy amine hydrochloride (15 mg/ml in pyridine) for oximation. For derivatization, 80 μL BSTFA and 20 μL n-hexane were added to the oximation product and the mixture was placed at 70°C for 60 min then shaken for 2 min. The sample was then incubated at room temperature for 30 min. Gas chromatography-mass spectrometry (GC-MS) analysis was performed using an Agilent 7890A/5975C GC-MS instrument (Agilent, Santa Clara, CA, United States). Analytic compounds (1 μL) were injected in splitless mode with an inlet temperature of 260°C and separated with a HP-5MS (30 m × 0.25 mm × 0.25 μm) capillary column, using helium as a carrier gas at a constant flow rate (1 mL/min). The GC column temperature was increased from an initial temperature of 60–310°C at a rate of 8°C per minute and held for 6 min at 310°C. The ion sources temperature was 230°C and the quadrupole temperature was 270°C. Data acquisition was conducted using full scan mode with an m/z range of 50–600. GC-MS data were converted from ChemStation analysis files (version E.02.02.1431, Agilent, CA, United States) to netCDF format files, and were processed with Chroma TOF software (version 4.34, LECO, St Joseph, MI). Chroma TOF was used to extract raw peaks, filter and calibrate data baselines, and identify and integrate peaks. Metabolites were identified using Tracerfinder 3.2 (Thermo Fisher Scientific, CA) based on the NIST14.0 library. Majorbio Cloud Platform1 was used for multivariate analysis.



Microbial Composition Analysis by Sequencing of 16S rRNA Gene

Genomic DNA was extracted from alfalfa samples using an E.Z.N.A.® soil DNA Kit (Omega Bio-tek, Norcross, GA, United States.) according to the manufacturer’s instructions. The final DNA concentration and purification were determined using a NanoDrop 2,000 UV-vis spectrophotometer (Thermo Scientific, Wilmington, United States), and DNA quality was accessed by 1% agarose gel electrophoresis. The V3-V4 regions of bacterial 16S rRNA genes were amplified using 12 bps barcoded primers (forward 338F: 5′-ACTCCTACGGGAGGCAGCAG-3′; reverse 806R: 5′-GGACTACHVGGGTWTCTAAT-3′) by a thermocycler PCR system (GeneAmp 9,700, ABI, United States) (Yang et al., 2019). Each 20 μL reaction was composed of 4.0 μL of 5 × FastPfu Buffer, 2 μL of deoxynucleoside triphosphate (dNTP) mix (2.5 mM each), 0.4 μL of FastPfu DNA polymerase, 10 ng DNA, and 0.8 μL of each primer (5 μM). The PCR program for the thermocycler (ABI GeneAmp, United States) was: 95°C for 5 min to initial denaturation, then 27 cycles of 95°C for 30 s, 55°C for 30 s, and 72°C for 45 s, with a final extension of 72°C for 10 min. The PCR products were purified using an AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, United States), quantified using QuantiFluorTM-ST (Promega, United States), and cloned using an UltraTM DNA Library Prep Kit for Illumina (New England Biolabs Inc., Ipswich, MA, United States) as per the manufacturer’s instructions. Amplicons were pooled in equimolar amounts and paired-end sequenced (2 × 300) on an Illumina Miseq PE300 platform (Illumina Corporation, San Diego, United States) at the Shanghai Majorbio Bio-Pharm Technology Co., Ltd. (Shanghai, China).



Bioinformatics Analysis

Raw Fastq files were merged by their overlapping regions with overlaps of > 10 bps using Trimmomatic (Bolger et al., 2014). The merged sequences were filtered, by removing sequences with a mismatch ratio up to 0.2 and bases containing N, to obtain optimized sequences. QIIME (Caporaso et al., 2010) was used to pick operational taxonomic units (OTUs) based on 97% sequence identity and to check sequence quality. Potential chimeras were removed using Usearch (version 7.1) (Edgar et al., 2011). OTUs present in negative control amplifications were also removed prior to analysis. Any OTU containing only 1 sequence was removed. Taxonomic assignments were produced by querying the representative sequences against the SILVA (Release132)2. Sequences belonging to chloroplast and mitochondria were removed from further analysis.

Alpha-diversity was obtained using Mothur 1.30 at the OTU level (Schloss et al., 2009). A cluster analysis of sample hierarchy was performed using the Qiime platform3 (Caporaso et al., 2010), Non-metric multidimensional scaling (NMDS) analysis was performed using Qiime and R vegan.



Statistical Analysis

All microbial data was converted to log10 values. Chemical data are presented on a DM basis. Data on chemical determinations, microbial counts were subjected to two-way ANOVA using SPSS 19.0 (SPSS, Chicago, IL, United States), and the treatments and fermentation times were used as two fixed factors. When the interactions declared significant differences following the two-way ANOVA, one-way ANOVA was performed to evaluate the specific effect of treatments (CON, CE, LC) or ensiling time (ensiled for 7 days, ensiled for 56 days, and air exposure for 3 days) on the fermentation quality of alfalfa silage. Tukey’s HSD test was used to examine the differences between the various treatments (P < 0.05). All metabolite data were normalized using Simca-P software 11.54 before hierarchical cluster analysis and principal component analysis (PCA). Significant differences in metabolites among treatment groups were tested by one-way analysis of variance. Quantitative normalization within replicates was transformed by a logarithmic base of 2 and MetaboAnalyst online analysis software5 was used to build a heatmap diagram. P-values below 0.05 between sample groups were considered significant. Metabolomic profiles from alfalfa silage analysis were processed using the Majorbio Cloud Platform6.



RESULTS


Fermentation Characteristics of Alfalfa Silage After 56 Days of Ensiling

After 56 days of ensiling, the lowest pH was observed in the L. casei treated silage (LC) (4.60), followed by the cellulase treated silage (CE) (4.78) and the control silage (CON) (5.24) (Table 1 and Supplementary Table S1). The CE and LC had higher dry matter (DM) content than CON (P < 0.05). The levels of water soluble carbohydrates (WSC) were higher in CE and LC silages than in CON silage (P < 0.05). The ammonia level in LC remained lower than those of CON and CE on day 56 (P < 0.05).


TABLE 1. The fermentation characteristics of alfalfa silage during ensiling and air exposure.

[image: Table 1]After 56 days of ensiling, the CE and LC had more lactic acid and less acetic acid compared with CON (P < 0.05) (Table 1). CE and LC had greater LAB counts than CON (P < 0.05).



Characteristics of Alfalfa Silage After Air Exposure

After the exposure to air, the pH in the LC was lower than in the CON and CE silages (P < 0.05) (Table 1). The DM content in LC was higher than in CON silages. The LC silage contained the greatest content of lactic acid (40.45 g kg–1), while CON silage had the lowest (25.06 g kg–1). The acetic acid content in CE was greatest and in LC was the lowest (P < 0.05). the LAB counts in LC was still the greatest (P < 0.05). The molds and yeasts in CON were not difference between groups (P > 0.05) (Table 1).



The Effect of Time on the Fermentation Characteristics of Alfalfa Silage

During the ensiling, the pH decreased significantly in all silages and the fastest pH decrease occurred in LC silage (Table 1 and Supplementary Table S1). The dry matter DM contents in CON and CE silage significantly decreased (P < 0.05), but did not significantly change in LC silage (P > 0.05). The levels of WSC significantly decreased during ensiling in all silages (P < 0.05). The ammonia levels in CON and CE significantly increased during the ensiling (P < 0.05).

Both the lactic acid and acetic acid contents increased significantly in all silages (P < 0.05) during the ensiling (Table 1 and Supplementary Table S2). The number of LAB significantly increased in all silages during the ensiling (P < 0.05). Yeast and mold decreased to undetectable levels after 56 days of ensiling.

After the exposure to air, the pH in CON silage decreased significantly (P < 0.05), whereas it was not changed significantly in CE and LC silages (P > 0.05) (Table 1 and Supplementary Table S1). The DM and WSC of all groups did not vary significant (P > 0.05). The ammonia content of CON and LC did not change, but that of CE silage significantly increased (P < 0.05).

The lactic acid content significantly decreased after air exposure in all silages (P < 0.05) (Table 1 and Supplementary Table S2). The acetic acid levels in all silages increased significantly after air exposure (P < 0.05).



Scanning Electron Microscopy (SEM)

SEM images revealed that the platelet structure of epicuticular wax crystals on the leaves of fresh alfalfa was intact (Figure 1A). Epicuticular wax appeared to be completely decomposed in CON silage (Figure 1B) and partly decomposed in CE and LC silages (Figures 1C,D). Furthermore, the images indicate that the leaves of CON and CE silages harbored both cocci and rods (Figures 1B,C); while the leaves of LC silage mainly harbored rods (Figure 1D).


[image: image]

FIGURE 1. Scanning electron microscopy analysis (SEM) of the leaf of fresh and silage samples ensiled for 56 days with different treatments. (A) fresh alfalfa; (B) silage without treatment; (C) silage treated with cellulase; (D) silage inculated with L. casei.




Diversity of the Bacterial Community

The rarefaction curves tended to plateau, and the average Good’s coverage of all samples was greater than 99%, suggesting that there was sufficient sequence depth to fully characterize the bacterial community diversity in silage samples (Table 2 and Supplementary Figure S1). The bacterial diversities among silage samples at day 56 were different according to Shannon-Weiner indexes (P < 0.05) (Supplementary Figure S2).


TABLE 2. Alpha-diversity of alfalfa silage during ensiling and air exposure for 3 days.

[image: Table 2]NMDS analysis was used to reveal the distinct clusters among groups. For day 7 silages, CON, CE, LC, and fresh alfalfa (FA) distinctly clustered away from each other (Figure 2A) (Adonis based on bray curtis ditance, R2 = 0.86, P = 0.001), as were PO silages (Adonis based on bray curtis ditance, R2 = 0.81, P = 0.001) (Figure 2C). For day 56 silages, the FA, CON, CE, and LC distinctly clustered away from each other, but the clusters of CON and CE were close to each other (Adonis based on bray curtis ditance, R2 = 0.76, P = 0.001) (Figure 2B). On the whole, the silage samples from FA, CON, CE, and LC distinctly clustered away from each other, and CON and CE clusters were close to each other (Adonis based on bray curtis ditance, R2 = 0.58, P = 0.001) (Figure 2D).


[image: image]

FIGURE 2. Non-metric multidimensional scaling analysis (NMDS) of bacterial community in fresh alfalfa silages with different treatements. (A) Silages from 7 days ensiling; (B), silages from 56 days ensiling; (C), silages from 3 days after air exposure; (D), silages from all samples. FA alfalfa before ensiling; CON, Untreated silage; CE, silages treated with cellulase; LC, silage treated with L. casei.




Bacterial Compositions of Alfalfa Silage

At the phylum level, proteobacteria dominated the bacterial communities in FA silage. Firmicutes dominated the bacterial communities in CON, CE, and LC silages (Figure 3A).


[image: image]

FIGURE 3. Bacterial composition of the alfalfa silage before and after ensilage with different treatments. Stacked bar represented percentage abundance. Small taxa with abundance below 0.01 were merged as others. FA, alfalfa before ensiling; CON, untreated silage; CE, silages treated with cellulase; LC, silage treated with L. casei, PO, silage from 3 days air exposure; 7 days, silage from 7 days ensiling; 56 days, silage from 56 days ensiling. The bacterial communities were showed at the phylum level (A), the genus level (B).


At the genus level, in fresh alfalfa, Sphingobium (46.26%) was dominant, followed by Acinetobacter (6.89%), Enterobacter (6.24), Clostridium (3.90%), Kosakonia (3.67%), Enterococcus (2.02%), and Bacillus (2.72%) (Figure 3B).

The dynamics of bacterial communities during ensiling was reflected profoundly at the genus level (Figure 3B).

After 7 days of ensiling, the CON silage mainly contained Lactobacillus (35.1%), Lactococcus (31.2%), Enterococcus (16.6%), and Pediococcus (8.3%). However, the CE and LC silages were dominated by Lactobacillus with relative abundance of 93.2 and 98.4%, respectively, which were higher in abundance than in CON (P < 0.05) (Figure 3B and Table 3).


TABLE 3. The relative abundance of Lactobacillus and Enterococcus during ensiling and air exposure (%).

[image: Table 3]After 56 days of ensiling, the relative abundance of Lactobacillus in CON had increased to 75.10%, followed by Pediococcus (9.3%) and Enterococcus (6.7%). Lactobacillus were still dominated in CE (83.93%) and LC (94.17%) silage and were significantly higher than CON (P < 0.05) (Table 3). Enterococcus (8.4%) and Pseudomonas (5.9%) in CE, and Pseudomonas (5.0%) in LC silages also presented (Figure 3B).

After 3 days of air exposure, the decrease in Lactobacillus (43.12%) and the increase of Enterococcus (36.17%) abundances were significant in CON silage (P < 0.05) (Figure 3B and Table 3). However, the abundance of Lactobacillus did not change significantly in both CE (79.7%) and LC (91.7%) silages, but these were still significantly greater than that of CON (P < 0.05) (Figure 3B and Table 3).



Metabolomic Profiles of Alfalfa Silage After 3 Days of Air Exposure

Based on the retention time and mass to charge ratio of total ions in the chromatograms of silage samples after 3 days of air exposure, a total of 196 metabolites were detected (Supplementary Table S3 and Supplementary Figure S3), and 95 different metabolites were identified (Table 4). Many metabolites were identified as sugars, organic acids, alcohols, ketones, and esters. According to PCA (Figure 4A), clear differences were revealed between treatments; The first axis (PC1) represented 28.7% of the variation among samples, and the second axis (PC2) explained 16.6% of the variation. Multivariate analysis OPLS-DA were applied to further reveal the differentiation silages, and the results showed a more obvious differentiation between the treatments (Figures 4B–D).


TABLE 4. Metabolites with significant differences between different treatments of silage alfalfa for 3 days of air exposure.
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FIGURE 4. PCA and OPLS-DA scores plot of all metabolites features in air exposure alfalfa silages with different treatments. (A) The scores of the PCA model showing the directions that best explain the variance between the three treatements. (B) OPLS-DA scores plot of all metabolites features between the treatments of LCPO and CONPO. (C) OPLS-DA scores plot of all metabolites features between the treatment of CEPO and CONPO. (D) OPLS-DA scores plot of all metabolites features between the treatements of LCPO and CEPO. CONPO, untreated silage; CEPO, silages treated with cellulase; LCPO, silage treated with L. paracasei.


After 3 days of air exposure, 27 differential organic acids existed among the 56 identified organic acids (Tables 4, 5). The LC silage presented 6 organic acids more than CON silage, such as 2-hydroxybutanoic acid, citraconic acid, abietic acid, 6-hydroxy caproic acid, and gentisic acid. Urocanic acid, 2-hydroxybutanoic acid, 2-keto-isovaleric acid, and 6-hydroxy caproic acid dimer were higher in CE silage than in CON silage. Furthermore, 10 organic acids were found at higher concentrations in CON than in LC, such as benzoic acid, succinic acid, 3-hydroxypropionic acid, and 3-(4-hydroxyphenyl)propionic acid, and 7 organic acids were up-accumulated in CON than in CE, such as 3-hydroxypropionic acid, 4-hydroxybutyrate, aspartic acid, and beta-mannosylglycerate. Nine organic acids were more abundant in LC than in CE silage, such as abietic acid, 2, 3-dimethylsuccinic acid, gluconic acid, and lactic acid, 4-hydroxybutyrate, aspartic acid. Eight organic acids existed at higher concentrations in CE than in LC, such as, succinic acid, hydroxyphenyl)propionic acid, vanillylmandelic acid, and hydrocinnamic acid (Tables 4, 5).


TABLE 5. Metabolites belonging to sugars, amino acids, and organic acids in alfalfa silage treated with cellulase and L. casei after air exposure for 3 days.

[image: Table 5]Among the identified sugars, glucose levels were not different among the silages. Fructose, lactulose, erythrose, and 1-kestose were up-accumulated in CON than in LC, and lactulose, erythrose, 3, 6-anhydro-D-galactose, 2-deoxy-D-glucose, melibiose, glucose, and ribose levels were higher in the CON than in CE. However, only lactose level was higher in the treated silages (LC and CE) than in CON (Table 5).

Among the identified amino acids, cycloleucine concentration was greater in LC than in CON and CE. The 3-hydroxy-L-proline level was higher in CE than in CON. L-homoserine and oxoproline were more abundant in CON than in LC and oxoproline level were higher in CON than in CE (Table 5).

Lots of polyols, ketones and esters were identified in alfalfa silage (Supplementary Table S4). Many polyols in CON were up-accumulated than in LC and CE, such as acetol, salicyl alcohol, and tryptophol. Several ketones belonging to the hormone group were down-regulated in treated silages, such as 21-hydroxypregnenolone in LC and CE, and 5beta-androstane-3, 17-dione and androsterone in CE silage. The abundances of other substances, such as L-gulonolactone, 5-aminoimidazole-4-carboxamide, lactamide, and atropine in LC silage, and lactamide, mevalonic acid lactone, carbazole, atropine, and 1-indanone in CE silage, were also greater than those of control silage (Table 4 and Supplementary Figure S4).



Correlation Between Metabolites and Bacterial Community

The correlation between metabolites and bacterial community was revealed by heat map analysis (Figure 5). Strong associations were revealed between a number of metabolites and silage bacteria, most of which were LAB. Among the 24 OTUs correlated with metabolites, 10 of them belong to Lactobacillus, and these OTU were mainly positively correlated with organic acids. For instance, OTU93 was positively correlated with 2-hydroxybutanoic acid, valine, and isoleucine. OTU126 and OTU130 were positively correlated with succinic acid. OTU124 positively was correlated with lactic acid. OTU3 was positively correlated with hydrocinnamic acid, 3-(4-hydroxyphenyl)propionic acid, benzoic acid, succinic acid, 2-deoxyerythritol, N-acetyl-L-leucine, acetol, 2, 5-dihydroxybenzaldehyde, and D-arabitol. OTU131 positively was correlated with threonic acid and acetylsalicylic acid. Lactococcus (OTU136) and Bacteroides (OTU556) positively correlated with 4-hydroxybutyrate. Lactococcus (OTU109), Enterococcus (OTU137, 626), and Lactococcus (OTU3) positively correlated with hydrocinnamic acid, 3-(4-hydroxyphenyl)propionic acid, benzoic acid, succinic acid, 2-deoxyerythritol, N-acetyl-L-leucine, 2, 5-dihydroxybenzaldehyde, and D-arabitol. Weissella (OTU86) and Lactococcus (OTU131) positively correlated with threonic acid, hydrocinnamic acid, 3-(4-hydroxyphenyl)propionic acid, benzoic acid, and 2-deoxyerythritol. Kosakonia, a non-LAB, was positively correlated with 2-deoxyerythritol, acetol, and D-arabitol.


[image: image]

FIGURE 5. Correlation between metabolics and silage becteria. Heatmaps analyzed Spearman correlation coefficients (rho values) and p-values for pairwise comparisons of metabolites and bacterial genera. P-values are shown as *0.01 < P < 0.05, **0.001 < P < 0.01, ***P < 0.001. The clusters on the top and left of plot show the results of metabolites and hierarchical clustering of becterial taxa, respectively, based on Euclidean distance.




DISCUSSION

Inoculants and enzymes are very important additives used in silage, especially for alfalfa, which is difficult to ferment to a lower pH and to obtain high quality silage from. In the present study, high-throughput sequencing and metabolomics revealed the dynamics of microbes during anaerobic and subsequent aerobic fermentation, and the characteristics of the metabolome of alfalfa silage treated with L. casei and cellulase. Cellulase is usually not a pure enzyme, but a synergistic multi-component enzyme system which hydrolyze cellulose into its monosaccharide, glucose (Woodward, 1991). In this study, the enzyme we used is mainly composed of endo-β-1, 4-glucanase, cellobiohydrolase, β-glucoside glycohydrolase, and endoxylanase. Actually, some other enzyme activities may be contained in commercial cellulase with small amounts, such as, xylanase, pectinase, glucoamylase, acetyl-xylanesterase, a-glucuronidase, β-D-xylosidase, α-D- arabinase, β-D glucosidase, and amylolytic enzyme (Khan et al., 1989; Spoelstra et al., 1992; Chen et al., 1994; Nadeau et al., 2000; Khota et al., 2016). SEM was used to visualize the changes on alfalfa leaf surfaces associated with different silage treatments.


Fermentation Characteristics of Alfalfa Silage

Alfalfa was used with a relatively low dry matter content (29%) to improve the efficiency of enzymes. Tengerdy et al. (1991) reported that enzyme treatments were more effective in fresh (with DM content about 22%) than wilting alfalfa silage (with DM content about 35%). Previous studies showed the smaller effect of enzymes at higher DM content compared to the lower DM content, which may be because that the deprivation of water affects the distribution efficiency of enzyme (Van Vuuren et al., 1989; Kung et al., 1991; Sheperd and Kung, 1996; Su et al., 2019). Our study showed that the cellulase at the low DM content accelerated the fermentation of alfalfa and made the LAB enter the high abundance state more quickly.

