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The present study investigated the physiological and biochemical characteristics of Enterobacter cloacae HG-1 isolated from saline-alkali soil. We further studied the effect of this strain on the salt tolerance of wheat and on the community structure of nitrogen-fixing bacteria in rhizosphere soil. We determined that the investigated strain had high nitrogen fixation activity and produced iron carriers, 1-aminocyclopropane-1-carboxylic acid deaminase, and plant hormones. The metabolites of this strain contained 2,3-butanediol, [R-(R*, R*)], 2-heptanone, and other growth-promoting and antibacterial substances. The strain was also highly salt-tolerant (10% NaCl). After the inoculation of wheat with the HG-1 strain, we recorded increases in root length, plant height, fresh weight, and dry weight of 19.15%, 18.83%, 16.67%, and 17.96%, respectively, compared with uninoculated plants (P < 0.05). Compared with the leaves of uninoculated plants, the proline concentration in the leaves of inoculated plants increased by 12.43% (P < 0.05), the malondialdehyde level decreased by 27.26% (P < 0.05), K+ increased by 20.69%, Ca2+ increased by 57.53% and Na+ decreased by 31.43% (all P<0.05). Furthermore, we detected that inoculation with the HG-1 strain did not affect the species composition of nitrogen-fixing bacteria in wheat rhizosphere soil at the phylum level. However, the average relative abundance of Proteobacteria was significantly increased, whereas the abundance of Verrucomiorobia was significantly decreased compared with uninoculated plants. At the genus level, we detected 32 genera in control samples and 27 genera in inoculated samples, and the species diversity and relative abundance of samples inoculated with the HG-1 strain decreased compared with uninoculated plants. Inoculated samples had lower abundances of Azospirillum, Rhodomicrobium, and Anabaena. Our study demonstrated that the inoculation of wheat with E. cloacae HG-1 could promote the growth of wheat under salt stress and increase salt stress tolerance. The results of this study investigating the interaction among soil, plants, and microorganisms supplement agricultural microbial databases and could provide a reference for the development of microbial-based saline soil improvement programs.
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Introduction

Salinity is one of the major abiotic stresses, with a total of 3% of the world’s land mass being affected by salinity (Mukhtar et al., 2018). Global increase in soil salinization constitutes a most devastating environmental threat for crop yield and food quality (Asrar et al., 2017). In China, nearly 37 million hectares of saline-alkali soil, accounting for 4.9% of the nation’s arable land (Brandon and Ramankutty, 1994). However, it also remains seemingly unavoidable in the short- to middle-term that global food demand will rise as a result of population growth and environmental degradation (Ervin and Lopez-Carr, 2018). Furthermore, the effects of climate change, such as decreased rainfall and high temperatures, will further increase the degree of salinization (Shrivastava and Kumar, 2015), which will induce an estimated 70% reduction in the cultivation of wheat and other major crops (Acquaah, 2007). The transformation of salt-tolerant crops does not have a high success rate because of the complex mechanism of salt stress in crops (Dodd and Pérez-Alfocea, 2012; Kumari A. et al., 2015) despite considerable efforts in traditional breeding and genetic engineering (Dodd and Pérez-Alfocea, 2012; Joshi et al., 2015; Krishna et al., 2015). However, one study reported that plant growth–promoting (PGP) rhizobacteria (PGPR) significantly promoted the growth of plants under salt stress, which led to an increase in research surrounding PGPR mechanisms and the structure of plant rhizosphere microbial communities (Qin et al., 2016).

PGPR can establish a symbiotic relationship with plants and promote their growth under both normal and stress conditions (Desgarennes et al., 2015). Symbiotic bacteria exist in all plants, and this relationship may be a key factor involved in plant stress tolerance. In fact, local adaptation of plants to their environment is driven by the genetic differentiation among closely associated PGPRs (Rodriguez et al., 2008). Transplanting various plant species in the absence of bacteria is notoriously difficult (Leifert et al., 1989), and this difficulty supports the importance of bacteria to plant growth, including under stressful conditions (Singh and Jha, 2016). The rational use of PGPR is a valuable approach for reducing salt stress in plants (Bisseling et al., 2009). These bacteria exhibit multiple stress-related traits that may contribute to their plant protective capabilities under growth inhibiting levels of salt (Rohban et al., 2009; Siddikee et al., 2010; Bharti et al., 2013; Sharma et al., 2016). In naturally salt-affected soil, PGPR without salt tolerance characteristics gradually lose their plant growth-promoting (PGP) characteristics with an increase in salinity (Upadhyay et al., 2009; Etesami and Beattie, 2018). The development and utilization of salt-tolerant PGPR are feasible measures for increasing crop yield under salt stress (Sáenz-Mata et al., 2016). PGPR are involved in various biological processes such as the mobilization of soluble phosphorus (Zhu et al., 2011); fixation of nitrogen (Yan et al., 2015); increase of antioxidant enzymes levels (Ullah and Bano, 2015); regulation of ion transport protein expression (Etesami, 2018); secretion of extracellular polysaccharides (Qin et al., 2016); and production of plant hormones, iron carriers, and ACC deaminases (Ji et al., 2020). PGPR can also alter the root structure, morphology, hydraulic conductivity, and hormonal status and can release various volatile compounds (such as glutamic acid, proline, and peptide) associated with stress accumulation infiltration, killing pathogens (Arora et al., 2013; Olanrewaju et al., 2017). These mechanisms are related to improvements in plant salt tolerance and an induced system tolerance (IST) (Kaushal and Wani, 2016; Etesami and Beattie, 2018). Rhizosphere soil is a dynamic and complex element in farmland ecosystems (Yang et al., 2016). Soil microorganisms are important drivers of plant diversity and productivity in terrestrial ecosystems (Van et al., 2008). It is roughly estimated that about 25% of plants are dependent on nitrogen-fixing bacteria in natural soils with poor nutrients (Van et al., 2006).

The diversity, relative abundance, and activity of microbial communities play a central role in soil organic matter decomposition, nutrient recycling, system stability, and anti-interference ability (Cardinale et al., 2006; Céline et al., 2007; Enwall et al., 2007; Quadros et al., 2012). However, salinity has a strong filtering effect on bacterial community, and the change of community salt tolerance is partly driven by the change of community composition (Rath et al., 2018). When inoculated with salt tolerant microorganisms, it is likely to cause the recovery of respiration and growth function of microbial community in the soil (Rath et al., 2019). The identification of plant-related bacteria, analysis of their interactions with their host, and knowledge regarding manners in which these interactions promote the survival of both organisms are critical in developing strategies for the protection of these plants (Ruppel et al., 2013).

The nitrogen cycle is one of the main nutrient cycles in terrestrial ecosystems. This nutrient cycle is a globally vital biogeochemical process mediated almost entirely by microorganisms in the environment (Wang et al., 2015b). Nitrogen fixation is performed by microorganisms in the natural nitrogen cycle (Levy-Booth et al., 2014). The chemical form and content of nitrogen play a central role in regulating the composition of the soil microbial community (Fierer et al., 2011; Giagnoni et al., 2015). Nitrogen-fixing bacteria (NFB) is a PGPR with the unique ability to fix N2 from the atmosphere into ammonium cations (NH4+), which are available for plant uptake (Alfaro-Espinoza and Ullrich, 2015). The global quantity of biological nitrogen fixation is estimated at approximately 2×1013 g N/year globally (Falkowski, 1997). Therefore, further understanding of the community structure of NFB in the crop rhizosphere soil would be valuable. All nitrogen-fixing microorganisms contain the nifH gene. The nifH gene encodes for the nitrogene-fixating protein ferritin, and the phylogeny of the nifH gene is consistent with 16S rRNA (Levy-Booth et al., 2014). Therefore, the nifH gene is an ideal target for studying nitrogen-fixing microorganisms (Raymond et al., 2004). High-throughput sequencing technology can be used to compare the diversity and relative abundance of microbial species among different samples in order to investigate mechanisms underlying microorganisms soil plant interactions (Delong, 2002). Despite an increase in the use of microbial inoculants and numerous studies investigating PGPR, the effects of microbial inoculants on nitrogen-fixing microbial communities in the crop rhizosphere soil under salt stress are poorly understood.

Wheat is one of the most important cereals worldwide for human diet. Although wheat is extensively cultivated in the area of Yellow River Delta, its area of cultivation is limited due the excess of salinity and alkalinity of soils (Liu et al., 2017). The “Bohai sea granary programme” that was recently launched in China has for objective to better exploit the salt-alkaline land for cereal cultivation. Therefore, the purpose of the present study was (i) screen strains with high salt tolerance and prominent nitrogen-fixing and other life-promoting characteristics from saline alkali soil of the Yellow River Delta, (ii) to test their effects on wheat growth under salt stress, and (iii) to analyze the effects of salt stress on the community structure of NFB in wheat rhizosphere soil. These results may provide new data and insights into future screening of PGPR in the rhizosphere of plants under salt stress.



Materials and Methods


Isolation and Characterization of the Strain

In this study, the soil used to isolate strains was collected from wheat rhizosphere soil in the secondary salinization area of the Yellow River Delta, Shandong Province of China (118°49ʹ15″E, 37°24ʹ31″N). Ten grams of soil was mixed in 100 ml of sterile water and serially diluted to 10-4, plated on NA plates (8% NaCl), and incubated at 30°C ± 2°C for 3 to 4 days. The obtained salt-tolerant strains were inoculated into a nitrogen-free JNFb agar plate and continuously cultured at 30°C for 5 days to observe the bacterial growth as the evidence of nitrogen-fixing activity (Döbereiner, 1995).

The bacterium was subcultured twice. Finally, the isolates were streaked onto NA medium. A glycerol stock solution (30% v/v) of the isolate was prepared and stored at –80°C for later use. Based on colony morphology differences, 10 isolates were identified. Next, we tested the nitrogen fixation activity of the isolates (Marciano et al., 2012) and selected the strain with the highest nitrogen fixation activity for pot experiment.

Primary characterization of the test organism was done by fundamental microbiological and biochemical tests including Gram staining, Voges-Proskauer test, citrate utilization test, oxidase, aerobism, starch hydrolysis, catalase, and nitrate reductase following standard methods (Prescott and Harley, 1999). Using the BIOLOG Microstation™ system (BIOLOG Inc., Hayward, CA), the GEN III orifice 96 was tested to confirm the carbon source utilization and chemical sensitivity of bacteria to Rifamycin SV, Minocycline, etc.



Amplification and Sequencing of 16S rRNA Genes

To identify the bacteria at the molecular level, the universal primers 27F (5′-AGAGTTTGATCMTGGCTCAG-3′) and 1492R (5′-TACGGYTACCTTGTTACGACT-3′) were used to amplify the 16S rRNA bacterial gene sequences via PCR (Lane, 1991). The 16S rRNA sequences obtained from the strains by PCR were compared to those from the NCBI database. Pairwise evolutionary distances between the 16S rRNA sequence of the HG-1 test isolate and its related bacterial strains were calculated. A phylogenetic tree was constructed by the Neighbor-Joining method using MEGA v.5.0 (Tamura et al., 2011). Neighbor-Joining and bootstrap analyses were performed with 1,000 bootstrap replications. The evolutionary distances were computed by the Maximum Likelihood method (Tamura et al., 2011). The 16S rRNA gene sequence of HG-1 was deposited in the NCBI database under the accession No. SUB6437962 Seq1 MN582993.



Bioassays for the Promotion of Growth and Enhancement of Salinity Tolerance Traits

To investigate activity of phosphorus and potassium dissolution, we tested whether the bacterial colonies on NBRIP and silicate solid medium produce a clear circle, if formed, it is an indication of positive result showing a dissolved phosphorus and potassium (Mehta and Nautiyal, 2001). The dissolution efficiency of phosphorus and potassium in the strain was quantitatively analyzed by methods described in Bray and Kurtz (1945) and Lü and Huang (2010). The assay method was used to detect the nitrogenase activity of the strain (Berge et al., 2002). The Salkowski analysis was used to analyze the content of IAA produced by the strain in a liquid culture containing l-tryptophan (0.5 mg/ml) within 48 h (Moses et al., 2015). The activity of ACC deaminase was determined with the method described in Penrose and Glick (2003). Strain culture was inoculated on chrome azurole S (CAS) agar plate and incubated at 30°C for 4–5 days. After the experimental period, we observed if an orange formation would be visible around the bacterial colonies to test whether the strain produced iron carriers (Schywn and Nielands, 1987).

