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Coal fly ash dumps represent contaminated sites that pollute the environment and affect the health of living organisms. Vegetation development at ash dumps is an ecological solution to minimize the environmental threats of ash; however, low content of nutrients, organic matter and moisture pose a challenge for plant growth at the dumps. Bacterial indole acetic acid (IAA) facilitates plant recruitment and growth, more crucially in degraded ecosystems. Bacteria with different levels of IAA determine the plant-bacterial interactions as pathogenesis or symbiosis, therefore, form microbial functional types. Understanding plant-soil feedback and identifying environmental predictors of bacterial IAA producers at ash dump would help in improving biostimulation strategies for vegetation development. Therefore, to evolve a nature-based solution for vegetational restoration of ash dumps, we analyzed the role of geochemical factors, host species and age of dump on the assembly of rhizobacterial IAA functional types of naturally colonizing grasses (Saccharum ravennae and Cynodon dactylon). Analyses showed that the rhizosphere effect on geochemical traits was distinct in the dumps, irrespective of the host plant and age of the dumps. The rhizobacterial communities from the dumps produce relatively high mean IAA levels and harbor a high micro-diversity of IAA producers as compared with the region as a whole (non-rhizosphere or bulk ash). Canonical correspondence analysis showed that the host species and specific nutrients, i.e., NO3-N, PO4-P, Fe, and Na are the significant predictors of bacterial IAA functional types. S. ravennae and C. dactylon provided evidence of driving assembly of different IAA functional types in their rhizosphere via enrichment of NO3-N and PO4-P, respectively. The identification of environmental predictors of rhizobacterial IAA functional types of S. ravennae and C. dactylon has provided basic guidelines to improve the biostimulation strategies to accelerate vegetation restoration at the ash dumps. Both controlled and field experiments involving grass species with supplementation of specific nutrients would be required to develop an effective biostimulation strategy for the on-field application.
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INTRODUCTION

Fly ash dumps created during solid waste disposal of the thermal power plants are a socioeconomic and environmental load on the society (Asokan et al., 2005). Being light in weight, the fly ash quickly spreads over long distance and pollutes the environment. It has low contents of moisture, organic matter, and biologically available nutrients. In addition, it has a wide array of toxic elements (Theis and Gardner, 1990; Rau et al., 2009). Therefore, open ash dumps pollute the air, soil, and water and cause the spread of respiratory disorders among humans and livestock (Smith et al., 2006; Qadir et al., 2016). Also, the fly ash contains radioactive elements, like uranium and thorium, which poses a radioactive hazard specifically for human settlements surrounding the dumps. The leaching of radioactive elements from fly ash into the soil and water in surrounding areas, results in uptake by crop plants, consequently entering the food chain (Hvistendahl, 2007). More than 780 million tons of fly ash is produced annually, of which only 25% is used for different purposes at the global level (Ahmaruzzaman, 2010). However, the approach to remediate dumps through vegetation development and reduce risks associated with the ash dumps has received little attention (Haynes, 2009; Rau et al., 2009). Most of the restoration programs at the fly ash dumps face bottlenecks of poor knowledge of the relationship between plant-soil feedback and its impact on soil microbial functional diversity (Mohmmed et al., 2001; Bhattacharya et al., 2003; Rau et al., 2009).

Ecological theories provide basic guidelines for practicing restoration (Diaz and Cabido, 2001). Plant–soil feedback, i.e., plant-induced changes in the structure and function of soil communities that further affect the plant growth and establishment, is a key ecological process for effective and sustainable restoration of degraded ecosystems (Sharma et al., 2002; Eviner and Hawkes, 2008; Van der Putten et al., 2013; Inderjit and Cahill, 2015). Since belowground biodiversity governs the aboveground biodiversity, it is essential to understand plant-soil feedback and identify the predictors of microbial functional diversity to develop nature-based site-specific restoration plans (Eviner and Hawkes, 2008; Cadotte et al., 2011; Zhang and Chu, 2013; Xiao et al., 2016; Smith-Ramesh and Reynolds, 2017).

