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Previous analyses of plant growth-promoting bacteria (PGPB) combined with the remediation of heavy metal pollution in soil have largely been performed under potting or greenhouse conditions, and in situ remediation experiments under field conditions have rarely been reported. In this study, the effects of the metal-resistant PGPB Microbacterium oxydans JYC17, Pseudomonas thivervalensis Y1-3-9, and Burkholderia cepacia J62 on soil Cu pollution under rape remediation were studied in the farmland surrounding the Nanjing Jiuhuashan copper mining region in China. Following inoculation treatment for 50 days, the biomasses of the rape inoculated with strains JYC17, Y1-3-9, and J62 increased, and the total amounts of Cu uptake increased by 113.38, 66.26, and 67.91%, respectively, the translocation factor (TF) of rape inoculated with J62 was 0.85, a significant increase of 70.68%, thus improving the Cu remediation efficiency of the rape. Y1-3-9 and J62 affected the bioavailability of Cu in the soil, and the water-soluble Cu contents were increased by 10.13 and 41.77%, respectively, compared with the control. The antioxidant activities in the rape leaves showed that the tested bacteria increased the contents of antioxidant non-enzymatic substances, including ascorbic acid (ASA) and glutathione (GSH), which were increased by 40.24–91.22% and 9.89–17.67%, respectively, thereby reducing the oxidative stress caused by heavy metals and the contents of thiobarbituric acid-reactive substances (TBARS) and peroxidase (POD). PCR-denaturing gradient gel electrophoresis (PCR-DGGE) was used to analyze the effects of the tested bacteria on the cultivation-dependent and cultivation-independent bacterial communities in the root endosphere and rhizosphere soil of the rape. The sequencing results of the DGGE bands indicated that the tested bacteria colonized the endosphere and rhizosphere, and they became an important component of the cultivation-dependent bacteria. The canonical correspondence analysis (CCA) of the DGGE profile and similarity cluster analysis showed that the tested bacteria affected the cultivation-dependent and cultivation-independent bacterial communities in the root endosphere and rhizosphere. In this experiment, the effects and mechanisms of the combined plant-microbe remediation under field conditions were preliminarily studied, and the results are expected to provide a theoretical basis for future combined remediation experiments.
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HIGHLIGHTS

- In situ combined plant-PGPB remediation experiments were conducted through field trials.

- Metal-resistant PGPB J62 increased the biomass, Cu uptake and translocated the Cu to harvestable tissues of rape.

- PGPB increased the ASA and GSH contents in the rape leaves and reduced the TBARS and POD contents.

- PGPB colonized the rape endosphere and rhizosphere and altered its bacterial community composition.

INTRODUCTION

Due to mining and heavy metals from sewage irrigation, heavy metal-contaminated cultivated land accounts for approximately one-fifth of the total cultivated land in China. This large-scale heavy metal pollution of farmland has serious consequences for food security in China and necessitates remediation and treatment (Li et al., 2014; Zhao et al., 2015; Duan et al., 2016). Phytoremediation has become an important area of research within soil heavy metal pollution remediation because it does not produce secondary pollution, is a simple operation, and incurs low investment costs (Cunningham et al., 1995; Liu et al., 2018).

During the remediation of heavy metal-contaminated soil, plants grow slowly and have reduced biomass due to heavy metal stress, thus limiting their remediation efficiency (Ullah et al., 2015). There are many types of microorganisms in soil, which are present in large quantities, have high biological activity, and play important roles in the growth of remediation plants in heavy metal-contaminated soils and in the geochemical cycle of heavy metals (Teng et al., 2015; Chen et al., 2017; Jing and Kjellerup, 2018). Bacteria in soil can improve plant nutrition through phosphorus solubilization and nitrogen fixation and through the secretion of plant hormones [indole-3-acetic acid (IAA), etc.], siderophores, and specific enzymes [1-aminocyclopropane-1-carboxylate (ACC) deaminase, etc.], thus promoting the growth of remediation plants and the enrichment of heavy metals under stress as well as improving the heavy metal phytoremediation efficiency in soil. Due to their complementation ability, plant-microbe-combined remediation is currently a research hotspot (Glick, 2003; Ma et al., 2016; Ashraf et al., 2017). To date, researchers have inoculated hyperaccumulator plants such as Solanum nigrum (Luo et al., 2011), Thlaspi caerulescens (Whiting et al., 2001), and Sedum plumbizincicola (Ma et al., 2015), energy plants such as Zea mays (Sheng et al., 2012) and Napier grass (Wiangkham and Prapagdee, 2018), and high-biomass plants such as poplar (Wang et al., 2011) with plant growth-promoting bacteria (PGPB) to investigate their effects on plant growth and their heavy metal remediation efficiency in soils. However, most investigations of combined plant-PGPB remediation for soil heavy metal pollution have been performed under simple or controllable conditions such as potted plants or greenhouses. Field trials with more complicated environmental conditions have rarely been reported, while field trials are a necessary stage for combined plant-PGPB remediation technology to progress from the laboratory to practical applications, and the related work must be continued (Zhuang et al., 2007; Dary et al., 2010; Kong and Glick, 2017; Ju et al., 2019). Prapagdee and Khonsue (2015) showed that the inoculation of cadmium-resistant Ralstonia sp. TISTR 2219 and Arthrobacter sp. TISTR 2220 bacteria under field conditions increased cadmium accumulation in the roots, above-ground tissues, and whole plants of Ocimum gratissimum. The “in situ” remediation experiment conducted by Dary et al. (2010) showed that the inoculation of Lupinus luteus with metal-resistant PGPB increased the biomass and reduced the metal accumulation.

Rape is a cruciferous Brassica plant, for which many species or genotypes have strong heavy metal accumulation characteristics (Rizwan et al., 2018). Research examining the combined remediation of heavy metal pollution in soil using rape as a remediation plant inoculated with PGPB has been performed under potted or greenhouse conditions, but in situ field trials for related research have rarely been reported (Farwell et al., 2006; Sheng and Xia, 2006; Chen et al., 2013; Dąbrowska et al., 2017; Pan et al., 2017). Therefore, the primary objectives of this study were (1) to evaluate the effect of PGPB inoculation on the growth of rape and its enrichment of heavy metals in the field around a region characterized by heavy metal mine tailings, (2) to determine the effect of PGPB on the antioxidant activity of rape during the enrichment of soil heavy metals, and (3) to determine the effect of PGPB inoculation on the composition of the bacterial community in the rape rhizosphere and endosphere. Through the above research, we expected to perform a preliminary exploration of the PGPB mechanism that improves plant enrichment of heavy metals under field conditions from the perspectives of plant physiological indicators and microbial communities.

MATERIALS AND METHODS

Bacterial Strain and Field Experiment Site

Three metal-resistant bacteria, Burkholderia cepacia J62, Pseudomonas thivervalensis Y1-3-9, and Microbacterium oxydans JYC17, which were stored in our laboratory, can produce plant growth-promoting substances such as indole-3-acetic acid (ranging from 3.3 to 10.8 mg L–1), siderophores, 1-aminocyclopropane-1-carboxylic deaminase (ranging from 8.0 to 307.0 μM α-KB mg–1 h–1), and solubilized inorganic phosphate (ranging from 127.0 to 234.0 mg L–1) (Jiang et al., 2008; He et al., 2010; Zhang et al., 2011). B. cepacia J62 was isolated from a Pb-contaminated paddy field in Zhejiang, China; P. thivervalensis Y1-3-9 was isolated from the leaves of Mosla chinensis; and M. oxydans JYC17 was isolated from the rhizosphere soils of Kummerowia striata grown on Cu mine wasteland. These bacterial isolates can promote plant growth and heavy metal uptake by plants from heavy metal-contaminated soils during pot experiments (Jiang et al., 2008; He et al., 2010; Zhang et al., 2011).