The activated strain sample was inoculated in 50 ml LB liquid medium, and cultured at 28°C for 14 to 16 h. The fermentation liquid was then extracted and inoculated into another medium (soluble starch 100 g/L, soybean cake powder 18 g/L, magnesium sulfate 0.75 g/L, potassium dihydrogen phosphate 1.0 g/L, pH 5.5) in a ratio of 2% (V/V) for 7 days. The fermentation liquid was then isolated after shaking the culture at 30°C, 200 r/min. The collected liquid was then centrifuged at 4°C and 10,000 r/min, for 2 min, to isolate and collect the supernatant. The C18 solid phase extraction column was initiated by adding 6 ml of methanol and 6 ml of 10% methanol, respectively, and the collected supernatant was slowly injected into the column at a rate of 0.8 ml/min. After the sample was added, it was rinsed twice with 6 ml of 10% methanol, and the effluent was discarded. Finally, it was eluted twice with 5 ml of 80% methanol and the eluate was collected. The eluate was air-dried at room temperature (23°C ± 2°C), dissolved in methanol and transferred to 2 ml centrifuge tube, and stored in a 4°C incubator. An Agilent ZORBAX Eclipse Plus C18 column (250 × 4.6 mm, 5 μm) was used. The mobile phase was a binary mixed solvent of methanol-water (containing 0.2% glacial acetic acid) in a volume ratio of 2:3. The column temperature was set to 35°C, with a flow rate of 0.8 ml/min, the injection volume was 10 μl, and the detection wavelength was 254 nm. Gibberellin Acid (GA3) and Zeatin (ZT) standards (purity > 98%) were purchased from Shanghai Aladdin Biochemical Technology Co., Ltd. The contents of GA3 and ZT were calculated from the standard curve.

The activated colonies were scribed into LB medium, cultured at 3°C for 24 h, and the samples were extracted at 40°C by PDMS/DVB65μm solid-phase microextraction head for 30 min. The extraction head was transferred to GCMS-TQ8050 (Shimadzu, Japan). Rtx-5MS capillary column (60 m × 0.25 µm ID × 0.25 µm thickness film) was used. The initial column temperature was maintained at 40°C, after 3 min, the temperature was increased to 160°C at the rate of 8°C/min, maintained for 2 min, and then increased to 240°C at the rate of 15°C/min, maintained for 3 min. Total operation time was 28.33 min. Helium was used as carrier gas and the flow rate is kept at 1.50 ml/min. The mass spectra of unknown compounds were compared with NIST17 and NIST17s (National institute of Standards and Technology) standard mass spectrometry libraries to determine the structure of the substance corresponding to the peaks. The ratio of peak area to total peak area is the relative content of each volatile component.



Plant Materials and Treatments

Wheat cv jimai 21 seeds (provided by the College of Agriculture, Shandong Agricultural University) were rinsed with clean water, soaked in 75% ethanol for 10 min, then soaked in 30% sodium hypochlorite for 30 to 60 s, rinsed with sterile water five to six times, and dried. The soil used for potted plants was obtained at 0 to 20 cm of depth in wheat fields in the Yellow River delta (118°41′07′′E, 37°17′17′′N) (Dongying City, Shandong, China) in October 2018. A 2-mm sieve was used to remove rubble, roots, and other debris. We filled a clay pot with an inner diameter of 30 cm with 3.0 kg of soil per pot. We selected uniform wheat seeds and planted them in a pot, (10 grains per pot) watered them abundantly, and managed by conventional methods (Reddy and Sudhakara, 2014). When the wheat seedlings grew to about 5 cm, we choose 20 pots with plants with the same growth rate. Among them, ten pots were inoculated with HG-1 bacterial suspension. The bacterial inocula were prepared using sterile Milli-Q water by re-suspending cells (108 CFU/ml) harvested from nutrient broth and a volume of 20 ml suspension was poured around the roots of the seedlings in each pot. Ten pots were treated with the same amount of sterile Milli-Q water (20 ml) and marked as the blank control group, CK (Wei et al., 2017). Randomized complete block design was used in this study (Wang et al., 2018). After 30 days of cultivation, wheat plants were taken out of the pots and plant biomass was measured. Ten soil cores were randomly selected from pots with different treatments and the rhizosphere soil was carefully collected, completely homogenized using a 2-mm sieve, and stored at −80°C for microbial community structure analysis (Wang et al., 2018).



Soil Sampling and Analysis

Soil sample used for plant growth studies was analyzed for its various chemical properties. Soil and water were mixed in 1:2.5 ratio; pH and electrical conductivity (EC) was measured with pH meter and conductivity meter (Mettler Toledo, Switzerland). The organic carbon content in the soil was determined with a method described in Aj et al. (1934). Soil available phosphorus (Olsen P) was determined using the method proposed by Olsen et al. (1954). Available nitrogen and exchangeable potassium values were obtained by a method described in Jackson (1979). For ion analysis, 0.2 g of wheat rhizosphere soil was treated with 1 ml deionized water and 5 ml concentrated sulfuric acid overnight, and then the cooked liquid was fixed to 50 ml. Measurements were carried out on 1 ml of the solution, which was extracted and diluted 10 times. Na+, K+ and Ca2+ content was measured via inductively coupled plasma optical emission spectroscopy (ICP, Thermo Scientific™ iCAP™ 7000 Plus, USA) (Singh and Jha, 2016).



Biomass and Antioxidant Activity of Wheat Plants

Plant growth was measured using root length, shoot length, fresh weight, and dry weight (Singh and Jha, 2016). Total soluble sugar content was determined using the method described by Irigoyen et al. (2006), and the proline content in wheat leaves was determined using the previously described method by Bates et al. (1973). Lipid peroxidation levels were determined by measuring malondialdehyde (MDA) from thiobarbital acid (TBA) reaction using the method described in Hodges et al. (1999). After the non-specific absorbance was removed, MDA concentration was determined according to its molar extinction coefficient (155 nm−1·cm−1), and the result was expressed as mmol·g−1 FW.



Determination of Ion Content of Wheat Plants

According to the method described by Singh and Jha (2016), 1 g of bud tissue was acquired from plants of each treatment and mixed with a solution of perchloric acid, sulfuric acid, and distilled water in the ratio of 10:1:2. The contents of Na+, K+, and Ca2+ were determined using ICP. Each sample analysis was repeated three times to ensure its accuracy.



PCR Amplification and Illumina MiSeq Sequencing

Three rhizosphere soil samples were combined into one DNA sample, and we prepared three replicate DNA samples per experiment (eighteen rhizosphere soil samples total). The soil samples were sequenced by the Majorbio company (China). Soil DNA Kit (Omega, Bio-Tek, USA) was used to extract total soil DNA. PCR was done using the extracted genomic DNA as a template, with nifHF (AAAGGYGGWATCGGYAARTCCACCAC) and nifHR (TTGTTSGCSGCRTACATSGCCATCAT) as primers. The PCR reaction system included: 5 × FastPfu Buffer (4 μl), 2.5 mM dNTPs (2 μl), 0.8 μl of each for forward and reverse primers (5 μM), FastPfu Polymerase (0.4 μl), BSA (0.2 μl), template DNA (10 ng), and ddH2O was added to 20 μl. The PCR procedure for the amplification of nifH gene was as follows: pre-denaturation at 95°C for 3 min, denaturation at 95°C for 30 s, annealing at 55°C for 30 s, 37 cycles of extension at 72°C for 45 s, and a final extension at 72°C for 10 min. Purified PCR products were quantified by Qubit®3.0 (Life Invitrogen) and every twenty-four amplicons whose adapters and barcodes were different were mixed equally. The pooled DNA product was used to construct Illumina Pair-End library following Illumina’s genomic DNA library preparation procedure. Then the amplicon library was paired-end sequenced (2 × 300) on an Illumina MiSeq platform (Shanghai BIOZERON Co., Ltd) according to the standard protocols.



Processing of Illumina MiSeq Sequencing Data

The QIIME 1.17 software was used to analyze and screen the sequencing results. The sequences with poor sequencing quality were removed and the sequence length was screened. The sequences were determined to be the final sample sequences according to barcode. Data decontamination method and parameters were: 1. the bases were filtered with a mass value below 20 at the end of the read with a window of 50 bp. If the average mass value in the window was lower than 20, we cut off the back-end bases from the window and filtered the read below 50 bp after quality control; 2. According to overlap relation between PE reads, pairs of reads were merged into a sequence with the minimum overlap length of 10 bp; 3. The maximum allowed error matching ratio in the overlapping region of the splicing sequence was 0.2, and the non-conforming sequences were screened; 4. We differentiated the samples according to barcode and primer at both ends of the sequence and adjusted the direction of the sequence. The allowed barcode mismatches equaled 0 and the maximum primer mismatches equaled 2.

In the HG-1 group and the CK, MiSeq sequencing of nifH genes resulted in 109,119 and 152,540 high quality and chimera-free reads, respectively. The high-quality sequences were clustered into operational taxonomic unit (OTU) by the Usearch software (version 7.1). The non-repeating sequences (excluding single sequences) were clustered into OTUs according to 97% similarity, and the representative sequences of OTU were obtained by removing chimeras in the clustering process. The classification information of each OTU was obtained by annotating 97% similar OTU representative sequences with RDP classifier Bayesian algorithm. The Mothur software (version 1.30.1) was used to evaluate Chao, Ace, and Shannon indices at around 97%. Principal component analysis (PCA) based on Bray-Curtis distances was used to analyze the overall structural changes of NFB communities in rhizosphere soil of wheat inoculated and uninoculated with HG-1 strain. Species abundance of each sample was calculated at different taxonomic levels. The community composition of control and HG-1 species was presented in the community pie chart. The species whose abundance accounted for less than 0.001 in all samples were classified as “others.” All raw reads were deposited into the NCBI Sequence Read Archive (SRA) database (Accession Number: SUB6522639).



Statistical Analysis

All experiments were performed in triplicates. The SPSS 19.0 software (IBM, Chicago, USA) was used for one-way ANOVA of parameters of plants and soil. Significance was calculated by Student’s t-test. Differences in mean values were considered significant when P < 0.05. Differences between NFB on the phylum level in CK and HG-1 samples were assessed using two-tailed Student’s t-tests.




Results


Isolation, Biochemical Characterization, and Identification of HG-1

Based on colony morphology, 10 strains of bacteria capable of growing on nitrogen free JNFb agar plate were isolated from the soil sample of the Yellow River delta. Nine strains were gram-positive and HG-1 was gram-negative. The nitrogen-fixing activity of HG-1 strain was measured quantitatively, and the nitrogen-fixing activity of HG-1 strain was the highest (13.105 ± 0.858 mg N/g glucose) (Figure 1). The measurements of the physiological and biochemical indices of the isolated HG-1 strain revealed that the strain was a facultative anaerobe. The results of oxidase, starch hydrolysis, and urease tests were negative, whereas those of catalase, nitrate reduction, V-P, 5% NaCl, 10% NaCl, gelatin liquefaction, and citrate utilization tests were all positive. The isolated strain could utilize salicin, L-rhamnose, and inosine among other compounds. The complete list is presented in Table 1. Furthermore, the results of the antibiotic sensitivity analysis revealed that the HG-1 strain was resistant to rifamycin SV, troleandomycin, 1% sodium lactate, lincomycin, guanidine HCl, tetrazolium blue, tetrazolium violet, and vancomycin (Table 1). A 16S rDNA sequence alignment demonstrated that the strain belonged to the species Enterobacter cloacae. The phylogenetic tree constructed using MEGA software is presented in Figure S1. The salt-tolerant strains of saline soil were screened out using an 8% NaCl NA medium. The strains were then cultured in a JNFb-AGAR plate (no nitrogen source), silicate, or NBRIP media. We found that Enterobacter cloacae HG-1 grow normally in JNFb-AGAR plate (no nitrogen source). We further detected that the HG-1 strain formed transparent areas in both NBRIP and silicate media.




Figure 1 | The results of nitrogen fixation activity determination of the isolates.




Table 1 | Biochemical and physiological characteristics of HG-1.





Plant Growth Promoting Features

This finding indicated that the strain could fix nitrogen and dissolve phosphorus and potassium. Among the plant growth-promoting (PGP) traits, the test organism produce IAA, GA3, ZA, iron carrier and ACC deaminase (Table 2).


Table 2 | Plant growth-promoting traits of HG-1.



The metabolites of the HG-1 strain were obtained through gas chromatography, and volatile organic compounds (VOCs) with a peak area above 0.15% were analyzed. The results revealed the presence of PGP substances, including 2, 3-butanediol, [R-(R*.R*)] - (9.26%) and 1-hexanol (0.15%). Moreover, the HG-1 strain was determined to produce substances, such as phenethyl alcohol (2.19%), 2-undecanone (2.15%), 2-nonanone (1.20%), 2-nonanol (1.04%), 2-tridecanone (0.96%), 2-heptanone (0.38%), phenol (0.33%), and 2-pentadecanone (0.27%), that inhibit the growth of pathogens (Table 3).


Table 3 | Main volatile substances of HG-1 strain and their functions.





Effect of HG-1 Inoculation on Soil Physicochemical Properties

The physical and chemical properties of soil are closely related to crop growth. After 30 days of planting the wheat, The pH, and K content were significantly lower than original soil (P < 0.05). The EC, organic C, Na and Ca content significantly higher than original soil (P < 0.05). After 30 days of inoculation with the HG-1 strain, the physical and chemical properties of soil as well as its nutrient contents were significantly altered. The pH (an increase of 2.40%) and EC (an increase of 7.92%) of uninoculated soil were significantly higher than those of inoculated soil (P < 0.05). The Olsen P (an increase of 29.39%), available N (an increase of 18.46%), exchangeable K (an increase of 10.96%), and organic C (an increase of 14.19%) were significantly higher in the inoculated soil than those in the uninoculated soil (P < 0.05) (Table 4).