Poor plant recruitment is the major constraint to vegetational restoration at fly ash dumps. Indole acetic acid (IAA) producers constitute an ecologically important microbial functional group, as IAA is the plant growth regulator. IAA helps in seed germination and root growth (root hair and lateral roots) and promotes host plant colonization (Costacurta and Vanderleyden, 1995; Spaepen et al., 2007). IAA is also responsible for regulating several developmental and physiological processes in plants (Liu et al., 2016). Further, the IAA helps the host plant and microbe to adapt to diverse stress conditions (Bianco et al., 2006). The IAA levels decide the net result of plant-bacterial interactions as pathogenesis or symbiosis (Vacheron et al., 2013). The microbes produce different levels of IAA and form different functional types or functional guilds (Wilson, 1999). Microenvironmental conditions rather than the taxonomic composition is responsible for the variation in the level of each functional trait exhibited by microbial communities (Petchey and Gaston, 2002; Loucas et al., 2016).

The interaction between different genes and environment influences the level of microbial IAA (Spaepen et al., 2007). Therefore, the culture-based methods have the edge over the non-culturable methods in identifying bacterial IAA functional types (Ellis et al., 2003; Rau et al., 2009; Sharma M. et al., 2011; Sharma R. S. et al., 2011; Krause et al., 2014). Culture-based methods provide a limited view of microbial diversity but are still preferred for getting the benefits of bacterial culture for the environmental applications like restoration programs (Sipkema et al., 2011). In fact, several studies from contaminated soils showed benefits of culture-based methods over the culture-independent methods (Ellis et al., 2003; Al-Awadhi et al., 2013; Douterelo et al., 2014).

Previously, we have characterized microbial community from fly ash dumps for different functional groups involved in nutrient acquisition (Sharma et al., 2005; Rau et al., 2009). However, to develop an efficient restoration plan and promote plant recruitment at the dump the analyses of plant-soil feedback is a prerequisite. Thus, the objective of the present study was to identify the environmental factors affecting the diversity of IAA producing bacteria as a part of plant-soil feedback process at the ash dumps. Specifically, we analyzed the functional diversity among bacterial IAA producers and its relationship with host plant species, the age of dumps and environmental factors. We hypothesized that functional diversity in IAA producer results from the interactions between the host plants and/or habitat, which constitutes a plant-soil feedback process during natural attenuation process occurring at ash dump. To the best of our knowledge, this is the first study on environmental predictor of the microbial IAA functional types from fly ash environment. Understanding these microbial ecological processes in nature would provide guiding principles for improvement of vegetation restoration strategies of the fly ash dumps.

METHODS

Site Description

Badarpur thermal power plant is one of the key electricity providers (~705 MW) for Delhi urban area, which also contributes to air pollution in the city (Rau et al., 2009; Qadir et al., 2016). It is located in the south eastern part of National Capital Territory of Delhi. The Badarpur fly ash dump covers over ~680 ha area, where ~3,500–4,000 metric tons of fly ash is disposed of every month through pipelines as a slurry and subsequently maintained as dry mounds. The ash dumps of different ages exist there and remain barren for years with a few vegetation patches comprised of weedy, invasive plants and very few native wild grasses (Rau et al., 2009).

We selected two fly ash dumps of different age (28°30′20″N−77°18′25″E), a relatively young dump (5-year old) and an old dump (15-year old) for the present study. The young dump was mostly barren except for few perennial grasses (S. ravennae and C. dactylon) and the rare instances of some annual tender herbs. In contrast, the old dump had rather high vegetation cover with diverse species growing there. Perennial grasses, like C. dactylon, Panicum sp., S. ravennae, and S. spontaneum were among the most dominating species at the old dump; however, a few herbs (Boerhaavia diffusa and Laggera aurita), shrubs (Abutilon indicum, Calotropis procera, and Ipomea carnea), trees (Prosopsis juliflora and Tamarix aphylla) and weeds (Parthenium hysterophorus and Xanthium strumarium) were also present. Besides this, the pressure of anthropogenic activities like cattle rearing by rural people of the surrounding villages was found at the old dump.