The field experiment site is farmland near Nanjing Jiuhuashan Cu mining, on Funiu mountain in Tangshan town (32°04’N; 119°05’E), Jiangning District of Nanjing, which was polluted by Cu mining. The soil characteristics include a pH of 6.68, organic matter content of 3.04 g kg–1, cation exchange capacity (CEC) of 14.5 cmol kg–1, total nitrogen (N) of 1.41 g kg–1, phosphorus (P) of 13.4 mg kg–1, and potassium (K) of 85.7 mg kg–1, along with heavy metal (Cu, Zn, Pb, and Mn) contents of 1068.25, 133.00, 34.50, and 534.75 mg kg–1. With reference to Soil Environmental Quality Standard Two (GB 15618-1995), the Cu pollution at the field experiment site exceeded grade III for agricultural land (400 mg kg–1).

Introduction of Strains J62, JYC17, and Y1-3-9 and Plant Growth

The field experiments were performed during the season between September and November in 2012. The fields were divided into plots for rape (variety Qinyou-7) planting. The field experiments were divided into four treatments, namely, J62 inoculation, Y1-3-9 inoculation, JYC17 inoculation, and an uninoculated control. Each plot was 52 m2 (13 m × 4 m) in area, with plants growing in a row spacing of 0.5 m × 0.5 m (Supplementary Figure S1A). The field plot experiments were conducted using a randomized arrangement with three replications. For the inoculation, strains J62, JYC17, and Y1-3-9 were grown in LB medium for 18 h at 28°C with continuous shaking at 200 rpm, and the cells were collected by centrifugation at 6,000 rpm for 10 min, washed, and recentrifuged in sterile distilled water to obtain a bacteria inoculum of approximately 108 cfu mL–1. The bacterial suspensions (10 mL plant–1) were sprayed on the rape rhizosphere. For the uninoculated control, an equal volume of sterile water was added.

Fifty days after the inoculation treatment, five plants were harvested at random from the central parts of each plot (Supplementary Figure S1B). Rhizosphere soil was obtained by first gently shaking off the loosely bound soil, while the rhizosphere soil adhering to the root system was isolated by more vigorous shaking or by hand. The above-ground tissues and roots were separated and washed extensively, first in several changes of 0.01 M EDTA and then in distilled water to remove any non-specifically bound heavy metals, and then they were dried at 80°C for 2 days before the root and above-ground tissue dry weights were determined (Supplementary Figure S1C). The root and above-ground tissues were digested in a mixture of concentrated HNO3 and HClO4 (4:1, v/v), and the Cu contents of the samples were determined with an inductively coupled-plasma optical emission spectrometer (ICP-OES) (Optima 2100 DV, Perkin Elmer). The water-soluble and NH4OAc-extractable Cu concentrations in the rhizosphere soils of the plants were determined by ICP-OES, and the pH of the soil (1:1 w/v water) was determined with a pH meter.

Determination of Antioxidant Enzymes and Thiobarbituric Acid-Reactive Substances (TBARS)

For the enzyme extraction, fresh leaves (0.5 g) were homogenized in 10 mL of ice-cold potassium phosphate buffer (pH 7.0) in an ice bath by grinding using a mortar and pestle. The homogenate was centrifuged at 12,000 g for 20 min at 4°C. The supernatant was stored at 4°C and used to determine the various antioxidant enzymes. The superoxide dismutase (SOD) activity was measured through the photoreduction of nitro blue tetrazolium chloride (NBT) (Dhindsa and Matowe, 1981). The peroxidase (POD) activity was measured according to the method by Rao et al. (1996). The glutathione (GSH) was measured according to Griffith (1980), and the ascorbic acid (ASA) was measured according to Arakawa et al. (1981). The protein content was determined according to the Bradford (1976) method with bovine serum albumin as the standard. The TBARS was measured as described by Jiang and Zhang (2001).

DNA Extracted From Biomass Was Accumulated on an Agar Plate (Cultivation-Dependent) and Extracted Directly From the Endosphere and Rhizosphere Samples (Cultivation-Independent)

Culturable endophytic and rhizosphere bacteria were isolated by traditional plate culture methods. The plant roots were surface-sterilized by sequential immersion in 75% (v/v) ethanol for 2 min and 1% mercuric chloride for 1 min, they were ground with a mortar and pestle in the presence of 5 ml of sterile distilled water, and then they were spread on plates containing 1/5-strength LB medium for 72 h at 28°C to isolate the endophytic bacteria. Samples of rhizosphere soil weighing 1 g were taken from each treatment, homogenized in 10 mL of 0.85% saline, and serially diluted (10-fold) in the same container, and the aliquots (100 μL) were spread on 1/5 LB medium and incubated for 72 h at 28°C. DNA was extracted from the bacterial biomass on the plates by cetyltrimethylammonium bromide (CTAB) method (Ellis et al., 2003), and the results were considered “cultivation-dependent” samples.

Endophytic bacteria from the plant roots was extracted as described by Sun et al. (2010). The plant roots were surface-sterilized as described above for the isolation of culturable endophytic bacteria, they were ground in a sterilized mortar with 5 mL sodium phosphate buffer, and then they were transferred to tubes that were shaken for 1 h to dislodge the bacterial cells from inside the plant tissue. The bacterial cells were collected by centrifugation at 12000 g for 10 min and resuspended in 550 μL of TE buffer. The total endophytic bacterial DNA was extracted as described by Araújo et al. (2002). The rhizosphere bacterial DNA was extracted based on a modification of a method by Zhou et al. (1996). The resulting extracts were considered “endosphere” and “rhizosphere” samples.

PCR-Denaturing Gradient Gel Electrophoresis (DGGE) Analyses

The DGGE primers GC-341F and 534R were used to amplify the V3 hypervariable region of 16S rRNA genes directly from the DNA samples (Muyzer et al., 1993). The PCRs were performed in a PTC-200 DNA Engine Cycler (Bio-Rad, United States) using the amplification program and reaction conditions described by Chen et al. (2013). For the DGGE analysis, the PCR products generated from each sample were separated on an 8% acrylamide gel with a linear denaturant gradient ranging from 45 to 75% using a DCodeTM Universal Mutation Detection System from BIO-RAD, United States. The DGGE was performed using 20 μL of the PCR product in 1× TAE buffer at 60°C, 200 V for 10 min, then 85 V for 12 h. The gels were stained with SYBR Green I (Generay Biotech Co., Ltd., Shanghai, China) in 1× TAE for 30 min, and the gels were scanned with a gel photo GS-800 system (Bio-Rad, United States).

The bands of interest were excised and eluted with 50 μL of ddH2O for 24 h at 4°C. The resulting solution (1 μL) was used as the target DNA for a subsequent PCR amplification with primers 341F and 534R, and the PCR products were cloned into the pGEM-T Easy vector as described by the manufacturer. The clones were sequenced, and these short fragments were subjected to BLAST-assisted searches of the NCBI database; the closest match of known phylogenetic affiliation was used to assign the bands to taxonomic groups.

Statistical and Cluster Analyses

The microbial community banding profiles on the DGGE gels were analyzed using a Quantity One software package (Bio-Rad Laboratories, Inc., Hercules, United States). The plant growth parameter data were analyzed using a Student–Newman–Keuls test at a significance level of P < 0.05. All the statistics were performed using SPSS 13.0 for Windows (SPSS Inc., Chicago, IL, United States).