After 56 days of ensiling, LC silage had greater lactic acid content, lower pH, and lower ammonia-N content than that of CON and CE. CE also showed resulted in a lower pH and ammonia-N content, and increased lactic acid production, than those of CON. In general, although both additives improved fermentation quality of alfalfa silage, L. casei was more effective than cellulase. Similar to our study, Tengerdy et al. (1991) and Su et al. (2019) also showed the improvement of fermentation quality in alfalfa silage added by LAB and enzymes.

After 3 days of air exposure, although the lactic acid content of all silages decreased greatly, the LC and CE maintained lower pH than that of CON silage. During the air exposure stage, the growth of yeast and mold was observed in silages. Yeast organic acid metabolism pathways are initiated by silage oxygenation, which can reduce lactic acid concentration and increase pH (Kung et al., 2018).



Effect of L. casei and Cellulase on SEM Results of Alfalfa Silages

SEM analysis of alfalfa leaf surfaces ensiled for 56 days indicated that the treatment of alfalfa silage with cellulase and L. casei affected the decomposition of alfalfa leaves. The alfalfa cuticles are mainly composed of wax and cuticles, and epicuticular wax covers the surface of the cutin (Panciera and Krause, 1997). Our results showed that the platelet structure of epicuticular wax was intact on the leaf of fresh alfalfa. But on the leaf of CON, the epicuticular wax was completely decomposed, and cutin was exposed. However, on the leaves of LC and CE silage, the epicuticular wax and some platelet structures were preserved. The retention of the epicuticular wax may to a certain extent contribute to the high DM contents in the CE and LC. It was possible to observed on the SEM micrograph, that the leaves of CON silage harbored both cocci and rod-shaped bacteria, while LC silage dominantly harbored rod-shaped bacteria. The results of cocci and rods in the electron microscope view to some extent were linked to the bacterial communities of alfalfa silage determined by Illumina sequence, which showed that the rod-shaped bacterium Lactobacillus in LC was significantly more abundant than in CON, and there was certain abundance of cocci genera, such as Enterococcus, Lactococcus, and Pediococcus in CON silage.



Effects of L. casei and Cellulase on Bacterial Community of Alfalfa Silage

Epiphytic bacterial communities in fresh forage are varying according to different environmental factors, such as geographical location, climate, and cutting (Langston and Bouma, 1960; Guo et al., 2018; Yang et al., 2019). In this study, several prevalent epiphytic bacteria were detected in fresh alfalfa, such as Sphingobium, Acinetobacter, Enterobacter, Clostridium, Enterococcus, and Bacillus. In contrast to our study, Yang et al. (2019) found that Enterobacter were the most abundant epiphytic bacteria in alfalfa silage, followed by Pantoea, unclassified_Cyanobacteria, and Bacillus. A study by Bao et al. (2016) revealed that Bacillus megaterium, Enterobacter cloacae, Weissella cibaria, B. marisflavi, Pantoea agglomerans, and B. cereus were epiphytes that existed in pre-ensiled alfalfa. In the present study, some epiphytic LAB species, such as Lactobacillus and Enterococcus, were found in a small amount in fresh alfalfa. After ensiling, although Lactobacillus became the predominant bacteria in silages, its abundance was lower in CON silage than in CE and LC silages. Enterococcus is cocci that initiate the early stage of ensiling, which are sensitive to low pH (Cai et al., 1998). In the present study, we found that Enterococcus were in high abundance in samples of CON silage from day 7 (16.63%) and 3 days of air exposure (37.21%). These results are in agreement with the pH-values of these silage samples, illustrating the effect pH and air exposure have on Enterococcus abundance. Enterococcus is a facultative anaerobic LAB, that can be isolated from silage. However, Cai (1999) used 5 Enterococcus strains as inoculants and found that Enterococcus did not improve silage quality. In this study, we found that Enterococcus was abundant in CON silage which showed a low level of ensiling quality.

Butyric acid-producing bacteria (BAB), such as Clostridia and Bacillus, are considered undesirable in silage (Muck, 2013). Both genera of bacteria can convert lactic acid into butyric acid, and some species of these genera can lead to the presence of pathogenic toxins in silage (Driehuis and Elferink, 2000). In this study, Clostridium and Bacillus were present in fresh alfalfa but were not detected during ensiling in all silages.

Lactobacillus were enriched in the ensiled silage and were extremely higher in abundance in treated (LC and CE) silage compared to untreated silage. Lactobacillus can ferment hexose to produce lactic acid in homofermentative species or ferment hexose and pentose to produce equal amounts of lactic acid and acetic acid in heterofermentative species (Parvin and Nishino, 2009; Muck et al., 2018). In terms of the silage quality in this study, the dominant of Lactobacillus were responsible for the higher lactic acid and acetic acid content, the lower pH in the LC and CE silages, compared to the control silage.

Lots of research shows the domination of Lactobacillus in the ensiled silages, including those of alfalfa (McGarvey et al., 2013; Zheng et al., 2017), corn (Li and Nishino, 2011; Ogunade et al., 2017), guinea grass (Parvin and Nishino, 2009), and Calliandra calothyrsus and Pennisetum purpureum (Ridwan et al., 2015). Our research was consistent with previous research, revealing the prevalence of Lactobacillus in inoculated alfalfa silages, with high abundance in LC silage and low abundance (from 10% to approximately 30%) in CON silage (McGarvey et al., 2013; Zheng et al., 2017).

Air exposure (PO) affected the bacterial composition of the control and treated silages in different ways. Compared to the ensiling silages, air exposure decreased the abundance of Lactobacillus and the increased abundance of Enterococcus in CON silage, while it did not apparently decrease Lactobacillus abundance in CE and LC silages. On the contrary, the pH of CON decreased after aerobic exposure, while the pH of the treated silages (LC and CE) increased, which was caused by the increase of Enterococcus in CON (Tables 1–4). As mentioned above, Enterococcus can generate organic acids. There is a lack of research on bacterial community during aerobic exposure. McGarvey et al. (2013) ever reported the change of bacterial population structure of alfalfa silage during air exposure, with increases in Firmicutes, Actinobacteria, and Fusobacteria abundance and a decrease in Proteobacteria. Although LAB still dominated air-exposed silage, the facultative and obligate heterofermentative species of them can produce acetic acid in addition to lactic acid (Driehuis and Elferink, 2000; Muck et al., 2018). Acetic acid can improve the aerobic stability of silage by inhibiting fungal growth (Wilkinson and Davies, 2013; Kung et al., 2018).

Cellulase can hydrolyze cellulose fibers to soluble carbohydrates which are substrates of LAB growth. We found that cellulase vigorously boosted the growth of Lactobacillus in alfalfa silage. The abundance of Lactobacillus in day 7 silage indicates that the implication of Lactobacillus in CE is almost as fast as that of LC silage, indicating the high effective of cellulase in silage. This may be related to high moisture of silage which facilitates the activity of enzyme (Van Vuuren et al., 1989; Sheperd and Kung, 1996). The final abundance of Lactobacillus in CE silage (up to 84.51%) in our study was greater than that in a recent study by Su et al. (2019), which showed that only 22.91% Lactobacillus existed in CE alfalfa silage ensiled for 60 days. This is because that the dose of the enzyme in our study (20,000IU, 0.5% of fresh matter) was higher than in the study of Su et al. (2019) (10,000 U/g; 0.1% of fresh matter). The higher enzyme activity released more sugars which promotes the growth of LAB. In our study, bacterial communities at OTU level showed that the OTU belonging to Lactobacillus in CE silage was not the same as that of LC silage. This indicates that different LAB strains developed in different treatment conditions.



Effects of L. casei and Cellulase on Metabolomic Profiles in Alfalfa Silage

Metabolomic profile analysis revealed that the treatments of alfalfa silage with cellulase or L. casei modulated the metabolite composition pattern differently after air exposure. A total of 196 metabolites were detected, and 95 metabolites showed difference in relative concentrations between conditions, and most of these metabolites were organic acids, sugars, polyols, and ketones. A total of 280 metabolites were found in the previous investigation of the metabolomic profile in alfalfa silage ensiled for 90 days (control and L. plantarum and L. buchneri-inoculated groups), and 102 substances with altered concentrations by different treatments (Guo et al., 2018). Some of the differentially concentrated substances or their analog were identified in our study, including aspartic acid, lactic acid, glycerol, succinic acid, benzoic acid, adenine, arabitol, and mannitol. The treatment of different additives and air penetration may have been the main reasons for the differences in metabolites and their content between their study and our study.

Organic acids can improve the aerobic stability of silage (Ohyama and McDonald, 1975; Ohyama et al., 1977; Sjögren et al., 2003; Broberg et al., 2007). Furthermore, organic acids all have sourness, and some have characteristic flavor, taste or aroma (Whiting, 1976). Some studies have used metabolomics techniques to explore metabolites in silage, and have found many organic acids (Guo et al., 2018; Xu et al., 2019). However, the metabolites revealed in these studies were formed happened in the ensiling stage and did not reflect the situation in aerobic exposure. Our study found that 57 organic acids were produced during the aerobic exposure of alfalfa silage. Among them, 2-hydroxybutanoic acid, 3-hydroxypropionic acid, 3-hydroxybutyric acid, 4-hydroxybutyrate, saccharic acid, 3-phenyllactic acid, aspartic acid, benzoic acid, D-glyceric acid, hydrocinnamic acid, glycolic acid, glucuronic acid, linolenic acid, L-malic acid, and threonic acid were reported before (Broberg et al., 2007; Guo et al., 2018; Xu et al., 2019). Compared to control silage, both the treatment of L. casei and cellulase resulted in an up-accumulation of organic acids. Compared to CE silage, L. casei treatment resulted in up-regulation of more organic acid, especially lactic acids. However, different from Guo et al. (2018), the CON in our study also showed more abundant organic acids than LC or CE, which may be because air exposure caused more complex conditions, such as increased microbial diversity and fungi growth.

Sugars are an important nutrients for microbial growth. In the identified sugars, only lactose level was higher in LC and CE than in CON, and the levels of most sugars in the LC and CE were lower than those in CON. Lactose is a disaccharide and is made up of glucose and galactose. Lactose may be produced by the decomposition of glycosides in alfalfa under the action of microorganisms. The main glycosides in alfalfa are raffinose, stachyose, and saponin (Cunningham et al., 2003). Saponin highly exist in alfalfa and is made up of glucose, galactose, rhamnose, arabinose, xylose, and other pentose sugars (Tava and Odoardi, 1996; Pecetti et al., 2010; Rafińska et al., 2017). Besides lactose, galactose, xylose, raffinose, and fructose were identified in our study. Lactose is an important fermentation substrate for LAB but not for many pathogenic and spoilage organisms, so the presence of lactose can help to decrease the pH of silage and inhibit the growth of spoilage organisms (Vos and Vaughan, 2010). Glucose level was lower compared with other sugars and not significantly different among the groups, suggesting that the effect of glucose on bacterial flora was reduced during aerobic exposure.

Lots of polyols, ketones and esters were identified in alfalfa silage. Many polyols in the control silage were up-accumulated than LC and CE silage. This may be caused by the higher diversity of bacterial community and the increase of spoilage microorganism in the control silage compared to the treated silage. Several ketones belonging to the hormone group were down-regulated in the treated silages. This may help to reduce the effects of hormones on animals, if animals eat the silage after 3-days of aerobic exposure. Noticeably, only 7 amino acid species were detected in alfalfa silage after aerobic exposure, which was far less than that of alfalfa silage (14 amino acids) in the study of Guo et al. (2018), indicating that many amino acids were decomposed due to aerobic exposure. The role of some metabolites, especially the metabolites that different between groups, in the bacterial community and silage quality need for more research during air exposure.



Correlations Between Bacterial Community and Metabolites of Alfalfa Silage

Most metabolites, mainly organic acids and a few polyols or aldehydes, were positive to the growth of LAB such as Lactobacillus, Lactococcus, and Enterococcus. The correlation analysis between metabolites and bacterial community revealed that 24 OTUs were correlated with metabolites, and 10 of them belong to Lactobacillus. The metabolites which were positively associated with OTU of Lactobacillus contained 8 organic acids, 3 amino acids, and 3 polyols. These organic acids and polyols contributed to the aerobic stability of silages. As a dominant bacterial genus, Lactobacillus may to some extent prevent aerobic spoilage and maintain feed quality during the initial stage of aerobic exposure. Lactococcus, lactococcus, Weissella, and Enterococcus were also positively associated with lots of organic acids. This indicates a positive role of LAB on increasing the aerobic stability during the air penetration period by the secretion of metabolites. Furthermore, aerobic enterobacterial Kosakonia was found to positively correlated with 2-deoxyerythritol, acetol, and D-arabitol, and these sugar-alcohols usually have a sweet or spicy taste.



CONCLUSION

High-throughput sequencing confirmed the hypothesis that the improvement in the quality of inoculated silage is related to its bacterial community. Both L. casei and cellulase greatly increased the abundance of Lactobacillus in alfalfa silage, which corresponded with good fermentation quality. Quality indicators of high levels of lactic and acetic acids, and low pH both in the ensiling and after air exposure were found in L. casei and cellulase treated samples. Air exposure influenced the bacterial composition of control silage, which showed decreased Lactobacillus and increases Enterococcus abundance. The bacterial composition of CE and LC silages were slightly influenced by air exposure, with no decrease in Lactobacillus. Scanning electron microscopy analyses revealed that L. casei led to more preserved epicuticular wax crystals on the leaf of alfalfa silage. The results revealed that L. casei can readily colonize and dominate alfalfa silage and lead to a higher fermentation quality over the ensiling time and after air exposure than control and cellulase treated silage. Metabolomic profiling analysis revealed more organic acids were produced in L. casei and cellulase treated silage after air exposure for 3 days. Based on our study, L. casei is recommended as an inoculant for alfalfa ensiling. Many metabolites were revealed by metabolomic profiling during air exposure; further research is required to determine their roles in the ensiling process and in silage quality.
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The Asian citrus psyllid (ACP), Diaphorina citri (Kuwayama) (Hemiptera: Liviidae), is a notorious Rutaceae plant pest. Frequent and extensive use of pesticides has resulted in severe insecticide resistance in ACP populations. Fully understanding the mechanism of ACP resistance to pesticides is vital for us to control or delay the development of resistance. Therefore, we compared the difference in resistance to imidacloprid and thiamethoxam between Hunan (Yongzhou, Chenzhou) and Guangdong (Guangzhou) ACP populations and analyzed the correlations between the resistance level and genes and symbiotic fungi. The results showed that the resistance of the Guangdong ACP population to imidacloprid and thiamethoxam was lower than that of Hunan ACP population, and the relative expression of genes associated with P450 mono-oxygenase and acetylcholinesterase was significantly lower in the Guangdong ACP population than in Hunan ACP population. The differences of mean relative abundances of four symbiotic bacteria among three populations were marginally significant; however, the mean relative abundance of 16 fungi among three populations was significantly different, and positive linear correlations were observed between the resistance level and two fungi (Aspergillus niger and Aureobasidium pullulans) and two genes (CYP4C70 and CYP4DB1). Negative correlations were only observed between the resistance level and two fungi (Golubevia pallescens and Acremonium sclerotigenum). Moreover, four fungi were unique to the Chenzhou population which was the highest resistance to imidacloprid and thiamethoxam. These findings suggested the P450 mono-oxygenase and symbiotic fungi together affected ACP resistance to imidacloprid and thiamethoxam. In the future, we may use environmental G. pallescens and A. sclerotigenum to control or delay ACP resistance.

Keywords: Asian citrus psyllid (ACP), symbiotic fungus, resistance, imidacloprid, thiamethoxam


INTRODUCTION

Chemical control is the most important and widely used measure in controlling most agricultural pests (Dang et al., 2017). The resistance level of pests is increasing with the intensive and frequent use of insecticides, reducing the efficiency of pesticides, increasing costs in the agricultural industry, and causing serious environmental pollution and potential risks to human health. Fully understanding the mechanisms of pesticide resistance is vital for us to control or delay the development of resistance. Therefore, the analysis of metabolic enzyme activity, application of insecticide synergists, and expression of genes have been used to explore the mechanisms of pesticide resistance. Wu et al. (2018) found that the CYP6ER1 gene in Drosophila melanogaster conferred resistance to imidacloprid, thiamethoxam, and buprofezin. Garrood et al. (2016) found that the CYP6ER1 gene provided the brown planthopper (BPH) (Nilaparvata lugens) resistance to imidacloprid and ethiprole. Increased activity and reduced sensitivity of acetylcholinesterase affected oriental migratory locust resistance to the organophosphate insecticide malathion (Yang et al., 2009). Liu et al. (2005) confirmed that nicotinic acetylcholine receptor (nAChR) genes, as targets of neonicotinoid insecticides, affected BPH resistance to imidacloprid. Overall, most studies on insecticide resistance mechanisms have focused on evolutionary changes in pest insect genomes, such as the alteration of pesticide target sites, increase in pesticide excretion rates, and upregulation of ATP binding protein and metabolic enzymes, including general esterase, glutathione S-transferase, and cytochrome P450 mono-oxygenase (Cao et al., 2008; Kikuchi et al., 2012; Wei et al., 2015; Safi et al., 2017; Tian et al., 2018; Wang et al., 2019).

In fact, insects are multiorganismal symbionts and harbor many microbes that also mediate insecticide resistance (Douglas, 2015). An early study found that Pseudomonas melophthora, an obligate symbiont, helped an insect host (apple maggot, Rhagoletis pomonella) degrade 6 insecticides (Boush and Matsumura, 1967). The densities of symbiotic bacteria Arsenophonus, Rickettsia, and Wolbachia from the Q biotype whitefly associated with the host’s susceptibility to thiamethoxam, imidacloprid, pyriproxyfen, and spiromesifen (Ghanim and Kontsedalov, 2009). The symbiotic bacteria Burkholderia mediated the resistance of its insect host, Riptortus pedestris, to the organophosphate pesticide fenitrothion by degrading the pesticide (Kikuchi et al., 2012). Cheng et al. (2017) found that the gut symbiont Citrobacter sp. helps the host insect fruit fly Bactrocera dorsalis degrade the organophosphate insecticide trichlorphon. Pang et al. (2018) found that Arsenophonus strains (S-type Arsenophonus) in the BPH negatively affected the insecticide resistance of the host by downregulating xenobiotic metabolism and increasing amino acid accumulation.

In addition to the many studies focused on bacteria, the degradation of pesticides by fungi has also been explored. Marecik et al. (2008) found that Volutella ciliata degraded atrazine in soil. Cladosporium cladosporioides displayed maximum degradation of chlorpyrifos in soil (Bisht et al., 2019). The symbiotic fungus (Candida lipolytica) of the BPH (N. lugens) participated in resistance to imidacloprid (Li et al., 2010). Symbiotic yeast (Symbiotaphrina kochii) helps host cigarette beetles (Lasioderma serricorne) resist toxins (Dowd and Shen, 2011). Aspergillus fumigatus plays an important role in azole resistance (Howard et al., 2006). Aspergillus flavus can produce terreulactone with antiacetylcholinesterase activity and phosphohydrolases to help pest host detoxification to pesticides (Rudramurthy et al., 2019). Moreover, a previous study showed that Thysanophora penicillioides and Dothideomycetes affected the sensitivity of the Q biotype whitefly to Beauveria bassiana (a biological pesticide) (Hong et al., 2016). Therefore, microbes can influence host insect resistance to pesticides.

The Asian citrus psyllid (ACP), Diaphorina citri (Kuwayama) (Hemiptera: Liviidae), is a notorious Rutaceae plant pest. The ACP, a phloem-sap feeding pest, directly causes nutrient depletion within the plant, affecting the growth and death of young foliage at high population densities (Gottwald, 2010). Furthermore, ACP secretes honeydew, reducing photosynthesis and resulting in sooty mold (Grafton-Cardwell et al., 2013). Moreover, ACP is a natural vector of Candidatus Liberibacter asiaticus (CLas) and Candidatus Liberibacter americanus (CLam), which result in one of the most devastating citrus diseases worldwide, Huanglongbing (HLB) (Duan et al., 2009). HLB causes small and bitter fruits, blotchy mottling, twig dieback, poor root growth, and, ultimately, plant death within 5 years. This disease has resulted in severe economic damage to the Florida citrus industry, with up to $8.9 billion/year in damage since 2006 (Eason et al., 2018). Currently, chemical control is the most effective measure to manage the ACP and HLB because there is a lack of HLB-resistant cultivars. However, the frequent and extensive use of pesticides has also resulted in insecticide resistance in ACP populations. Tiwari et al. (2011) reported that ACP populations from Florida have a high level of resistance to imidacloprid. However, Kanga et al. (2015) showed that ACP populations from Florida in the United States have no resistance to imidacloprid. Pardo et al. (2018) showed that the insecticide resistance of adults and nymphs from ACP populations was significantly different. Tian et al. (2018) found that ACP populations from Guangdong in China have a high level of resistance to imidacloprid. This result indicated that ACP populations from different locations had different resistance levels to the same insecticide, which may result from different resistance mechanisms. Wang et al. (2019) found that the ABC (ATP-binding cassette) transporters of the ACP may affect resistance to imidacloprid. Whether there is a difference in resistance to imidacloprid and thiamethoxam between different ACP populations is unclear. Whether genes associated with acetylcholinesterase and cytochrome P450 mono-oxygenase affected the resistance of ACP from populations in different geographical areas is also unclear.