Also, an experimental garden (28°41′23.4″N–77°12′41.7″E) was included in the study to compare the fly ash dumps (stressed manmade site) with semi-natural soil (unstressed man managed site). In contrast with fly ash, the garden soil lacks most of the abiotic stresses (low levels of nutrients, moisture, organic C; and high levels of different heavy metals). Therefore, garden, an unstressed site is included as a control. Experimental garden was characterized by different plant species, including grasses (Cynodon dactylon, Echinochloa, Panicum, Paspalum, Vetivaria, etc.), herbaceous and shrubby legumes (Crotalaria, Sesbania spp., Leucaena leucocephala, etc.), and other shrubby (Adhathoda vasaca, Calotropis procera, Datura innoxa, Jatropha curaera, Withania somnifera, etc.) and tree species (Cassia spp., Derris indica, Ficus spp., Leucaena leucocephala, Mimusops elengi, Polyalthia, Putranjiva, etc.). The soil in the garden was sandy loam type characterized by the frequent addition of fertilizers, farmyard manure, and periodic irrigation. There were signs of wood burning along with the growth of alien plant species (Bidens biternata, Cassia tora, Celosia argentea, Lantana camara, Malvastrum coromandelianum, Parthenium hysterophorus, Senna tora, Sonchus asper, Verbascum thapsus, Typha domingensis, etc.).

Plant Species

The grasses selected for the study, Saccharum ravennae (Ravennagrass, Ekra) and Cynodon dactylon (Indian Doab, couch grass), were the most abundant naturally colonizing species at the dumps. These grasses are excellent soil binders, prevent erosion and facilitate slope stabilization. These were also seen in the nearby surrounding areas. S. ravennae is a perennial and erect grass that grows in large, dense clumps with a deep network of large rhizomatous roots. Besides ecological advantages, it is also an integral part of the socio-economic fabric of native rural poor. C. dactylon is a perennial and prostrate grass that grows as soft, dense mat with shallow stoloniferous roots. It has a high fodder value.

Fly Ash/Soil Sampling and Study Design

The geochemical traits of ash/soil samples from different habitats (fly ash dumps and experimental garden) and plant rhizosphere were taken as explanatory factors affecting the diversity of IAA producing bacteria. The rhizosphere and non-rhizosphere (bulk) fly ash (50 g) was collected from the dumps abandoned before 5 and 15 years (stressed manmade environment). The rhizosphere (S. ravennae and C. dactylon) and non-rhizosphere ash samples (at 6 cm depth) were collected from three dumps of the same age as replicates. The dumps used as replicates were at least 150 m apart. Each replicate of the ash sample was a pooled mixture of three randomly selected sub-samples (at least 30 m apart) from the rhizosphere of plant phenotypes and non-rhizosphere ash from one dump. Similar to ash dumps, the garden soil samples (rhizosphere and non-rhizosphere) were also collected from plots of the experimental garden (unstressed manmade environment). To sample rhizosphere soil/ash, we used a sterile acid-treated polypropylene digger and carefully uprooted the plants, and collected the ash/soil loosely attached to the roots. The ash/soil samples were collected in black polyethene bags and transported to the laboratory in an ice bucket. The rhizosphere and non-rhizosphere ash/soil samples were immediately used for bacterial isolation. However, the ash/soil samples were air-dried and sieved (2.0 mm) before other analyses.

Nutrient and Elemental Analysis

Fly ash/soil samples were analyzed for chemical properties (pH, electrical conductivity), nutrients (PO4-P, NO3-N, % organic matter) and trace elements using standard analytical methods (Allen, 1989; Sharma et al., 2016). The pH and electrical conductivity of soil/fly ash were determined in distilled water suspension (1:5 wt/vol), prepared by shaking for 1 h and filtering through Whatman filter paper #1, using digital pH meter (Mettler Toledo, Switzerland) and conductivity meter (Metrex Ltd., India) (Kaur et al., 2012). Contents of PO4-P and NO3-N were determined by molybdenum-blue method (Allen, 1989) and salicylate blue method (Anderson and Ingram, 1993), respectively. Organic matter was determined using dichromate oxidation followed by titration with ferrous ammonium sulfate (Walkley and Black, 1934). Fly ash and soil samples were extracted with diethylenetriaminepentaacetic acid (DTPA) for selected trace elements (Fe, Na, Ni, Cd, Cr, Zn, Cu, Co) and their contents were estimated using atomic absorption spectrophotometric (AAS) analyses (Analytic Jena, Germany) (Gupta and Sinha, 2008). Standards of trace elements (1 M in 1.5% HNO3) were procured from E. Merck, Germany.