RESULTS

Effects of Each Strain on the Biomass and Cu Enrichment in Rape

The remediation rape plants grew well in the Cu-contaminated farmland, and the inoculation treatment promoted plant growth. The promotion of above-ground biomass (dry weight) was more obvious than the promotion of root growth. Compared with the plants without inoculation treatment, the above-ground biomass after the inoculation treatment increased by 27.3–59.5%, and the root biomass increased by 8.6–67.2%. The increases in the above-ground biomass of rape inoculated with strains JYC17 and J62 were significantly different from those for the control without inoculation treatment (P < 0.05) (Figure 1). Simultaneously, the inoculation treatment affected the Cu concentration in the rape to varying degrees. The JYC17 and Y1-3-9 increased the Cu concentration in the roots of the rape, with values of 42.63 and 40.14 mg kg–1, respectively, demonstrating increases of 41.48 and 34.13%, compared with 30.13 mg kg–1 in the control group, for which the former difference was statistically significant (P < 0.05). Y1-3-9 and J62 increased the Cu concentrations in the above-ground part of the rape by 10.27 and 25.56%, respectively (Figure 2). The translocation factor (TF) indicates the capacity of the plants to translocate heavy metals from the roots to the above-ground tissues, which is expressed as the ratio of the heavy metal concentration in the above-ground tissues/the heavy metal concentration in the roots. The experimental results showed that the TFs of plants inoculated with JYC17, Y1-3-9, and J62 were 0.33, 0.41, and 0.85, respectively. Strain J62 significantly increased the TF by 70.68% compared with the control (P < 0.05). Although the tested bacteria showed different effects on the Cu concentration in different parts of the rape, the inoculation treatment increased the above-ground biomass of the plant, such that the total amount of Cu enrichment in the rape showed different degrees of improvement compared with the control. The total amounts of Cu enrichment in the roots of each rape plant inoculated with JYC17 and Y1-3-9 were 1193.90 and 727.02 μg plant–1, respectively, demonstrating 210.2 and 88.9% significantly higher enrichment compared with the control (P < 0.05). The total amounts of Cu enrichment in the above-ground part of each rape plant inoculated with JYC17, Y1-3-9, and J62 were 1296.87, 1232.14, and 1696.69 μg plant–1, respectively, demonstrating increases of 63.4, 55.3, and 113.8% compared with the control value of 793.47 μg plant–1. The total Cu enrichment in whole plants inoculated with JYC17, Y1-3-9, and J62 increased by 113.4, 66.3, and 67.9%, respectively (Figure 3).
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FIGURE 1. The dry weights of plants that were uninoculated and inoculated with treatments. The error bars are ± the standard deviation. An asterisk (*) denotes a significantly different value between the uninoculated and inoculated treatments (P < 0.05).
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FIGURE 2. The Cu concentrations in uninoculated and inoculated plant treatments. The error bars are ± the standard deviation. An asterisk (*) denotes a significantly different value between the uninoculated and inoculated treatments (P < 0.05).
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FIGURE 3. The total Cu uptake by plants in the uninoculated and inoculated treatments. The error bars are ± the standard deviation. An asterisk (*) denotes a significantly different value between the uninoculated and inoculated treatments (P < 0.05).



Effect of Strain Inoculation on the Soil Bioavailability of Heavy Metals

The bioavailability of heavy metals in the plant rhizosphere is an important factor limiting the efficiency of phytoremediation. The effects of different treatments on the forms of Cu in the rape rhizosphere soil was determined, and the results are shown in Table 1. Accordingly, the inoculation using the tested bacteria changed the forms of Cu in the soil. Strains Y1-3-9 and J62 increased the levels of water-soluble Cu in the rape rhizosphere soil to 1.12 and 0.87 mg kg–1, respectively, demonstrating increases of 41.77 and 10.13% compared with the control. The contents of NH4OAc-extracted and DTPA-extracted Cu after the inoculation treatment were lower than those in the control group, to different degrees. The inoculation showed little effect on the pH of the rhizosphere soil.

TABLE 1. The influence of the test strains on the number of cultivation-dependent bacteria in the rape rhizosphere and endosphere, the water-soluble Cu, NH4OAc-extractable Cu, DTPA-extracted Cu, and the pH in the rhizosphere soil.
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The Effect of Strain Inoculation on the Antioxidant Activities in Rape Leaves

Under an environment of heavy metal stress, non-enzymatic substances composed of ASA and GSH can facilitate a plant’s elimination of peroxidation. According to the ASA content measurements shown in Figure 4, the inoculation using the tested bacteria increased the ASA contents in the rape leaves. The ASA content increased from 456.68 mg kg–1 fresh weight (FW) in the control to 873.26 mg kg–1 FW in the plants inoculated with JYC17 (91.22% increase), 640.47 mg kg–1 FW in the plants inoculated with Y1-3-9 (40.24% increase), and 913.37 mg kg–1 FW in the plants inoculated with J62 (80.49% increase). Similar to the ASA results, inoculation using the tested bacteria increased the GSH contents in the rape leaves. The GSH content increased from 373.47 mg kg–1 FW in the control to 415.15 mg kg–1 FW in the plants inoculated with JYC17 (11.16% increase), 439.46 mg kg–1 FW in the plants inoculated with Y1-3-9 (17.67% increase), and 410.41 mg kg–1 FW in the plants inoculated with J62 (9.89% increase).
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FIGURE 4. Effect of PGPB inoculation on the leaf POD, SOD, ASA, GSH, and TBARS contents of rape under metal stress. An asterisk (*) denotes a significantly different value between uninoculated and inoculated treatments (P < 0.05).



The TBARS content in plants is a physiological indicator of plant stress. The increase in the TBARS content in a plant indicates that the plant is under a certain degree of stress. The TBARS contents in rape leaves inoculated with JYC17, Y1-3-9, and J62 were decreased to different extents compared with the control (10.16, 10.58, and 21.88%, respectively). Similar to the effect of TBARS in plants, the SOD and POD activities in plants exposed to adverse conditions such as heavy metal stress can be enhanced, and the reactive oxygen species (ROS) caused by the stress in the plants can be scavenged. Therefore, they can also be used as a physiological indicator of plant stress. According to the SOD and POD activity assay shown in Figure 4, JYC17, Y1-3-9, and J62 inoculation reduced the POD activity in the rape leaves by 9.39, 4.55, and 17.80%, respectively. Concomitantly, inoculating with strain J62 reduced the SOD activity in the rape leaves by 5.99%; the remaining two groups showed little change compared with the control. Combined with the changing TBARS pattern in the plants, the results suggested that inoculating with the tested bacteria reduced the physiological indicator of plant stress in the Cu-polluted farmland soil for rape.

Composition of the Cultivation-Dependent and Cultivation-Independent Bacterial Community on the Rape Root Endosphere and Rhizosphere Soil

The band mobility of each sample in the DGGE profile was analyzed using Quantity One analysis software. A total of 23 bands from the cultivation-dependent profile and 43 bands from the culture-independent profile were cut and recovered (Figure 5). These bands were sequenced, and a homology alignment was performed with the known sequences in GenBank using BLAST software. The application of accession number HQ603005-HQ603051 was submitted to the GenBank database. Based on the sequencing results for the bands, the composition of the cultivation-dependent bacterial community in the rape root endosphere and its rhizosphere soil in the heavy metal-contaminated farmland near the Cu mine was as follows: Gammaproteobacteria, Firmicutes, Betaproteobacteria, and Actinobacteria, with 10, 7, 3, and 1 bands and proportions of the 21 sequenced bands at 47.6, 33.3, 14.3, and 4.7%, respectively (Figure 5A and Supplementary Table S1). Bacillus spp. in Gammaproteobacteria and Pseudomonas spp. in Firmicutes were the dominant populations among the cultivation-dependent bacteria, accounting for 47.6 and 28.6% of the total numbers of sequenced bands, respectively. The bands in the cultivation-independent DGGE profile of the directly extracted DNA samples were sequenced, and they primarily consisted of seven bacterial populations, including Alphaproteobacteria (1 band, 3.8%), Betaproteobacteria (2 bands, 7.7%), Gammaproteobacteria (5 bands, 19.2%), Firmicutes (2 bands, 7.7%), Actinobacteria (2 bands, 7.7%), Bacteroidetes (3 bands, 11.5%), and uncultured bacteria (11 bands, 42.3%) (Figure 5B and Supplementary Table S1). Rhodanobacter spp. and Pseudomonas spp. in Gammaproteobacteria and Burkholderia sp., Janthinobacterium sp. and Achromobacter sp. in Bacteroidetes were the dominant populations in the endosphere and rhizosphere samples.
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FIGURE 5. DGGE gels showing diverse 16S rRNA gene fragments amplified from panel (A) DNA extracted from biomass accumulated on an agar plate (cultivation-dependent) and panel (B) DNA extracted directly from endosphere and rhizosphere samples (cultivation-independent). (A) Lanes 1 to 4, endosphere samples from the 50-day uninoculated control (E-CK), 50-day inoculation with JYC17 (E-JYC17), 50-day inoculation with Y1-3-9 (E-Y1-3-9), and 50-day inoculation with J62 (E-J62); lanes 5 to 8, rhizosphere samples from the 50-day uninoculated control (R-CK), the 50-day inoculation with JYC17 (R-JYC17), the 50-day inoculation with Y1-3-9 (R-Y1-3-9), and the 50-day inoculation with J62 (R-J62). (B) Lanes 1 to 5, endosphere samples from the 0-day uninoculated control (E-CK0), the 50-day uninoculated control (E-CK), the 50-day inoculation with JYC17 (E-JYC17), the 50-day inoculation with Y1-3-9 (E-Y1-3-9), and the 50-day inoculation with J62 (E-J62); lanes 6 to 10, rhizoplane samples from the 0-day uninoculated control (R-CK1), the 50-day uninoculated control (R-CK2), the 50-day inoculation with JYC17 (R-JYC17), the 50-day inoculation with Y1-3-9 (R-Y1-3-9), and the 50-day inoculation with J62 (R-J62). M, marker lane consisting of 16S rRNA gene fragments from J62, JYC17 and Y1-3-9. The bands in the DGGE profiles were excised and sequenced, and their given numbers correspond to the list in Supplementary Table S1.