Table 4 | Effects of Enterobacter cloacae HG-1 on chemical properties of rhizosphere soil.





Effect of HG-1 Inoculation on Plant Growth Under NaCl Stress

The effect of HG-1 inoculation on wheat biomass indices under salt stress was characterized by performing independent sample t-tests (P < 0.05). Results revealed that wheat growth under salt stress was significantly increased in plants inoculated with the HG-1 strain compared with control plants. In inoculated plants, the root length increased by 19.15% (P < 0.05), shoot length increased by 18.83% (P < 0.05), fresh weight (FW) increased by 16.67% (P < 0.05), and dry weight (DW) increased by 17.96% (P < 0.05) compared with control plants (Table 5).


Table 5 | Effects of Enterobacter cloacae HG-1 on wheat biomass, antioxidant and ion absorption.



Factors that affect plant osmotic regulation, such as the total contents of protein, proline, soluble sugar, and malondialdehyde (MDA), were measured to assess the effects of HG-1 inoculation on wheat resistance to salt stress. In inoculated plants, the soluble sugar content of wheat leaves increased by 4.51% (P < 0.05), the total protein content increased by 29.85% (P < 0.05), and the proline content increased by 12.43% (P < 0.05) compared with those in uninoculated plants. We then compared the MDA level in investigated plants because MDA levels reflect the level of lipid oxidative damage induced by salt stress. The MDA levels in inoculated plants decreased by 27.26% (P < 0.05) when compared with those in the uninoculated plants (Table 5).

To investigate the role of the HG-1 strain in alleviating wheat ion stress, we measured differences in Na+, K+, and Ca2+ concentrations in inoculated and uninoculated wheat seedlings. The ion analysis results revealed a difference in the ion concentrations of inoculated and uninoculated plants. The Na+ concentration in inoculated wheat seedlings was significantly lower than that in uninoculated seedlings (31.43%, P < 0.05), whereas the concentrations of K+ (20.69%) and Ca2+ (57.53%) were significantly higher in the inoculated plants than those in the uninoculated plants (P < 0.05) (Table 5).



Microbial Diversity Response to HG-1 Inoculation in the Wheat Rhizosphere Soil

Miseq sequencing technology was used to sequence the nifH gene of the nitrogen-fixing organism, and a total of 261,659 original sequences with an average length of 398.31 bp were identified from six samples. After the screening, 136,578 valid sequences were obtained. A 97% similarity check revealed 799 operational taxonomic units (OTUs), which were obtained using an OTU analysis of nonrepeating sequences. We determined that CK and HG-1 shared 319 OTUs, 277 OTUs were identified in CK alone, and 203 OTUs were identified in HG-1 alone (Figure 2A). The microbial diversity index gradually increased with the number of sequencing bars, and the dilution curve became smooth at the last stage, which indicated that sequencing data reached saturation (Figures 2B, C), and thus that this study could cover most species of the nitrogen-fixing bacterial community in wheat rhizosphere soil.




Figure 2 | Different treatment samples generate venn diagram, microbial dilution curve and aroma curve based on OUT level. (A) venn diagram showing the unique and shared OTUs between different treatments; (B) nitrogen-fixing bacteria dilution curve; (C) nitrogen-fixing bacteria Shannon-wiener curve.



The richness, diversity and coverage of NFB communities in wheat rhizosphere soil were analyzed by the diversity index. The Sobs, Chao and Ace indices reflect the richness of the community in the sample. The results in Figures 2A, B and Table 6 showed that compared with the control, the inoculation of HG-1 strain significantly reduced the richness of NFB community in wheat rhizosphere soil (P<0.05) (Table 6). Simpson, Shannon index reflects the community diversity in the sample. The results of diversity analysis showed that compared with the control, the inoculation of HG-1 strain did not significantly affect the diversity of NFB community in rhizosphere soil (P<0.05) (Table 6).


Table 6 | Diversity index of nitrogen fixing bacteria in wheat rhizosphere soil samples under different treatments.



The results of PCA showed that the NFB communities in the wheat rhizosphere soil were significantly separated under HG-1 and CK treatment, and ANOSIM analysis further confirmed the significant structural reorganization of the NFB communities in the soil (Figure 3).




Figure 3 | Principal component analysis (PCA) based on Bray-Curtis distances.





Microbial Communities Response to HG-1 Inoculation in the Wheat Rhizosphere Soil

Figure 4 illustrates differences in the composition of NFB communities in inoculated and uninoculated samples at the phylum and genus levels. No differences in the community composition were observed at the phylum level among the investigated samples. However, after inoculation, the abundance of Proteobacteria increased from 37.69% to 75.86% and the abundance of Verrucomicrobia decreased from 13.34% to 1.98% (Figures 4A, B). At the genus level, in the inoculated samples, the abundance of Geobacter and Azoarcus decreased from 1.64% to 0.34% and from 8.87% to 2.26%, respectively. The R language software vegan package was employed. Figure 4 illustrates differences identified in each sample for 6 phyla (Figure 4A) and 32 genera (Figure 4B). The dominant phylum and genus of NFB differed between inoculated and uninoculated plants. The abundance of Azoarcus, Rhodopseudomonas, Bradyrhizobium, Cyanothece, Sinorhizobium, Azotobacter, Anaeromyxobacter, and Vibrio was lower in inoculated soil than in CK samples, whereas Azospirillum, Anabaena, and five other genera were only recorded in CK samples.




Figure 4 | Relative abundance of nitrogen fixing bacteria in wheat rhizosphere soil at phylum and genus level. (A, B) relative abundance of nitrogen-fixing bacteria in wheat rhizosphere soil of control group at phylum level, and (C, D) relative abundance of nitrogen-fixing bacteria in wheat rhizosphere soil inoculated with HG-1 strain at genus level. Different colors represent different species, and pie area represents the percentage of the species.



Results revealed that the average relative abundance of Proteobacteria in the inoculated samples increased significantly (P ≤ 0.05), and the average relative abundance of Verrucomiorobia was significantly decreased (P ≤ 0.01) compared with that in CK samples (Figure 5A). Moreover, the differences in the abundance of 27 common bacterial genera were compared. The mean relative abundance of Azoarcus, Geobacter, Sinorhizobium, Skermanella, Azohydromonas, and Mesorhizobium was significantly lower in inoculated samples than in CK samples (P ≤ 0.05) (Figure 5B).




Figure 5 | Difference test on (A) phylum and (B) genus level of nitrogen-fixing bacteria in wheat rhizosphere soil under different treatments. The vertical axis represents the species names at a certain level of classification, and each column corresponding to the species represents the average relative abundance of the species in various groups, with different colors representing different groups. The intermediate region is the difference of the percentage of species abundance between the two groups within the confidence interval set. The color of the dot is the group color with a relatively large proportion of species abundance. The I-type interval on the dot is the upper and lower limit of the difference. Error bars indicate standard errors (n=3). The rightmost is P value, *0.01 < P ≤ 0.05, **0.001 < P ≤ 0.01.






Discussion

PGPR can induce plant systemic tolerance (IST) by increasing the concentrations of dissolved phosphorus, ACC deaminase activity, volatile substances, iron carriers, and plant hormones (Farag et al., 2013; Kumari S. et al., 2015). Some studies have shown the potential of E. cloacae to be a plant growth promoter and its characteristic of salt tolerant (Bhise et al., 2016; Macedo-Raygoza et al., 2019). In the present study, ten strains were isolated from alkali-saline soil samples and screened to obtain E. cloacae HG-1 that had high salt tolerance. The physiological and biochemical and PGP characteristics were measured. We determined that the strain was resistant to antibiotics, including rifamycin SV, troleandomycin, 1% sodium lactate, and lincomycin. Furthermore, the analysis revealed that the strain had characteristics related to processes of nitrogen fixation and the dissolving of phosphorus and potassium and could produce IAA, GA3, ZA, iron carriers, and ACC deaminases. Therefore, the strain HG-1 was determined to have the potential to promote plant growth. E. cloacae has high nitrogen fixation activity. Numerous studies have shown that E. cloacae seems to be not virulent. Based on analyses of in vitro hemolysis of red blood cells and antibiotic resistance, E. cloacae has no hemolytic activity. At the same time, this strain not only exists widely in rhizosphere soil, but also can be detected and isolated in plants (Hinton and Bacon, 1995; Wang et al., 2012; Macedo-Raygoza et al., 2019). Under both biotic and abiotic stress, it has a growth promotion effect on cowpea, wheat, pea, citrus, corn, banana and other crops and thus is considered a promoter for plant growth (Hinton and Bacon, 1995; Araújo et al., 2002; Kumaran et al., 2010; Ramesh et al., 2014; Khalifa et al., 2016; Macedo-Raygoza et al., 2019). Moreover, Enterobacter strains were determined to have various other PGP properties. For example, Liu isolated 11 strains of nitrogen-fixing bacteria from the rhizosphere of the salt-tolerant plant sunflower (Helianthus tuberosus) in the Yellow River area, China, and tested the strains for nitrogen-fixing, phosphorus-dissolving, and IAA-producing activities. Among them, Enterobacter sp.N10 can significantly increase the root length and plant height of sunflower and wheat, and is the best rhizobia to increase wheat yield (Liu et al., 2017). Also Li et al., have shown that among the 8 strains of salt-tolerant bacteria, E. cloacae HSNJ4 can promote the germination of rape seeds, balance the relative content of IAA and ethylene in seedlings, increase root length, stem length, lateral root content and chlorophyll content, and improve its salt tolerance (Li et al., 2017). E. cloacae MDSR9, isolated from soybean rhizosphere, was reportedly capable of producing IAA, iron carriers, ammonia, ACC deaminase, soluble phosphorus, potassium, and zinc. Wheat inoculated with this strain displayed an increase in seedling and seed weight of 39.13% and 49.14%, respectively (Ramesh et al., 2014). Furthermore, after inoculation with Enterobacter, the expression of salt stress response genes related to proline biosynthesis in Arabidopsis was upregulated (Kim et al., 2014).

The HG-1 strain can improve the physical and chemical properties of saline soil. PGPR are principal biological factors controlling plant growth through the adsorption and desorption of ions and the transformation of nutrients and their availability to crops (Schloss and Jo, 2006). Although the present study is only a preliminary analysis of the effect of PGPR on the rhizosphere soil, numerous studies have determined that the application of microbial agents is also an effective method to significantly reducing soil pH and salinity, accelerate the management of saline-alkali soil, and improve the survival rate of plants in saline-alkali soil (Mbarki et al., 2017). This type of biological management method has a quick effect on the plant growth and is sustainable, low-cost, and does not generate any pollution. Therefore, for the use of microbial agents has great potential to grow plants in saline-alkali soil (Dodd and Pérez-Alfocea, 2012; Paul and Lade, 2014; Nabti et al., 2015; Shrivastava and Kumar, 2015). A high concentration of salt in soil can inhibit plant growth because large numbers of sodium ions affect the nutrient utilization rate of plants and inhibit the activity of various enzymes. Moreover, salt stress affects plant growth by disrupting water balance, causing oxidative stress and ethylene production (Nakbanpote et al., 2014). In this study, soil pH and EC were significantly decreased after the inoculation of soil with HG-1, whereas the available phosphorus, available N, exchangeable K, and organic C in soil increased, which improved the nutritional environment of wheat and reduced the effects of salt stress. The improvement of the soil environment may also increase the adaptability and activity of microorganisms. Biological regulation is an effective measure to improve soil quality and crop yield by promoting the circulation and transformation of soil nutrients and enhancing plants’ absorption of nutrients (Mayak et al., 2004; Egamberdieva et al., 2017). Inoculating plants with these microorganisms can improve soil micro-ecological environments (Lerner et al., 2006; Fließbach et al., 2009).