Isolation and Purification of Microbial Communities

Nine hundred and four bacterial isolates were purified from the rhizosphere of S. ravennae, C. dactylon and non-rhizosphere region from three different habitats, i.e., young and old fly ash dumps and garden using improved culture based technique (Sipkema et al., 2011). The isolates representing nine bacterial communities were given code having prefix representing site and host species (Sites–FAO: Fly ash dump old; FAY: Fly ash dump young; EG: Experimental garden; Fly ash/soil– Sr: Saccharum ravennae rhizosphere; Cd: Cynodon dactylon rhizosphere) and non-rhizosphere or bulk (Bs: Bulk soil; BFa: Bulk fly ash). The bacterial isolates were purified by employing 6 media, which include nutrient agar or NA (g/l: peptic digest of animal tissue 5, sodium chloride 5, beef extract 1.5, yeast extract 1.5, agar-agar 15, Himedia), Bushnell Hass agar or BHA (g/l: magnesium sulfate 0.2, calcium chloride 0.02, mono-potassium phosphate 1, di-potassium phosphate 1, ammonium nitrate 1, ferric chloride 0.05, agar-agar 20, Himedia), R2A Agar (g/l: casein acid hydrolysate 0.5, yeast extract 0.5, proteose peptone 0.5, dextrose 0.5, starch, soluble 0.5, di-potassium phosphate 0.3, magnesium sulfate 0.024, sodium pyruvate 0.3, agar-agar 15, Himedia) and 10 times dilutions of NA, BHA and R2A. Morphologically distinct bacterial colonies developed on the media plates until 3 days of incubation at 30°C were purified. Colony morphology of bacterial isolates was analyzed, and glycerol stocks of all the 904 bacterial isolates were prepared in triplicates and stored at −80°C.

Estimation of IAA Levels and Categorization of Bacteria into IAA Functional Types

Variation in IAA production among the isolates of all bacterial communities was determined using standard Salkowsky's reagent spectrophotometric assay (Patten and Glick, 2002). Three biological replicates of each of the 904 isolates were grown in LB medium (g/l: tryptone 10, yeast extract 5, NaCl 10, pH 7.5) supplemented with L-tryptophan (2 mg/ml) for 48 h at 30°C. The culture was centrifuged at 15,000 × g for 2 min, and the supernatant was collected. An aliquot (50 μl) of the supernatant was poured in a 300 μl microplate well, and 200 μl of Salkowsky's reagent (2% 0.5M FeCl3 and 35% perchloric acid) was added, and the mixture was kept at RT for 20 min. The OD535nm was measured using microplate reader (BioTek, USA) and the concentration of IAA was determined by comparing with IAA standard (Sigma, USA).

After reviewing the literature for a useful range of IAA (Spaepen et al., 2007), we grouped the isolates into five different functional types. These include: Very low (<2 μg/ml)-, Low (2.01–6 μg/ml)-, Moderate (6.01–10 μg/ml)-, Slightly high (10.01–14 μg/ml)-, and High (>14.01 μg/ml)- IAA producer. The mean IAA production by each bacterial community was also determined.

Statistical Analysis

Z-test was used to identify any significant difference in relative abundance of each bacterial IAA functional type from the rhizosphere of each plant species and the non-rhizosphere region of each habitat. BOX-plot analysis was used to determine the variability in different IAA producing bacterial communities.

Principal component analysis (PCA) was used to recognize the pattern of distribution of sites based on the environmental variables. Based on the PCA biplot, we analyzed the effect of plant species (S. ravennae vs. C. dactylon), rhizosphere (rhizosphere vs. non-rhizosphere), the age of dump (young dump vs. old dump) and the habitat (ash dump vs. experimental garden) on environmental variables. Thirteen environmental variables (PO4-P, NO3-N, % organic matter, pH, electrical conductivity, Fe, Na, Ni, Cd, Cr, Zn, Cu, Co) were included in PCA analysis (Table S2). The data were log-transformed before conducting PCA to standardize the variables.