The ACP harbors the primary endosymbionts Candidatus Carsonella ruddii and Candidatus Profftella armature, located on the surface and inside of the bacteriome, respectively (Nakabachi et al., 2013). The ACP also harbors secondary symbionts (Rickettsia, Wolbachia, and Arsenophonus), which are located in organs other than the bacteriome (Subandiyah et al., 2000; Saha et al., 2012; Nakabachi et al., 2020). Studies have suggested that Profftella and Wolbachia affect the acquisition and transmission of Candidatus Liberibacter spp. through the toll-signaling pathway, which regulates immunity and resistance (Ramsey et al., 2015; Zhang et al., 2016; Ren et al., 2018). Gandarilla-Pacheco et al. (2013) suggested B. bassiana and Isaria fumosorosea could be used to biocontrol to ACP in México. However, whether symbiotic bacteria and fungi affect the resistance of the ACP to insecticides is unclear.

In this study, we hypothesized that there are differences in the insecticide resistance level of ACP populations from Hunan and Guangdong to imidacloprid and thiamethoxam and that the resistance differences were affected by the expression of genes associated with cytochrome P450 mono-oxygenase or acetylcholinesterase or the microbial community, either separately or together. To test this hypothesis, we determined (1) the resistance level of A from Hunan and Guangdong to imidacloprid and thiamethoxam, (2) the expression of genes associated with cytochrome P450 mono-oxygenase (CYP4C67, CYP4C68, CYP4G70, CYP4DA1, and CYP4DB1) and acetylcholine esterase (AChE -1–like and ChE-2–like, ACH1 and ACH2), and (3) the composition and abundance of the symbiotic bacteria and fungi associated with the ACP.



MATERIALS AND METHODS


Insecticides and Insect Collections

In this study, three geographically distinct populations were collected using aspirators. Two populations were collected from commercial citrus orchards located in Jiangyong County of Yongzhou city (111.33E-25.28N) and Yongxing County of Chenzhou city (113.10E-26.13N) in Hunan Province. The third ACP population came from a commercial Murraya paniculata Jack grove located in the Xinfang village of the Liwan district, Guangzhou city (113.23E, 23.16N), Guangdong Province (Figure 1). To enlarge the populations and ensure that all the ACPs were maintained under the same conditions, field ACP populations were cultured for one generation on M. paniculata Jack in an air-conditioned glasshouse maintained at 28°C ± 2°C and 70% ± 10% RH under natural light. Technical-grade samples (>98% purity) of imidacloprid and thiamethoxam were purchased from Shanghai Focus Trade Co., Ltd. (Shanghai) and Zhejiang Haizheng Chemical Co., Ltd. (Taizhou), respectively.
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FIGURE 1. Map of China with red dots indicating locations where the studied samples were collected.




Assessment of ACP Resistance to Insecticides

To compare the difference in resistance between the Hunan and Guangdong ACP populations, the previously described glass vial bioassay technique was used to detect the resistance of ACP to imidacloprid and thiamethoxam (Kanga et al., 2015). Different concentrations of insecticides dissolved in acetone were used to treat the glass scintillation vials (10 mL), and young leaves were soaked for 30 s and dried naturally. Control vials were treated with acetone only. The concentration of imidacloprid was diluted from 80 mg/L to 1.25 mg/L (and 0.625–40 mg/L used in Guangzhou ACP), and the concentration of thiamethoxam was diluted from 80 mg/L to 1.25 mg/L according to 1:2 ratio (twofold). The concentrations were based on preparative experiment. Ten ACPs were placed in each treatment and control vial with fresh young leaves with and without insecticides, respectively, and held at room temperature (28°C ± 1°C and 70% RH; a vial served as a replicate for each concentration tested). Three biological replicates and three technical replicates were performed for each concentration of each insecticide in the study. In total, 1,440 (3 × 3 × 10 × 8 × 2) ACPs were used in the bioassays. Mortality was determined and recorded 24 h after exposure. ACPs unable to walk (>5 mm) after probing with a fine brush were recorded as dead. The resistance difference among the populations from different geographic locations was determined by the resistance ratio (RR) based on the median lethal concentrations (LC50) of the highly resistant population divided by the LC50 of the low-resistance population. The virulence regression equation, LC50, were estimated and the χ2 test was performed using DPS software.



Relative Gene Expression Associated With Resistance to Insecticides

To explore whether changes in gene expression altered ACP resistance to insecticides, we determined the ACP mRNA levels of the genes associated with cytochrome P450 mono-oxygenase (CYP4C67, CYP4C68, CYP4DA1, CYP4DB1, and CYP4G70) and acetylcholine esterase [AChE-1–like (ACH1) and ChE-2-like (ACH2)]. Approximately 100 live ACP individuals/population were used to extract total RNA and to synthesize cDNA at the same time as the bioassay, and resistance was assayed. To further verify the functions of P450 mono-oxygenase in ACP resistance to insecticides, total RNA was extracted, from ACP treated with imidacloprid (LC50) after 12, 24, and 48 h. Extraction was performed using Trizol according to the manufacturer’s protocols. The RNA was quantified by a NanoDrop 2000 spectrophotometer (ND 2000) (NanoDrop Technologies Inc., Wilmington, DE, United States). Fifty nanograms of total RNA in a 20-μL volume was used for cDNA synthesis with a transcriptor first-strand cDNA synthesis kit (Trans Gen Biotech, Beijing, China) according to the manufacturer’s protocols. To obtain reliable normalization of the reverse transcriptase–quantitative polymerase chain reaction (RT-qPCR) data, threefold diluted cDNA templates were used to verify each of the primer pairs to find the optimal concentration range for the RT-qPCRs (Hong et al., 2017, 2019). The optimal cDNA concentration was used in each of the RT-qPCR mixtures (10 μL), and three randomly selected optimal cDNA concentrations were used to validate the stability of the housekeeping gene (actin). RT-qPCRs were performed using SYBR Green I (Trans Gen Biotech, Beijing, China) and Bio-Rad software (Bio-Rad, United States). The thermal cycling conditions were as follows: 95°C for 2 min followed by 40 cycles of 95°C for 15 s and Tm temperature for 30 s; this was followed by a dissociation curve analysis, with a ramp-up from 65°C to 95°C and a read every 0.5°C. Ten biological replicates with three technical replicates were performed. The relative quantification of RNA was performed using the Livak method (2–ΔCT) (Livak and Schmittgen, 2001), and the values obtained for each mRNA were normalized to the ACP Actin. The linear relationship between RR50 values and the relative expression of the genes was analyzed.



The Composition and Abundance of the Microbial Communities

To explore whether changes in the microbial communities affected ACP resistance to insecticides, we determined the composition and abundance of the bacterial and fungal communities from Hunan and Guangdong provinces by 16S and ITS sequencing. Approximately 30 live ACPs/population/time were frozen for 3–5 min (0°C), soaked in 75% (vol:vol) ethanol for 2–3 min, washed three to five times, and used to extract the genomic DNA of the microbe using an insect DNA extraction kit (Mobio, Carlsbad, CA, United States). Sterile water was used as negative controls in the extracted DNA. The quality and concentration of the purified DNA were assessed by an ND 2000 spectrophotometer. The bacterial universal primers 338F (5′-ACTCCTACGGGAGGCAGCA-3′) and 806R (5′-GGACTACHVG GGTWTCTAAT-3′) were used to amplify the V3–V4 region of the bacterial 16S rRNA (Caporaso et al., 2011). The fungal universal primers ITS3-2024 (5′-GCATCGATGA AGAACGCAGC-3′) and ITS4-2409 (5′-TCCTCCGCTTATTGATATGC-3′) were used to amplify the ITS 3/4 region of the fungal ribosomal locus (White et al., 1990). The PCR amplifications were conducted in a 20-μL mixture containing 4 μL of 5 × Fast-Pfu buffer, 2 μL of 2.5 mM dNTPs, 0.8 μL of each primer (5 μM), 0.4 μL of Fast-Pfu polymerase, and 10 ng of template DNA, for which the barcode is an eight-base sequence unique to each sample. The PCR reactions were performed in triplicate (95°C for 2 min followed by 25 cycles at 95°C for 30 s, 55°C for 30 s, and 72°C for 30 s with a final extension at 72°C for 5 min). 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 QuantiFluorTM-ST (Promega, United States). The purified amplicons were pooled in equimolar and paired-end sequenced on an Illumina MiSeq PE300 platform according to standard protocols. Raw Fastq files were demultiplexed and quality-filtered using QIIME (version 1.17). The sequencing reads were assigned to each sample according to the unique barcode of each sample, and pairs of reads from the original DNA fragments were merged using FLASH (Martin, 2011). Reads that could not be assembled were discarded, and the number of sequences in each sample was greater than 10,000. Operational taxonomic units (OTUs) were clustered with a 97% similarity cutoff using UPARSE (version 7.1), and chimeric sequences were identified and removed using UCHIME. The taxonomy of each 16S rRNA gene sequence was analyzed by RDP Classifier against the SILVA (SSU115) 16S rRNA database using a confidence threshold that sequences with ≥97% similarity are assigned to the same species, whereas those with ≥95% similarity are assigned to the same genus (Breglia et al., 2010). For each representative sequence from ITS, the Unite Database1 was used basing on BLAST algorithm, which was calculated by QIIME software (version 1.9.1)2 to annotate taxonomic information using a confidence that sequences with ≥97% similarity are assigned to the same species, whereas those with ≥95% similarity are assigned to the same genus (Breglia et al., 2010). OTU abundance information was normalized using a standard of sequence number corresponding to the sample with the least sequences. The relative abundance was the number of species sequences divided by the total sequences in a sample. The demultiplexed sequence data have been deposited in the National Center for Biotechnology Information3 (16s accession PRJNA646487 and ITS accession: PRJNA646485). In this study, 15 microbial samples from three geographical populations (five samples/population) were used to analyze the composition and abundance of the bacterial and fungal communities. We evaluated the differences in the relative abundances of the different geographic populations based on OTUs and species and genus after removing some microbiota that appeared only once and in only one sample. The linear relationship between the RR50 value and the mean relative abundance of fungi and the linear relationship between the mean relative abundance of fungi and the mean relative expression of genes were analyzed. To further verify fungi function, the species classification tree based on the top 20 species with the largest relative abundance was constructed. Finally, in the discussion, we inferred the ecological function of the significant fungi based on Fun-Guild and published literatures on fungi detoxification (Luan et al., 2012, 2017; Selvam et al., 2013; Fattahi et al., 2014; Nguyen et al., 2016).



Statistical Analyses

The percentage of mortality in the treatments was corrected for control mortality by using Abbott’s formula (Abbott, 1925). The virulence regression equation and median lethal concentrations (LC50) were estimated, and the χ2 test was performed using DPS software. The RR was determined as the LC50 of the high-resistance population (Chenzhou or Yongzhou) divided by that of the population with the lowest resistance (Guangzhou). Multivariate analysis and, specifically, a general linear model were used to analyze the relative expression of genes and the relative abundances of the microbial communities; the level of significance was set at P < 0.05. The model fit was based on the mean value and the standard deviation (SD) of the corresponding element. The statistical analyses were conducted using SPSS 21.0 (IBM, United States). To further analyze the link between the ACP population resistance (RR50) to imidacloprid and the microbiota abundance and gene expression, we established several linear regression equations and determined their correlation coefficients.



RESULTS


Assessment of ACP Resistance to Insecticides

The resistance of the ACP to thiamethoxam and imidacloprid appeared to be significantly different among the three geographical populations based on LC50 and LC95. Regardless of insecticide type (i.e., either thiamethoxam or imidacloprid), at a given concentration, the ACP population from Guangdong Province has the highest probability of mortality and the lowest resistance to thiamethoxam or imidacloprid. The value of the RR for thiamethoxam between the Chenzhou ACP population and Guangzhou ACP population was up to 3.85 for the RR50. The value of the RR for thiamethoxam between the Yongzhou ACP population and Guangdong ACP population was 2.18 for the RR50. Similarly, the level of resistance of the Hunan ACP populations (Chenzhou and Yongzhou) to imidacloprid was significantly higher than that of the Guangdong ACP population (Table 1 and Figure 2A). And the levels of resistance of Yongzhou and Chenzhou ACP populations to thiamethoxam at LC50 were higher than that to imidacloprid (Table 1 and Figure 2).


TABLE 1. Toxicity regression equations and χ2 test and relative parameter of the logarithm of pesticides concentration to probability of death of different ACP populations exposed to different insecticides.
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FIGURE 2. Regression analysis on the logarithm of concentration of insecticides to the probability of death of ACP from Guangzhou, Yongzhou, and Chenzhou. Y-axis was the probability of death, which was subjected to probit transformation based on mortality (according to conversion table of biostatistics probability value). The median lethal concentrations (LC50) were estimated using DPS software. (A) Regression analysis on the logarithm of imidacloprid concentration to the probability of death of ACP. The dilution concentration of imidacloprid was from 40 mg/L to 0.625 mg/L according to 1:2 ratio and the X-axis was –0.204, 0.097, 0.398, 0.699, 1, 1.301, 1.602, and 1.903 (logarithmic of imidacloprid concentration). (B) Regression analysis on the logarithm of thiamethoxam concentration to the probability of death value of ACP. The dilution concentration of thiamethoxam was from 80 mg/L to 1.25 mg/L according to 1:2 ratio, and the X-axis was 0.097, 0.398, 0.699, 1, 1.301, 1.602, and 1.903 (logarithmic of thiamethoxam concentration). Blue dot was for Guangzhou ACP population, orange dot was for Yongzhou ACP population, and gray dot was for Chenzhou ACP population.




Relative Gene Expression Associated With Resistance to Insecticides

The relative expression of all the genes except ACH2 was significantly different among the three populations, and the relative expression of all the genes was the lowest in the Guangzhou population. In fact, among the three populations, extremely significant differences were found for CYP4C67 [F(2,27) = 21.056, P < 0.001], CYP4C68 [F(2,27) = 14.979, P < 0.001], CYP4C70 [F(2,27) = 28.084, P < 0.001], and CYP4DB1 [F(2,27) = 19.673, P < 0.001]. CYP4DA1 [F(2,27) = 6.991, P = 0.004] was moderately significantly different (Figure 3A, Supplementary Table S1). To further verify the effect of P450 on ACP resistance to insecticides, we determined the relative expression of P450 in the Guangzhou population during treatment with semilethal doses
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FIGURE 3. The relative expression of genes associated with cytochrome P450 mono-oxygenase (CYP4C67, CYP4C68, CYP4DA1, CYP4DB1, and CYP4G70) and acetylcholine esterase [AChE-1-like (ACH1) and ChE-2-like (ACH2)]. (A) The relative expression of genes associated with cytochrome P450 mono-oxygenase and acetylcholine esterase from different ACP populations. (B) The relative expression of genes associated with cytochrome P450 mono-oxygenase from Guangzhou ACP at different times after LC50 imidacloprid treatment. Black bar was from Guangzhou ACP population, red bar was from Yongzhou ACP population, and blue bar was from Chenzhou ACP population *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001.



S1. The relative expression level of ACP genes.
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(LC50) of imidacloprid for 12–48 h. The relative expression of all the genes was up-regulated, and the highest relative expression occurred after 12 h. However, the differences among four of the genes (excluding CYP4C67) were not significant (Figures 3B, Supplementary Table S2). Moreover, positive linear relationships between the RR50 value and relative expression of CYP4DB1 and CYP4C70 were observed, and positive linear relationships between the relative abundance of Aspergillus niger and Aureobasidium pullulans and relative expression of CYP4DB1 and CYP4C70 were observed (Figures 4C–H).


S2. The relative expression level of ACP genes in different time.
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FIGURE 4. The positive linear correlations picture. (A) Linear relationship between RR50 of imidacloprid and the relative abundance of A. niger. (B) Linear relationship between RR50 of imidacloprid and the relative abundance of A. pullulans. (D) Linear relationship between RR50 of imidacloprid and relative expression of CYP4DB1. (C) Linear relationship between RR50 of imidacloprid and relative expression of CYP4C70. (E) Linear relationship between A. niger and CYP4DB1. (G) Linear relationship between A. niger and CYP4C70. (F) Linear relationship between A. pullulans and CYP4DB1. (H) Linear relationship between A. pullulans and CYP4C70. X-axis of panel (A–D) shows the RR50 value; the first dot was for Guangzhou ACP resistance (=1), the second dot was for Yongzhou ACP RR50, and the third dot was for Chenzhou ACP RR50. X-axis of panel (E–H) was relative abundance of fungi; the first dot was for Guangzhou ACP, the second dot was for Yongzhou ACP, and the third dot was for Chenzhou ACP. Y-axis of panels (A,B) shows the relative abundance of fungi, and Y-axis of panels (D,H) shows the relative expression of genes.




The Composition and Abundance of the Microbial Communities

A total of 528 OTUs were generated, and 315 genus and 152 species were annotated in all samples by 16S sequencing. The known primary symbiont (Candidatus Profftella) and secondary symbionts (Wolbachia) of ACP were assigned by our analytical procedure for the 16S amplicon sequence. And the relative mean abundance of primary symbiont was more than 0.8 (≥80%), the relative mean abundance of secondary symbiont was more than 0.1(≥10%). One hundred sixteen OTUs were unique to Guangzhou ACP population, 134 OTUs were unique to Yongzhou ACP population, and 39 OTUs were unique to Chenzhou ACP population (Venn diagram Supplementary Figure S1).

[image: image]

A total of 1,008 OTUs were generated, and 239 genus and 265 species were annotated in all samples by ITS sequencing. One hundred thirteen OTUs were unique to Guangzhou ACP population, 147 OTUs were unique to Yongzhou ACP population, and 117 OTUs were unique to Chenzhou ACP population (Venn diagram Supplementary Figure S2).
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The numbers of unique OTUs in bacteria and fungi from Yongzhou ACP populations was the biggest, and that from Chenzhou ACP populations was the smallest in bacteria, and that from Guangzhou ACP population was the smallest in fungi (Supplementary Figures S1, S2). At the same time, 59.5% OTUs were unnamed species in fungi, and 90.2% OTUs were unnamed species in bacteria. Although the numbers of OTUs from 16S sequencing among three ACP populations were different, but the difference level of composition and abundance of bacteria at species or genus level was not significant. For example, the high difference of four bacteria from three ACP populations, Staphylococcus sciuri [F(2,12) = 4.638, P = 0.073], Brevibacterium epidermidis [F(2,12) = 4.937, P = 0.066], Ileibacterium valens [F(2,12) = 4.597, P = 0.074], and Bacteroides acidifaciens [F(2,12) = 5.031, P = 0.063], were marginally significantly different (0.05 < P < 0.1). However, the mean abundances of sixteen fungi were significantly different among the three ACP populations. Among them, four fungi were unique to the Chenzhou ACP population, and only one fungus was unique to the Guangzhou and Yongzhou ACP populations (Table 2 and Figure 5). Moreover, positive linear correlations were also observed between the mean abundances of two fungi and ACP resistance to pesticides (Figures 4A,B), and negative correlations were observed between only the mean abundances of two fungi and ACP resistance to pesticides, and positive linear correlations were also observed between the mean abundances of two fungi and the mean expression of two genes (Figures 4E–H). The species classification tree (Figure 6) showed Aspergillus, Acremonium, Penicillium, and Cladosporium were of high abundance and may be associated with ACP resistance. Recently, we assessed A. niger and A. pullulans resistance to pesticides by plate confrontation in vitro. The result showed A. niger and A. pullulans could grow in PDA with up to 160 mg/L imidacloprid and up to 96 mg/L thiamethoxam, and the concentration of pesticides negatively affected the diameter of fungi disk in 48 h, and the diameters of fungi disk grown on treatment and control PDA were not different after 72 h (Supplementary Figure S3).
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TABLE 2. ANOVA results (P-values) for the difference level of three ACP populations.
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FIGURE 5. Comparing the relative abundance of the fungi from different ACP populations. Black bar was from Guangzhou ACP population, red bar was from Yongzhou ACP population, blue bar was from Chenzhou ACP population. (A) Relative high abundance fungi. (B) Relative low abundance fungi. Y-axis shows the relative abundance (0–1) of symbiotic fungi of ACP; that is, the OTUs of every fungus were divided by total OTUs. X-axis shows the name of the fungi. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001.
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FIGURE 6. Species classification tree. The circles of different colors indicate different classification levels, corresponding to the legend on the left; the size of the circle represents the relative abundance of the category; the two numbers below the category name both indicate the relative abundance percentage; the former indicates that the category occupies the sample. The percentage of all classified species in the sample; the latter indicates the percentage of the classification in the classified species selected in the sample. The classification in red font indicates that the classification annotation does not exist in the sample, but it exists in other analyzed samples.