Effects of the Tested Bacteria on the Bacterial Communities in the Endosphere and Rhizosphere

The effects of the tested bacteria on the number of cultivation-dependent bacteria in the rape rhizosphere and endosphere were determined. The results showed that the total number of bacteria in the rhizosphere of the tested plants was 106 cfu g–1 soil and that the total number of bacteria in the roots was approximately 104 cfu g–1 fresh weight. Inoculating with Y1-3-9 and JYC17 increased the number of bacteria in the rhizosphere and the roots. Simultaneously, the sequencing results for the DGGE bands showed that the sequence information for bands A15, A16, and A23 corresponded to the test bacteria Y1-3-9, J62, and JYC17, respectively, with a similarity of 100%. Based on the DGGE sequencing results and the counts of cultivation-dependent bacteria, the tested bacteria colonized the rape endosphere and rhizosphere under field conditions (Table 1, Supplementary Table S1, and Figure 5A).

To investigate the effects of the tested bacteria on the bacterial community structure of the rape endosphere and its rhizosphere, the DGGE profile was subjected to a canonical correspondence analysis (CCA), and the results are shown in Figure 6. Figure 6A shows the CCA of the cultivation-dependent DGGE profile. The cultivation-dependent bacterial community in the endosphere (E-CK) and the cultivation-dependent bacterial community in the rhizosphere (R-CK) in the control group without strain inoculation was separated through axis 1 (36.9%), indicating that the structure of the cultivation-dependent bacterial communities in the root endosphere was significantly different from that of the cultivation-dependent bacterial communities in the rhizosphere soil. Following inoculation with the tested bacteria, the endosphere cultivation-dependent bacteria community and rhizosphere cultivation-dependent bacteria community were clustered together above axis 2 (18.5%) of the CCA profile, in which the endosphere cultivation-dependent bacteria (E-J62) and rhizosphere cultivation-dependent bacteria (R-J62) for strain J62 and the endosphere cultivation-dependent bacteria (E-Y1-3-9) and rhizosphere cultivation-dependent bacteria (R-Y1-3-9) for strain Y1-3-9 were clustered together and separated from those of the control group (E-CK and R-CK). This finding indicates that the test bacteria J62 and Y1-3-9 affected the structure of the cultivation-dependent bacterial communities in the rape endosphere and its rhizosphere and had similar community structures.
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FIGURE 6. Canonical correspondence analysis (CCA) of DGGE bacterial community profiles from panel (A) DNA extracted from biomass accumulated on an agar plate (cultivation-dependent, Figure 5A) and panel (B) DNA extracted directly from endosphere and rhizosphere samples (cultivation-independent, Figure 5B). The values on the axes indicate the total variation percentages explained by each axis. (A) Endosphere samples from the 50-day uninoculated control (E-CK), 50-day inoculation with JYC17 (E-JYC17), 50-day inoculation with Y1-3-9 (E-Y1-3-9), and 50-day inoculation with J62 (E-J62); rhizosphere samples from the 50-day uninoculated control (R-CK), the 50-day inoculation with JYC17 (R-JYC17), the 50-day inoculation with Y1-3-9 (R-Y1-3-9), and the 50-day inoculation with J62 (R-J62). The digital numbers represent 23 bands from the cultivation-dependent profile (Figure 5A). (B) Endosphere samples from the 0-day uninoculated control (E-CK0), the 50-day uninoculated control (E-CK), the 50-day inoculation with JYC17 (E-JYC17), the 50-day inoculation with Y1-3-9 (E-Y1-3-9), and the 50-day inoculation with J62 (E-J62); rhizoplane samples from the 0-day uninoculated control (R-CK1), the 50-day uninoculated control (R-CK2), the 50-day inoculation with JYC17 (R-JYC17), the 50-day inoculation with Y1-3-9 (R-Y1-3-9), and the 50-day inoculation with J62 (R-J62). The digital numbers represent 43 bands from the culture-independent profile (Figure 5B).



Figure 6B shows the CCA of the cultivation-independent DGGE profile. Axis 1 divided the endosphere bacteria and rhizosphere bacteria into two parts at 31.0%, indicating that different sample sources (the rape endosphere and rhizosphere) are the most important factors determining the structure of the bacterial communities. Based on the CCA, the community structure in the control group at day 0 for the endosphere bacteria (E-CK0) and rhizosphere bacteria (R-CK0) was separated from the community structure at day 50 for the endosphere bacteria (E-CK) and rhizosphere bacteria (R-CK), indicating that the bacterial community changed over time. The E-Y1-3-9, E-JYC17, and E-J62 for the rape endosphere following inoculation were separated from each other in the CCA profile, while E-Y1-3-9 was closer to the E-CK of the control group, indicating that inoculation with the tested bacteria affected the bacterial communities of the rape root endosphere and that the degrees of influence from the different strains were different. Similarly, the R-Y1-3-9, R-JYC17, and R-J62 for the rhizosphere after inoculation treatment were clustered together in the CCA profile and separated from the R-CK of the control group, indicating that the inoculation with the tested bacteria affected the bacterial communities of the rape rhizosphere soil.

A bacterial community similarity clustering analysis was performed on the DGGE profile according to the unweighted pair group method with the arithmetic mean (UPGMA) algorithm, which was similar to the CCA results. The cultivation-dependent bacteria in the endosphere samples were clustered at a similarity level of 0.39 and were separated from the rhizosphere samples, indicating that the different sample source was the most important factor affecting the composition of the cultivation-dependent bacterial communities (Supplementary Figure S2). Concurrently, the inoculated and non-inoculated samples were separated from each other in the cluster analysis profile, indicating that inoculating with the tested bacteria affected the composition of the cultivation-dependent bacterial communities in the rape endosphere and rhizosphere. Similarly, the cultivation-independent bacteria in the rhizosphere samples were clustered at a similarity level of 0.43 and were separated from the rhizosphere samples. Simultaneously, the inoculated and non-inoculated samples were separated from one another in the cluster analysis profile.