Canonical correspondence analysis (CCA) (XLSTAT ver 2014) was used to explain the relationship of IAA functional types with host plant species (S. ravennae and C. dactylon), habitat type (young and old fly ash dumps, and experimental garden) and environmental variables. Only significant environmental variables (having VIF inflation value <10) were included in the CCA triplot (pH, NO3-N, PO4-P, Na, and Fe) (Table S3). CCA helped to visualize the relationship between IAA functional types with environmental variables of different sites (age of dump, plant host) in two-dimensional scale.

Independent sample t-test was used to ascertain any significant difference between soil geochemical traits of fly ash and mean IAA levels of bacterial communities of different host plants and habitats. The analyses include pair-wise comparison of non-rhizosphere vs. rhizosphere, fly ash vs experimental garden, young dump vs old dump; and S. ravennae rhizosphere vs C. dactylon rhizosphere with respect to the geochemical traits of fly ash and soil (chemical properties: pH, electrical conductivity; nutrients: PO4-P, NO3-N, % organic matter; and trace elements: Fe, Na, Ni, Cd, Cr, Zn, Cu, Co); and mean IAA level of the bacterial communities (Figure 2 and Figures S1–S4). The comparison also meant to strengthen the results of the multivariate analysis (CCA), i.e., specific association of a particular environmental variable (NO3-N, PO4-P, Fe, Na) with particular plant species/site and IAA functional type. XLSTAT ver 2014 was used to carry out Z-test, PCA, and CCA. SPSS ver 16 was used to carry out independent samples t-test.

RESULTS

Geochemical Characteristics of Rhizosphere and Non-rhizosphere Fly Ash

The rhizosphere represents a contrasting environment as compared with the non-rhizosphere region, specifically due to high content of NO3-N, organic matter, PO4-P, Na, Cd, Cu, and Zn (Figures S1, S3). The rhizosphere of S. ravennae showed enrichment of NO3-N at both young (t-test, p = 0.019) and old dumps (t-test, p = 0.014), whereas rhizosphere of C. dactylon showed enrichment of PO4-P at the old dump (t-test, p = 0.007) (Figures S2, S3; Table S1). Though macronutrient levels at fly ash dumps were limiting, both the grass rhizosphere showed enrichment of nutrients with the age of the dump. Specifically, C. dactylon showed enrichment of organic matter content (t-test, p = 0.011) and S. ravennae showed enrichment of NO3-N (t-test, p < 0.000) (Table S1, Figure S2). Rhizosphere of both grass species showed an increase of PO4-P with the age of the dump, however, the difference was not significant.

In PCA, S. ravennae rhizosphere was separated from that of C. dactylon along the secondary axis (Figure 1) suggesting a noticeable effect of plant species on geochemical traits of fly ash rather than that of dump age. However, non-rhizosphere (bulk) region at both the dumps separated out from the rhizosphere of both grasses considerably, depicting substantial differences in geochemical traits between rhizosphere and non-rhizosphere regions (Table S2). Unlike ash, the non-rhizosphere and rhizosphere soil of the garden grouped together as the garden soil has sufficient nutrients and moisture and periodic mixing of soil was common. The three-component solution in PCA explained 86.69% of the total variance.
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FIGURE 1. Principal component analysis showing the positions of rhizosphere ash/soil samples of S. ravennae and C. dactylon and non-rhizosphere (bulk) ash/soil from fly ash dumps of different ages and experimental garden. Based on geochemical properties, the rhizosphere and non-rhizosphere fly ash are separated depicting substantial differences. S. ravennae rhizosphere samples separated out from C. dactylon rhizosphere samples along the secondary axis (in this figure) suggesting a noticeable effect of plant species on geochemical traits of fly ash than the age of dump. FAO and FAY, Old and young fly ash dumps; Sr, S. ravennae rhizosphere; Cd, C. dactylon rhizosphere; EG, experimental garden; Bs/BFa, Bulk soil/fly ash.