The HG-1 strain can reduce ion toxicity, osmotic stress, and oxidative damage to plants under salt stress. A study found that E. cloacae ZNP-3 can produced ACC deaminase along with several other properties namely IAA production, mineral phosphate solubilization, hydrogen cyanide (HCN) and ammonia production. Its inoculation to wheat plant resulted in a considerable increase in growth parameters, biomass, and chlorophyll content under salinity stress. The inoculation also decreased the accumulation of Na+ and increased K+ uptake in shoots and roots, leading to maintenance of favorable K+/Na+ ratios in bacterial-treated plants for alleviating the toxic effect of salt stress (Singh et al., 2017). IAA plays a crucial role in the differentiation of plant cells, tissues, and new organs. The IAA concentration in crops was significantly reduced after salt stress; for instance, the IAA concentration was decreased by approximately 75% in tomato plants (Dunlap and Binzel, 1996). Furthermore, when the isolates of salt-tolerant IAA strains B. endophyticus, B. tequilensis, and Planococcus were re-inoculated into salt-tolerant grass, the germination rate of grass increased by 7%–11%, the shoot length increased by 13%–22%, the root length increased by 44%–57%, and the FW increased by 21%–54% compared with uninoculated plants (Zhao et al., 2016). Gibberellin (GA) is involved in several stages of plant growth and development, including seed germination, leaf growth, photolithogenesis, shoot elongation, flower organ development, and fruit maturation. GA also plays an active role in cell division and elongation and in the regulation of hypocotyl, root, and leaf meristem size (Sun and Gubler, 2004; Daviã¨Re and Achard, 2013; Wang G.L. et al., 2015). GA3 is a bioactive GA, which can significantly improve the germination rate of seeds and the water utilization rate of plants under low salt stress (Maggio et al., 2010), as well as can significantly improve the growth condition of plants grown under high salt stress (Javid et al., 2011). The inoculation of rice with Bacillus amyloliquefaciens, which produces GA3, can increase the salicylic acid concentration in rice, upregulate the expression of endogenous GA-related genes, and significantly promote plant growth (Shahzad et al., 2016). GA produced by Bacillus sp. and Azospirillum sp. was determined to increase plant nitrogen uptake (Kucey, 2010). CKs mainly regulate plant cell division, apical dominance, chloroplast biogenesis, nutrient regulation, leaf senescence, tube tissue differentiation, light signal conduction development, bud differentiation, and anthocyanin production. CKs also participate in the formation of plant resistance to biotic and abiotic stress (Hwang and Sheen, 2001; O’brien and Eva, 2013). For instance, when Platycladus orientalis was inoculated with B. subtilis, thereby producing CKs, the CK concentration in the bud increased and the resistance to osmotic stress was stronger in inoculated plants than in uninoculated plants (Liu et al., 2013). In this study, the HG-1 strain produced the plant hormones IAA, GA3, and CKs. Our results indicated that the investigated strain could promote the growth and development of wheat seedlings; improve the accumulation of wheat biomass; and positively promote plant height, root length, FW, and DW.

Potassium ions, one of the three main elements in crop nutrition, are ubiquitous in crops. They are involved in almost all physiological and biochemical processes of plants and extensively affect the growth and metabolism of crops. Potassium and sodium have competing regulatory actions on osmotic potential (Ashraf et al., 2005). K+/Na+ in plants is a valuable indicator of their salt tolerance. Studies have indicated that K+ can enhance the salt tolerance of crops (Ruppel et al., 2013). As essential mineral elements, calcium ions are crucial regulators of plant growth and development and are vital components of the plant cell wall (Hepler, 2005). Calcium ions are a protective permeable substance in the vacuole that maintain cell membrane stability and intracellular ion balance. Maintaining the balance of calcium ions in plant cells is crucial in the normal growth of plants (Al-Whaibi et al., 2010; Dayod et al., 2010; Dodd et al., 2010; Gilliham et al., 2011). Proline may play a role in osmoregulation as a crucial component of antioxidant defense during water scarcity, which protects macromolecules and participates in the pentose phosphate pathway (Hare and Cress, 1997; Miller et al., 2010). To date, no accurate conclusion has been drawn regarding the role of PGPR in plant nutrient absorption, transport, accumulation, and calcium ion removal under salt stress. Therefore, studying the mechanisms of K+, Ca2+, and proline under salt stress from multiple perspectives can help improve plant growth and development. In this study, the inoculation of wheat with the HG-1 strain significantly reduced the accumulation of Na+ in the leaves, which might have reduced Na+ toxicity in wheat and increased K+ and Ca2+, thereby maintaining the ion balance. Furthermore, a significant increase in the proline content was detected, indicating that inoculation with HG-1 enhanced the osmotic regulation ability of wheat. Furthermore, K+ and Ca2+ in wheat leaves were significantly higher in inoculated plants than in uninoculated (control) plants (P < 0.05), whereas Na+ accumulation was significantly lower (P < 0.05). These factors are critical for preserving the function of biological macromolecules, preventing enzyme inactivation, maintaining physiological activity such as photosynthesis, and increasing the tolerance of crops to salt stress (Furusho et al., 2005).

High salinity also leads to increased production of reactive oxygen species (ROS), which can damage the integrity of plant cell membrane systems and affect fatty acids, amino acids, pigments, and other biological molecules in plants (Miller et al., 2010). The MDA level can be used to characterize the degree of oxidative damage caused by ROS (Jain et al., 2001). In this study, the MDA level was significantly lower in plants inoculated with HG-1 than in uninoculated plants, indicating that inoculation with the HG-1 strain could reduce the oxidation of membrane lipids, proteins, and DNA, thereby reducing oxidative damage in plants.

Excessive ethylene production under salt stress can inhibit root growth, and higher ethylene levels in the nodules can reduce the quantity of fixed N (Ma et al., 2002). Reducing stress-induced increases in ethylene levels is beneficial to plant growth (Glick, 2004). Producing ACC deaminase and catalyzing the conversion of ACC (a precursor in ethylene biosynthesis) into ammonia and alpha-ketobutyrate are crucial functions of PGPR, which reduce ethylene levels in plants under salt stress (Senthilkumar et al., 2009; Etesami and Beattie, 2017). Penrose and Glick (2003) reported that ACC deaminase activity was higher than 20 nmol α-KB mg−1 protein h−1, which could improve the salt tolerance of plants. The ACC deaminase activity of HG-1 was up to 35.047 ± 2.317 μmol α-KB mg−1, which indicated that HG-1 could improve the salt tolerance of plants.

VOCs have relatively low molecular weight and are hydrophobic and volatile at room temperature and pressure, which allows them to be readily dispersed in the atmosphere and soil (Hung et al., 2015). Several studies have investigated the volatile metabolites of specific strains. Salme et al. (2014) proposed an effective new method to test VOC strains to promote plant growth and improve plant stress tolerance. Improving our understanding of the metabolites of bacterial strains could solve the problem of food security caused by climate change. For example, Alcaligenes faecalis JBCS1294 can reprogram auxin and GA to increase plant salt tolerance by producing adipic acid, butyric acid, and other volatiles (Bhattacharyya et al., 2015). In the present study, the VOCs of salt-resistant E. cloacae HG-1 were detected. We determined that various substances could inhibit the growth of pathogenic bacteria, common fungi, and bacteria caused by the soil-borne disease control effect. However, multiple VOCs exhibit synergistic effects, and determining components involved in IST is difficult before isolating each volatile compound for analysis.

The expression “microbiome” can describe the complex and dynamic genetic content of a microorganism living in a specific habitat (Bulgarelli et al., 2013; Reinhold et al., 2015). The role of the rhizosphere soil microbial community in maintaining plant health and improving plant adaptability is being increasingly recognized as the knowledge of this field increases. The related microbial community is considered the second genome of plants (Berendsen et al., 2012; Turner et al., 2013). Therefore, the study of the microbial community structure and diversity in rhizosphere soil is valuable in understanding the mechanism of PGPR and in evaluating the optimal measures for increasing plant salt tolerance. The diversity of soil microbial community is closely related to crop growth and the prevention and control of soil-borne diseases (Miransari, 2013; Sui et al., 2019).

The NFB community in crop rhizosphere soil is a functional bacterial community, which has a critical effect on plant growth (Xun et al., 2019). The number of studies on the characteristics and changes in the nitrogen-fixing microbial community structure in the rhizosphere of major food crops, especially under salt stress, remains insufficient. The HG-1 strain investigated in this study was determined to have high nitrogen fixation activity. The results of this study may provide references for future screening, evaluation, and use of NFB. Evidence indicates that plant roots can rapidly select specific microorganisms and maintain relatively stable communities during any cycle of plant growth, suggesting that the structural basis of the rhizosphere microbial community in the early stages of plant growth is essential (Edwards et al., 2015; Reinhold et al., 2015). Studies have indicated that plants may benefit from the synergy with various interacting microbial communities rather than from the individual members of the community. The results of the present study provide new insights into the future use of culturable beneficial microbiota in enhancing plant salt tolerance and improving agricultural production under saline-alkali conditions. In this type of symbiosis, plants maintain and protect microorganisms using rhizosphere metabolites (Jones et al., 2009), provide carbon sources for their growth, and influence the activity and composition of microbial communities (Mendes et al., 2013). This microbiology-based plant biotechnological research has proven to be more effective than plant breeding and genetic modification methods (Smith, 2014). With the increasing use of microbial fertilizers, the effect of microbial agents on the community structure of nitrogen-fixing microorganisms in the rhizosphere soil of crops has considerable research value and could be used as a new standard for evaluating the effects of soil improvement on plant growth promotion.

Nitrogen is closely correlated with the community structure of nitrogen-fixing microorganisms in the soil. The form and content of nitrogen have significant effects on the composition and diversity of the soil bacterial community (Enwall et al., 2007; Campbell et al., 2010). (Li et al., 2014) reported that the diversity and richness of the soil bacterial community decreased with an increase in nitrogen application. (Fierer et al., 2011) determined that nitrogen application had a significant effect on the bacterial composition but no significant effect on bacterial diversity. In this study, we investigated the effects of inoculation with HG-1 strain on wheat rhizosphere microbial diversity and richness. The Sobs, Ace, and Chao indices demonstrated that after the inoculation of roots with HG-1, the community richness of wheat NFB in rhizosphere soil was significantly lower than in the CK group (P < 0.05). We determined that the abundance of Proteobacteria in the HG-1 sample increased significantly (P ≤ 0.05), whereas the abundance of Verrucomicrobia decreased significantly (P ≤ 0.01) compared with control samples. At the genus level, we determined that the abundances of Azospirillum, Rhodomicrobium, Anabaena, and two other unclassified genera were lower in HG-1 samples than in CK samples. Moreover, the abundance of Azoarcus, Rhodopseudomonas, Bradyrhizobium, Cyanothece, Sinorhizobium, Azotobacter, Anaeromyxobacter and Vibrio was significantly lower (P ≤ 0.05) in HG-1 samples than in CK samples. The relative abundance of some of these strains was low; however, they played a crucial role in the community function (Shi et al., 2016). The phylum Proteobacteria includes numerous bacteria responsible for nitrogen fixation (Wen-Ming et al., 2003; Wang et al., 2015a). Increasing the abundance of Proteobacteria in the rhizosphere soil may be of positive significance to the growth of plants. This may be because the HG-1 strain increases the nitrogen content in the soil.

Soil types and plant species are principal factors affecting the microbial community structure (Lakshmanan, 2015; Agler et al., 2016). We hypothesized that one of the principal reasons for this is the decrease in soil pH. Reports have indicated that bacterial diversity decreased with a decrease in pH and vice versa (Bartram et al., 2013). Researchers have suggested that the optimal pH for maintaining microbial diversity is 7.5. Other soil factors are also vital for microbial community diversity as well. For example, ammonium ions, nitrates, and soil organic matter provide nitrogen and carbon sources for nitrogen-fixing microorganisms, and differences in their forms directly affect community composition (Zhiyuan et al., 2010; Collavino et al., 2014). Furthermore, inoculation of plants with a single strain under certain conditions could not effectively improve plant growth and salt tolerance under salt stress, which is because of the relatively weak competitiveness and limited colonization efficiency of inoculated strains compared with indigenous soil microbial communities (Qin et al., 2016). The successful colonization of soil with bacterial strains could significantly affect the microbial community structure in the soil (Wang et al., 2018). In this study, the only variable causing the change in the microbial community structure was the inoculation of soil with the HG-1 strain.

Although Enterobacter cloacae is widely distributed in soil and other natural environments, the main problem with using this bacterium as a crop inoculant is the high concentration of cells in the preparation and the risk of its treatment. In addition, when these products are applied to crops directly consumed by humans, they may be harmful to health.



Conclusion

The present study is the first to screen E. cloacae HG-1 with high salt tolerance. We determined that the strain was involved in nitrogen fixation, phosphorus dissolution, and potassium dissolution and that it could produce iron carriers, ACC deaminases, and plant hormones. When the HG-1 strain was inoculated into the wheat rhizosphere under salt stress, the antioxidant activity, osmotic adjustment ability, and biomass accumulation of wheat increased significantly compared with uninoculated plants. Soil nutrient accumulation also increased and soil pH and EC decreased significantly compared with uninoculated plants. Furthermore, we detected that inoculation with the HG-1 strain did not affect the species composition of NFB in wheat rhizosphere soil at the phylum level. However, the average relative abundance of Proteobacteria was significantly increased, whereas the abundance of Verrucomiorobia was significantly decreased compared with uninoculated plants. At the genus level, the species diversity and relative abundance of samples inoculated with the HG-1 strain decreased compared with uninoculated plants. These findings indicate that the HG-1 strain has screening and abundance regulation effects on NFB in rhizosphere soil and is involved in plant–soil–microbial interactions. The structural change in NFB communities in plant rhizosphere soil may play a key role in nutrient cycling.



Data Availability Statement

The GenBank accession number of HG-1 strain is MN582993. The url is https://www.ncbi.nlm.nih.gov/nuccore/MN582993.1?The%20report%20=%20fasta.