DISCUSSION

As a notorious Rutaceae plant pest, ACP not only affects the growth of young foliage by direct feeding but also transmits C. Liberibacter asiaticus (Las) and C. Liberibacter americanus (Lam), resulting in one of the most devastating citrus diseases worldwide, HLB (Duan et al., 2009; Gottwald, 2010; Grafton-Cardwell et al., 2013; Shimwela et al., 2016). Organophosphates, carbamates, pyrethroids, phenylpyrazoles, and neonicotinoids have been used extensively to control all kinds of insect pests, resulting in different resistance levels to major pesticides (Wang et al., 2009; Wen et al., 2009). In this study, we found that the ACP population in China had resistance to imidacloprid and thiamethoxam and that the Hunan ACP populations had higher resistance levels than the Guangzhou ACP population. The results were consistent with previous studies showing that ACP populations from different geographic locations had different levels of resistance to imidacloprid (Tiwari et al., 2011; Kanga et al., 2015; Tian et al., 2018).

Many studies have also shown that increased activities of general esterase and P450 mono-oxygenase are common insecticide resistance mechanisms against organophosphate, pyrethroid, and neonicotinoid insecticides in some insect pests (Cao et al., 2008; Zhang et al., 2014; Garrood et al., 2016). Studies have shown that enhanced expression of genes associated with cytochrome P450 mono-oxygenase contributes to neonicotinoid resistance in BPHs (Puinean et al., 2010; Bass et al., 2011; Tian et al., 2018). In this study, the positive linear relationship between the relative expression of two genes (CYP4C70 and CYP4DB1) associated with P450 mono-oxygenase and the ACP RR50 to imidacloprid and the positive linear relationship between the relative expression of CYP4C70 and CYP4DB1 and the relative abundance of A. niger and A. pullulans were observed, suggesting A. niger and A. pullulans and P450 together affected ACP resistance to imidacloprid and thiamethoxam. Moreover, the relative expression of all the genes from the Guangzhou population, which is associated with cytochrome P450, increased after insecticide treatment; the expression level was highest 12 h after treatment and then declined. The results were similar with literature that cytochrome P450 mono-oxygenase was mainly involved in ACP resistance to imidacloprid and thiamethoxam (Guitard et al., 2014; Tian et al., 2018). The literature shows that CYP6ER1 affects the resistance of N. lugens to imidacloprid, thiamethoxam, buprofezin, and ethiprole (Wu et al., 2018), whereas in this study, CYP4C70 and CYP4DB1 affected ACP resistance to imidacloprid and thiamethoxam; these findings may be due to the same enzyme being regulated by different microbiology in different species.

The literature also shows that bacteria such as Stenotrophomonas maltophilia, Bacillus licheniformis, Bacillus megaterium, Rahnella aquatilis, and fungi such as Umbelopsis isabellina, V. ciliata, and Botrytis cinerea can degrade atrazine, which is the most commonly detected pesticide in food and drinking water (Marecik et al., 2008; Singh et al., 2018). In this study, the relative abundance of all the bacteria among the three ACP populations was not significant. This result suggested that the symbiotic bacteria of the ACP were not similar to those of Wolbachia in the whitefly and the mosquito Culex pipiens L. (Diptera: Culicidae), which may be involved in host’s resistance to imidacloprid and thiamethoxam (Ghanim and Kontsedalov, 2009). Furthermore, there were significant differences in the resistance mechanisms of different species to the same pesticides (Kanga et al., 2015; Tian et al., 2018; Wang et al., 2019). Moreover, that there was not significantly different bacterial community among ACP populations at species level may be due to 90.2% OTUs being unnamed species in bacteria.

FunGuild is a fungal environmental function database. Based on the support of existing literature, the ecological function of fungi is classified, and the FunGuild database is constructed. Based on species information obtained from amplicon analysis, the ecological functions of existing species in the literature can be queried in the environment. Because FunGuild was mainly used in analysis on environmental microbiology and limited to existing literature, the fungi from ACP were associated plant pathogen and animal pathogen (Gandarilla-Pacheco). Although FunGuild analysis did not find significantly different fungi that were associated with ACP resistance to pesticides, yet the species classification tree (Figure 6) showed Aspergillus, Acremonium, Penicillium, and Cladosporium were dominant strains.

A. pullulans and A. niger can exist in different agroecological niches, and they produce a neutral polysaccharide, antimycotic aureobasidin, antibacterial compounds, melanin, liamocins, siderophore, and extracellular enzymes such as P450 (Franken et al., 2014; Molnárová et al., 2014; Prasongsuk et al., 2018). Polysaccharides, antimycotic aureobasidins, antibacterial compounds, and melanin play important roles in insect immune and defense systems (Luan et al., 2012, 2017; Selvam et al., 2013). P450 was involved in insecticide resistance of pest (Li et al., 2010; Puinean et al., 2010; Safi et al., 2017; Tian et al., 2018; Wang et al., 2019). Although the role of symbiotic fungi in the degradation of insecticides has not been studied extensively, roles of A. niger in the immunity and growth of insect and animal have been reported (Medeiros et al., 2009; Fattahi et al., 2014). In this study, four Aspergillus species, A. tabacinus, A. sydowii, A. creber, and A. niger, were significantly different among the three populations. Positive linear correlations were observed between the relative mean abundances of A. niger and A. pullulans and ACP resistance to imidacloprid, and positive linear correlations were also observed between the relative mean abundances of A. niger and A. pullulans and the relative mean expression of CYP4DB1 and CYP4C70. Recently, we assessed A. niger and A. pullulans resistance to pesticides by plate confrontation in vitro. The result showed A. niger and A. pullulans could grow in PDA with 160 mg/L imidacloprid and 96 mg/L thiamethoxam, and the concentration of pesticides negatively affected the diameter of fungi disk in 48 h, and the diameters of fungi disk grown on treatment and control PDA were not different after 72 h (Supplementary Figure S3). These findings suggested that A. niger and A. pullulans may be positively affect ACP resistance, and G. pallescens and A. sclerotigenum may be negatively affect ACP resistance. Whether ACP symbiotic fungi affect insect host resistance to pesticides by producing compounds associated with ACP immunity, such as polysaccharide, antimycotic aureobasidin, antibacterial compounds, melanin, liamocins, siderophore, or producing P450 to degrade pesticides, remains to be elucidated, which will be our work in the future. Moreover, four fungi, Moesziomyces antarcticus, V. ciliata, Cladosporium limoniforme, and Strelitziana africana, were unique to the Chenzhou population, which had the highest resistance level among the ACP populations. Whether they were associated with ACP resistance needs further study.
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Treatments Booting stage Full panicle stage

10 days 30 days 0 day 7 days 14 days 21 days 28 days
NT 36.52+ 1.56a 36.9+1.34b 4194 +231a 41.28+1.09b 39.80 £ 0.61 b 38.82+1.12b 34.12+3.01a
NF 33.36 +£1.02b 40.26 £0.89a 4140+ 1.63a 44.00 £ 0.98 a 4278 £1.02a 4262+ 1242 36.78 £ 1.76 a

NF, efficient nitrogen application; NT, traditional nitrogen application, the same bellow. Different letters in columns show significant differences determined by LSD’s test
(P < 0.05, n = 3), data are means =+ standard errors (one-way analysis of variance).
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Treatments Total nitrogen Nitrogen physiological Nitrogen dry matter production Grain production

accumulation (kg ha1) efficiency (kg kg~1) efficiency (kg kg~ 1) efficiency (kg kg™')
NT 265.52 £3.25b 38.56 +1.63 b 110.98 &+ 3.64 a 53.57 £1.14b
NF 28111 £ 543 a 47.30 £ 2.01a 108.55 +4.12 a 56.75+1.01 a

Different letters in columns show significant differences determined by LSD’s test (P < 0.05, n = 3), data are means + standard errors (one-way analysis of variance).
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Year Treatments

Number of productive

panicle (x 10%)

Number of grain
per panicle

Seed setting
rate (%)

Thousand grain
weight (g)

Grain yield
(kg ha=")

2012 NT
NF
2013 NT
NF

216.75 £ 14.96 a
217.50 £ 17.23a
233.45 +£20.21a
220.58 £ 16.17 a

22514 £3.55b
236.44 £2.34 a
24447 £4.52a
256162 £7.43a

80.21+1.24b
85.33 £ 1.83a
7824+211b
86.13+2.35a

256.62+0.05b
26.78 £ 0.09 a
24.97 £0.06 a
25611 +0.12a

10003.22 £ 136.46 b
11710.59 £109.74 a
11149.79 £221.12b
12488.43+128.92a

Different letters in columns show significant differences determined by LSD’s test (P < 0.05, n = 3), data are means + standard errors (one-way analysis of variance).
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Parameter Treatment

NT NF
Available N (mg kg1 88.01 £1.59b 9828 £ 1.74a
Available P (mg kg~") 30.51 £ 354a 28.86 + 1.96 a
Available K (mg kg—") 66.08 £2.91b 76.54 £ 3.01 a
Urase (ng g~ ' h~") 715+ 021b 844+032a
Invertase (Lg g~ ' h~") 2501 +£1.56b 3411 +£3.34a
Nitrate reductase (ug g~ ' h=1) 235+0.16a 1.44 +£0.08 b

Different letters in a row show significant differences determined by LSD’s test
(P < 0.05, n = 8), data are means =+ standard errors (one-way analysis of variance).
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S.N. Soil samples

AB
AR
MB
MR
CB
CR

o On B0 o

Shannon

16S ITS

9.951 7.775

9.963 8.087

9.916 7.087

9.909 6.061

9.887 7.587
10.061 7.786

Simpson Chao1
16S ITS 16S ITS
0.997 0.983 6528.023 3199.964
0.997 0.987 7738.334 3951.025
0.996 0.975 9734.272 2943.519
0.996 0.938 8409.02 6379.28
0.996 0.965 8739.34 6050.786
0.997 0.972 8250.056 12,996.053

OTUs

16S ITS Total OTUs
5241 2717 7958
6313 3538 9851
8336 2364 10,700
6913 5541 12,454
7164 4375 11,5639
6529 12,566 19,095

AB = Artemisia bulk soil, AR = Artemisia rhizosphere soil, MB = Mentha bulk soil, MR = Mentha rhizosphere soil, CB = control bulk soil, CR = control rhizosphere.
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Soil OTUs Shannon Simpson Chao1
samples Inv mean

16S ITS 16S ITS 16S ITS 16S ITS
1. M 230 427 441 3.41 23.34 17.83 147.81 749
2. M+VC 244 448 395 3.01 217 11.4 146.4 64.99
3. M_S 234 365 4.03 3.2 2328 13.87 147.32 69.53
4. M_C 228 313 412 347 2322 19.53 148 77
M

= Mentha arvensis, VC = vermicompost, S = Sesbania, C = Chlorophytum.





OPS/images/fmicb-10-02604/fmicb-10-02604-g001.jpg
é

LE. T s 1 s E
. correy
ST ehyum
s






OPS/images/fmicb-10-02604/fmicb-10-02604-g002.jpg





OPS/images/fmicb-10-02604/fmicb-10-02604-g003.jpg
M+VC

M C

%
Z 2

Armatinonadetes

Candidatus Saccharibacteria

Chloroflexi

Nitrospirae
Acidobacteria

Bacteroidetes

Ignavibacteriae
Firmicutes

Proteobacteria

Cyanobacteria/Chloroplast

Actinobacteria

Planctonycetes

Yerrucomicrobia

-1 05 0 0.3 1

candidate division WPSUnclassifiedl

M S
M
M C

O
>
—
=

Asconycota

unidentified

Basidiomycota

Glomeromycota

Chytridiomycots

Cexcozoa

Zygomycota

-1 0.5 0 0.5 1






OPS/images/fpls.2019.01335/Figure_2.png





OPS/images/fpls.2019.01335/Figure_3.jpg
4o

——cC
—e—c+
—a—A
--m--A(2)






OPS/images/fpls.2019.01357/Figure_3.jpg





OPS/images/fpls.2019.01357/table1.jpg
Method Technique Advantages Disadvantages. Reforences
o 190;
a smin,
microbial cals 3
and fungioides appliec 0 seed;  area and ranspor; expensive Bashan ot al, 2014
smal soods can recetve igher  method
osa ofnocusant
P Acholeyaeta, 2005;
Mahmood ot al, 2016
concentraton consuming

costing (seed ressing;

product; fast, cheap and

recuced shelt-fo): nsuffcent

Kauman, 1991; Smith, 1092
Adhoeya et a, 2005; Ensant

bio-primng

o)

(69, fungicides):seed coat
of the S0l during germination

itod

out

Doakor et a, 2012 Bashan
et al 2014; Mahvmood ot a.
2016





OPS/images/fpls.2019.01335/crossmark.jpg
©

2

i

|





OPS/images/fpls.2019.01335/Figure_1.png
B  B(2)

LELLLL

X v v v v VvV

DAT 0

DAT15\X X X v X





OPS/images/fpls.2019.01362/Figure_7.jpg
>

Relative expression

B C
arg00677 L6 nrg08731 = wcipsia
acYpPsIB
_16 acyPsIC
7 Eiq
g E1z
308 g1
306 P
04 ] e T
02 02 i1 I I
3 o
Ba21-3 Ba21-3 B213 L3 L
e 7rmmmm CYPSTRNAL





OPS/images/fpls.2019.01357/crossmark.jpg
©

2

i

|





OPS/images/fpls.2019.01357/Figure_1.jpg
Mung bean (1.6%)
Groundnut (1.6%)

I Orion (2.4%)
=<

Wheat (12.7%)
Mayze (6.3%)
Canola (3.7%)
Cotton (4.5%)
Cucumber (1.8%)
Chickpea (4%)
Sunflowor (2.9%)
Sugar beet (2.4%)
Clover (3.4%)

Barley (1.8%)
Rice (2.1%)
Radish (3.2%)
Tomato (9.5%)
Pepper (4.5%)
Soybean (5%)
Pea (2.9%)
Bean (1.8%)
Alfalfa (3.2%)
Other species
(14.5%)

— Lettuce (1.8%)

},“

/r/»ﬂ/ ,

(%gy) 8dod (k) eaozuy  (%sz) eusopoyous () (oe1) siouio
1Buny Wy

_

1
Y

AN






OPS/images/fpls.2019.01357/Figure_2.jpg
EXPERIMENTAL SCALE

Greenhouse and field
Field 10%
25%

Laboratory,
greenhouse and field
o
Greenhouse %

30%

Laborato;y%and field Taborstorand

greenhouse
3%





OPS/images/fmicb-10-02623/fmicb-10-02623-i000.jpg
NO:

N





OPS/images/fmicb-10-02623/fmicb-10-02623-g002.jpg
3.00E+03

2.50E+03

2.00E+03

1.50E+03

1.00E+03

5.00E+02

Gene copy number ng -' of DNA

0.00E+00

NO,

narG

NT

(272.00% )

7.00E+04
6.00E+04
B 5.00E+04
4.00E+04

3.00E+04

2.00E+04

Gene copy number ng ' of DNA

1.00E+04

0.00E+00

nirK

NT

A 4

(99.92% )






OPS/images/fmicb-10-02623/fmicb-10-02623-g003.jpg





OPS/images/fmicb-10-02623/fmicb-10-02623-g004.jpg
Functional category

Protein metabolism microbe prOtein
Energy metabolism

Cell development and motility Energy metabolism, 8.70%

Carbohydrate metabolism Transcription, 17.39%

. = Energy metabolism
Carbohydrate metabolism, & ‘

Transcription i
¥ = Carbohydrate metabolism
Signal transduction mMicrobe Proteins(88.28%)

= Signal transduction

= Protein metabolism
‘ Signal transduction, 4.35% = Amino acid metabolism

* Defense response

Defense response

5 . OPlant Proteins(5.74%
Genetic Information Processing Rinst %)

Biosynthesis of unsaturated fatty acids @Fauna proteins(6.25%)
Amino metabolism "
Defense response, 13.04%

Unclear Function = Transcription

0 5 10 15 20 25 30
\| ol f oINS

Number of proteins Amino acid metabolism,

2.17% Protein metabolism,





OPS/images/fmicb-10-02623/fmicb-10-02623-g005.jpg
) Cellulose @ Starch and sucrose metabolism

. TCA cycle
?l Energy metabolism g

\4

y—» ® Glucose-1P » EMP pathway------ > @ __pATP
GDP-Glucose l EC.3.6.3.14 NADH hj

:  [ecasaad ™™,

Glucose-6P PPPi piADP

l . . . PPilEC3.6.1.1

I Fructose-6p EMP pathway Amino acid metabolism

® Fructose-1,6P, ® S-Adenosyl-L-Methionine

Cysteine and
EC 6 methionine

Glyceraldehyde-3P .
Glycerone-P|EC.5.3.1.1 = - -»>® L-Methionine \\”metabollsm C.2.5.1.1§

S-Adenosyl-methioninamine
q

v

TT EC.2.1.1.14| S-Adenosyl-L-Homocysteine @ S-Methyl-5'-thioadenosine

I —————

I Glycerate-2P OmpC family outer membrane porin

[ecazrl} o

Purine

c
Phosphoenol-pyruvate @ L-Cysteine @ 5,10-methylene-THF > i
/T synthesis
: Purine
«—> i
I Pyruvate ) T EC.2.7.7.6| metabolism

Serine Glycine UTP.® <—>ORNA
Acetyl-CoA y
' x EC2.7.76 T
1
1

[ )
Dihydroorotate @ CTP

T T Signal Transduction

EC:1.1.1.37

Oxaloacetate

Citrate .
Citrate

Oxaloacetate

N-Carbamoyl-. signal peptide protein
L-aspatate UspA domain-containing protein

Fumarate
TonB-dependent receptor

Carbamoyl-p @
Succinate

Isocitrate Stress Response

‘[EC:1.11.1.15] [EC:1.15.1.1]?
® alkyl hydroperoxide reductase?
T thiol peroxidase

Acetyl-CoA

-Glutamate

Succinyl-CoA -OXO-glutarate

L-Glutamate

>0
1 a4

Glyoxylate

® Glycerate-1,3P, :
EC2723 2 ® L-Homocysteine i Membra_".e transport
i B D ' and motility
® Glycerate-3P } surface layer protein ——
* outer membrane protein A <
® L-Cystathionine * flagellin

Nitrogen
response





OPS/images/fpls.2019.01335/Figure_5.png
Plant Fe content (pg)

o
o

ab a b
Fb S

b%a'b‘abah l
B s g ¥ELE

-
7

ab
S

C G A A2 B B(2)|C- Ct A AQ2) B B(Z)l C C+ A AQ2) B B2)

Leaves Stems Shoots





OPS/images/fpls.2019.01335/table1.jpg
o solubilized (%) vs. pH

Bacterial
origin of 183

70 s 80 85 %0
A vinsandi 647262 502152 00239 562148 618252
8. subtts 46205 47215 50+13 55221 66156






OPS/images/fmicb-10-02623/cross.jpg
3,

i





OPS/images/fmicb-10-02623/fmicb-10-02623-g001.jpg
Proportion of bacterial communities
at phylum level(%)

100

[ 1Others
Unknown
Nitrospira
Clostridium
Tenericutes
Bacteroidetes
E= Chlorobi
[ Firmicutes
Actinobacteria
EHHH Proteobacteria

80

60 H

20

NF NT





OPS/images/fpls.2019.01335/Figure_4.jpg
B2/
V7777777~
~ 000

Y77~

\\\\ \\\\\\\\\\ YY) \\.\\\\\\\ ~

2 345

2 3 45

O 10

B(2)

A(2)

C+





OPS/images/fmicb-10-01392/fmicb-10-01392-g004.jpg
NaCl+acdS/treS






OPS/images/fmicb-10-01392/fmicb-10-01392-t001.jpg
Strain/plasmid

Escherichia coli DH5a
Escherichia coli TOP10

pBluescriptil SK
PBBRTMCS-2
pPJQ200SK
pSUP5011
PBBR1-treS
PJQ200SK/treS::0m"
Pseudomonas sp. UW4
UW4 acdS™