Variation in IAA Functional Types in Bacterial Communities from Rhizosphere and Non-rhizosphere Ash

The rhizobacterial communities of fly ash produced the significantly higher level of IAA (t-test, p < 0.05) as compared with the non-rhizosphere or bulk communities, however, the trend was opposite in the garden (Figure 2A). The rhizobacterial communities of old dumps from both plant species produced significantly high mean IAA levels (t-test, p < 0.05) as compared with young dumps (Figure 2B).
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FIGURE 2. (A) Comparison of microbial IAA production from non-rhizosphere (bulk) and rhizosphere (S. ravennae and C. dactylon) from fly ash dumps and experimental garden. “*” Above the bar indicates significant difference from the non-rhizosphere region. “*” Between the bars indicates a significant difference between S. ravennae and C. dactylon rhizosphere ash/soil samples. (B) Comparison of microbial IAA production from old fly ash dump, young ash dump and experimental garden. “*” Above the bar indicates significant difference from the experimental garden. “*” Between the bars indicates a significant difference between a young dump and old dump. All data are presented as mean ± SE of IAA (μg/ml) production by bacterial communities; Significant differences were calculated using Independent sample t-test (p < 0.05).



BOX plot analysis showed a high variability in IAA functional types in rhizobacterial communities from fly ash dumps as compared with their respective non-rhizosphere communities and the rhizobacterial community from the garden (Figure 3). The rhizobacterial community of S. ravennae and C. dactylon showed a high variability in bacterial IAA types at the young and old dumps respectively (Figure 3).
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FIGURE 3. Variability in IAA production of bacterial communities from non-rhizosphere (bulk) and rhizosphere ash/soil samples of S. ravennae and C. dactylon from fly ash dumps of different age and experimental garden.



Relative abundance of different IAA functional types in bacterial communities in the rhizosphere of two different grass species at three habitats differed significantly. For example, the rhizobacterial communities of ash dumps showed a high variability of IAA functional types (Figure 4A, Table S4). The non-rhizosphere (bulk) region had a significantly higher relative abundance of Very low IAA producers in comparison to rhizosphere (S. ravennae and C. dactylon) at both the dumps (Z-test, p < 0.05). On the other hand, S. ravennae harbors a significantly higher relative abundance of Low, Moderate and High IAA producers at the young dump (Z-test, p < 0.05). In addition to this, C. dactylon rhizosphere had a higher relative abundance of Low and Moderate IAA producers at the young dump. Similarly, at the old dumps both S. ravennae and C. dactylon rhizosphere had a high relative abundance of low, moderate and slightly high IAA producers (Z-test, p < 0.05).
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FIGURE 4. Comparison of the relative abundance of IAA functional types from bacterial communities from non-rhizosphere (bulk) and rhizosphere ash/soil samples of S. ravennae and C. dactylon (A), and different habitats, i.e., fly ash dumps of different age and experimental garden (B). Numbers above the horizontal bars represent the proportion of isolates belonging to each functional type; “*” given on right side of the chart denotes the significant difference (Z-test, p < 0.05) between the relative abundance of IAA functional types.



While comparing both the dumps non-rhizosphere region had no significant differences in terms of relative abundance of IAA functional types (Figure 4B). S. ravennae rhizosphere had a significantly high relative abundance of Very low and Low IAA producers at the young dump (Z-test, p < 0.05). However, at the old dumps, it had a significantly higher relative abundance of Moderate and Slightly high IAA producers (Z-test, p < 0.05). Similarly, C. dactylon rhizosphere at the young dump had a significantly higher relative abundance of Very low IAA producers, but at the old dump, it had a significantly higher relative abundance of Moderate IAA producers (Z-test, p < 0.05).

Relationship between Microbial IAA Functional Types, Environmental Variables, and Host Plant Species

The bacterial IAA producers from S. ravennae, C. dactylon and non-rhizosphere (bulk) region formed three distinct groups regardless of the habitat in CCA triplot (Figure 5). Also, the three separate groups housed distinct bacterial IAA functional types. For example, Group 1 consisted of rhizobacteria of C. dactylon with Low, Slightly high and High IAA functional types. On the other hand, Group 2 consisted of rhizobacteria of S. ravannae with Moderate IAA functional type. Group 3 consisted of non-rhizosphere isolates with Very low IAA functional type. Interestingly, the rhizobacterial isolates of C. dactylon from the garden grouped with bacterial communities of the non-rhizosphere region.
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FIGURE 5. Triplot of canonical correspondence analysis relating the IAA functional types (Very low, Low, Moderate, Slightly high, and High) from the rhizosphere of S. ravennae and C. dactylon, and non-rhizosphere (bulk) region from fly ash dumps of different ages and experimental garden, with environmental variables.