DISCUSSION

During the combined plant-microbe remediation of heavy metal pollution in soil, PGPB can regulate the physiological processes of plants and reduce the stress from heavy metals on plants; simultaneously, the strains can activate insoluble heavy metals and phosphorus nutrients in the soil by producing iron carriers and organic acids. These bacteria can change the bacterial community structure of the rhizosphere soil and its endosphere and improve the biomass of the remediation plant, thus improving the efficiency of phytoremediation (Teng et al., 2015; Ma et al., 2016; Ashraf et al., 2017). However, microbes have a strong dependence on the environment, and changes in environmental conditions can modulate the effects of microbes. To date, studies related to the plant-PGPB remediation of heavy metal pollution in soil have primarily been performed under conditions that are relatively easy to control, such as in pots or in a greenhouse. Few studies have examined the effects of these strains under complex field conditions, limiting the practical application of combined plant-PGPB remediation (Zhuang et al., 2007; Dary et al., 2010; Kong and Glick, 2017). The remediation field trials conducted by Prapagdee and Khonsue (2015) and Dary et al. (2010) showed that the inoculation of metal-resistant PGPB improved the biomass of the remediation plant L. luteus and achieved the purpose of increasing or decreasing the metal accumulation in O. gratissimum and L. luteus. The experimental results showed that the combined plant-PGPB remediation of heavy metal pollution in soil has a certain practical value under field conditions. In our previous pot trials, metal-resistant PGPB J62 and Y1-3-9 reduced the Cd stress in rape and increased the total amount of Cd uptake by the plant. The cumulative amount was increased from 6.70 to 40.60% compared with the corresponding control (Chen et al., 2013). The results of the combined remediation field trials showed that inoculating with the tested bacteria promoted rape growth, increased the dry weight of the above-ground tissues and roots, affected the Cu concentration in the rape and increased the total amount of Cu uptake. The total Cu uptake in whole plants inoculated with JYC17, Y1-3-9, and J62 was increased by 113.38, 66.26, and 67.91%, respectively. PGPB can directly or indirectly dissolve insoluble heavy metals through various metabolic activities (Sessitsch et al., 2013). Strains Y1-3-9 and J62 can activate water-soluble Cd in the soil in pot experiments (Chen et al., 2013). Similarly, strains Y1-3-9 and J62 can increase the contents of water-soluble Cu in rape rhizosphere soil under field conditions. The above results indicate that strains JYC17, Y1-3-9, and J62 are effective at promoting the phytoremediation of heavy metal pollution in soil under field conditions and that the rape remediation system and strains Y1-3-9 and J62 have good adaptability, which can be applied to different conditions (potted plants and fields) for different heavy metal types (Cu and Cd pollution), showing a certain application value. However, the current experiments were conducted only for a single rape crop in a single soil contaminated with heavy metals. Experimental research to account for different crops, soil types, and growing environments is needed to investigate the combined remediation of heavy metal pollution in the soil using strains JYC17, Y1-3-9, and J62 under field conditions.

Heavy metals in the soil often cause direct or indirect damage, inhibit the growth of remediation plants, and affect the efficiency of phytoremediation. Studies have shown that PGPB can alleviate oxidative stress and reduced chlorophyll synthesis, impact other physiological and biochemical indicators caused by heavy metals, and improve the adaptability of remediation plants to heavy metal pollution (Tak, 2015; Pan et al., 2016; Chiboub et al., 2018; Rizvi and Khan, 2018). Saleem et al. (2018) found that Pb-tolerant PGPB increased the biomass and Pb uptake of sunflower remediation plants in pot experiments. Simultaneously, the indicators of physiological and antioxidant activities showed that PGPB increased the contents of chlorophyll “a,” chlorophyll “b,” carotenoids, ascorbate peroxidase, catalase, superoxide dismutase, glutathione reductase, and proline in sunflowers that were exposed to Pb contamination. These indicators play an important role in improving the photosynthetic activities and alleviating the oxidative stress caused by heavy metals. Similarly, this experiment determined the effects of inoculating the rape with PGPB on the antioxidant indicators under field conditions. The results showed that PGPB inoculation increased the contents of the non-enzymatic antioxidants ASA and GSH by 40.24–91.22% and 9.89–17.67%, respectively. Studies have shown that ASA and GSH are the most important antioxidants in plants, and they play important roles in scavenging the toxic ROS caused by heavy metal stress. The increased contents of these compounds help plants to tolerate various stresses. This result is similar to the findings of Pan et al. (2016) and Islam et al. (2014), who showed that inoculation by the tested bacteria increased the GSH and ASA contents and alleviated the oxidative stress caused by heavy metals. The TBARS, SOD, and POD contents in plants reflect the changes in ROS and hydrogen peroxide free radicals in plant tissues, so they can be used as indicative physiological indicators of plant stress. The TBARS and POD contents in the rape leaves treated with JYC17, Y1-3-9, and J62 were decreased to different degrees compared with the control, indicating that the oxidative stress caused by heavy metals was alleviated in the rape after the inoculation treatment.

Microorganisms are widely distributed in the plant rhizosphere and endosphere, and they play important roles in the phytoremediation of heavy metal-contaminated soil (Ashraf et al., 2017). PCR-DGGE is a modern molecular biology technology for studying microbial communities. It is widely used in microbial ecology investigations in different ecological environments such as plant samples (de Melo Pereira et al., 2012; Chen et al., 2013) and soil (Che et al., 2015; Orlewska et al., 2018). Rhizosphere and endosphere colonizations of PGPB in plants are the primary conditions for its effect. Because of its technical sensitivity, PCR-DGGE technology has been used to study strain colonization in soils or plants (Andreote et al., 2009; Chen et al., 2013; Rilling et al., 2019). Using the PCR products of strains JYC17, Y1-3-9, and J62 as the DGGE markers, and based on the positions of the corresponding bands on the cultivation-dependent and cultivation-independent DGGE profiles and the sequencing information for bands A15, A16, and A23 (Supplementary Table S1 and Figure 5), it was judged that the tested bacteria colonized the rape roots and rhizosphere under field conditions, consistent with the colonization results obtained for strains J62 and Y1-3-9 in the rape rhizosphere and endosphere during previous potting trials (Chen et al., 2013). Studies concerning the interaction of PGPB with microorganisms in soil or the plant endosphere during combined plant-microbe remediation, as well as the impact on the composition of the microbial community in soil, have also been conducted (Jeong et al., 2013; Marques et al., 2013; Liu et al., 2015). Liu et al. (2015) showed that the inoculation of heavy metal-tolerant PGPB during the remediation of Cd-contaminated soil by S. plumbizincicola reduced the diversity of the rhizosphere microbial community. Cultivation-dependent bacteria play an important role in the microbial community and its activity. In traditional studies that have examined the composition of cultivation-dependent bacterial communities, cultivation-dependent bacteria are generally first enriched and cultured in a medium, followed by separation, purification, and identification, which is time-consuming and laborious. Based on the results reported by Ellis et al. (2003), the total DNA from bacteria growing on a plate were extracted, and a PCR-DGGE analysis was performed to analyze the effects of the tested bacteria quickly and accurately on the composition of the microbial community of the cultivation-dependent bacteria in the rape rhizosphere soil and root endosphere (Supplementary Table S1 and Figure 5). Using CCA and similarity clustering analyses of the cultivation-dependent DGGE profile, it was concluded that the tested bacteria inoculated with JYC17, Y1-3-9, and J62 under field conditions affected the composition of the cultivation-dependent bacterial communities in the rape root endosphere and rhizosphere soil and that the effects of the different strains were different. These results were consistent with previous findings demonstrating that the cultivation-dependent bacterial community composition of the rape rhizosphere and endosphere was affected by strains J62 and Y1-3-9 under potting conditions (Chen et al., 2013). Similar to the change in the cultivation-dependent bacterial community composition, the cultivation-independent DGGE profile results showed a significant difference between the rape root and rhizosphere. Inoculation with the test bacteria affected the composition of the bacterial communities in the endosphere and rhizosphere to different extents. These results are similar to previous findings showing that inoculation by plant growth-promoting rhizobacteria can alter the bacterial community composition of the plant rhizosphere or endosphere (Andreote et al., 2010; Chen et al., 2013; Liu et al., 2015). These changes in the community composition, especially the colonization of the test bacteria JYC17, Y1-3-9, and J62 with good growth-promoting abilities in the rape roots and rhizosphere, significantly enhanced the proportion of growth-promoting bacteria among the total cultivation-dependent bacteria, which may play an important role in the heavy metal stress tolerance of rape.