UW4 treS~

UW4 acdS~/treS~
UW4 OxtreS

Relevant phenotype

SUPE44 AlacU169 (180 lacZ AM15) hsaR17 recAT endAT gyrA96 thi-1 relAT, Nxr
F~ morA A mir-hsdRMS-mcrBC) ¢801acZ AM15 AlacX74 deoR recAT
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UWA4 derivative strains Survival without saline stress (0 M NaCl) Survival on saline stress (0.2 M NaCl) Survival on saline stress (0.8 M NaCl)

Wild-type 22 x 108 (£0.23 x 10%)a 12 x 10% (£0.16 x 10% a 2.8 x 10° (039 x 10% b
acds~ 1.1 x 10° (£0.18 x 108 a 0.8 x 108 (£ 0.68 x 10% a 4.5 x 10% (£0.24 x 10%) ¢
treS~ 0.9 x 107 (£ 0.7 x 107) b 0.5 x 107 (£0.22 x 10) b 1.8 x 103 (+0.54 x 109 ¢
acdS~/treS~ 0.2 x 107 (£ 0.48 x 107) b 0.1 x 107 (£0.21 x 10) b 3.8 x 107 (£0.39 x 10%) d
OxtreS 3.2 x 108 (+£0.13 x 108 a 1.0 x 108 (£0.13 x 108) a 2.1 x 107 (£0.23 x 10) b

Survival was measured after 48 h of growth in minimal media as colony forming units per mi; pre-inoculum of each strain contained 1.0 x 10° (+ 0.01 x 10%) of CFU
mi~". The standard deviation is shown in parentheses (). Different letters indicate significant differences at a = 0.05.
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Pre-plow Post-plow Vegetative Reproductive Ripening Uncropped

Post-plow 1.00

Vegetative 0.62 0.90

Reproductive 0.90 0.33 1.00

Ripening 0.90 0.33 0.90 1.00

Post harvest 1.00 1.00 1.00 1.00 1.00

Cropped 0.005

Hypothesis testing was carried out using Wilcoxon rank sum tests and corrected for multiple testing using the Benjamini-Hochberg method.
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Group comparisons Bray Manhattan Canberra Jaccard

R? P value R2 P value R? P value R? P value
Cropped vs. Uncropped 0.102 0.0002 0.102 0.0005 0.074 0.0004 0.083 0.0015
Cultivation stages 0.162 0.0193 0.162 0.0173 0.181 0.0174 0.162 0.0304
Geographical location 0.505 0.0003 0.505 0.0003 0.384 0.0006 0.478 0.0001
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Pre- Post- Vegetative Reproductive Ripening Post-

plow plow harvest
Pre-plow 0.22 0.08 0.26 0.33 —-0.22
Post-plow 0.14 0.02 0.27 0.40 0.5
Vegetative 0.32 0.36 —-0.22 —0.07 0.06
Reproductive 0.20 0.14 0.91 0.15 —0.04
Ripening 0.33 0.046 0.57 0.5 018
Post-harvest 1 0.027 0.36 0.6 0.1

The superior part of the table corresponds to the R-value and the inferior part to the
P-value. The P-values indicated the significant differences at the levels of p < 0.05.
Cropped vs. Uncropped = R-value: 0.091, P = 0.057.
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TOM (g/kg) TOC (g/kg) TN (9/kg) NN (mg/kg) AN (mg/kg) TP (9/kg) AP (g/kg) TK (g/kg) AK (g/kg)

CK 103.51 £ 1.66°  60.04 + 0.96° 9.65+0.83% 431.52+2012 19.02+0.12® 4.89+0.182 0.82+0.01® 14.06+0.162 1.38+0.01°
BBS 123.81 £3.83% 71.814£2222 10.54 £0.76% 443.13+5.57% 2584 £1.01% 4.94+0.18 1.11+£0.04% 14.13+£0.13%2 1.52+0.022

Each treatment was replicated three times, data are presented as means of three replicates + SD, and error bars represent SD for three replicates. Means with different
letters have significant differences (o < 0.05; HSD test). TOM, total organic matter; TOC, total organic carbon; TN, total nitrogen; NN, nitrate nitrogen; AN, ammonia
nitrogen; TR, total phosphorus; AR, available phosphorus; TK, total potassium; AK, available potassium.
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Statistical significance at *P < 0.05 and **P < 0.01.
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acdS— 292 +0.4
treS— 3.08+ 0.5
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OxtreS 2.89+0.7

The standard deviation is shown in parentheses (+). Statistical analysis indicated
no significant differences at a = 0.05.





OPS/images/fmicb-10-01668/cross.jpg
3,

i





OPS/images/fmicb-10-01668/fmicb-10-01668-e001.jpg
Prevalence = Znumber of disease plants /

total plants investigate x 100%





OPS/images/fmicb-10-01668/fmicb-10-01668-g001.jpg
wn
[==]
[=-]
<
- o
v
o
o —
= A
Z,
1 T T T 1
= S > (=] <
< [2e] (o] —
(ey) pPIX
1]
= =
- 9
7,
[72]
[=-]
[=-]
= -
-5
1=
= —
= A
Z,
1 1 1 1
=) = =3 =]
=] - (]

(%) Wsiq wndisde) jo duapuy
<





OPS/images/fmicb-10-02103/cross.jpg
3,

i





OPS/images/fmicb-10-01884/fmicb-10-01884-g005.jpg
PC

Inoculated

Non-inoculated NTC

Control Line -

Test Line - |

|
} <
¥ “
‘ i A ‘
1 g !
i 3





OPS/images/fmicb-10-01884/fmicb-10-01884-t001.jpg
Species (Pathotype/Race)

Phytophthora sojae (R2)
P sojae (R9)

P sojae (R6)

P sojae (R8)

P sojee (R12)

P sojae (R14)

P sojae (R17)

P sojae (R19)

P sojae (R20)

P sojae (R28)

P sojae (R31)

P sojae

P sojae

P sojee

P sojae

P sojae

P sojae

P sojae

P sojae

P sojae

P sojae

P sojae

P sojae

P sojae

P sojae

P sojae

P sojee

P sojee

P sojae

P melonis

P vignae

P sansomeana

P, boshmeriae

P cactorum

P cambivora

P capsici

P, cinnamomi

P citrophthora

P cryptogea

P drechsleri

P erythroseptica

P hibernalis

P infestans

P lateralis

P, medicaginis

P megasperma

P, nicotianae

P paimivora

P, quercina

P ramorum

P rubi

P syringae

P tentaculata
Globisporangium ultimum
Alternaria alternata
Botrytis cinerea
Bremia lactucae
Colletotrichum glycines
Colletotrichum truncatum
Colletotrichum orbiculare
Endothia parasitica
Fusarium equiseti
Fusarium oxysporium
Fusarium solani
Magnaporthe grisea
Magnaporthe grisea
Rhizoctonia solani
Tilletia indlica
Verticilum dahlize

Isolate

P6497
Peng-R3
Peng-R6
Peng-R8

Peng-R12
Peng-R14
P7074
P7076
Peng-R20
Peng-R28
Peng-R31
Pst
Ps2
Ps3
Ps4
Ps5
Psfi
Psf2
Psf3
Psf4
Psf5
Py
Psy2
Psy3
Psy4
Psy5
Psy6
Psy7
Psy8
Pmet
P3019
Yii71
Pbot
Pcact
©BS 248.60
Peapt
Paint
Peitt
Pert

©BS 292.35

CBS 129.23

©BS 270.31

Pint

©BS 168.42

ATCC 44390

©BS 305.36

Prit
Ppat

CBS 789.95
EU1 2275

CBS 967.95

CBS 132.23

Plet
Gut
Aalt
Boit
Blal
cglt
ctrt
Cort
Epal
Feqt
Foxd
Fsol
Mgr1
Mgr2
Rsot
Tint
Vdal

Origin®
Host/substrate

Glycine max
Glycine max
Glycine max
Glycine max
Glycine max
Glycine max
Glycine max
Glycine max
Glycine max
Glycine max
Glycine max
Glycine max
Glycine max
Glycine max
Glycine max
Glycine max
Glycine max
Glycine max
Glycine max
Glycine max
Glycine max
Glycine max
Glycine max
Glycine max
Glycine max
Glycine max
Glycine max
Glycine max
Glycine max
Cucumis sativus
Vigna sp.
Glycine max
Gossypium sp.
Malus pumila
Castanea sativa
Capsicum annuum
Cedrus deodara
Citrus reticulata
Gerbera jamesonii
Beta vulgaris var. altissima
Solanum tuberosum
Citrus sinensis
Solanum tuberosum
Chamaecyparis lawsoniana
Medicago sativa
Matthiola incana
Nicotiana tabacum
Iridaceae sp.
Rhizosphere of Quercus cerris
Laurus nobilis
Rubus idaeus
Malus domestica
Saussurea costus
Irrigation water
Soil
Cucumis sativus
Lactuca sativa
Glycine max
Glycine max
Citrullus lanatus
Castanea mollssima
Gossypium sp.
Gossypium sp.
Gossypium sp.
Oryza sativa
Oryza sativa
Gossypium sp.
Triticum aestivum
Gossypium sp.

Location®

Mississippi, United States
na.
na.
na.
na.
na.
Mississippi, United States
Mississippi, United States
na.
na.
na.
Js, China
Js, China
Js, China
Js, China
Js, China
FJ, China
FJ, China
FJ, China
FJ, China
FJ, China
YN, China
YN, China
YN, China
YN, China
YN, China
YN, China
YN, China
YN, China
Js, China
Australia
XJ, China
Js, China
Js, China
France
Js, China
Js, China
Js, China
Js, China
California, United States
Ireland
Setdbal, Portugal
FJ, China
Oregon, United States
California, United States
California, United States
YN, China
YN, China
Germany
UK
Scotland, United Kingdom
UK
YN, China
Js, China
Js, China
Js, China
Js, China
Js, China
Js, China
Js, China
Js, China
Js, China
Js, China
Js, China
Js, China
YN, China
Js, China
Js, China
Js, China

RPA-LFD®

R T I Tt T T ik T T T T T T i T S S S S

“na. = not available. ®Abbreviations of provinces in China: JS, Jiangsu province; FJ, Fujian province; YN, Yunnan province; XJ, Xinjang Uygur Autonomous Region
cPositive (1) or negative (—) reaction result in the RPA-LFD assay for detecting P, sojae.
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Name Sequence (5'-3')

PSYPT-F primer GCCCTCTCGAGCGGACGCTTTAGAGTCCAGGATG
PSYPT-R primer [BiotinAGAATACCAATAATCAGAAGCGTACACCCACCAG
PSYPT-Probe [FAMITTCCGATCCAGTTGCTGACAATATTGTGCC[THFIG

TTGTCCCGCCCAGA[C3-spacer]
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Location Sample size

No. of positives

RPA-LFD LAMP PCR Baiting?
Haerbin 25 16 15 13 12/11
Jiamusi 19 8 8 7 6
Qigihaer 23 15 15 14 12/11
Mudanjiang 21 10 10 8 7
Daging 18 10 10 8 6
Jixi 14 8 8 4 6
Yichun 10 5 5 4 3
Total 130 72 7 61 52/80

aTwo samples, one collected in Haerbin and one in Qigihaer, were P. sojae-
positive in the first repeat, whereas negative in the second repeat of the leaf-disc

baiting experiment.
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P.sojae

P.sojae

P.sojae

P.sojae

P.sojae

P.sojae

P.sojae

Forward Primer PSYPT-F (33—66 nt)

10 20 30 40 50 60 7

« sl u ponow s v s n B nn | wwowoad x wnsnlu wwnilins oo o fowmn §ronomm] ool sws)

GCACTTTGTCAGTGGCCGARAATAGGCCTTGTCTGCCCTCTCCAGCGCACGCTTIACGAGTCCAGCGATGGCTIA

o

Forward Primer PSYPT-Probe (75-120 nt)
80 90 100 110 120 130 140

AGGTTTCCCATCCAGTTGCTCACRAATATTGTGCCCGTTGTCCCGCCCAGARRAATTCGCACGATCCAGCTG

150 160 170 180 190 200 210

wnail # e 0% & palles & alews i Doewn b swanl s el s valliee saless i beans leowassl suvnd

GCACGGCAACACCATCAAGCTCCAGATTGIACGTTCACCCCGGIACATTCGCCGGTIAAGCGCACTIATGG

Reverse Primer PSYPT-R (217-250 nt)
=220 230 240 250 260 270 280

|
TTCIAACTGGTGGGTGIACGCTTCTCGATIATTGGIATTCIAGTGGCACACGGCCGGCCAGCAGCGTTTCC

290 300 310 320 330 340 350

GCACCATCACIAGCAGCIACTIACCGCGGTGCCCACGGTIATIATCGTGGTGTACCACGTCACGCGACCAGCGA

360 370 380 390 400 410 420

GTCGTTCRAACAACGTCAAGCAGTGGCTGCACCACGATCCATAGGTGCGTTCCATCTCACAGTTGTTGGGTIA

430 440 450 460 470

GRAAAAATCCCGCGCGAATGGTGCTIAACTGTTGCACCGCTTCCATTTGCAGGTACGCCTG
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Pop fungi

Aspergillus._ tabacinus
Aspergillus._ sydowii
Aspergillus_ creber
Aspergillus _ niger
Aureobasidium_puUulans
Acremonium_sc lerotigenum
Golubevia _pallescens
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Microcera_larvarum
Cladosporium_c ycadicola
Acremonium_pe rsicinum
Moesziomyces_a ntarcticus
Volutella_ ciliata
Cladosporium_| imoniforme
Strelitziana_ africana

Bold font indicates positive or negative correlation with resistance level: the blue was unique to Chenzhou ACP population.
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Insecticide Population

Thiamethoxam Guangzhou
Yongzhou
Chenzhou

Imidacloprid Guangzhou
Yongzhou
Chenzhou

Toxicity regression equations

Y =1.466x — 1.341
Y =1.543x — 1.932
Y =1.331x — 1.996
Y =1.253x — 0.957
Y =1.222x — 1.452
Y =1.339x — 1.976

LCso? (95% Cl) (mg/L)

8.214 (6.612-10.388)
17.866 (14.481-22.445)
31.6 (24.388-43.422)
5.802 (4.541-7.459)
156.408 (11.857-19.766)
29.9 (28.740-38.349)

X2

7.711
8.769
9.046
9.626
5.623
8.141

1
2.18
3.85
1
2.66
5.16

4] Cs values followed by different letters within each group were significantly different from one another, based on non-overlapping of 95% confidence limit. 2LCsp values
were measured for each insecticide and population. CL, confidence limit. PRR (resistance ratios) = L Csg of (Yongzhou or Chenzhou) ACP/LCsy of Guangzhou ACP.
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24h

0.0000658
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sD

0.0000005
0.0000019
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48h

0.0000591
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sD
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Pop
gene
ACTIN
ACH1
ACH2
CYP4DA1
CYP4DB1
CYP4C70
CYP4C68
CYP4C67

Guangzhou

1
0.000726
0.000238
0.000726
0.000162
0.000152
0.0000956
0.013508

sD

0.07060
0.000186
0.000014
0.000187
0.000040
0.000082
0.000023
0.013534

Chenzhou

1
0.004910
0.000197
0.002962
0.001518
0.002035
0.002261
0.158878

sD

0.07009
0.001350
0.000027
0.000585
0.000249
0.000853
0.000897
0.034592

Yongzhou

1
0.004093
0.000187
0.004094
0.000756
0.000825
0.000919
0.133441

sD

0.090600
0.001129
0.000019
0.001132
0.000108
0.000374
0.000220
0.089725
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Proteins LCsp (ng/mL) 95% confidence interval Slope + SD

Sip1Aa 1.683 1.135-2.409 1+01
HO9A 0.665 0.186-1.493 0.7 £ 041
K109A 0.481 0.283-0.734 1+01
K128A 0.18 0.033-0.457 0.5+01
E130A 0.286 0.094-0.586 0.6+01
K193A 1.62 0.895-2.706 0.7 £ 0.1
H242A 13.186 9.292-19.933 1+01
H248A 1.069 0.294-2.579 0.9 £ 0.1
H259A 1.221 0.834-1.720 1+041
D290A 9.308 5.349-18.855 0.6+0.1
H303A 4.728 2.636-9.016 0.6+0.1

H318A 1.235 0.717-1.954 0.8+01
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Primer Primer sequence 5'-3'

Sip-F ccgaattcgagctccgtcgacATGGCAGAAACCAAGTCGCCAA
Sip-R gtggtggtggtggtgctcgagATTTCCACTTAAAATCTTTGTTTGA
H99A-F CAATGCTCAAACAAATAGATTTATATCCTGGTTTAA

H99A-R CTATTTGTTTGAQCATTGTTATTTTGATCTTTAAATATCCAGAA
K109A-F CCTGGTTTgcAGATAATCTTGCTAGTTCGAAGGGG

K109A-R GATTATCTgcAAACCAGGATATAAATCTATTTGTTTGAT
K128A-F GGGCTTAgCAATAGAAGCATTAAATGATATGGATGTAAC
K128A-R GCTTCTATTgcTAAGCCCATTTGTTCTGCTATACTG

E130A-F GGCTTAAAAATAGCAGCATTAAATGATATGGATGTAACAAATA
E130A-R GCTgCTATTTTTAAGCCCATTTGTTCTGCTAT

D134A-F GCATTAAATGCTATGGATGTAACAAATATTGATTATACATCTAA
D134A-R TCCATAGCATTTAATGCTTCTATTTTTAAGCCC

D136A-F TGATATGGCTGTAACAAATATTGATTATACATCTAAAACAGG
D136A-R TTGTTACAgCCATATCATTTAATGCTTCTATTTTTAAGC
D141A-F GCTTATACATCTAAAACAGGTGATACCATATATAA

D141A-R GTTTTAGATGTATAAGCAATATTTGTTACATCCATATCATTTAATG
K145A-F TCTgcAACAGGTGATACCATATATAATGGAATTT

K145A-R GGTATCACCTGTTgcAGATGTATAATCAATATTTGTTACATCCATATC
K193A-F AGGATTTgcAGTTGCTGCTAAGGGAGTAGTTGC

K193A-R GCAGCAACTGCAAATCCTAATTGTAACCCATTTGTTACT
H242A-F TATCCCCAGGAQGCTAAAGCAGTGGTGAAACATGATTTG
H242A-R CTTTAgcTCCTGGGGATAATGTAACTTCTTGAG

H248A-F GCAGTGGTGAAAGCTGATTTGAGAAAAATGGTGTATTTTG
H248A-R ATCAGCTTTCACCACTGCTTTATGTCCTGGGGA

H259A-F GGTGTATTTTGGGACTCTGATTTAAAGGGTGATTTAAAAGTAGGT
H259A-R gcAGTCCCAAAATACACCATTTTTCTCAAATCA

D290A-F GATTTATCTGCTATTCGTAAAACAATGATTGAAATTGA
D290A-R CGAATAGCAGATAAATCAATTGATCTATAATTTGGAT
R292A-F CTGATATTgCTAAAACAATGATTGAAATTGATAAATGG
R292A-R TTGTTTTAGCAATATCAGATAAATCAATTGATCTATAATTTGG
D299A-F TGCTAAATGGAATCATGTAAATACCATTGACT

D299A-R CATGATTCCATTTAgCAATTTCAATCATTGTTTTACGAATATC
H303A-F TGGAATGCTGTAAATACCATTGACTTTTATCAATTAGTT
H303A-R GGTATTTACAGCATTCCATTTATCAATTTCAATCATTGT

H318A-F GTTGGAGTTAAAAATGCTATAAAAAATGGTGATACTTTATAT
ATAGATACCC

H318A-R AgcA AACTCCAACTAATTGATAAAAGTCA
D328A-F ATATATAGCTACCCCGGCCGAATTTACATTTA
D328A-R CCGGGGTAGCTATATATAAAGTATCACCA ATATGA
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Plasmids Description Source or
reference

pUCP20T Shuttle vector Amp" H.P. Schweizer
pUCP20T- The E. coli phoA gene cloned in This study
pPhoA(SP) pUCP20T
pUCP20T- The modified phoA gene [phoANSP)], This study
phoA(NSP) without the 5’-sequence encoding the

N-terminal signal peptide, cloned in

pUCP20T
pUCP20T- The amyE1-phoA fusion gene, with the  This study
amyE1(SP)- 5'-sequence encoding the N-terminal
phoA(NSP) signal peptide fused with phoA(NSP),

cloned in pUCP20T
pUCP20T- The celET-phoA fusion gene, with the This study
celE1(SP)- 5'-sequence encoding the N-terminal
phoA(NSP) signal peptide fused with phoA(NSP),

cloned in pUCP20T
pUCP20T-xINC(SP)-  The xiInC-phoA fusion gene, with the This study
phoA(NSP) 5'-sequence encoding the N-terminal

signal peptide fused with phoA(NSP),

cloned in pUCP20T
pUCP20T-xINASP)-  The xinA-phoA fusion gene, with the This study
pPhoA(NSP) 5'-sequence encoding the N-terminal

signal peptide fused with phoA(NSP),

cloned in pUCP20T
pUCP20T-licASP)-  The licA-phoA fusion gene, with the This study
phoA(NSP) 5'-sequence encoding the N-terminal

signal peptide fused with phoA(NSP),

cloned in pUCP20T
pET28a Expression vector with T7lac promoter Novogene
pET28a-amyE1 Overexpression construct of amyE1? This study
pET28a-celE1 Overexpression construct of celET This study
pMK3 E. coli-Bacillus shuttle plasmid;

ampicillin resistance in E. coli and

kanamycin resistance in B. subtilis
pMK3-amyE1 The amyE1 gene cloned in pMK3 This study
pMK3-celE1 The celET gene cloned in pMK3 This study
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Community indicators

Microbial species richness (peaks)

Microbial biomass (nmol PLFA g~ soil)
General bacteria (nmol PLFA g~ soil)

Gram positive bacteria (nmol PLFA g—" soil)
Gram negative bacteria (nmol PLFA g~ soil)
Actinomycetes (nmol PLFAs g~ soil)

Fungi (nmol PLFA g~ soil)

Values are shown as means £+ SD (n = 3).