The raw reads of Illumina MiSeq sequencing data were deposited in the NCBI Sequence Read Archive database (accession number: SRR10420106). The url is https://www.ncbi.nlm.nih.gov/search/all/?term=SRR10420106.



Author Contributions

CJ conceived and designed the experiment. CJ, ZL, LH, XS, CW, YL and performed the experiment. CJ, XS, HL, CL, and QG analyzed the data. CJ wrote the paper. XL guided the research work and revised the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by the Major Science and Technology Innovation Project of Shandong province (2019JZZY020614), Shandong Agricultural Science and Technology Fund (Forestry, Science, and Technology Innovation) (2019LY003-5), and Science and technology innovation and development special project of Linyi city (2019ZDYF013).



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2020.01094/full#supplementary-material

Figure S1 | Phylogenetic tree showing relationship between HG-1 and other strains. Bootstrap values indicated on nodes.

Figure S2  | Analyses of volatile organic compounds produced by HG-1 strain were performed by gas chromatography.

Figure S3  | Analyses of plant hormones secreted by HG-1 strain were performed by HPLC. (A) gibberellin (GA3), (B) zeatin (ZT).



References

 Abarca, R., Rodríguez, F., Guarda, A., Galotto, M., Bruna, J., Perez, M., et al. (2017). Application of β-Cyclodextrin/2-Nonanone inclusion complex as active agent to design of antimicrobial packaging films for control of botrytis cinerea. Food Bioprocess Technol. 10, 1–10. doi: 10.1007/s11947-017-1926-z

 Acquaah, G. (2007). Principles of plant genetics and breeding. (Oxford: Blackwell).

 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

 Aj, W., and Black, I. (1934). An examination of the degtjareff method for determining soil organic matter, and a proposed modification of the chromic acid titration method. Soil Sci. 37, 29–38. doi: 10.1097/00010694-193401000-00003

 Alfaro-Espinoza, G., and Ullrich, M. (2015). Bacterial N2-fixation in mangrove ecosystems: Insights from a diazotroph-mangrove interaction. Front. Microbiol. 6, 445. doi: 10.3389/fmicb.2015.00445

 Al-Whaibi, M., Bullet, M., Siddiqui, D. M. H., Abdullah, B., Bullet, A.-A., and Basalah, M. (2010). Performance of faba bean under calcium and gibberellic acid application. Int. J. Plant Dev. Biol. 4, 60–63.

 Araújo, W. L., Joelma, M., Walter, M., Jan Dirk, V. E., Vuurde, J. W. L., Van,, et al. (2002). Diversity of endophytic bacterial populations and their interaction with Xylella fastidiosa in citrus plants. Appl. Environ. Microbiol. 68, 4906–4914. doi: 10.1128/AEM.68.10.4906-4914.2002

 Arora, N. K., Tewari, S., Singh, S., and Maheshwari, D. K. (2013). “PGPR for protection of plant health under saline conditions,” in Bacteria in Agrobiology: Stress Management. Ed.  K. Maheshwari (Berlin; Heidelberg: Springer-Verlag), 239–258. doi: 10.1007/978-3-642-23465-1_12

 Ashraf, M., Akhtar, K., G, S., and Ashraf, M. (2005). Role of rooting system in salt tolerance potential of different guar accessions. Agron. Sustain. Dev. 25, 243–249. doi: 10.1051/agro:2005019

 Asrar, H., Hussain, T., Hadi, S. M. S., Bilquees,, and Gul, (2017). Salinity induced changes in light harvesting and carbon assimilating complexes of Desmostachya bipinnata (L.) Staph. Environ. Exp. Bot. 135, 86–95. doi: 10.1016/j.envexpbot.2016.12.008

 Bartram, A., Jiang, X., Lynch, M., Masella, A., Nicol, G., Dushoff, J., et al. (2013). Exploring links between pH and bacterial community composition in soils from the Craibstone Experimental Farm. FEMS Microbiol. Ecol. 87, 403–415. doi: 10.1111/1574-6941.12231

 Bates, L. S., Waldren, R. P., and Teare, I. D. (1973). Rapid determination of free proline for water-stress studies. Plant Soil 39, 205–207. doi: 10.1007/BF00018060

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

 Berge, O., Guinebretiere, M. W., Normand, P., and Heulin, T. (2002). Paenibacillus graminis sp nov and Paenibacillus odorifer sp nov., isolated from plant roots, soil and food. Int. J. Syst. Evol. Microbiol. 52, 607–616. doi: 10.1099/00207713-52-2-607

 Bharti, N., Yadav, D., Barnawal, D., Maji, D., and Kalra, A. (2013). Exiguobacterium oxidotolerans, a halotolerant plant growth promoting rhizobacteria, improves yield and content of secondary metabolites in Bacopa monnieri (L.) Pennell under primary and secondary salt stress. World J. Microbiol. Biotechnol. 29, 379–387. doi: 10.1007/s11274-012-1192-1

 Bhattacharyya, D., Yu, S. M., and Yong, H. L. (2015). Volatile compounds from Alcaligenes faecalis JBCS1294 confer salt tolerance in Arabidopsis thaliana through the auxin and gibberellin pathways and differential modulation of gene expression in root and shoot tissues. Plant Growth Regul. 75, 297–306. doi: 10.1007/s10725-014-9953-5

 Bhise, K. K., Bhagwat, P. K., and Dandge, P. B. (2016). Plant growth-promoting characteristics of salt tolerant Enterobacter cloacae strain KBPD and its efficacy in amelioration of salt stress in Vigna radiata L. J. Plant Growth Regul. 36, 1–12. doi: 10.1007/s00344-016-9631-0

 Bisseling, T., Dangl, J. L., and Schulzelefert, P. (2009). Next-generation communication. Science 324, 691. doi: 10.1126/science.1174404

 Blom, D., Fabbri, C., Connor, E., Schiestl, F., Klauser, D., Boller, T., et al. (2011). Production of plant growth modulating volatiles is widespread among rhizosphere bacteria and strongly depends on culture conditions. Environ. Microbiol. 13, 3047–3058. doi: 10.1111/j.1462-2920.2011.02582.x

 Brandon, C., and Ramankutty, R. (1994). Toward an environmental strategy for asia. World Bank-Discussion Papers. No. 244. Washington. doi: 10.2307/2058958

 Bray, R. H., and Kurtz, L. T. (1945). Determination of total, organic, and available forms of phosphorus in soils. Soil Sci. 59, 39–46. doi: 10.1097/00010694-194501000-00006

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

 Campbell, B. J., Polson, S. W., Hanson, T. E., Mack, M. C., and Schuur, E. (2010). The effect of nutrient deposition on bacterial communities in Arctic tundra soil. Environ. Microbiol. 12, 1842–1854. doi: 10.1111/j.1462-2920.2010.02189.x

 Cardinale, B. J., Srivastava, D. S., J Emmett, D., Wright, J. P., Downing, A. L., Mahesh, S., et al. (2006). Effects of biodiversity on the functioning of trophic groups and ecosystems. Nature 443, 989–992. doi: 10.1038/nature05202

 Céline, J., Villeneuve, F., Alabouvette, C., Edel-Hermann, V., Mateille, T., and Steinberg, C. (2007). Soil health through soil disease suppression: Which strategy from descriptors to indicators? Soil Biol. Biochem. 39, 1–23. doi: 10.1016/j.soilbio.2006.07.001

 Collavino, M. M., James, H., Frank, I. E., Vidoz, M. L., Calderoli, P. A., Mariano, D., et al. (2014). nifH pyrosequencing reveals the potential for location-specific soil chemistry to influence N2 -fixing community dynamics. Environ. Microbiol. 16, 3211–3223. doi: 10.1111/1462-2920.12423

 Daviã¨Re, J. M., and Achard, P. (2013). Gibberellin signaling in plants. Development 140, 1147–1151. doi: 10.1242/dev.087650

 Dayod, M., Tyerman, S., Leigh, R., and Gilliham, M. (2010). Calcium storage in plants and the implications for biofortification. Protoplasma 247, 215–231. doi: 10.1007/s00709-010-0182-0

 Delong, E. (2002). Microbial population genomics and ecology. Curr. Opin. Microbiol. 5, 520–524. doi: 10.1016/S1369-5274(02)00353-3

 Desgarennes, D., Garrido, E., Torresgomez, M. J., Peñacabriales, J. J., and Partidamartinez, L. P. (2015). Diazotrophic potential among bacterial communities associated with wild and cultivated agaves. FEMS Microbiol. Ecol. 90, 844–857. doi: 10.1111/1574-6941.12438

 Döbereiner, J. (1995). Isolation and identification of aerobic nitrogen-fixing bacteria from soil and plants. Methods Appl. Soil Microbiol. Biochem. 134–141.

 Dodd, I., and Pérez-Alfocea, F. (2012). Microbial amelioration of crop salinity stress. J. Exp. Bot. 63, 3415–3428. doi: 10.1093/jxb/ers033

 Dodd, A., Kudla, J., and Sanders, D. (2010). The language of calcium signaling. Annu. Rev. Plant Biol. 61, 593–620. doi: 10.1146/annurev-arplant-070109-104628

 Dunlap, J. R., and Binzel, M. L. (1996). NaCI reduces indole-3-acetic acid levels in the roots of tomato plants independent of stress-induced abscisic acid. Plant Physiol. 112, 379–384. doi: 10.1104/pp.112.1.379

 Edwards, J., Johnson, C., Santos-Medellín, C., Lurie, E., Natarajkumar, P., Bhatnagar, S., et al. (2015). Structure, variation, and assembly of the root-associated microbiomes of rice. Proc.  Natl. Acad. Sci.  United States America 112, 911–920. doi: 10.1073/pnas.1414592112

 Egamberdieva, D., Wirth, S., Jabborova, D., Räsänen, L. A., and Hong, L. (2017). Coordination between Bradyrhizobium and Pseudomonas alleviates salt stress in soybean through altering root system architecture. J. Plant Interact. 12, 100–107. doi: 10.1080/17429145.2017.1294212

 Enwall, K., Nyberg, K., Bertilsson, S., Cederlund, H., Stenström, J., and Hallin, S. (2007). Long-term impact of fertilization on activity and composition of bacterial communities and metabolic guilds in agricultural soil. Soil Biol. Biochem. 39, 106–115. doi: 10.1016/j.soilbio.2006.06.015

 Ervin, D., and Lopez-Carr, D. (2018). Linkages among population, food production, and the environment at multiple scales. J. Int. Global Stud. 9, 1–17.

 Etesami, H. (2018). Can interaction between silicon and plant growth promoting rhizobacteria benefit in alleviating abiotic and biotic stresses in crop plants? Agric. Ecosyst. Environ. 253, 98–112. doi: 10.1016/j.agee.2017.11.007

 Etesami, H., and Beattie, G. A. (2018). Mining halophytes for plant growth-promoting halotolerant bacteria to enhance the salinity tolerance of non-halophytic crops. Front. Microbiol. 9, 1–20. doi: 10.3389/fmicb.2018.00148

 Etesami, H., and Beattie, G. A. (2017). “Plant-microbe interactions in adaptation of agricultural crops to abiotic stress conditions,” in Probiotics Plant Health. Eds.  V. Kumar, M. Kumar, S. Sharma, and R. Prasad (Springer: Singapore), 163–200. doi: 10.1007/978-981-10-3473-2_7

 Falkowski, P. (1997). Evolution of the nitrogen cycle and its influence on the biological sequestration of CO2 in the ocean. Nature 387, 272–275. doi: 10.1038/387272a0

 Farag, M., Ryu, C.-M., Sumner, L., and Pare, P. (2006). GC-MS SPME profiling of rhizobacterial volatiles reveals prospective inducers of growth promotion and induced resistance in plants. Phytochemistry 67, 2262–2268. doi: 10.1016/j.phytochem.2006.07.021

 Farag, M., Zhang, H., and Ryu, C.-M. (2013). Dynamic chemical communication between plants and bacteria through airborne signals: induced resistance by bacterial volatiles. J. Chem. Ecol. 39, 1007–1018. doi: 10.1007/s10886-013-0317-9

 Fierer, N., Lauber, C., Ramirez, K., Zaneveld, J., Bradford, M., and Knight, R. (2011). Comparative metagenomic, phylogenetic and physiological analyses of soil microbial communities. ISME J. 6, 1007–1017. doi: 10.1038/ismej.2011.159

 Fließbach, A., Winkler, M., Lutz, M. P., Oberholzer, H.-R., and Paul, (2009). Soil amendment with Pseudomonas fluorescens CHA0: Lasting effects on soil biological properties in soils low in microbial biomass and activity. Microbial Ecol. 57, 611–623. doi: 10.2307/40605693

 Furusho, K., Yoshizawa, T., and Shoji, S. (2005). Ectoine alters subcellular localization of inclusions and reduces apoptotic cell death induced by the truncated Machado–Joseph disease gene product with an expanded polyglutamine stretch. Neurobiol. Dis. 20, 170–178. doi: 10.1016/j.nbd.2005.02.011