CCA demonstrated that Fe, PO4-P, NO3-N, Na, and pH are the major predictors of the micro-variations in IAA producers (Figure 5). Environmental variables and habitat explained 97.86% of micro-variations in IAA producers (Table S3). The rhizobacterial communities separated out from that of the non-rhizosphere (bulk) region along the second canonical axis explaining 17.75% variation in IAA functional types. The rhizobacterial communities from S. ravennae and C. dactylon were separated from each other, regardless of the habitats, along with the first canonical axis that explained 80.11% variation in IAA functional types. The first axis positively correlated with Fe, Na, and PO4-P and negatively correlated with pH. On the other hand, the second axis negatively correlated with NO3-N. Based on the length of the arrows in CCA triplot, we suggest NO3-N as the major predictor with a strong positive influence on S. ravennae rhizobacterial communities (Figure 5), whereas PO4-P as the major predictor with a positive influence on C. dactylon rhizobacterial communities.

DISCUSSION

In this study, we identified the environmental predictors of micro-variations in bacterial IAA producers. We purified the non-rhizosphere and rhizobacterial communities of different grasses from fly ash dumps of different ages and the experimental garden and estimated the bacterial IAA levels. Based on multivariate analyses, the study showed a significant impact of host plants on the functional variation of IAA producers with specific nutrient as a major predictor (S. ravennae–NO3-N; C. dactylon– PO4-P). Fe, Na, NO3-N, and PO4-P were the major predictors of IAA functional types.

The separate grouping of rhizosphere and non-rhizosphere (bulk) fly ash in PCA provided evidence on the role of the wild grasses and associated IAA producers in habitat processing that convert the dumps into the biologically productive habitats. The significant accumulation of functionally diverse IAA producers in rhizosphere ash (Figure 5) indicates the role of plant-soil feedback in plant colonization and survival under the contaminated and nutrient stressed environment of the dumps (Figures S1, S2). The diverse IAA types enhance the growth of host plant in degraded soil (Bianco et al., 2006). In fact, the specific environmental stress selects a particular functional group of bacteria at the site (Aislabie et al., 2004). However, limited information is available on how plant-microbe interactions affect the soil geochemical traits and in turn influence the microbial functional diversity (Cong et al., 2015). In contrast with fly ash, the garden sample lacked rhizosphere effect where periodic mixing of soil, the addition of fertilizer and frequent irrigation were common. Other researchers have also shown fertilization-induced alteration in microbial diversity in soil (Koyama et al., 2014).

S. ravennae and C. dactylon provided evidence of driving the assembly of IAA producers in their rhizosphere via enrichment of NO3-N and PO4-P, respectively (Figure 5). Host plant influences assembly of microbial communities through environmental filtering (Hartmann et al., 2009). In fact, N and P facilitate the spread of grasses over other herbs (Xia and Wan, 2008; Xu et al., 2015). In fact, the response of N and P substantially varies among grass species (Ryser et al., 1997). van der Heijden (2002) have shown that arbuscular mycorrhizal fungi assist the coexistence of plant species through the allocation of N and P. However, the influence of N and P on bacterial IAA producers of grasses naturally colonizing a degraded ecosystem has not yet been examined. Our results suggest an important but differential role of N and P on IAA functional types in the rhizosphere of different grass species, which also represents an important plant-soil feedback process.

Among other soil geochemical factors, Fe, Na, and pH were the important drivers that explained the variation in microbial IAA functional types. To our knowledge, this is first evidence from the environment to show the Fe and Na as predictors of microbial IAA functional types. It may be noted that Fe serves as a regulator of IAA biosynthesis (Costacurta and Vanderleyden, 1995; Kamnev et al., 2001). IAA producers also alleviate salinity stress in host plants (Egamberdieva, 2009).