Mycorrhizal

41.33 £1.70
12.76 £ 0.99
3.34 £0.42
126 +£0.12
1.47 £0.16
0.66 +£0.14
0.39 +0.03

Non-mycorrhizal

40.67 +1.89
11.97 £0.70
2.87 +£0.45
1.15+0.08
1.29+0.14
0.50+0.13
0.41 4 0.04

0.73
0.42
0.35
0.35
0.28
0.29
0.76
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Dominant genera (x10~3)

Bacillus
Streptacidiphilus
Kribbella
Bradyrhizobium
Pseudomonas
Kaistobacter
Aeromicrobium
Gemmata
Lentzea

Treatments
Sowing methods Sampling sites Soil layers

TS FMR&F WR&NF CK Rhizosphere Non-rhizosphere 0-20 cm 20-40 cm 40-60 cm
10.95 bc 8.94 ¢ 43.83a 33.05 ab 22.63 23.15 12.98 b 11.38b 4443 a
9.27b 14.42 ab 18.02 a 9.65 b 14.89 12.1 10.11b 12.47 ab 17.32a
16.30 a 12.37 ab 12.07b 7.74Db 14.49 11.44 13.76 a 15.07 a 9.41b
8.09 b 6.76 b 13.14a 10.77 ab 10.58 8.76 8.78 ab 8.12b 11.71a
3.59 b 4.66 b 15.39a 9.14 ab 8.98 7.37 5:62b 5.18b 13.48a
8.46 7.94 7.09 7.74 715 8.32 10.09 a 8.09a 5.28 b
8.58 a 9.09 a 4.90b 3.53b 7.16 6.80 8.43a 8.06 a 4.36b

7.95a 5.23b 3.91b 5.71 ab b2 5.68 677 5.83 4.50
5.22 4.38 6.01 4.57 6.01a 4.44Db 6.09 a 5.20 ab 4.05b

a, b, c Means are different at p < 0.05 (Tukey HSD) for the three main factors separately; TS, drilled using a mechanical seeder with rows spaced 20 cm apart without film
mulching; FMR&F, film-mulched ridge (an arc with 40 cm wide base and 10 cm height) and furrow (rows spaced 15 cm) sowing method by using an all-in-one machine;
WR&NF, wide ridge (25 cm wide base and 12 cm height) and narrow furrow (depth 8 cm, sown into the top-edges of the furrow, rows spaced 12 cm) sowing method by
using an all-in-one machine; CK, control (fallow land).
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primers sequences Sources.

caacrs omiF CAATOCGTOGAGCTOTTGAG Vangetal (2011)
TR ATCCAGGCTTAAGCATTCCTG

capr1 PRLE AGCCCAMMATTCTCOCOMG vangetal 2011)
PAiR CTAGGCTATTGTOCOATGTOATAG

coPrz PR2F TOTGAAATGAAGTOAGCCCTG Mars (1996)
PR TCCRARTGTTTOTCATGG0AG

caprs PRAE GGTAGATGCTIGAGGGTGAC Pakotal o0
PReR CAGTGTCCANTTG

caPny PNILE IGOAGMAATC Shnetal 2001)
PNIA (GTCCCGATGACGCTGTANTAG
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Dominant phyla Treatments

Sowing methods Sampling sites Soil layers

TS FMR&F WR&NF CK Rhizosphere Non-rhizosphere 0-20cm 20-40 cm 40-60 cm
Acidobacteria 0.16 0.16 0.15 0.18 0.13b 0.17a 0.16 0.16 0.15
Gemmatimonadetes 0.11a 0.09b 0.08b 0.09ab 0.09 0.09 0.09 0.09 0.10
Planctomycetes 0.07a 0.06 ab 0.05b 0.06 ab 0.06 0.06 0.07 0.06 0.05
Chiloroflexi 0.05 0.06 0.05 0.05 0.05b 0.06a 0.05 0.05 0.05
Firmicutes 0.02b 0.01b 0.06a 0.06a 0.03 0.03 0.02b 0.02b 0.07a
Nitrospirae 0.03 0.03 0.03 0.03 0.03 0.03 0.02b 0.03b 0.04a
Verrucomicrobia 0.03a 0.03ab 0.03b 0.02b 0.03 0.03 0.04a 0.03a 0.02b

a, b Means are different at p < 0.05 (Tukey HSD) for the three main factors separately; TS, drilled using a mechanical seeder with rows spaced 20 cm apart without fim
mulching; FMR&F, film-mulched ridge (an arc with 40 cm wide base and 10 cm height) and furrow (rows spaced 15 cm) sowing method by using an all-in-one machine;
WR&NF, wide ridge (25 cm wide base and 12 cm height) and narrow furrow (depth 8 cm, sown into the top-edges of the furrow, rows spaced 12 cm) sowing method by
using an all-in-one machine; CK, control (fallow land).
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Treatments Organic matter (g/kg)

Sowing methods

TS 8.9b
FMR&F 11.2a
WR&NF 9.4b
CK 9.6b
Sampling sites

rhizosphere 9.5b
non-rhizosphere 10.0a
Soil layers

0-20 cm 13.8a
20-40cm 8.6Db
40-60 cm 6.9¢

Available P (mg/kg)

B.52¢
8.12a
7.20 bc
7.65ab

6.98 b
7.60 a

11.98 a
597 b
4.04c

PHwater

712
7.11
7.09
7.02

7.06b
712a

717a
7.08 @b
7.02b

Soil moisture (% w/w)

298¢
37.2a
30.7 bc
27.8d

34.1a
30.2b

36.0a
31.9b
27.7¢

Available N (mg/kg)

63
63
61
66

59 b
66 a

94 a
53 b
42 ¢

Available K (mg/kg)

103
103
103
105

99 b
106 a

129 a
95 b
85¢

a, b, ¢ Means are significantly different at p < 0.05 (Tukey HSD) for the three main factors separately; TS, drilled using a mechanical seeder with rows spaced 20 cm
apart without film mulching; FMR&F, film-mulched ridge (an arc with 40 cm wide base and 10 cm height) and furrow (rows spaced 15 cm) sowing method by using an
all-in-one machine; WR&NF, wide ridge (25 cm wide base and 12 cm height) and narrow furrow (depth 8 cm, sown into the top-edges of the furrow, rows spaced 12 cm)

sowing method by using an all-in-one machine; CK, control (fallow land).
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Plant species
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References
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Drought

Osmotic stress
Salt

Drought

Salt
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Salinity

Salinity
Salt

Salt
Salt

Glomus intraradices

Septoglomus constrictum,
Glomus sp., and Glomus
aggregatum

Glomus intraradices and native
rhizobial strains

Trehalose

Glomus intraradices BEG 123

Glomus etunicatum
Co-inoculation of Rhizobium
tropici and Paenibacillus
polymyxa

Glomus intraradices

Glomus intraradices BAFC
3108

Glomus clarum

Glomus intraradices BEG121
Native rhizobia

Glomus mosseae

Funneliformis mosseae
Rhizophagus irregulariae

AM extraradical hyphae
in in vitro system

Glycine max

Genotypes of
Phaseolus vulgaris

Acacia senegal,
Sinorhizobium
symbiosis
Phaseolus vulgaris

Glycine max
Phaseolus vulgaris

Glycine max
Lotus glaber

Vigna radiata

Lactuca sativa

Medicago truncatula
and Phaseolus vulgaris

Cajanus cajan

Increase trehalose turnover rate

Improved water content and P and N
concentrations

Showed positive correlation between
mycorrhizal colonization and nodule trehalose
content

Protected cell cultures of the Sinorhizobium
strains and increased EPS

Enhanced osmotic root hydraulic conductance
in roots through active solute transport

Influenced proline concentrations

Upregulation of genes involved in stress
tolerance

Accumulation of carbohydrates

Reduced sodium in root and shoots; enhanced
root potassium

Reduced concentration of ABA
Enhanced trehalose

Enhanced trehalose in nodules

Enhanced trehalose turnover in AM plants,
nodulation and N-fixation

Ocon et al. (2007)

Grimberg et al. (2015)

Ballesteros-Aimanza et al.

(2010)

Réasanen et al. (2004)

Aroca et al. (2007)

Sharifi et al. (2007)
Figueiredo et al. (2008)

Porcel and Ruiz-Lozano (2004)
Sannazzaro et al. (2006)

Rabie et al. (2005), Daei et al.
(2009)

Aroca et al. (2008)
Lopez et al. (2008)

Garg and Chandel (2011)
Garg and Pandey (2016)

*Modified from Meena et al. (2017).
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Farming systems

Vegetable species

Fertilization types

Plant protection
Insects

Plant diseases

Weed
Measures to improve soil fertility

Irrigation methods

Organic

Leafy vegetables (green vegetables and leek), Melons and
fruits (tomatoes, cucumbers, eggplants, and green
peppers)

Seedling medium, commercial organic fertilizer, liquid
fertilizer, natural mineral fertilizer and composting fertilizer

Sticky yellow paper traps and insect net, natural botanical
pesticide (pyrethrin, matrine)

Biopesticide, mechanical removed diseased plants, pest
and disease resistant varieties, ridging planting
Artificial/mechanical weed removing

Returning straw to field, green manure, covering, high
temperature stuffy shed, plowing

Flood irrigation, spray irrigation, trickle irrigation

Conventional

Leafy vegetables (green vegetables and leek), Melons and
fruits (tomatoes, cucumbers, eggplants, and green
peppers)

Compost, urea, calcium superphosphate and potassium
chloride, compound fertilizer

Insect net, boscalid, acetamiprid, prochloraz manganese
salt, chlorfenapyr
Biocontrol, bactericide, ridging planting

Artificial/mechanical weed removing, herbicide
Returning straw to field, green manure, covering, high
temperature stuffy shed, plowing

Flood irrigation
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Between treatment June September July September

2014 2014 2015 2015
Synthetic vs. organic 2 7 11 45
Control vs. organic 3 8 0 24
Control vs. synthetic 0 0 0 0
Mixture vs. fallow 18 51 65 10
Red clover vs. fallow 6 27 41 17
Timothy vs. fallow 16 64 50 35
Red clover vs. timothy ] 1 0 3
Red clover vs. mixture 0 0 0 0
Timothy vs. mixture 3 0 0 0

The OTUs were defined based on 16S rRNA amplicon sequencing of soils from a
split-plot-design field experiment with fertilizer (unfertilized control, organic fertil-
izer, and synthetic fertilizer) and plant (fallow, red clover, timothy, and a red
clover-timothy mixture) treatments.





OPS/images/fmicb-11-00106/fmicb-11-00106-g003.jpg





OPS/images/fmicb-11-01780/fmicb-11-01780-t002.jpg
Environmental factors June 2014 September 2014 July 2015 September 2015

rs P-value rs P-value rs P-value rs P-value
NOz 0.18 0.03 0.06 0.20 0.18 0.008 0.09 0.19
NH4+ 0.18 0.01 0.17 0.02 0.04 0.29 0.08 0.13
pH 0.24 0.001 0.21 0.006 0.06 0.11 0.09 0.08
EC 0.09 0.14 0.12 0.04 0.06 0.15 0.17 0.008
Moisture 0.27 0.001 0.13 0.01 0.14 0.02 0.25 0.001
TN 0.31 0.001 = = = - 0.32 0.002
TC 0.28 0.001 = = = = 0.30 0.001
C/N ratio 0.11 0.08 - - - - 0.04 0.248

The community compositions were defined based on 16S rRNA amplicon sequencing of soils from a split-plot field experiment with fertilizer (unfertilized control, organic
fertilizer, and synthetic fertilizer) and plant (fallow, red clover, timothy, and a red clover-timothy mixture) treatments. TN, total nitrogen; TC, total carbon.
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Source DF denDF Richness (number of operational taxonomic units) Diversity (Shannon) Evenness (Shannon)

F-value P-value F-value P-value F-value P-value
Fertilizer 2 6 1.18 0.37 1.85 0.24 3.02 0.12
Crop 3 27 18.13 < 0.001 12.00 < 0.001 5.31 0.005
Fert:crop 6 27 0.32 0.92 0.61 0.71 1.02 0.43
Time 3 80 117.24 < 0.001 72.54 < 0.001 27.53 < 0.001
Time:Fert 6 18 1.25 0.33 1.34 0.29 1.26 0.32
Time:crop 9 80 1.27 0.26 2.22 0.03 2.49 0.01
Time:Fert:crop 18 80 1.18 0.29 1.64 0.07 1.61 0.07

The diversity indices were calculated based on 16S rRNA amplicon sequencing of soils from a split-plot field experiment with fertilizer (unfertilized control, organic fertilizer,
and synthetic fertilizer) and plant (fallow, red clover, timothy, and a red clover-timothy mixture) treatments. Fert, fertilizer treatment; Time, sampling time point; DF, degree
of freedom; denDF, DF of the denominator.
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Relative doubling Maximum OD

rate achieved
No carbon source + Glucose 1 215
Fungal fruiting body + Glucose 0.68 1.76
Fungal cell wall + Glucose 1.29 2.29
B-chitin + Glucose 0.83 2.33
B-glucan + Glucose 2.52 1.75
Peptone + Glucose 2.81 2.33
No carbon source 0.63 0.80
Fungal fruiting body 2.89 1.70
Fungal cell wall 0.91 1.94
B-chitin 0.80 1.21
B-glucan 1.32 1.02
Peptone 243 1.81

The bacterium was cultivated in Spizizen minimal medium with or without glucose,
containing carbon source at 5 g L=, ODgog was measured hourly over the course
of 26 h. Doubling rates were normalized by comparing to bacterium growing on
glucose and no other carbon source.
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Management Soil Fungistasis (mm?2) Yield per Hectare (kg ha=1)

Crop sequence

Monoculture 338.3 4523
Crop rotation 282.6 4968
Tillage system

Plow 363.5a 4684 a
Reduced tillage 284.4b 4440 a
No-till 283.5b 5114 b

The different letters refer to statistically significant differences within each compari-
son; p < 0.05. The number of observations (n) is 24 for each response variable.
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Management Soil carbon pools?

SOC20 cm SO0Ceq Cmiczp cm Cmiceq

Crop sequence

Monoculture 7.26a 55843 86.4 69.6
Crop rotation 6.86b 520b 88.6 72.4
Tillage system

Plow 6.60a 5.82 80.0a 65.9a
Reduced tilage 7.29b 5.51 88.3b 71.3b
No-till 7.29b 5.49 94.2c 75.7¢c

aSoil Organic Carbon (SOC; kg m~2) and Microbial Biomass Carbon (Cpic; g m™2)
in the soil profile either calculated as carbon content on 20 cm top soil or as equiva-
lent soil mass (eq; 200 kg m~2; ~15 cm depth). The number of observations (n)
is 24 for each response variable. The different letters refer to statistically significant
differences within each comparison; p < 0.05.
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Variable Plow Reduced tillage No-till p-value

pH 0.6a 1.5b 1.5b < 0.01
EC 6.2a 18.1b 259c¢ < 0.001
Bulk Density 73a 11.0b 9.8 (b) 0.03
Nmin 14.0a 271Db 37.6¢ < 0.001
Pavailable 24a 20.4b 34.1c < 0.001
SOC 0.8a 9.6b 14.3¢ < 0.001
C/N 25 3.9 3.1 0.57
POM-C 44a 25.3b 31.1c < 0.001
Cmic 6.0a 26.2b 30.7¢ < 0.001

The different letters refer to statistically significant differences within each compari-
son; p <0.05, (p <0.70).
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No Stain ID Identity Live cells APF TLC fractions Organic acids?
F3 F5 AA LA FA CA Bleach 1.3%

1 UMR1 Salmonella enterica Typhimurium. +4++ + ++ 44 44 ne Fdfe e G
2 MAE14 S. enterica Typhimurium + + ++ ++ ++ ++ 4+ + G-
3 MAE299 S. enterica Typhimurium + + +++ ++ ++ + CR £ 4
4 MAE775 S. enterica Typhimurium ++ + e ++ 4+ + 4+ + ++
5 SCS2 S. enterica :Rough-O:e,h:e,n. +++ + ++ ++ ++ + e+ + .
6 PARCH#5 S. enterica Agona ++ + + ++ ++ + +++ + ++
7 SL1 S. enterica Newport ++ + ++ ++ ++ + +++ + ++
8 SL2 S. enterica Hartford + + ++ ++ ++ + et + 4
9 B07.007 Xanthomonas campestris ++++ + ++ +++ 4+ 4+ ++ i e
10 E3-6 Escherichia coli + + ++ ++ ++ + +++ a3 4
11 E10-6 E. coli ++ + ++ ++ ++ + + ++
12 E14-6 E. coli 40 + ++ ++ ++ + 4+ ++
13 E15-6 E. coli + + ++ ++ ++ + 4+ + ++
14 AG3 (114) Rhizoctonia solani +++ + + ++ ++ + +++ + 44
15 AG1-1A (ROS-2A)  R. solani + - + + ++ + +++ + 4
16 Fo14 Botrytis cinerea + = + + ++ + +++ + ++

a\zarious organic acids (1%) tested as controls: AA, acetic acid; LA, lactic acid; FA, formic acid; CA, citric acid. ®?Double ring of clearing zone. (+) clearing zone of 3 mm;

(++) clearing zone of 4 mm; clearing zone of 5 mm (+++); clearing zone of 6 mm (++++).
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Rank Name Strain  Oil spreading Drop collapse

ID (cm)? (mm)®

Well 10-22

1 Bacillus megaterium OB55 1.8 £ 0.1 35+00
2 Streptomyces sp. 0OB45 1.6+07 3.0+£0.0
3 Streptomyces sp. OB44 20+0.6 3.5+0.0
4 Bacillus amyloliquefaciens OB10 2.1 £0.2 3.5+0.0
] Bacillus nealsonii OB51 26+0.0 4.0+0.0
6 Microbacterium sp. OB14 23+0.2 3.5+0.0
7 Bacillus methylotrophicus 0OB43 24+07 85+00
8 Streptomyces yanglinensis ~ OB41 26 +0.1 3.5+0.0
9 Bacillus amyloliquefaciens OB5 32+0.3 3.8+0.3
10 Streptomyces sp. 0OB42-1 3.3+0.1 3.5+0.1
11 Bacillus amyloliquefaciens OB6 3.6+0.3 43+0.3
12 Bacillus methylotrophicus OB9 3.8 +0.1 43+0.6
Well 5-27

1 Bacillus simplex EO5 1.56+0.0 3.5+0.0
2 Micrococcus luteus E47 15+02 3.3+0.1
3 Rhodococcus sp. E51-2 16+27 3.5+0.0
4 Bacillus methylotrophicus E62 1.7+03 3.7+02
5 Pseudomonas sp. E14 224041 48+0.3
6 Bacillus subtilis E64 20+0.2 3.8+0.3
7 Bacillus subtilis E68 26+0.3 3.8+0.0
8 Arthrobacter sp. E45 29+04 42+03
Well 10-17