 Giagnoni, L., Pastorelli, R., Mocali, S., Arenella, M., Nannipieri, P., and Renella, G. (2015). Availability of different Nitrogen forms induce change the microbial communities and enzyme activities in the rhizosphere of maize lines with different nitrogen use efficiency. Appl. Soil Ecol. 98, 30–38. doi: 10.1016/j.apsoil.2015.09.004

 Gilliham, M., Dayod, M., Hocking, B., Xu, B., Conn, S., Kaiser, B., et al. (2011). Calcium delivery and storage in plant leaves: Exploring the link with water flow. J. Exp. Bot. 62, 2233–2250. doi: 10.1093/jxb/err111

 Giorgio, A., Stradis, A. D., Cantore, P. L., and Iacobellis, N. S. (2015). Biocide effects of volatile organic compounds produced by potential biocontrol rhizobacteria on Sclerotinia sclerotiorum. Front. Microbiol. 6, 1–13. doi: 10.3389/fmicb.2015.01056

 Glick, B. R. (2004). Bacterial ACC deaminase and the alleviation of plant stress. Adv. Appl. Microbiol. 56, 291–312. doi: 10.1016/S0065-2164(04)56009-4

 Hare, P. D., and Cress, W. A. (1997). Metabolic implications of stress-induced proline accumulation in plants. Plant Growth Regul. 21, 79–102. doi: 10.1023/A:1005703923347

 Hepler, P. K. (2005). Calcium: a central regulator of plant growth and development. Plant Cell 17, 2142–2155. doi: 10.1105/tpc.105.032508

 Hinton, D. M., and Bacon, C. W. (1995). Enterobacter cloacae is an endophytic symbiont of corn. Mycopathologia 129, 117–125. doi: 10.1007/BF01103471

 Hodges, D., Delong, J., Forney, C., and Prange, R. (1999). Improving the thiobarbituric acid-reactive-substance assay for estimating lipid peroxidation in plant tissues containing anthocyanin and other interfering compounds. Planta 207, 604–611. doi: 10.1007/s004250050524

 Hung, R., Lee, S., and Bennett, J. W. (2015). Fungal volatile organic compounds and their role in ecosystems. Appl. Microbiol. Biotechnol. 99, 3395–3405. doi: 10.1007/s00253-015-6494-4

 Hwang, I., and Sheen, J. (2001). Two-component circuitry in arabidopsis cytokinin signal transduction. Nature 413, 383–389. doi: 10.1038/35096500

 Irigoyen, J., Einerich, D., and Sánchez-Díaz, M. (2006). Water stress induced changes in concentrations of proline and total soluble sugars in nodulated alfalfa (Medicago sativd) plants. Physiol. Plantarum 84, 55–60. doi: 10.1111/j.1399-3054.1992.tb08764.x

 Jackson, M. L. (1979). Soil chemical analysis - advanced course. (Englewood Cliffs, NJ: Prentice-Hall).

 Jain, M., Mathur, G., Koul, S., and Sarin, N. (2001). Ameliorative effects of proline on salt stress-induced lipid peroxidation in cell lines of groundnut (Arachis hypogaea L.). Plant Cell Rep. 20, 463–468. doi: 10.1007/s002990100353

 Javid, M. G., Sorooshzadeh, A., Moradi, F., Sanavy, S., and Allahdadi, I. (2011). The role of phytohormones in alleviating salt stress in crop plants. Aust. J. Crop Sci. 32, 726. doi: 10.1163/156853811X610320

 Ji, C., Wang, X., Tian, H., Hao, L., Wang, C., Zhou, Y., et al. (2020). Effects of Bacillus methylotrophicus M4-1 on physiological and biochemical traits of wheat under salinity stress. J. Appl. Microbiol. doi: 10.1111/jam.14644

 Jones, D., Nguyen, C., and Finlay, R. (2009). Carbon flow in the rhizosphere: carbon trading at the soil-root interface. Plant Soil 321, 5–33. doi: 10.1007/s11104-009-9925-0

 Joshi, R., Ramanarao, M., Bedre, R., Sanchez Timm, L., Pilcher, W., Zandkarimi, H., et al. (2015). “Salt adaptation mechanisms of halophytes: improvement of salt tolerance in crop plants,” in Elucidation of Abiotic Stress Signaling in Plants. Ed.  G. K. Pandey (New York, NY: Springer), 243–279. doi: 10.1007/978-1-4939-2540-79

 Kaushal, M., and Wani, S. P. (2016). Rhizobacterial-plant interactions: Strategies ensuring plant growth promotion under drought and salinity stress. Agric. Ecosyst. Environ. 231, 68–78. doi: 10.1016/j.agee.2016.06.031

 Khalifa, A. Y. Z., Alsyeeh, A. M., Almalki, M. A., and Saleh, F. A. (2016). Characterization of the plant growth promoting bacterium, Enterobacter cloacae MSR1, isolated from roots of non-nodulating Medicago sativa. Saudi J. Biol. Sci. 23, 79–86. doi: 10.1016/j.sjbs.2015.06.008

 Kim, K., Jang, Y. J., Lee, S. M., Oh, B. T., Chae, J. C., and Lee, K. J. (2014). Alleviation of salt stress by Enterobacter sp. EJ01 in tomato and arabidopsis is accompanied by up-regulation of conserved salinity responsive factors in plants. Molecules Cells 37, 109–117. doi: 10.14348/molcells.2014.2239

 Krishna, G., Singh, B., Kim, E.-K., Morya, V. K., and Ramteke, P. (2015). Progress in genetic engineering of peanut (Arachis hypogaea L.)—A review. Plant Biotechnol. J. 13, 147–162. doi: 10.1111/pbi.12339

 Kucey, R. M. N. (2010). Plant growth-altering effects of Azospirillum brasilense and Bacillus C–11–25 on two wheat cultivars. J. Appl. Microbiol. 64, 187–196. doi: 10.1111/j.1365-2672.1988.tb03375.x

 Kumaran, D., Dastager, S., and Pandey, A. (2010). Isolation and characterization of plant growth promoting bacteria from non-rhizospheric soil and their effect on cowpea (Vigna unguiculata (L.) Walp.) seedling growth. World J. Microbiol. Biotechnol. 26, 1233–1240. doi: 10.1007/s11274-009-0293-y

 Kumari, A., Das, P., Parida, A. K., and Agarwal, P. K. (2015). Proteomics, metabolomics, and ionomics perspectives of salinity tolerance in halophytes. Front. Plant Sci. 6, 537. doi: 10.3389/fpls.2015.00537

 Kumari, S., Vaishnav, A., Jain, S., Varma, A., and Choudhary, D. (2015). Bacterial-mediated induction of systemic tolerance to salinity with expression of stress alleviating enzymes in soybean (Glycine max L. Merrill). J. Plant Growth Regul. 34, 1–6. doi: 10.1007/s00344-015-9490-0

 Lakshmanan, V. (2015). Root microbiome assemblage is modulated by plant host factors. Adv. Bot. Res. 75, 57–79. doi: 10.1016/bs.abr.2015.09.004

 Lane, D. J. (1991). “16S/23S rRNA sequencing in nucleic acid techniques.” in Bacterial Systematics. Ed.  E. Stackenbrandt (Goodfellow), 115–148.

 Leifert, C., Waites, W., and Nicholas, J. R. (1989). Bacterial contaminants of micropropagated plant cultures. J. Appl. Microbiol. 67, 353–361. doi: 10.1111/j.1365-2672.1989.tb02505.x

 Lerner, A., Herschkovitz, Y., Baudoin, E., Nazaret, S., Moenne-Loccoz, Y., Okon, Y., et al. (2006). Effect of Azospirillum brasilense inoculation on rhizobacterial communities analyzed by denaturing gradient gel electrophoresis and automated ribosomal intergenic spacer analysis. Soil Biol. Biochem. 38, 1212–1218. doi: 10.1016/j.soilbio.2005.10.007

 Levy-Booth, D., Prescott, C., and Grayston, S. (2014). Microbial functional genes involved in nitrogen fixation, nitrification and denitrification in forest ecosystems. Soil Biol. Biochem. 75, 11–25. doi: 10.1016/j.soilbio.2014.03.021

 Li, J., Ren, G.-D., Jia, Z., and Hua, D. (2014). Composition and activity of rhizosphere microbial communities associated with healthy and diseased greenhouse tomatoes. Plant Soil 380, 337–347. doi: 10.1007/s11104-014-2097-6

 Li, H., Lei, P., Pang, X., Li, S., Hong,, and Xu, (2017). Enhanced tolerance to salt stress in canola (Brassica napus L.) seedlings inoculated with the halotolerant Enterobacter cloacae HSNJ4. Appl. Soil Ecol. 119, 26–34. doi: 10.1016/j.apsoil.2017.05.033

 Liu, F., Xing, S., Ma, H., Du, Z., and Ma, B. (2013). Cytokinin-producing, plant growth-promoting rhizobacteria that confer resistance to drought stress in Platycladus orientalis container seedlings. Appl. Microbiol. Biotechnol. 97, 9155–9164. doi: 10.1007/s00253-013-5193-2

 Liu, X., Li, X., Yan, L., Li, R., and Xie, Z. (2017). Plant growth promotion properties of bacterial strains isolated from the rhizosphere of the Jerusalem artichoke (Helianthus tuberosus L.) adapted to saline–alkaline soils and their effect on wheat growth. Can. J. Microbiol. 63, 228–237. doi: 10.1139/cjm-2016-0511

 López-Lara, I., Nogales, J., Pech-Canul, Á., Calatrava Morales, N., Bernabéu Roda, L., Durán, P., et al. (2018). 2-Tridecanone impacts surface-associated bacterial behaviours and hinders plant-bacteria interactions. Environ. Microbiol. 20, 2049–2065. doi: 10.1111/1462-2920.14083

 Lü, C., and Huang, B. (2010). Isolation and characterization of Azotobacteria from pine rhizosphere. Afr. J. Microbiol. Res. 4, 1299–1306. doi: 10.1186/1471-2164-11-387

 Ma, W., Penrose, D. M., and Glick, B. R. (2002). Strategies used by rhizobia to lower plant ethylene levels and increase nodulation. Can. J. Microbiol. 48, 947–954. doi: 10.1139/w02-100

 Macedo-Raygoza, G. M., Valdez-Salas, B., Prado, F. M., Yamaguchi, L. F., and Prieto, K. R. (2019). Enterobacter cloacae, an endophyte that establishes a nutrient-transfer symbiosis with banana plants and protects against the black sigatoka pathogen. Front. Microbiol. 10. doi: 10.3389/fmicb.2019.00804

 Maggio, A., Barbieri, G., Raimondi, G., and Pascale, S. D. (2010). Contrasting effects of GA3 treatments on tomato plants exposed to increasing salinity. J. Plant Growth Regul. 29, 63–72. doi: 10.1007/s00344-009-9114-7

 Marciano, M. L., Roberto, F. S. S., Cláudio,, Oliveira, S. M., Avelar Ferreira, P. A., Lima Soares, B., et al. (2012). Biological nitrogen fixation and phosphate solubilization by bacteria isolated from tropical soils. Plant Soil 357, 289–307. doi: 10.1007/s11104-012-1157-z

 Mayak, S., Tirosh, T., and Glick, B. R. (2004). Plant growth-promoting bacteria confer resistance in tomato plants to salt stress. Plant Physiol. Biochem. 42, 565–572. doi: 10.1016/j.plaphy.2004.05.009

 Mbarki, S., Cerdà, A., Brestic, M., Mahendra, R., Abdelly, C., and Pascual, J. A. (2017). Vineyard compost supplemented with Trichoderma harzianum t78 improve saline soil quality: Last review sonia artemio Trich manuscript. Land Degradation Dev. 28, 1028–1037. doi: 10.1002/ldr.2554

 Mehta, S., and Nautiyal, C. S. (2001). An efficient method for qualitative screening of phosphate-solubilizingbacteria. Curr. Microbiol. 43, 51–56. doi: 10.1007/s002840010259

 Melkina, O. E., Khmel, I. A., Plyuta, V. A., Koksharova, O. A., and Zavilgelsky, G. B. (2017). Ketones 2-heptanone, 2-nonanone, and 2-undecanone inhibit DnaK-dependent refolding of heat-inactivated bacterial luciferases in Escherichia coli cells lacking small chaperon IbpB. Appl. Microbiol. Biotechnol. 101, 1–7. doi: 10.1007/s00253-017-8350-1

 Mendes, R., Garbeva, P., and Raaijmakers, J. (2013). The rhizosphere microbiome: Significance of plant beneficial, plant pathogenic, and human pathogenic microorganisms. FEMS Microbiol. Rev. 37, 634–663. doi: 10.1111/1574-6976.12028

 Miller, G., Nobuhiro,, Ciftci-Yilmaz, S., and Mittler, R. (2010). Reactive oxygen species homeostasis and signalling during drought and salinity stresses. Plant Cell Environ. 33, 453–467. doi: 10.1111/j.1365-3040.2009.02041.x