CONCLUSION

The results of the in situ remediation experiments on rape-promoting bacteria in the Cu-contaminated farmland around heavy metal mine tailings showed that metal-resistant PGPB increased the rape biomass and the total amount of Cu uptake, thus enhancing the Cu enrichment efficiency of rape. Simultaneously, the mechanism of this effect was preliminarily analyzed from the perspectives of the plant physiology and the microbial community structure. The results showed that the test bacteria JYC17, Y1-3-9, and J62 had good growth-promoting abilities, colonized the rape rhizosphere and endosphere, and altered the bacterial community composition of the rape rhizosphere and endosphere. Concurrently, they increased the ASA and GSH contents in the rape and reduced the oxidative stress caused by heavy metals. The above results indicate that the plant-promoting bacteria JYC17, Y1-3-9, and J62 are effective at promoting the phytoremediation of heavy metal pollution in soil under field conditions, and they could have value for use in specific applications.

DATA AVAILABILITY

The raw data supporting the conclusions of this manuscript will be made available by the authors, without undue reservation, to any qualified researcher.

AUTHOR CONTRIBUTIONS

Z-JC designed the experiments and contributed to writing the manuscript. X-MR and S-JG performed the experiments and analyzed the data. HH and YC performed the field sampling. WT and EC measured the heavy metals concentrations in the rape. B-LL and Y-YL reviewed the manuscript.

FUNDING

This research was supported by the National Natural Science Foundation of China (Grant Nos. 41601332 and 51879130), the Key Research Project of Colleges and Universities of Henan Province Education Department (Grant Nos. 16A210012 and 15A210044), the Key Scientific and Technological Project of Henan Province (Grant No. 172102110108), and the Youth Science and Technology Foundation Project of Gansu Province (18JR3RA023).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2019.01455/full#supplementary-material

REFERENCES

Andreote, F. D., Rocha, U. N. D., Araújo, W. L., Azevedo, J. L., and van Overbeek, L. S. (2010). Effect of bacterial inoculation, plant genotype and developmental stage on root-associated and endophytic bacterial communities in potato. Antonie Van Leeuwenhoek 97, 389–399. doi: 10.1007/s10482-010-9421-9

Andreote, F. D., de Araújo, W. L., de Azevedo, J. L., van Elsas, J. D., da Rocha, U. N., and van Overbeek, L. S. (2009). Endophytic colonization of potato (Solanum tuberosum L.) by a novel competent bacterial endophyte. Appl. Environ. Microbiol. 75, 3396–3406. doi: 10.1128/AEM.00491-09

Arakawa, N., Tsutsumi, K., Sanceda, N. G., Kurata, T., and Inagaki, C. (1981). A rapid and sensitive method for the determination of ascorbic acid using 4, 7-Diphenyl-l, 10- phenanthroline. Agric. Biol. Chem. 45, 1289–1290.

Araújo, W. L., Marcon, J., Maccheroni, W. Jr., van Elsas, J. D., van Vuurde, J. W. L., and Azevedo, J. L. (2002). Diversity of endophytic bacterial populations and their interaction with Xylella fastidiosa in citrus plants. Appl. Environ. Microbiol. 68, 4906–4914.

Ashraf, M. A., Hussain, I., Rasheed, R., Iqbal, M., Riaz, M., and Arif, M. S. (2017). Advances in microbe-assisted reclamation of heavy metal contaminated soils over the last decade: a review. J. Environ. Manage. 198, 132–143. doi: 10.1016/j.jenvman.2017.04.060

Bradford, M. M. (1976). A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing the principle of protein-dye binding. Anal. Biochem. 72, 248–254.

Che, J., Zhao, X. Q., Zhou, X., Jia, Z. J., and Shen, R. F. (2015). High pH-enhanced soil nitrification was associated with ammonia-oxidizing bacteria rather than archaea in acidic soils. Appl. Soil Ecol. 85, 21–29.

Chen, Z. J., Sheng, X. F., He, L. Y., Huang, Z., and Zhang, W. H. (2013). Effects of root inoculation with bacteria on the growth. J. Hazard Mater. 244-245, 709–717. doi: 10.1016/j.jhazmat.2012.10.063

Chen, Z. J., Zheng, Y., Ding, C. Y., Ren, X. M., Yuan, J., Sun, F., et al. (2017). Integrated metagenomics and molecular ecological network analysis of bacterial community composition during the phytoremediation of cadmium-contaminated soils by bioenergy crops. Ecotoxicol. Environ. Saf. 145, 111–118. doi: 10.1016/j.ecoenv.2017.07.019

Chiboub, M., Jebara, S. H., Saadani, O., Fatnassi, I. C., Abdelkerim, S., and Jebara, M. (2018). Physiological responses and antioxidant enzyme changes in Sulla coronaria inoculated by cadmium resistant bacteria. J. Plant Res. 131, 99–110. doi: 10.1007/s10265-017-0971-z

Cunningham, S. D., Berti, W. R., and Huang, J. W. (1995). Phytoremediation of contaminated soils. Trends Biotechnol. 13, 393–397.

Dąbrowska, G., Hrynkiewicz, K., Trejgell, A., and Baum, C. (2017). The effect of plant growth-promoting rhizobacteria on the phytoextraction of Cd and Zn by Brassica napus L. Int. J. Phytorem. 19, 597–604. doi: 10.1080/15226514.2016.1244157

Dary, M., Chamber-Pérez, M. A., Palomares, A. J., and Pajuelo, E. (2010). “In situ” phytostabilisation of heavy metal polluted soils using Lupinus luteus inoculated with metal resistant plant-growth promoting rhizobacteria. J. Hazard. Mater. 177, 323–330. doi: 10.1016/j.jhazmat.2009.12.035

de Melo Pereira, G. V., Magalhães, K. T., Lorenzetii, E. R., Souza, T. P., and Schwan, R. F. (2012). A multiphasic approach for the identification of endophytic bacterial in strawberry fruit and their potential for plant growth promotion. Microb. Ecol. 63, 405–417. doi: 10.1007/s00248-011-9919-3

Dhindsa, R. S., and Matowe, W. (1981). Drought tolerance in two mosses: correlated with enzymatic defence against lipid peroxidation. J. Exp. Bot. 32, 79–91.

Duan, Q., Lee, J., Liu, Y., Chen, H., and Hu, H. (2016). Distribution of heavy metal pollution in surface soil samples in china: a graphical review. Bull. Environ. Contam. Toxicol. 97, 303–309. doi: 10.1007/s00128-016-1857-9

Ellis, R. J., Morgan, P., Weightman, A. J., and Fry, J. C. (2003). Cultivation-dependent and -independent approaches for determining bacterial diversity in heavy-metal-contaminated soil. Appl. Environ. Microbiol. 69, 3223–3230.

Farwell, A. J., Vesely, S., Nero, V., Rodriguez, H., Shah, S., Dixon, D. G., et al. (2006). The use of transgenic canola (Brassica napus) and plant growth-promoting bacteria to enhance plant biomass at a nickel-contaminated field site. Plant Soil 288, 309–318.

Glick, B. R. (2003). Phytoremediation: synergistic use of plants and bacteria to clean up the environment. Biotechnol. Adv. 21, 383–393.

Griffith, O. W. (1980). Determination of glutathione and glutathione disulfide using glutathione reductase and 2-vinylpyridine. Anal. Biochem. 106, 207–212.

He, L. Y., Zhang, Y. F., Ma, H. Y., Su, L. N., Chen, Z. J., Wang, Q. Y., et al. (2010). Characterization of copper-resistant bacteria and assessment of bacterial communities in rhizosphere soils of copper-tolerant plants. Appl. Soil Ecol. 44, 49–55.