1 Bacillus methylotrophicus M16-3 22+0.0 3.4+£01
2 Bacillus subtilis M46-2 26 +0.1 3.3+0.1
3 Bacillus methylotrophicus MO05-2 27+02 3.4 +£01
4 Bacillus subtilis M43 29404 344+02
5 Bacillus amyloliquefaciens M36 29401 34+02
6 Bacillus amyloliquefaciens M27 3.0+0.1 3.2+0.1
7 Bacillus subtilis M50 3.0+0.1 3.4+£01
8 Rhodococcus globerulus M20 3.1+01 3.5+0.0
9 Staphylococcus M44 3.1+0.0 3.2+041

saprophyticus

10 Bacillus amyloliquefaciens MO05 32+02 3.4+£01
11 Bacillus amyloliquefaciens M30 3.4 +041 3.4 +£041
12 Bacillus methylotrophicus M09 3.4+0.0 34+02
13 Bacillus amyloliquefaciens M21 3.4 +0.1 3.2+0.1
14 Bacillus subtilis M42 3.5+0.0 3.2+0.1

aFor oil spreading assays a clearing zone of >1.5 cm is considered positive.
bFor drop collapse assay a value above > 3 mm is considered positive. °Values
represent the mean of three replicates + standard error of the mean (S.E.).
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Management Soil layer Soil analysis

Depth (cm) SOC? (%) C/N POM-C? Cmic® (mg Ckg™1)
Crop sequence
Monoculture 0-5 2.99 11.38 69.90 432.4 (a)
Crop rotation 0-5 3.05 11.35 72.42 463.2 (b)
Tillage system
Plow 0-5 2.68a 11.40 56.76a 347.0a
Reduced tillage 05 3.01b 11.46 73.78 b 471.4b
No-till 0-5 3.36¢ 11.23 82.95¢ 524.9c¢c
Crop sequence
Monoculture 5-10 2.68 11.50 53.85 328.11
Crop rotation 5-10 2.76 11.38 55.48 339.17
Tillage system
Plow 5-10 2.69 11.47 54.99 (a) 313.80a
Reduced tilage 5-10 2.75 11.75 56.82 (a) 348.25b
No-till 5-10 2.71 11.12 52.18 (b) 338.87b
Crop sequence
Monoculture 10-20 2.56 11.28 47.94 301.97
Crop rotation 10-20 2.63 11.38 50.11 307.83
Tillage system
Plow 10-20 2.71a 11.44 54.22a 329.62a
Reduced tilage 10-20 2.48b 11.36 44.47b 281.93b
No-till 10-20 2.59¢ 11.19 48.37b 303.14¢

aS0C, soil organic carbon; POM-C, particulate organic matter carbon; Cpjc, microbial biomass carbon.
The different letters refer to statistically significant differences within each comparison; p < 0.05, (p < 0.10).
The number of observations (n) is 24 for each response variable.
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Properties

Oil Battery

Number of wells®

pH

Specific gravity
Water content
Absolute density

API gravity

Sulfur

Total solids dissolved
Viscosity

Location

Chauvin,
Alberta 10-22

36
7.4
1.06 kg/m?
0.40%
955.1 kg/m?
16.6 kg/m?
25.3 g/kg
81315 mg/It
863 mPas

Chauvin,
Alberta 5-27

119
7.4
1.06 kg/m?3
0.29%
917 kg/m®
22.8 kg/m®
24.7
82900 mg/It
87.05 mPas

Chauvin,
Alberta 10-27

162

7.4
1.06 kg/m?®

0.14%
946.7 kg/m?3
17.9 kg/m?®
28.7 g/kg

86159 mg/lt
644.5 mPas

@Recovery and isolation of microbes were pooled from duplicate oil samples
provided from each battery.
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Management Soil layer Soil analysis

Depth (cm) pHH20 EC (10~%S cm™) Bulk density (g cm™3) Nmin (Mg kg™ ) Pacetate (Mg kg™7)
Crop sequence
Monoculture 0-5 6.49 1.01a 1.14 7.93a 20.20
Crop rotation 0-5 6.49 1.15Db 1.1 11.38b 22.41
Tillage system
Plow 0-5 6.45 0.84a 1.11 5.63a 17.01(a)
Reduced tilage 0-5 6.56 1.19b 1.13 11.56b 24.73(b)
No-till 0-5 6.46 1.21b 1.15 11.78b 22.18(b)
Crop sequence
Monoculture 5-10 6.43 0.85 1.28 6.50a 15.85
Crop rotation 5-10 6.37 0.91 1.25 9.36b 17.75
Tillage system
Plow 5-10 6.43a 0.82a 1.22a 6.76a 16.39
Reduced tilage 5-10 6.47 a 0.99b 1.29b 9.54b 20.70
No-Till 5-10 6.30b 0.82a 1.30b 7.48a 13.32
Crop sequence
Monoculture 10-20 6.44 0.79 1.35 5.33a 14.67
Crop rotation 10-20 6.39 0.83 1.35 7.56b 15.95
Tillage system
Plow 10-20 6.48 0.83a 1.27a 7.07a 16.65
Reduced tilage 10-20 6.39 0.83a 1.40b 6.57a 16.70
No-till 10-20 6.38 0.76 b 1.39b 5.70b 12.57

The number of observations (n) is 24 for each response variable. The different letters refer to statistically significant differences within each comparison;, p < 0.05,
(p <0.70).
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A Well 10-22

C Well 10-17

5%)

B Bacillusamyloliquifaciens
m Bacillus subtilis

m Bacillusmegaterium

m Bacillus methy lotrophicus
m Bacillus nealsonii

m Microbacterium sp.

m Microbacterium testaceum
m Kocuriarhizophila

m Paenibacillussp.

B Paenibacillus humicus

B Streptomyces sp.
 Bradyrhzobium

1 Streptomyces yanglnenss

m Stephylococcus warneri

B Bacillus methy lotrophicus

m Kineococcus sp.

m Alcaligenes sp.

u Stenotrophomonas maitophilia
m Rhodococcusgloberulus

m Bzcillus nealsonii grain

B Bacillus amyloliquefaciens

m Bacillusmegaterium

m Staphylococcus sp.

u Pantoeasp.

u Bacillus subtilis

1 Stzphylococcus saprophyticus

B well 5-27

2 (4%)

1(2%)

1(2%)

m Pseudomonas sp.

m Curtobacterum sp.

m Bacillussp.

 Arthrobacter scleromae

W Brevibacterium frigoritolerans
W Microbacterium oleivorans
 Kocuriasp.

m Paenibacilus poymyxa

= Micrococcus Iuteus

= Rhodococcus sp.
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Treatment Emergence time (days) Rooted explants  Roots per explant  Main root length Exvitro survival

(%) ) (mm) (%)
First root Last root
Control < ¢ Oe Oe , 0d
1BA (1 i) 20+4a 35+1a 8d 1.0d" 7.9+4.0b 83.4b
Cl-sm (1 iM 1AA) 7x1c 14+ 3c 58b 23+03¢ 280+27a 100a
2x Cl-sm (2 pM IAA,) 92 2bc ND 33c 28+09b 9.1£24b ND
Cl-sm +IBA 12+ 1b 21+5b 71a 40403 102+ 19 66.6c

ND = not determined. Days unti the first emergence of adventitious roots from the stern tissues; days occurred for the last adventitious root emergence from the stem tissues; the
percentage of rooted explants; the number of roots per explant; the average of the longest root observed in each rooted explant; the percentage of ex vitro survivel. Values represent
the average = se. Different letters indicate statistically significant differences between groups. “Only one explant rooted for each repeated trial.
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Soil properties Unit Treatment

BO B0.5 B2
Total nitrogen (TN) a/kg 1.16 £ 0.01a 1.16 £ 0.00a 1.17 £ 0.02a
Organic matter (OM) a/kg 27.47 £ 0.37b 28.43 £ 0.73b 32.08 + 0.64a
Alkali-hydrolysable nitrogen (AN) mg/kg 112.98 £+ 3.74a 111.16 + 6.08a 101.79 + 4.22a
Available phosphorus (AP) mg/kg 4.78 £ 0.35b 6.38 £0.77b 15.59 + 3.48a
Available potassium (AK) mg/kg 43.79 + 0.35¢ 115.41 £1.27b 261.08 £ 1.49a
Electrical conductivity (EC) nS/cm 76.60 + 1.37¢ 98.60 + 6.32b 145.40 + 0.47a
Carbon-nitrogen ratio (C/N) 13.84 + 0.18b 14.17 £ 0.36b 16.93 + 0.54a
pH 6.10 +£ 0.01b 6.17 £ 0.05ab 6.26 £+ 0.03a

All data for the effects of biochar on soil chemical properties are presented as the mean + standard errors calculated from three biological replicates. Data in the same
row followed by different letters showed significant differences (p < 0.05; n = 3).
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Metabolite

Sugars

Lactose

Fructose

Lactulose

Erythrose

1-Kestose

Melezitose

Raffinose

Levoglucosan

Xylose
3,6-Anhydro-D-galactose
2-Deoxy-D-glucose
d-Glucoheptose
2-Deoxy-D-galactose
Sophorose

Leucrose
6-deoxy-D-glucose
Melibiose

Glucose

Ribose

Amino acid
Cycloleucine
L-homoserine
Oxoproline

Isoleucine

Methionine
N-Acetyl-L-leucine
3-Hydroxy-L-proline
Organic acids

Abietic Acid
2-Hydroxybutanoic acid
Gentisic acid
Trans,trans-Muconic acid
2,6-Diaminopimelic acid
6-Hydroxy caproic acid
Benzoic acid

Succinic acid
3-Hydroxypropionic acid
Glycolic acid
4-Hydroxymandelic acid

3-(4-Hydroxyphenyl)propionic acid

Fold-changes

LC/CON

111
0.95"
0.93"
0.92*
0.86"
1.03
1.02
1
1
0.99
0.99
0.99
0.99
0.99
0.99
0.98
0.98
0.98
0.97

1.04*

0.94**
0.95
1.06
0.98
0.96
0.93

1.09*
1.08™*
1.07
1.06*
1.06*
1.04
0.98"
0.97**
0.96"*
0.96*
0.96*
0.95"

LC/CE

1.01
0.94
1.01
0.96"
0.94
1.06
1.04
0.99
1.01
1.02
1.03
1.01
1.01
0.99
0.98
0.98
1.03
0.98
1.1*

1.06™

0.93*
1.02
1.03
0.99
0.97*
0.97

1.07*
0.99
1.06*
1.08
1.03*
1.01
0.98
0.97*
0.98
0.98"
0.99
0.95™

CE/CON

1.1*

0.92*
0.96"
0.91
0.97
0.98
1.01
0.99
0.97*
0.96*
0.98
0.98
1.01
1.01

0.94*
0.99
0.88"

1.01
0.93*
0.97
1.01
1.01
1.04*

1.02
1.08"
1.01
0.98
1.01
1.02
0.99

0.98"
0.98
0.97
1

Metabolite

Citraconic acid
Beta-hydroxypyruvate
Hydrocinnamic acid
Vanillyimandelic acid
2,3-Dimethylsuccinic acid
Oxalic acid

Gluconic acid
Pantothenic acid
3,4-Dihydroxymandelic acid
Gallic acid

2-Ketocaproic acid
Linolenic acid

Pelargonic acid

Quinic acid
4-Hydroxyphenylpyruvate
Fumaric acid

Terephthalic acid

Lactic acid
4-Hydroxybutyrate
Aspartic acid
Acetylsalicylic Acid
D-Glyceric acid
3-Hydroxybutyric acid
Glucuronic acid

Tartaric acid

Threonic acid
Beta-Mannosylglycerate
Urocanic acid

Tartronic acid
2-Keto-isovaleric acid
2,2-Dimethylsuccinic Acid
Galactonic acid

L-Malic acid
2-Hydroxyvaleric acid
Lactobionic Acid
2-Furoic Acid

Saccharic acid
6-Hydroxynicotinic acid
3-Phenyllactic acid
6-hydroxy caproic acid dimer

Fold-changes

LC/CON

0.95+

0.95"

0.92*
0.9
1.03
1.02
1.02
1.02
1.02
1.01
1.01
1.01
1.01
1.01
1.01
1.01
1.01

T S S O

0.99
0.99
0.99
0.99
0.99
0.99
0.99
0.99
0.99
0.99
0.98
0.97
0.96
0.96
0.99

LC/CE

0.99
0.9
0.91"
0.89"*
1.08*
1.01
1.08*
1.05"
1.03
1.01
1.01
1.02
0.99
1.03
1.01
1.01
1.02
1.2
1.07*
110
0.98
1
0.98
1.01
1.01
1
1.04*
0.94*
0.97"
0.95*
1.02
1.01
0.99
1
0.97
1
0.93
0.98
1
0.9

CE/CON

0.96*
1
1.02
1.01
0.99
1
0.99
0.97
1
0.99
1
0.99
1.02
0.99
1
0.99
0.99
0.98
0.94°
0.91*
1.02
1
1.01
0.99
0.99
0.99
0.95"
1.05"
1.02
1.03*
0.97*
0.99
0.99
0.98
1.02
0.98
1.04
0.97
0.97
1.0

CON, untreated silage; CE, silages treated with cellulase; LC, silage treated with L. casei.”” 0.01 < P < 0.05; “*” 0.001 < P < 0.01; ™" P < 0.001.
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Metabolite FCfCE/CON) P_value Metabolite FC(LC/CON) P_value Metabolite FC(LC/CE) P_value
1-Indanone 1.44 * Atropine 1.137 * Ribose 1.102 *
5-Alpha-cholestan-3-one 1.13 ** Lactose 1.114 ** Aspartic acid 1.099 *
5¢-Methylthioadenosine 1.102 * Abietic acid 1.09 e Trans,trans-muconic 1.079 Y
acid
Lactose 1.4 * Lactamide 1.082 * Abietic acid 1.069 *
Atropine 1.097 * 2-Hydroxybutanoic acid 1.078 e 4-Hydroxybutyrate 1.065 *
Lactamide 1.087 e Gentisic acid 1.065 s Hesperitin 1.063 *
2-Hydroxybutanoic acid 1.083 ek Trans,trans-muconic 1.063 * Gentisic acid 1.057 *
acid
Phytosphingosine 1.065 * 8.7 .12~ 1.053 * 3,7,12- 1.056 *
Trihydroxycoprostane Trihydroxycoprostane
Mevalonic acid lactone 1062 e 2,6-Diaminopimelic 1.047 e Citraconic acid degr 1.054 ek
acid
Isoleucine 1.058 * (+/-)-Taxifolin 1.044 o Pantothenic acid 1.048 **
Carbazole 1.048 X Cycloleucine 1.044 * Gluconic lactone 1.047 *
Urocanicacid 1.048 * 6-Hydroxy caproic acid 1.039 sl (+/-)-Taxifolin 1.047 ek
N-acetyl-L-leucine 0.962 *x Citraconic acid degr 1.08 *x Cycloleucine 1.046 *x
Erythrose 0.962 L 5-Aminoimidazole-4- 1.029 L Beta- 1.043 *
carboxamide mannosylglycerate
2-Deoxy-D-glucose 956 * Succinic acid 0.972 *x 5,6-Dihydrouracil 1.038 **
Undine 0.955 ** N-acetyl-L-leucine 0.968 * 4-Hydroxyquinazoline 1.036 **
Sbeta-androstane-3,17- 0.954 o Purine riboside 0.961 * L-Ciulonolactone 1.035 o
Dione
Benzyl thiocyanate 0.953 > 3-Hydroxypropionic 0.961 bl Lactic acid 1.021 ok
acid
Salicyl alcohol 0.952 * Glyeolic acid 0.961 = Succinie acid 0.969 **
Beta-mannosylgl ycerate 0.951 e 4-Hydroxymandelic 0.956 % 2-Hydroxybipheny! 0.964 *
acid
Alpha-toeopherol 0.95 ** Octanal 0.953 o Carbazole 0.964
Androsterone 0.947 ** Citraconic acid 0.851 er Uridine 0.961 *
Melibiose 0.944 * 3-(4- 0.948 Y Erythrose 0.961 **
Hydroxyphenyl)propionic
acid
Synephrine 0.944 * Tryptophol 0.948 e Lyxonic acid, 0.961 *
1,4-lactone
4-Hydroxybutyrate 0.942 * Beta-hydroxypyruvate 0.947 i 6-Hydroxy caproic acid 0.955 ek
Elesperitin 0.937 * Fructose 0.947 % 2-Keto-isovaleric acid 0.954 *
Tryptophol 0.936 ok L-homoserine 0.944 > 3-(4- 0.95 *
Hydroxyphenyl)propionic
acid
3-Hydroxy L-proline 0.932 Y Lyxonic acid, 0.94 i Urocanic acid 0.941 Y
1,4-lactone
4-Vinyljihenol 0.838 ** 21= 0.939 ** Mevalonic acid lactone 0.941
Hydroxypregnenolone
Oxoproline 0.928 *x Lactulose 0.927 * L-homoserine 0.934 >
N,N-dimethylarginine 0.927 * Erythrose 0.925 Phytosphingosine 0.928 *
Purine riboside 0.925 ek Hydrocinnamic acid 0.923 = Synephrine 0.92 **
Lactulose 0.918 * Uridine 0.918 bl Hydrocinnamie acid 0.905 ok
Phosphate 0.915 e 4-Vinylphenol 0.915 5-Alpha-cholestan-3- 0.89 e
one
Epigallocatechin 0.913 * Vanillylmandelic acid 0.898 bl Vanillyimandelic acid 0.886
Isopropyl-beta-D- 0.91 * Synephrine 0.869 ol
Thiogalactopyranoside
21-Hydroxypregnenolone 0.908 e 5,7-Dihydroxy-3-(4- 0.869 s
methoxyphenyl)chromen-
4-one
Aspartic acid 0.908 *x 1-Kestose 0.864 bl
Ribose 0.883 *®

FC, fold-changes; CON, untreated silage; CE, silages treated with cellulase; LC, silage treated with L. casei. “” 0.01

<P < 0.05; "™ 0.001 <P <0.01; "™ P < 0.001.
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@Data are mean + standard error, and different lowercase letters indicate significant differences between treatments (P < 0.05).