 Miransari, M. (2013). Soil microbes and the availability of soil nutrients. Acta Physiologiae Plantarum 35, 3075–3084. doi: 10.1007/s11738-013-1338-2

 Mo, E., and Sung, C.-K. (2007). Phenylethyl alcohol (PEA) application slows fungal growth and maintains aroma in strawberry. Postharvest Biol. Technol. 45, 234–239. doi: 10.1016/j.postharvbio.2007.02.005

 Moses, A., Odebode, C., Hsu, S., and Blackwood, C. (2015). Phytobeneficial properties of bacteria isolated from the rhizosphere of maize in Southwestern Nigerian soils. Appl. Environ. Microbiol. 81, 4736–4743. doi: 10.1128/AEM.00570-15

 Mukhtar, S., Mehnaz, S., Mirza, M. S., Mirza, B. S., and Malik, K. A. (2018). Isolation and characterization of bacteria associated with the rhizosphere of halophytes (Salsola stocksii and Atriplex amnicola) for production of hydrolytic enzymes. Can. J. Microbiol. 50, 1–13. doi: 10.1007/s42770-019-00044-y

 Nabti, E., Schmid, M., and Hartmann, A. (2015). Application of halotolerant bacteria to restore plant growth under salt stress. Eds.  Maheshwari, D. K., and Saraf, M. (Cham: Springer), 235–259. doi: 10.1007/978-3-319-14595-2_9

 Nakbanpote, W., Panitlurtumpai, N., Sangdee, A., Sakulpone, N., Sirisom, P., and Pimthong, A. (2014). Salt-tolerant and plant growth-promoting bacteria isolated from Zn/Cd contaminated soil: identification and effect on rice under saline conditions. J. Plant Interact. 9, 379–387. doi: 10.1080/17429145.2013.842000

 Olanrewaju, O. S., Glick, B. R., and Babalola, O. O. (2017). Mechanisms of action of plant growth promoting bacteria. World J. Microbiol. Biotechnol. 33, 197. doi: 10.1007/s11274-017-2364-9

 Olsen, S. R., Cole, C. V., Watanabe, F. S., and Dean, L. A. (1954). Estimation of available phosphorus in soils by extraction with sodium bicarbonate. (Washington, DC: Circular 939 US Department of Agriculture), 939, 18–19.

 O’brien, J. A., and Eva, B. (2013). Cytokinin cross-talking during biotic and abiotic stress responses. Front. Plant Sci. 4, 451. doi: 10.3389/fpls.2013.00451

 Paul, D., and Lade, H. (2014). Plant-growth-promoting rhizobacteria to improve crop growth in saline soils: A review. Agron. Sustain. Dev. 34 (4), 737–752. doi: 10.1007/s13593-014-0233-6

 Penrose, D. M., and Glick, B. R. (2003). Methods for isolating and characterizing ACC deaminase-containing plant growth-promoting rhizobacteria. Physiol. Plant 118, 10–15. doi: 10.1034/j.1399-3054.2003.00086.x

 Prescott, L. M., and Harley, J. P. (1999). Laboratory exercises in microbiology. Tailieu Vn 199, 129–136. doi: 10.1016/j.cbi.2012.06.007

 Qin, Y., Druzhinina, I., Pan, X., and Yuan, Z.-L. (2016). Microbially mediated plant salt tolerance and microbiome-based solutions for saline agriculture. Biotechnol. Adv. 34, 1245–1259. doi: 10.1016/j.biotechadv.2016.08.005

 Quadros, P., Zhalnina, K., Davis-Richardson, A., Fagen, J., Drew, J., Bayer, C., et al. (2012). The effect of tillage system and crop rotation on soil microbial diversity and composition in a subtropical acrisol. Diversity 4, 375–395. doi: 10.3390/d4040375

 Ramesh, A., Sharma, S., Sharma, M., Yadav, N., and Joshi, O. (2014). Plant growth-promoting traits in Enterobacter cloacae subsp. dissolvens MDSR9 isolated from soybean rhizosphere and its impact on growth and nutrition of soybean and wheat upon inoculation. Agric. Res. 3, 53–66. doi: 10.1007/s40003-014-0100-3

 Rath, K. M., Fierer, N., Murphy, D. V., and Rousk, J. (2018). Linking bacterial community composition to soil salinity along environmental gradients. ISME J. 13, 836–846. doi: 10.1038/s41396-018-0313-8

 Rath, K. M., Maheshwari, A., and Rousk, J. (2019). Linking microbial community structure to trait distributions and functions using salinity as an environmental filter. mBio 10, 1–14. doi: 10.1128/mBio.01607-19

 Raymond, J., Siefert, J., Staples, C., and Blankenship, R. (2004). The natural history of nitrogen fixation. Mol. Biol. Evol. 21, 541–554. doi: 10.1093/molbev/msh047

 Reddy, G. K., and Sudhakara, M. (2014). Role of phosphate-solubilizing bacteria in improving the soil fertility and crop productivity in organic farming. Arch. Agron. Soil Sci. 60, 549–564. doi: 10.1080/03650340.2013.817667

 Reinhold, B., Bü, W., Burbano, C., Sabale, M., and Hurek, T. (2015). Roots shaping their microbiome: Global hotspots for microbial activity. Annu. Rev. Phytopathol. 53, 403–424. doi: 10.1146/annurev-phyto-082712-102342

 Rohban, R., Amoozegar, M. A., and Ventosa, A. (2009). Screening and isolation of halophilic bacteria producing extracellular hydrolyses from Howz Soltan Lake, Iran. J. Ind. Microbiol. Biotechnol. 36, 333–340. doi: 10.1007/s10295-008-0500-0

 Rodriguez, R., Henson, J., Van Volkenburgh, E., Hoy, M., Wright, L., Beckwith, F., et al. (2008). Stress tolerance in plants via habitat-adapted symbiosis. ISME J. 2, 404–416. doi: 10.1038/ismej.2007.106

 Ruppel, S., Franken, P., and Witzel, K. (2013). Properties of the halophyte microbiome and their implications for plant salt tolerance. Funct. Plant Biol. 40, 940—951. doi: 10.1071/FP12355

 Ryu, C.-M., Farag, M., Hu, C.-H., Reddy, M., Wei, H.-X., Pare, P., et al. (2003). Bacterial volatiles promote growth in Arabidopsis. Proc.  Natl. Acad. Sci.  United States America 100, 4927–4932. doi: 10.1073/pnas.0730845100

 Sáenz-Mata, J., Palacio-Rodríguez, R., Sánchez-Galván, H., and Balagurusamy, N. (2016). “Plant growth promoting rhizobacteria associated to halophytes: Potential applications in agriculture,” in Sabkha Ecosystems Volume V: The Americas. Eds. M. A. Khan, B. Boër, M. Özturk, M. Clüsener-Godt, B. Gul, and S.-W. Breckle (Cham: Springer).

 Salme, T., El-Daim, I.A. Abd, Lucian, C., Triin, T., Astrid, K. N., Lawrence, B., et al. (2014). Drought-tolerance of wheat improved by rhizosphere bacteria from harsh environments: enhanced biomass production and reduced emissions of stress volatiles. PloS One 9, e96086. doi: 10.1371/journal.pone.0096086

 Schloss, P. D., and Jo, H. (2006). Toward a census of bacteria in soil. PloS Comput. Biol. 2, e92. doi: 10.1371/journal.pcbi.0020092

 Schywn, B., and Nielands, J. B. (1987). Universal chemical assay for the detection and determination of siderophores. Anal. Biochem. 160, 47–56. doi: 10.1016/0003-2697(87)90612-9

 Senthilkumar, M., Swarnalakshmi, K., Govindasamy, V., Young Keun, L., and Annapurna, K. (2009). Biocontrol potential of soybean bacterial endophytes against charcoal rot fungus, Rhizoctonia bataticola. Curr. Microbiol. 58, 288–293. doi: 10.1007/s00284-008-9329-z

 Shahzad, R., Waqas, M., Khan, A. L., Asaf, S., Khan, M. A., Kang, S. M., et al. (2016). Seed-borne endophytic Bacillus amyloliquefaciens RWL-1 produces gibberellins and regulates endogenous phytohormones of Oryza sativa. Plant Physiol. Biochem. PPB 106, 236–243. doi: 10.1016/j.plaphy.2016.05.006

 Sharma, A., Kulkarni, J., and Jha, B. (2016). Halotolerant rhizobacteria promote growth and enhance salinity tolerance in peanut. Front. Microbiol. 7, 1600. doi: 10.3389/fmicb.2016.01600

 Shi, S., Nuccio, E. E., Shi, Z. J., He, Z., Zhou, J., and Firestone, M. K. (2016). The interconnected rhizosphere: High network complexity dominates rhizosphere assemblages. Ecol. Lett. 19, 926–936. doi: 10.1111/ele.12630

 Shrivastava, P., and Kumar, R. (2015). Soil salinity: A serious environmental issue and plant growth promoting bacteria as one of the tools for its alleviation. Saudi J. Biol. Sci. 22, 123–131. doi: 10.1016/j.sjbs.2014.12.001

 Siddikee, M. A., Chauhan, P. S., Anandham, R., Han, G.-H., and Sa, T. (2010). Isolation, characterization, and use for plant growth promotion under salt stress, of ACC deaminase-producing halotolerant bacteria derived from coastal soil. J. Microbiol. Biotechnol. 20, 1577–1584. doi: 10.4014/jmb.1007.07011

 Singh, R. P., and Jha, P. N. (2016). A halotolerant bacterium Bacillus licheniformis HSW-16 augments induced systemic tolerance to salt stress in wheat plant (Triticum aestivum). Front. Plant Sci. 7, 1890. doi: 10.3389/fpls.2016.01890

 Singh, R. p., Jha, P., and Jha, P. n. (2017). Bio-inoculation of plant growth-promoting rhizobacterium Enterobacter cloacae ZNP-3 increased resistance against salt and temperature stresses in wheat plant (Triticum aestivum L.). J. Plant Growth Regul. 36, 783–798. doi: 10.1007/s00344-017-9683-9

 Smith, P. A. (2014). Foliage friendships. Sci. Am. 311, 24–25. doi: 10.1038/scientificamerican0814-24

 Sui, J., Ji, C., Wang, X., Liu, Z., and Liu, X. (2019). A plant-growth promoting bacterium alters the microbial community of continuous cropping poplar trees rhizosphere. J. Appl. Microbiol. 126, 1209–1220. doi: 10.1111/jam.14194

 Sun, T., and Gubler, F. (2004). Molecular mechanism of gibberellins signalling in plants. Annu. Rev. Plant Biol. 55, 197–223. doi: 10.1146/annurev.arplant.55.031903.141753

 Tamura, K., Peterson, D., Peterson, N., Stecher, G., Nei, M., and Kumar, S. (2011). MEGA5: molecular evolutionary genetics analysis using maximum likelihood, evolutionary distance, and maximum parsimony methods. Mol. Biol. Evol. 28, 2731–2739. doi: 10.1093/molbev/msr121

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

 Ullah, S., and Bano, A. (2015). Isolation of plant-growth-promoting rhizobacteria from rhizospheric soil of halophytes and their impact on maize (Zea mays L.) under induced soil salinity. Can. J. Microbiol. 61, 307–313. doi: 10.1139/cjm-2014-0668

 Upadhyay, S. K., Singh, D. P., and Saikia, R. (2009). Genetic diversity of plant growth promoting rhizobacteria isolated from rhizospheric soil of wheat under saline condition. Curr. Microbiol. 59, p.489–p.496. doi: 10.1007/s00284-009-9464-1

 Van, D.H.M.G.A., Roy, B., Joost, V., Scheublin, T. R., Matthy, R., Richard, V. L., et al. (2006). Symbiotic bacteria as a determinant of plant community structure and plant productivity in dune grassland. FEMS Microbiol. Ecol. 56, 178–187. doi: 10.1111/j.1574-6941.2006.00086.x

 Van, D. H., Bardgett, R. D., and Van Straalen, N. M. (2008). The unseen majority: Soil microbes as drivers of plant diversity and productivity in terrestrial ecosystems. Ecol. Lett. 11, 296–310. doi: 10.1111/j.1461-0248.2007.01139.x

 Wang, Y. G., Xia, Q. Y., Gu, W. L., Sun, J. B., Zhang, H., Lu, X. H., et al. (2012). Isolation of a strong promoter fragment from endophytic Enterobacter cloacae and verification of its promoter activity when its host strain colonizes banana plants. Appl. Microbiol. Biotechnol. 93, 1585–1599. doi: 10.1007/s00253-011-3684-6

 Wang, G. L., Feng, Q., Xu, Z. S., Feng, W., and Xiong, A. S. (2015). Exogenous gibberellin altered morphology, anatomic and transcriptional regulatory networks of hormones in carrot root and shoot. BMC Plant Biol. 15, 290. doi: 10.1186/s12870-015-0679-y