Islam, F., Yasmeen, T., Ali, Q., Ali, S., Arif, M. S., Hussain, S., et al. (2014). Influence of Pseudomonas aeruginosa as PGPR on oxidative stress tolerance in wheat under Zn stress. Ecotoxicol. Environ. Saf. 104, 285–293. doi: 10.1016/j.ecoenv.2014.03.008

Jeong, S., Moon, H. S., Shin, D., and Nam, K. (2013). Survival of introduced phosphate-solubilizing bacteria (PSB) and their impact on microbial community structure during the phytoextraction of Cd-contaminated soil. J. Hazard. Mater. 263, 441–449. doi: 10.1016/j.jhazmat.2013.09.062

Jiang, C.-Y., Sheng, X.-F., Qian, M., and Wang, Q.-Y. (2008). Isolation and characterization of a heavy metal-resistant Burkholderia sp. from heavy metal-contaminated paddy field soil and its potential in promoting plant growth and heavy metal accumulation in metal-polluted soil. Chemosphere 72, 157–164. doi: 10.1016/j.chemosphere.2008.02.006

Jiang, M., and Zhang, J. (2001). Effect of abscisic acid on active oxygen species, antioxidative defence system and oxidative damage in leaves of maize seedlings. Plant Cell Physiol. 42, 1265–1273.

Jing, R., and Kjellerup, B. V. (2018). Biogeochemical cycling of metals impacting by microbial mobilization and immobilization. J. Environ. Sci. 66, 146–154. doi: 10.1016/j.jes.2017.04.035

Ju, W., Liu, L., Fang, L., Cui, Y., Duan, C., and Wu, H. (2019). Impact of co-inoculation with plant-growth-promoting rhizobacteria and rhizobium on the biochemical responses of alfalfa-soil system in copper contaminated soil. Ecotoxicol. Environ. Saf. 167, 218–226. doi: 10.1016/j.ecoenv.2018.10.016

Kong, Z., and Glick, B. R. (2017). Chapter two - the role of plant growth-promoting bacteria in metal phytoremediation. Adv. Microb. Physiol. 71, 97–132.

Li, Z., Ma, Z., van der Kuijp, T. J., Yuan, Z., and Huang, L. (2014). A review of soil heavy metal pollution from mines in China: pollution and health risk assessment. Sci. Total Environ. 468-469, 843–853. doi: 10.1016/j.scitotenv.2013.08.090

Liu, L., Li, W., Song, W., and Guo, M. (2018). Remediation techniques for heavy metal-contaminated soils: principles and applicability. Sci. Total Environ. 633, 206–219. doi: 10.1016/j.scitotenv.2018.03.161

Liu, W., Wang, Q., Wang, B., Hou, J., Luo, Y., Tang, C., et al. (2015). Plant growth-promoting rhizobacteria enhance the growth and Cd uptake of Sedum plumbizincicola in a Cd-contaminated soil. J. Soils Sed. 15, 1191–1199.

Luo, S. L., Chen, L., Chen, J. L., Xiao, X., Xu, T. Y., Wan, Y., et al. (2011). Analysis and characterization of cultivable heavy metal-resistant bacterial endophytes isolated from Cd-hyperaccumulator Solanum nigrum L. and their potential use for phytoremediation. Chemosphere 85, 1130–1138. doi: 10.1016/j.chemosphere.2011.07.053

Ma, Y., Oliveira, R. S., Freitas, H., and Zhang, C. (2016). Biochemical and molecular mechanisms of plant-microbe-metal interactions: relevance for phytoremediation. Front. Plant Sci. 7:918. doi: 10.3389/fpls.2016.00918

Ma, Y., Oliveira, R. S., Nai, F., Rajkumar, M., Luo, Y., Rocha, I., et al. (2015). The hyperaccumulator Sedum plumbizincicola harbors metal-resistant endophytic bacteria that improve its phytoextraction capacity in multi-metal contaminated soil. J. Environ. Manage. 156, 62–69. doi: 10.1016/j.jenvman.2015.03.024

Marques, A. P., Moreira, H., Franco, A. R., Rangel, A. O., and Castro, P. M. (2013). Inoculating Helianthus annuus (sunflower) grown in zinc and cadmium contaminated soils with plant growth promoting bacteria – Effects on phytoremediation strategies. Chemosphere 92, 74–83. doi: 10.1016/j.chemosphere.2013.02.055

Muyzer, G., de Waal, E. C., and Uitterlinden, A. G. (1993). Profiling of complex microbial populations by denaturing gradient gel electrophoresis analysis of polymerase chain reaction-amplified genes coding for 16S rRNA. Appl. Environ. Microbiol. 59, 695–700.

Orlewska, K., Piotrowska-Seget, Z., Bratosiewicz-Wąsik, J., and Cycoń, M. (2018). Characterization of bacterial diversity in soil contaminated with the macrolide antibiotic erythromycin and/or inoculated with a multidrug-resistant Raoultella sp. strain using the PCR-DGGE approach. Appl. Soil Ecol. 126, 57–64.

Pan, F., Meng, Q., Luo, S., Shen, J., Chen, B., Khan, K. Y., et al. (2017). Enhanced Cd extraction of oilseed rape (Brassica napus) by plant growth-promoting bacteria isolated from Cd hyperaccumulator Sedum alfredii Hance. Int. J. Phytoremed. 19, 281–289. doi: 10.1080/15226514.2016.1225280

Pan, F., Meng, Q., Wang, Q., Luo, S., Chen, B., Khan, K. Y., et al. (2016). Endophytic bacterium Sphingomonas SaMR12 promotes cadmium accumulation by increasing glutathione biosynthesis in Sedum alfredii Hance. Chemosphere 154, 358–366. doi: 10.1016/j.chemosphere.2016.03.120

Prapagdee, B., and Khonsue, N. (2015). Bacterial-assisted cadmium phytoremediation by Ocimum gratissimum L. in polluted agricultural soil: a field trial experiment. Int. J. Environ. Sci. Technol. 12, 3843–3852.

Rao, L., Perez, D., and White, E. (1996). Lamin proteolysis facilitates nuclear events during apoptosis. J. Cell Biol. 135, 1441–1455.

Rilling, J. I., Acuña, J. J., Nannipieri, P., Cassan, F., Maruyama, F., and Jorquera, M. A. (2019). Current opinion and perspectives on the methods for tracking and monitoring plant growth-promoting bacteria. Soil Biol. Biochem. 130, 205–219.

Rizvi, A., and Khan, M. S. (2018). Heavy metal induced oxidative damage and root morphology alterations of maize (Zea mays L.) plants and stress mitigation by metal tolerant nitrogen fixing Azotobacter chroococcum. Ecotoxicol. Environ. Saf. 157, 9–20. doi: 10.1016/j.ecoenv.2018.03.063

Rizwan, M., Ali, S., Zia Ur Rehman, M., Rinklebe, J., Tsang, D. C. W., Bashir, A., et al. (2018). Cadmium phytoremediation potential of Brassica crop species: a review. Sci. Total Environ. 631–632, 1175–1191. doi: 10.1016/j.scitotenv.2018.03.104

Saleem, M., Asghar, H. N., Zahir, Z. A., and Shahid, M. (2018). Impact of lead tolerant plant growth promoting rhizobacteria on growth, physiology, antioxidant activities, yield and lead content in sunflower in lead contaminated soil. Chemosphere 195, 606–614. doi: 10.1016/j.chemosphere.2017.12.117

Sessitsch, A., Kuffner, M., Kidd, P., Vangronsveld, J., Wenzel, W. W., Fallmann, K., et al. (2013). The role of plant-associated bacteria in the mobilization and phytoextraction of trace elements in contaminated soils. Soil Biol. Biochem. 60, 182–194.

Sheng, X.-F., Sun, L.-N., Huang, Z., He, L. Y., Zhang, W. H., and Chen, Z. J. (2012). Promotion of growth and Cu accumulation of bio-energy crop (Zea mays) by bacteria: implications for energy plant biomass production and phytoremediation. J. Environ. Manage. 103, 58–64. doi: 10.1016/j.jenvman.2012.02.030

Sheng, X. F., and Xia, J. J. (2006). Improvement of rape (Brassica napus) plant growth and cadmium uptake by cadmium-resistant bacteria. Chemosphere 64, 1036–1042.