Bacteria

Fungi

Firmicutes (%)

Acidobacteria (%)

Bacteroidetes (%)

Ascomycota (%)

Bacillus

1.82 +£0.21¢2
5.06 £ 0.12a
217 £0.13¢c
1.94 4+ 0.24c
3.05 £ 0.22b
1.62 £ 0.01c
2.19 £ 0.30c
2.89 £+ 0.22b
2.75 £ 0.09b
2.00 £ 0.08c

Clostridium

0.47 4+ 0.03e
0.99 £ 0.02d
4.40 £ 0.30a
1.08 £ 0.10d
0.30 £ 0.03e
2.40 +£0.13¢c
3.62 &+ 0.19b
0.32 +£ 0.01e
0.27 &+ 0.02e
122 +£0.11d

Streptomyces

1.64 £0.02c
3.55 +£0.41a
0.82 4 0.02e
0.48 +0.10e
2.59 +£0.11b
0.97 £ 0.04de
0.53 £0.05e
1.48 £ 0.34cd
0.58 £0.10e
0.56 £ 0.02¢e

Flavisolibacter

0.30 £ 0.03e
3.05 & 0.44b
0.71 &£ 0.13de
0.26 & 0.04e
5.00 £ 0.36a
1.91 £0.01c
1.32 £ 0.09cd
1.37 £ 0.03cd
4.27 £+ 0.66a
1.66 £ 0.14c

Aspergillus

52.91 + 3.84a
0.30 & 0.02d
2.64 4+ 0.68bcd
0.80 +0.11cd
5.51 4+ 0.96b
5.13 & 0.64bc
1.87 &+ 0.12bcd
1.77 &+ 0.26bcd
0.98 & 0.08cd
3.43 4 0.60bcd

Fusarium

2.35 £ 0.74a
0.08 & 0.01b
0.50 £ 0.02b
0.36 £ 0.16b
0.78 &+ 0.18b
121 £0.11b
0.82 & 0.10b
0.98 £ 0.71b
0.25 £ 0.08b
1.05 £ 0.05b

Arthrographis

0.70 & 0.08c
0.43+0.11¢c
25.58 + 2.09b
62.74 £ 3.77a
1.783+0.17¢
0.32 & 0.05¢
0.15 4 0.04c
0.556 + 0.16¢
2.62 4+ 0.27¢c
0.47 £ 0.07¢c
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Lactobacillus CON
CE
LC

Enterococcus CON
CE
LC
SEM
P

7 days

37.3 £+ 16.44bB
93.19 £ 5.91a
98.37 £ 0.88a
15.63 £+ 9.15aB
277+ 417b
0.09 £+ 0.12b
2.66

*

56 days

75.10 + 11.29bA
83.93 + 11.08ab
94.17 £ 3.48a
6.41 &+ 5.66B
7.96 +9.87
0.004 £ 0.005
1.90
NS

PO

43.12 + 10.390B
78.9 & 12.87a
91.20 + 6.46a
36.17 & 6.49aA
3.02+4.17b
0.001 &+ 0.001b

5.42

Hox

SEM

6.58
3.24
1.42

4.32
1.88
0.02

P-value
-

NS
NS

NS
NS

P-values are shown as*0.01 < P < 0.05,*0.001 < P < 0.01. CON, untreated silage,; CE, silages treated with cellulase; LC, silage treated with L. casei; NS, no significant

difference. a-b mean values within a column without a common letter differ; A-B means values within a row without a common letter differ.
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ALL
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Bacteria

Fungi

Firmicutes (%)

Ascomycota (%)

Bacillus

3.14 + 0.09¢7
10.05 £ 0.75¢cd
18.60 £ 1.24a

7.71 &+ 0.44def

6.22 £ 0.86efg
14.35 £2.28b
10.07 £ 1.25¢cd

4.58 + 0.25fg

7.89 4+ 0.20cde
1111 £0.79¢

3.69 £ 0.06bc
13.98 + 1.66a
2.86 £+ 0.39¢
4.18 +1.70bc
5.65 £ 0.19bc
4.50 £ 0.65bc
4.07 +0.92bc
4.22 4+ 0.25bc
6.66 & 1.04b
5.22 +1.07bc

1.49 + 0.03ef
7.52 +0.58a
2.1540.08cde
1.19 £ 0.18f
2.89 £+ 0.32bc
1.45 + 0.18ef
2.37 +£0.19cd
1.98 + 0.15def
3.39 £+ 0.30b
1.68 + 0.09def

Clostridium

0.90 + 0.099
3.76 = 0.50ef
8.30 £ 0.99
21.62 + 1.90a
1.42 + 0.89fg
7.27 +1.49¢cd
156.24 + 0.380
0.63  0.08g
1.36 & 0.09fg
5.22 + 0.41de

0.87 £ 0.03d
3.81 & 0.25d
23.15 + 0.28a
14.02 + 6.06bc
1.45 £ 0.16d
9.81 £ 0.52bcd
16.59 £ 6.02ab
0.81 £ 0.06d
1.794+0.11d
7.55 £ 0.63cd

0.74 £+ 0.07f
6.37 & 0.06b
7.81 £ 0.75a
4.50 £ 0.88¢c
2.99 &+ 0.16e
5.06 &+ 0.12¢
7.03 & 0.15ab
4.22 4+ 0.36cd
3.22 &+ 0.02de
4.47 £+ 0.05¢

Coprococcus

0.54 £ 0.05de
1.78 £ 0.19d
6.17 +£ 0.37b
3.59 £ 0.55¢
0.92 &+ 0.17de
5.283 + 0.76b
7.56 £ 0.55a
0.48 & 0.02e
1.62 £ 0.22de
5.89 + 0.34b

0.55 £ 0.04¢
0.89 + 0.08¢c
3.45 £+ 0.33b
7.28 +1.70a
0.80 £ 0.07¢
2.40 4 0.08bc
3.37 £ 0.86b
0.48 + 0.08¢c
1.34 £ 0.10c
2.12 4+ 0.20bc

0.15 & 0.02d
1.88 £ 0.07b
1.51 £ 0.14bc
5.09 £0.51a
1.65 £ 0.10bc
1.39 £ 0.20bc
4.64 £+ 0.56a
1.05 £ 0.06bc
1.46 £ 0.07bc
1.00 £0.08¢

Desulfosporosinus

0.09 £0.01e
1.13 £0.10cd
2.05 £ 0.35ab
1.06 £0.21cd
0.18 £ 0.02¢e
1.62 £ 0.22bc
2.78 &+ 0.66a
0.10 £0.01e
0.33 £ 0.04de
1.37 £ 0.12bc

0.11 £ 0.01e
0.77 +£0.02¢c
1.56 £ 0.16ab
0.61 £ 0.08cd
0.34 £ 0.10cde
1.30 £0.11b
1.756 £ 0.30a
0.09 £0.01e
0.30 £ 0.03de
1.21 =0:26b:

0.05 £0.01e
0.70 & 0.04a
0.67 £ 0.08a
0.12 £0.03e
0.24 £+ 0.02d
0.54 £ 0.04b
0.43 £0.01c
0.39 £ 0.04c
0.35 £0.01c
0.55 £0.01b

Aspergillus

49.90 + 3.07a
50.80 + 7.24a
9.10 &+ 1.76d
2.47 £+ 0.25d
32.24 + 1.98bc
31.31 &+ 5.20bc
4.87 4+ 0.80d
42.78 + 5.23ab
49.10 &+ 10.60a
26.82 + 1.36¢

52.01 £ 3.12a
31.71 £ 3.51b
0.10 & 0.03d
0.54 £ 0.22d
42,538 + 1.13ab
33.11 + 5.59b
2.37 +£ 0.22d
36.50 £ 5.10b
156.46 £ 6.07¢
4.73 £ 0.57d

47.63 + 10.43a
9.50 4+ 1.7%¢cde
10.00 + 6.06bcde

0.42 +£0.19
24.24 + 2.34b
15.61 + 3.74bcd

1.57 £ 0.41de
22.91 4+ 1.98bc
12.75 + 4.09bcde

6.78 £ 2.41de

Fusarium

2.85 4+ 0.17bc

0.94 & 0.20c
2.34 £+ 0.39c

3.11 & 2.46bc

217 +£0.27¢c
7.26 +1.75b
15.95 + 3.29a
1.85 +0.08¢c
1.25 £ 0.30c

2.73 + 0.18bc

2.35 4+ 0.49a

0.08 + 0.040e
0.50 £ 0.27de

0.06 £ 0.03e

1.35 £ 0.08bc

1.67 £0.12b

0.95 £ 0.15¢cd
1.80 £ 0.30ab
0.48 £ 0.10de

0.18 £0.03e

2.75 + 0.44a
0.06 £ 0.02d
0.07 +£0.01d
0.02 +£0.01d

0.81 £0.11bc

1.36 £ 0.34b

0.51 £ 0.21cd

1.12+£0.14b
0.12 4+ 0.01d
0.13 £0.03d

Pseudallescheria

0.89 £ 0.04a
3.37 &+ 1.84a
2.99 & 0.16a
2.95 4+ 0.78a
1.07 £ 0.07a
1.06 £ 0.19a
2.95 + 1.59a
1.31 £0.11a
2.43 & 0.90a
1.90 £ 0.10a

111 +£0.21a
7.03 +£2.13a
0.05 & 0.02a
18.94 £ 16.77a
2.53 & 0.59a
511 +2.19a
3.07 + 1.24a
3.25 + 0.74a
26.48 + 23.88a
7.15 4+ 3.49a

0.75 £ 0.17e
6.70 &+ 0.27de
19.88 + 6.44c¢
87.03 + 4.92a
9.43 £ 1.50cde
9.14 £+ 4.37cde
63.76 + 4.82b
5.59 + 0.55de
156.87 + 3.07cd
6.04 + 1.55de

@Data are mean + standard error, and different lowercase letters indicate significant differences between treatments (P < 0.05).
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Treatments

FA
CON7d
CE7d
LC7d
CONs6d
CE56d
LC56d
CONPO
CEPO
LCPO

Sobs

370.25 £ 141.18
53.33 + 11.01
68.75 + 11.84
57.33+2.08

65.6 + 16.68
99.75 + 42.27
60.5 &+ 3.42

509.33 + 311.36

93.25 + 34.22
112 £ 30.056

Shannon

2.81+£0.38
1.76 +£0.23
0.58 +0.30
0.52 £0.32
1.77 £ 0.09
11564+ 0.54
0.52 £0.17
2.27 £0.86
1.34 +£0.32
1.00 £ 0.21

Chao

402.80 £ 134.89
97.38 + 38.76
123.79 £ 43.89
96.50 + 12.77
168.56 &+ 127.11
165.96 + 46.43
126.03 & 45.19
612.23 £+ 318.94
185.57 4 86.90
265.64 £87.77

Coverage

0.9914 + 0.0032
0.9994 + 0.0002
0.9993 + 0.0001
0.9995 + 0.0001
0.9995 + 0.0002
0.9990 + 0.0003
0.9991 £ 0.0001
0.9971 £ 0.0022
0.9990 + 0.0003
0.9986 + 0.0004

FA, alfalfa before ensiling; CON, untreated silage; CE, silages treated with cellulase; LC, silage treated with L. casei; PO, silage from 3 days air exposure. 7 days, silage

from 7 days ensiling; 56 days, silage from 56 days ensiling.
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Total N (g kg™ 1) Total C (g kg~1) C:N ratio

Alfalfa (AL) 31.51 455.80 14.47
Maize straw (MS) 13.48 456.33 33.80
Rice straw (RS) 5.87 404.78 68.61
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Time (day) Treatments pH DM (%) WSC (g LA (g AA (g NH3-N (g LAB (log cfu Mold (log cfu  Yeast (log cfu

kg~ 'DM) kg~ 'DM) kg~'DM) kg~ 'DM) g 'FM) g 'FM) g 'FM)

7 CON 5.56a 28.25 38.12b 20.52b 2.56 1.70 7.30b 2.84 3.77

CE 5.21b 28.70 45.24a 24.49 297 1.56 8.35a 257 2.66
e 4.99 28.55 34.00c 39.56a 2.59 1.71 8.65a 0 0
56 CON 5.24a 26.81b 14.89b 44.88b 10.59a 4.37a 8.37b 0 0
CE 4.78b 27.53a 21.8% 58.68a 7.38b 3.86b 9.22a 0 0
e 4.60c 28.13a 18.77a 61.54a 5.88¢c 2:0%i% 9.44a 0 0

PO-3 CON 5.00a 27.27b 16.05b 25.06¢ 13.61b 3.71b 8.09¢ 3.81 3.72

CE 4.87a 27.66ab 2191a 32.80b 15.37a 4.52a 8.74b 3.28 3.61

L& 4.64b 28.69a 18.22b 40.45a 8.46¢ 1.90b 9.11a 3.46 3.58

SEM 0.034 0.148 0.720 1.296 0.236 0.131 0.085 0.112 0.044
P-value £ . & 5 i & 5 o % %
ExT % % s o % s NS o 25

DM, dry matter; FM, fresh matter; LA, lactic acid; AA, acetic acid; LAB, lactic acid bacteria. NH3-N, Ammonia-N; CON, untreated silage; CE, silages treated with cellulase;
LC, silage treated with L. casei; PO-3, silages after air exposure of 3 days; SEM, error of the means; E, ensiling time; T, treatments; E x T, interaction of E and T; NS,
P > 0.05; "0.007 < P < 0.01; *P < 0.001. Values within the same column with different letters are significantly different (P < 0.05).
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Soil properties WONO WON2 W2NO W2N2 P-value

w N W x N
Moisture (%) 14.23 £ 0.08b 12.19 £ 0.06d 156.35 £ 0.04a 13.56 £+ 0.04c <0.001 <0.001 0.046
pH 8.32 £+ 0.0002b 8.18 £0.011¢c 8.48 £ 0.003a 8.36 £ 0.027b <0.001 <0.001 0.117
NO3z~N (mg kg~ ") 11.49 + 0.43c 28.65 + 0.35a 6.45 £+ 0.04d 24.59 + 0.26b <0.001 <0.001 0.131
NH;+-N (mg kg~") 4.32 £0.27b 6.45 £+ 0.26a 416+ 0.12b 4.42 £0.12b <0.001 <0.001 0.001
Total N (g kg~") 1.21 £0.018a 1.09 + 0.024b 1.06 £+ 0.026b 1.02 + 0.008¢ <0.001 0.078 0.002
Organic matter (g kg™") 14.69 £ 0.045a 13.86 £ 0.054b 13.28 £ 0.041¢c 13.28 £ 0.065¢ <0.001 <0.001 <0.001
Available N (mg kg~ 1) 90.86 + 0.59¢ 119.49 + 0.35b 120.68 £1.17b 133.91 £1.02a <0.001 <0.001 <0.001
Available P (mg kg~") 9.13 £0.14a 8.71 £0.02b 9.124+0.08a 7.88 £ 0.03¢ <0.001 <0.001 <0.001
Available K (mg kg~") 160.18 +2.57b 185.22 + 1.30a 137.51 £ 2.46¢ 136.21 £ 1.47¢ <0.001 <0.001 <0.001

Numbers after + are standard errors. Different letters in the same row indicate significant difference (P < 0.05) between treatments. Results from two-way ANOVAS with
split-plot design were shown in the right panels of the table.
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Treatment Yield RWD RLD N content (%)
(kg ha™") (gm~3) (mm~3)
WONO 2942 +40d 1456+ 3.8b 14826 + 416¢ 0.76 £ 0.01d
WON2 5257 £ 29 1132+ 4.6c 13257 + 215¢C 1.12 £ 0.04b
W2NO 4505 + 4¢ 1756.7 £3.1a 20351 £ 1097b 0.95 + 0.01c
W2N2 8666 + 106a 182.1 +1.6a 23596 + 1517a 1.56 £ 0.02a
Irrigation (W) L i o i
Nitrogen (N) = = Ns =
W x N . . * .

Numbers after + are standard errors. Values followed by different letters within each
column are significantly different at the probability level of 0.05. ns, not significant,
*o < 0.05, "p < 0.01.
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Gene Log2
Gene ID Putative function name FC
Histidine-related genes
ATES0_RS09195 Histidinol-phosphate transaminase hisC —2.1
ATE50_RS03460 Bifunctional phosphoribosyl-AMP hislE —7.04
cyclohydrolase/phosphoribosyl-ATP
diphosphatase
ATES0_RS03455 Imidazole glycerol phosphate hisF —6.79
synthase cyclase subunit
ATES0_RS03450 1-(5-Phosphoribosyl)-5- hisA —6.57
((5-phosphoribosylamino)
methylideneamino)
imidazole-4-carboxamide isomerase
ATES0_RS03445 Imidazole glycerol phosphate hisH —6.52
synthase subunit HisH
ATES0_RS03440 Imidazoleglycerol-phosphate hisB —6.8
dehydratase
ATES0_RS03435 Histidinol dehydrogenase hisD —5.88
ATES0_RS03430 ATP phosphoribosyltransferase hisG —6.32
ATES0_RS03425 ATP phosphoribosyltransferase hisZ —6.25
regulatory subunit
Arginine related genes
ATES0_RS13975 Ornithine carbamoyltransferase OTGC, argF, argl  5.02
ATE50_RS14005 N-acetyl-gamma-glutamyl- argC 3.25
phosphate
reductase
ATES0_RS18085 Glutaminase glsA, GLS -3
ATES0_RS13995 Acetylglutamate kinase argB 3.37
ATES0_RS13990 Aspartate aminotransferase family argD 4.03
protein
ATES0_RS06350 Argininosuccinate lyase argH, ASL 3.65
ATES0_RS06345 Argininosuccinate synthase argG, ASS1 3.02
ATES0_RS02030 Glutamate dehydrogenase gudB, rocG  —2.69
ATES0_RS14000 Bifunctional omithine argd 3.09

acetyltransferase/N-acetylglutamate
synthase
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Gene Log2

Gene ID Putative function name FC

Genes in twin-arginine translocation system

ATES0_RS07970  Phosphate ABC transporter%2C PStA 6.5
permease protein PstA

ATES0_RS07975  Phosphate ABC transporter ATP-binding pstB 6.58
protein

ATES0_RS07980  Phosphate ABC transporter ATP-binding pstB 6.9
protein

ATES0_RS07965  Phosphate ABC transporter permease pstC 6.31
subunit PstC

ATES0_RS07960  Phosphate-binding protein pstS 7.89

ATES0_RS18015  Alkaline phosphatase phoD 7.96

ATES0_RS06470  DNA-binding response regulator phoP 1.09

ATES0_RS06475  PAS domain-containing sensor histidine phoR 1.07
kinase

ATE50_RS14770  Alkaline phosphatase phoA 555

ATE50_RS18010  Twin-arginine translocase TatA/TatE family tatA 8.07
subunit

ATES0_RS18005  Twin-arginine translocase subunit TatC tatC 5.46

tua and tag genes

ATES0_RS03130  Teichuronic acid biosynthesis protein TuaF  tuaF 8.32

ATES0_RS03140  Teichuronic acid biosynthesis tuaH 7.96
glycosyltransferase tuaH

ATES0_RS03105  UDP-phosphate tuaA 7.66
N-acetylgalactosaminyl-1-phosphate
transferase

ATES0_RS03110  Lipopolysaccharide biosynthesis protein tuaB 7.77

ATES0_RS03125  Teichuronic acid biosynthesis protein TuaE  tuakE 7.75

ATE50_RS03115  Glycosyl transferase family 1 tuaC 8.13

ATES0_RS03120  UDP-glucose 6-dehydrogenase ugd 8.21

ATES0_RS03135  Glycosyl transferase tuaG 8.43

ATES0_RS03050  Glycerol-3-phosphate cytidylyltransferase tagD —1.25

ATES0_RS03040  CDP-glycerol-glycerophosphate tagB —1.25
glycerophosphotransferase

ATES0_RS03070  Teichoic acid ABC transporter tagH —1.3
ATP-binding protein

ATES0_RS03065  Teichoic acid ABC transporter permease tagG —1.37

ATES0_RS03060  CDP-glycerol-glycerophosphate tagF  -2.15

glycerophosphotransferase
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The enzyme
activities of soil

The nutrient
contents of soil

Phosphatase

mg/(g - 24 h)

Urease NH3-H

mg/(g - 24 h)
Sucrase mg/(g - 24 h)
Catalase (0.1 mol/l
KMnO4) (g - h)

Nitrate nitrogen
Ammonium nitrogen
Available phosphorus
Available kalium
Available iron

Control

2473+ 3.70

1294+ 0.08

9.43 £0.79
2.68 £0.16

9.82 £ 0.81
3.07 £0.62
60.35 + 6.69
205.58 + 4.58
28.50+1.18

FKM10

29.60 + 2.39**

1.756 £ 0.06**

12.85 £ 1.04*
229+ 0.13

11.256 £ 0.60
4.27 + 0.91
65.36 + 4.89
196.10 £ 10.05
36.76 + 3.63*

Values are mean + SD. “**” and “*” indlicate the differences of FKM10 application
group compared to the control group at p < 0.01 and p < 0.05, respectively.
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Treatment Fungi Bacteria Actinomycetes

(x108CFU/g) (x108CFU/g) (x10°CFU/g)
BO 65.14 + 6.97a 26.47 +1.87¢ 19.67 +1.83¢c
B0.5 36.20 & 1.89b 35.20 + 1.25b 3113 +£2.23b
B2 33.93 + 2.84b 44.08 +2.49 48.21 +3.49a

Data are shown as the mean with standard error. Data in the same column followed
by different letters showed significant differences (p < 0.05; n = 3). CFU, colony-
forming unit.
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Treatment Fresh weight (g) Root length (cm) Shoot length (cm) Chlorophyll content (mg-g‘1 FW)

CK 0.155 & 0.004b 11.13 £ 0.04b 20.13 £ 0.04c 0.901 & 0.007b
NaCl 0.128 4 0.003¢ 8.72 £+ 0.04c 17.03 £ 0.02d 0.649 + 0.006¢
NX-11 0.202 £ 0.002a 14.31 £ 0.06a 30.51 £ 0.05a 1138 £ 0.011a
NX-11 4 NaCl 0.163 & 0.003b 11.39 £ 0.05b 21.53 £0.04b 0.925 £ 0.006b

@Values are the mean +SE of 30 replicates. Statistical analysis was performed by Duncan’s test (p < 0.05). For the fresh weight, root length, shoot length, and chlorophyll
content, the same lowercase letters on each column indicate no significant difference, whereas different lowercase letters on each line indicate a significant difference.
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Number of residues in favoured rgion (~98.0% expected) : 320 (95.9%)
Number of residues in allowed rgion (~2.0% expected) : 10 (2.8%)

Number of residues in outlier rgion 14 (1.4%)
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Treatments pH NO3z~- NH4*- Chitinase (mg N- Cellulase Sucrase
N (mg kg™ 1) N (mg kg™1) acetyl-D-(+)- (mg glucose g1 (mg glucose g~ 1

glucosamine g~ soil d—1) soil d-1)

soil d—1)

chu2 7.49 £ 0.102 34.8140.41° 25.58 + 0.28° 11.44 + 0.35° 6.29 + 0.30° 52.46 + 0.10°
chu4 7.31 +£0.25% 30.31 + 0.669 24.55 + 0.07° 18.40 £ 0.212 6.62 4+ 0.21° 53.054+0.122
chu3 525+ 0.21P 40.34 4+ 0.34b 25.20 + 0.25b 8.74 +0.219 10.87 + 0.032 51.98 + 0.13°
chub 6.73 +£ 0.10° 52.97 + 0.432 35.43 + 0.30° 14.46 + 0.25P 7.76 £ 0.07b 51.42 + 0.28d

Row entries in each column with the different alphabet letters suffixed to them are significantly different (o < 0.05, n = 3).
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