 Wang, H., He, Q., Chen, D., Wei, L., Zou, Z., Zhou, J., et al. (2015a). Microbial community in a hydrogenotrophic denitrification reactor based on pyrosequencing. Appl. Microbiol. Biotechnol. 99, 10829–10837. doi: 10.1007/s00253-015-6929-y

 Wang, H., Su, J. Q., Zheng, T., and Yang, X. (2015b). Insights into the role of plant on ammonia-oxidizing bacteria and archaea in the mangrove ecosystem. J. Soils Sediments 36, 783–798. doi: 10.1007/s11368-015-1074-x

 Wang, X., Wang, C., Sui, J., Liu, Z., Li, Q., Ji, C., et al. (2018). Isolation and characterization of phosphofungi, and screening of their plant growth-promoting activities. Amb Express 8, 63. doi: 10.1186/s13568-018-0593-4

 Wei, Y., Zhao, Y., Fan, Y., Lu, Q., Li, M., Wei, Q., et al. (2017). Impact of phosphate-solubilizing bacteria inoculation methods on phosphorus transformation and long-term utilization in composting. Bioresource Technol. 241, 134–141. doi: 10.1016/j.biortech.2017.05.099

 Wen-Ming, C., Lionel, M., Cyril, B., Peter, V., Gilles, B., and Catherine, B. M. (2003). Legume symbiotic nitrogen fixation by beta-proteobacteria is widespread in nature. J. Bacteriol. 185, 7266. doi: 10.1128/JB.185.24.7266-7272.2003

 Xun, W., Li, W., Xiong, W., Ren, Y., and Zhang, R. (2019). Diversity-triggered deterministic bacterial assembly constrains community functions. Nat. Commun. 10, 3833. doi: 10.1038/s41467-019-11787-5

 Yan, N., Marschner, P., Cao, W., Zuo, C., and Qin, W. (2015). Influence of salinity and water content on soil microorganisms. Soil Water Conserv 3, 316–323. doi: 10.1016/j.iswcr.2015.11.003

 Yang, Z., Yang, W., Li, S., Hao, J., Su, Z., Sun, M., et al. (2016). Variation of bacterial community diversity in rhizosphere soil of sole-cropped versus intercropped wheat field after harvest. PloS One 11, e0150618. doi: 10.1371/journal.pone.0150618

 Yuan, J., Raza, W., Shen, Q., and Huang, Q. (2012). Antifungal activity of Bacillus amyloliquefaciens NJN-6 volatile compounds against Fusarium oxysporum f. sp. cubense. Appl. Environ. Microbiol. 78, 5942–5944. doi: 10.1371/journal.pone.0150618

 Zhao, S., Zhou, N., Zhao, Z. Y., Zhang, K., Wu, G. H., and Tian, C. Y. (2016). Isolation of endophytic plant growth-promoting bacteria associated with the halophyte salicornia europaea and evaluation of their promoting activity under salt stress. Curr. Microbiol. 73, 1–8. doi: 10.1007/s00284-016-1096-7

 Zhiyuan, T., Thomas, H., and Barbara, R. H. (2010). Effect of N-fertilization, plant genotype and environmental conditions on nifH gene pools in roots of rice. Environ. Microbiol. 5, 1009–1015. doi: 10.1046/j.1462-2920.2003.00491.x

 Zhu, F., Qu, L., Hong, X., and Sun, X. (2011). Isolation and characterization of a phosphate-solubilizing halophilic Bacterium Kushneria sp. YCWA18 from Daqiao saltern on the coast of Yellow Sea of China. Evidence-Based Complement. Altern. Med. eCAM 2011, 615032. doi: 10.1155/2011/615032



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 Ji, Liu, Hao, Song, Wang, Liu, Li, Li, Gao and Liu. 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.


OEBPS/Images/fpls-11-01094-g003.jpg
PC2(18.18%)

PCAon O1U level
R=0.7778, P=0.098000

-25

25 20 -15

=

5 10 15 20 25 30 35 40
PC1(46.53%)

@ CK
A HG_I





OEBPS/Images/fpls-11-01094-g008.jpg
0

£
Time (min)

30

i

i

3
Time (min)

Eg

TR & & o
(v s

% e 9
(v s





OEBPS/Images/fpls-11-01094-g001.jpg
Nitrogen fixation activity
(mg N/g glucose)

HG-1 HG-2 HG-3 HG-4 HG-5 HG-6 HG-7 HG-8 HG-9 HG-10

Strain number





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Effects of Enterobacter cloacae HG-1 on the Nitrogen-Fixing Community Structure of Wheat Rhizosphere Soil and on Salt Tolerance

      

        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Isolation and Characterization of the Strain

          



          		

            Amplification and Sequencing of 16S rRNA Genes

          



          		

            Bioassays for the Promotion of Growth and Enhancement of Salinity Tolerance Traits

          



          		

            Plant Materials and Treatments

          



          		

            Soil Sampling and Analysis

          



          		

            Biomass and Antioxidant Activity of Wheat Plants

          



          		

            Determination of Ion Content of Wheat Plants

          



          		

            PCR Amplification and Illumina MiSeq Sequencing

          



          		

            Processing of Illumina MiSeq Sequencing Data

          



          		

            Statistical Analysis

          



        



        



        		

          Results

        

          		

            Isolation, Biochemical Characterization, and Identification of HG-1

          



          		

            Plant Growth Promoting Features

          



          		

            Effect of HG-1 Inoculation on Soil Physicochemical Properties

          



          		

            Effect of HG-1 Inoculation on Plant Growth Under NaCl Stress

          



          		

            Microbial Diversity Response to HG-1 Inoculation in the Wheat Rhizosphere Soil

          



          		

            Microbial Communities Response to HG-1 Inoculation in the Wheat Rhizosphere Soil

          



        



        



        		

          Discussion

        



        		

          Conclusion

        



        		

          Data Availability Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Supplementary Material

        



        		

          References

        



      



      



    



  



OEBPS/Images/table6.jpg
Sample ‘Shannon Simpson ace chao coverage
ck 3002006 0182001 5198222220 50269+ 2498 09955 2 00001703
HG-1 1432081 0572027 25699 299570 25669 2 100415, 09979 2 00012073

Sobs, oo et a0 vale v fcalrs of comvmunty ciness. Srannn, Spson and Coxage e Scalrs of Uity e, Vakes 0 6 S0 = 3. Tha sl trs 1
e DR NomaNir 50 sbniitanr s Dstante fia Sles of snboculend aad Bocohid HO-T wheet. B < A0S





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fpls-11-01094-g006.jpg
a

9

| Enterobacter cloacae NBRC13535 (NR113615)

HG-1

| Enterobacter cloacae DSM30054 (NR117679)
Enterobacter cloacae 27956 (NR028912)

\Enterobacter cloacae ATCC13047 (NR102794)

— Enterobacter cloacae ATCC23373 (NR118011)

85 L Enterobacter cloacae LMG2683 (NR044978)

-Kosakonia oryzendophytica REICA082 (NR125586)
[—Pantoea agglomerans JCM1236 (NR111998)

001

99| [ Enterobacter ludwigii EN119 (NR042349)
62— Leclercia adecarboxylata CIP8292 (NR104933)






OEBPS/Images/table2.jpg
Plant growth promoting properties Actiity

Nirogen fxation 13,105 + 0,858 mg Nig glucose
Phosphate solubiizing 74298 5 7236 gL

Potassium solubizig 95142 1.317 pgymi

IAA production 21.652 + 0925 ug/ml

Ghy 0358 2 0,009 pg/ml

A 13642 0018 pg/ml
Siderophore production .

ACC deaminase production 35047 + 2317 yanolimg )

Doia 0 Fociit & e Chouaiion B0 Bk





OEBPS/Images/table4.jpg
Treatment  pH Ec OlsenP  AvaiableN  ExchangeableK  OrganicC  Nalghs)  Kigkg)  Calg/ka)

(stom (mg/ko) (mgio) (mgikg) (oka)
Cignalsol 8621002 404:80ic 8590260 62571169 3U707:63b 1907038 108:008 0611002 026100
K 855:000 5041804 B95:0470 6841:4S5% S4702:61% 2270:031b 2091004 016:001c 0413008
HG-1 8351001 46723560 1158:116a B1.04:390a 38504:60%a 25920582 202:005a 0242002 055:002a

Rt o o0 o B0, LRl Irercass WS 1 1 D Ay eseat 10 tock redls Of Sioalicance o Gharnce Demee rbocammes e TOSR HOCT 308 bl P < BLO8.





OEBPS/Images/table3.jpg
Peak Number Function Peak area % Roferences.
n Promote plant growth 928 (R et i, 2008; Frag ot a, 2006)
s Ionitit microbial growth 219 (Mo and Sung, 2007)

s it microbial gowth 215 (Yuan ot al, 2012; Meséna et a, 2017)
3 Ioniit microbial gowth 120 (Vunetal, 2012)

57 ot microbial gowth 104 (Roxca et 2017)

ss. it microbial gown 0% (opoz-Lara et al, 2018)

3 Ionbit microbial growh 038 (Meina ot o, 2017)

2% Innbiton offungal grontn 033 uanetal, 2012)

o ot bacteria growth 027 (Gorgo etal, 2018)

20 Promote piant grovh 015 (Bometal, 2011)






OEBPS/Images/fpls-11-01094-g004.jpg
Com

Community analysis pieplot on Phylum level :CK ity analysis pieplot on Phy

level :HG_1

Commu enus level :HG

ieplot on Genus level :CK analysis pieplot on






OEBPS/Images/logo.jpg
, frontiers
in Plant Science





OEBPS/Images/fpls-11-01094-g002.jpg
CK

HG-1






OEBPS/Images/fpls-11-01094-g005.jpg
A Student’s t-test bar plot on Phylum level = CK
. HG_L
95% confidence intervals
Protcobacteria [ — —e— * 0o
Verrucomicrobia [N FO- o2 T
Cyanobacteria | o  E
Firmicutes ! 02051
L AT S T S S S S R
0w w0 @ 0 60 5040 30 20 10 0 10 20
Proportions(%) Difference between proportions(%)
B Student’s t-test bar plot on Genus level =K
95% confidence intervals m_uat
Azonrces [ — ——e————1 * o
Geobacter [ e * o0
rhizobium [ -] * 00216
Skermanelta [B L] * 00274
Avohydromonas [I ® * 001721
(') 005325
'Y + 0003639
Rhodopseudomonas | o * 00139
Cyanothece | ® one &
Desulfovibrio | ° * oo ©
Kiebsiela | ® 01583
Anacromysabacter | ° orses
o ® o
Asospiritium ! * 001613
Anabaena | 03739
I 037
0739

Rhodomicrobium |

Proportions(%)

[ T S S S R
4 20 2 4 6 8 101214

ference between proportions(%)





OEBPS/Images/fpls-11-01094-g007.jpg
10,000, 000)

1.254

1.004

0.754

0.504

0.254

1C (1..00)






OEBPS/Images/table1.jpg
Characteristic: Result Corbohydrate  Utization  Carbohydrate  Ulization Chemical Sensitvity Assays Reaction

Grams stain - Dexvin o suon +  Rlamyonsyv .
Occase - oMatose + N-ActyD-Guossamine +  Maocyoino -
pecctism tost Facutave  oTrendoso + NARRO +  Dsune o
anaecctic Manosaming

Catataso tost . o-Catobiose + NAoyDGaciosamne  +  Troeandomyon .
Nirato eductase . Gorticioso. +  aDGuose + 19% Sodum Lactate .
Starch hycroyss - Surose + DMamose +  Unoompon .
VP est . Turanose - DFuctose + GuaidneHO .
5% NaCl . Stachyose +  D-Galctose +  ToraokmBuo .
10% NaCl . oRalfnose. + SMeiDGuoose = Towmzohm Vet .
Geatn iquefacton . wolactose 0 Lfuose o Naidoacd -
est

Cirato wizaton test . oMaibiose + LRamnose + Vaomon +
rease - BMetnyo- + iosne + UtiumOorde °

Gucoside

A





OEBPS/Images/table5.jpg
Rootlength ~Shootlength  FWi(g) DWlg)  Souble Total Prol MDA(MMOl  Na'(mg g K'mg g Ca®(mgg
fem) fem) sugar protein  (umolg”t g FW) ow) ow ow

Ggg (mgg  FW)
W

CK 1278 2051b 16252048 14420050 016720004 288+ 3= 72420260 10972058 1752008 14520080 073 =008
006 017>

HG. 151810452 19312043 1682003 019720008 301 435+ 8142021 798:02b 12020.1b 175008 1.1520.10a

' 00t 0162

Voker ore means = 80. The 2mall ks in e aie recveoent B0 sbalicant clierence Detvesr Do e of aahoculbied exd bocubied HG-1 whest, P < O.05.





OEBPS/Images/fpls.2020.01094_cover.jpg
’ frontiers
in Plant Science

Effects of Enterobacter cloacae HG-1
on the Nitrogen-Fixing Community
Structure of Wheat Rhizosphere Soil
and on Salt Tolerance