Sun, L. N., Zhang, Y. F., He, L. Y., Chen, Z. J., Wang, Q. Y., Qian, M., et al. (2010). Genetic diversity and characterization of heavy metal-resistant-endophytic bacteria from two copper-tolerant plant species on copper mine wasteland. Bioresour. Technol. 101, 501–509. doi: 10.1016/j.biortech.2009.08.011

Tak, H. I. (2015). Modulation of growth, antioxidant system in seedling of mustard under different levels of nickel in adaptive response to metal resistant bacteria. Front. Biol. 10:272–278. doi: 10.1007/s11515-015-1361-3

Teng, Y., Wang, X. M., Li, L., Li, Z. G., and Luo, Y. M. (2015). Rhizobia and their bio-partners as novel drivers for functional remediation in contaminated soils. Front. Plant Sci. 6:32. doi: 10.3389/fpls.2015.00032

Ullah, A., Heng, S., Munis, M. F. H., Fahad, S., and Yang, X. (2015). Phytoremediation of heavy metals assisted by plant growth promoting (PGP) bacteria: a review. Environ. Exp. Bot. 117, 28–40.

Wang, Q., Xiong, D., Zhao, P., Yu, X., Tu, B., and Wang, G. (2011). Effect of applying an arsenic-resistant and plant growth–promoting rhizobacterium to enhance soil arsenic phytoremediation by Populus deltoides LH05-17. J. Appl. Microbiol. 111, 1065–1074. doi: 10.1111/j.1365-2672.2011.05142.x

Whiting, S. N., de Souza, M. P., and Terry, N. (2001). Rhizosphere bacteria mobilize zn for hyperaccumulation by Thlaspi caerulescens. Environ. Sci. Technol. 35, 3144–3150.

Wiangkham, N., and Prapagdee, B. (2018). Potential of Napier grass with cadmium-resistant bacterial inoculation on cadmium phytoremediation and its possibility to use as biomass fuel. Chemosphere 201, 511–518. doi: 10.1016/j.chemosphere.2018.03.039

Zhang, Y.-F., He, L.-Y., Chen, Z.-J., Wang, Q.-Y., Qian, M., and Sheng, X.-F. (2011). Characterization of ACC deaminase-producing endophytic bacteria isolated from copper-tolerant plants and their potential in promoting the growth and copper accumulation of Brassica napus. Chemosphere 83, 57–62. doi: 10.1016/j.chemosphere.2011.01.041

Zhao, F. J., Ma, Y., Zhu, Y. G., Tang, Z., and McGrath, S. P. (2015). Soil contamination in china: current status and mitigation strategies. Environ. Sci. Technol. 49, 750–759.

Zhou, J., Bruns, M. A., and Tiedje, J. M. (1996). DNA recovery from soils of diverse composition. Appl. Environ. Microbiol. 62, 316–322.

Zhuang, X., Chen, J., Shim, H., and Bai, Z. (2007). New advances in plant growth-promoting rhizobacteria for bioremediation. Environ. Int. 33, 406–413.

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

Copyright © 2019 Ren, Guo, Tian, Chen, Han, Chen, Li, Li and Chen. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fmicb-10-01455-g002.jpg
Cu concentration (mg.kg ')

60 -

50

40 -

B Root I Above-ground tissue

sk
1 %k

Control

JYC17 Y1-3-9 J62
Bacterial strains added





OPS/images/fmicb-10-01455-g001.jpg
Dry weights (g)

120 -

100 -

20 —

B Root [ Above-ground tissue

o

|

Control

JYC17 Y1-3-9

Bacterial strains added






OPS/images/cross.jpg
3,

i





OPS/images/fmicb-10-01455-g006.jpg
Cultivation-dependent
m 1
S " o
6 14
' 0o
' ETYCIT,
‘ 0§ Exl62
& 60 4 R-I62
© R-Y1-3-4 3
1 ey f3.0A
= L 0O :
RIYCIH 09 b
E-CK4
? 19
? o,
0 9 -
Jo) 12 p—0.00Z
3 9
-0.6 36.9% 1.0

Cultivation-independent

1.0

28.1%

-1.0

5
O

B A E-JYC17
A
E-CKO
O
Qo
p=0.002
'1 .0 3 l .O% 1 .0





OPS/images/fmicb-10-01455-g005.jpg
A Cultivation-dependent e Cultivation-independent

— ——FﬁH- . —

Endosphere Rhizosphere

M CK IYCI7Y1-3-8]62 CKIYC17 Y1-3-9 J62 M
#1 #2 F3 #4 #5 #6 27 [I#8

l\'(k 39 2 —_m*‘]?

T c— --2._8: )

il A X YT -
= 4 & =

— —





OPS/images/fmicb-10-01455-g004.jpg
ASA (mg.kg' FW)

1600

1200

800

POD (Usg"' FW)

400

1500

1200

900

0

8
=z 6
s
80
§4
)
——
=
<1:2
M
—

0

—

Bacterial strians added

A
A
Py .
P . _ _
Pl . ‘qq‘fq
P g . 1"‘*
P g . q‘!“q
P g . L)
P g . L)
P g . L)
| P g x RN
P g . L)
P g . L)
P g . L)
P g . L)
P g . L)
P g . L)
P g . L)
P g . L)
P g . L)
= AN AN
P g . L)
P g . L)
P g . L)
P g . L)
P g . L)
P g . L)
P g . L)
P g . L)
Control JYC17 Y1-3-9 J62
* k
Control JYC17 Y1-3-9 J62
U B T
O Y B
SR B A R
O Y B R
E Y B DY L
O T T T T R T LT T
O T T T T o W b
T e A Y T T T R T Y f e Ny
O T T Y T T T S| T T T T
b LU oo, o
O T T Y T T T T T T T T
LT T Y T T T T T T T T
T T T T T T T T
SR T T Y ot N T T T T T
O T T Y T T T T T T T T T
SR T T Y T T T T T T T T T
O T T Y T T T T T T T T T
SR T T Y T T T T T T T T T
O T T Y T T T T T T T T T
SR T T Y T T T T T T T T T
O T T Y T T T T T T T T T
Control JYC17 Y1-3-9 J62

SOD (Usg' FW)

GSH (mg.kg' FW)

240

180

120

60

600

450

300

150

Control JYC17 Y1-3-9 J62

JYC17 Y1-3-9 J62
Bacterial strians added

Control





OPS/images/fmicb-10-01455-g003.jpg
Total Cu uptake (ng.plant ')

2500 -
B Root [ Above-ground tissue

2000 -

|

1500

1000

500

Control JYC17 Y1-3-9 J62
Bacterial strains added





OPS/images/cover.jpg
? frontiers

in Microbiology

Effects of Plant Growth-Promoting
Bacteria (PGPB) Inoculation on
the Growth, Antioxidant Activity,
Cu Uptake, and Bacterial
Community Structure of Rape
(Brassica napus L.) Grown in
Cu-Contaminated Agricultural Soil







OPS/images/fmicb-10-01455-t001.jpg
Treatments Number of Number of Water-soluble Cu NH40Ac- DTPA-extracted pH
endophytic rhizosphere (mg kg~ 1) extracted Cu Cu(mg kg™1)
bacteria (cfu g1 bacteria (cfu g~ 1 (mg kg~ 1)
fresh weight) soil)
Control 2.86 x 10* 1.64 x 108 0.79 + 0.08° 13.7 £1.772 207.2 + 12.72 7.82
JYCci7 4.56 x 10* 3.08 x 108 0.54 + 0.07° 10.8 + 3.513° 2433+ 17.9° 7.84
Y1-3-9 4.45 x 104 1.70 x 108 11240192 8.98 + 0.95° 249.6 + 37.6° 7.91
Je2 1.64 x 10* 2.62 x 108 0.87 +0.23° 11.2 4+ 1.20° 228.1 +9.17° 8.13

Means within the same column followed by the same letter are not significantly different at P < 0.05, based on the Student-Newman-Keuls test.
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