High levels of weathering and leaching of ash due to annual precipitation are presumed to have resulted in low salinity in the non-rhizosphere (bulk) ash of the old dump (Figure S2). However, high biological availability and retention of ions caused a significant increase in salinity in the rhizosphere of S. ravennae at the old dump. The rhizosphere of S. ravnnae also showed an increase in Na content (Figure S2). S. ravennae is a native species of floodplains and is well adapted to soils with a high level of ions deposited through the periodic addition of silt from the river (Rau et al., 2009). In contrast, the lack of similar pattern in the rhizosphere of C. dactylon is due to the combination of factors viz., shallow roots of the grass, high leaching, and role of other ions besides Na in electrical conductivity.

pH represents another important geochemical factor in shaping bacterial IAA types at the ash dumps (Figure 5). pH serves as a major predictor of microbial functional diversity in different vegetation types (Shen et al., 2013). Typically, high pH in fly ash limits biologically available Fe, Cu, Zn, and P, therefore these elements featured in differentiating non-rhizosphere and rhizosphere soil (Figure 1 and Figure S1). pH and bioavailable nutrients have reciprocal effects on each other. Therefore, it is important to examine the complex relationship between pH and PO4-P, NO3-N, Fe, and Na and their cumulative impact on bacterial IAA functional types.

The influence of heavy metals on IAA producers is complex. For example, Cu II and Cr II reduce the IAA production in Azospirillum brasilense (Kirchhof et al., 1997). In Bacillus JH 2-2 from a mine site, different levels of Cr VI stimulated or inhibited the IAA production, which also influenced bacterial potential to promote plant growth (Shim et al., 2015). The organic matter reduces heavy metal bioavailability. Consequently, the impact of heavy metals of fly ash on IAA producers becomes more complex in the presence of organic matter. Therefore, the role of these elements (Cd, Cu, and Zn) (Figures S1, S3) on soil microbes belonging to different IAA types requires additional research.

The severe deficiency of N remains a major challenge for ash management (Tropek et al., 2014). Our results show nitrogen enrichment in S. ravennae rhizosphere with the age of dump (Figure S1). Saccharum spp. with both endophytic and rhizosphere microbes fix nitrogen (Momose et al., 2009; Rau et al., 2009). Also, in extreme N-deprivation condition, IAA also serves as an alternate source of nitrogen (Scott et al., 2013). Therefore, S. ravennae is one of the ecologically important species that accelerate the revegetation of N-deficient fly ash dump.

The culture-based approach investigates only a fraction of the total bacterial community. However, such an approach is important to analyze plant-soil feedback process as it considers the cellular activity (Lebaron et al., 2001) and avoids common but dormant forms of bacteria (Kell et al., 1998). Measuring IAA production helps analyze ecologically important and metabolically active bacteria from the dumps, not the inactive cells, which do not contribute to ecosystem function. Therefore, the culture-based methods were found more suitable for contaminated soils, to relate environmental conditions and a microbial community as compared with the culture-independent methods (Ellis et al., 2003; Al-Awadhi et al., 2013; Douterelo et al., 2014). The culture-based approach also provides live bacterial culture for inoculation to assist the plant growth.

The IAA helps the host plant and a microbial community to adapt to diverse stress conditions (Bianco et al., 2006). Therefore, characterization of IAA functional types in rhizobacteria of ecologically successful species from degraded sites and identification of their environmental predictors have significance in the development of biostimulation and bioremediation methods for vegetation restoration. In fact, microbiologists have already revealed importance of variations in IAA level in microbes to promote plant growth, protect plants from stresses, and increase productivity for sustainable agriculture (Liu et al., 2016). Depending on the level of IAA, the yeast showed an inhibitory effect on specific strains competing for resources, and a stimulatory effect on other yeasts or their growth. Further, high diversity of microbial functional types is a representation of a resilient microbial community (Sharma et al., 2008; Sharma R. S. et al., 2011). The increase in resilience is the primary goal to develop a self-sustaining microbial community in a degraded environment. Therefore, identification of environmental predictors, which influence the variability in microbial functional types, would be useful not only for biostimulation practices but also to increase the resilience of the microbial community.

Environmental predictors of microbial IAA functional types at fly ash dumps will be useful to evolve remediation and revegetation plans. In our case, the use of culture-based approach is necessary to develop in situ bioremediation at dumps. The microbial community of grass species irrespective of habitat formed different groups, suggesting that different strategies will biostimulate indigenous IAA producers of different grass species. Specifically, S. ravennae accumulated nitrogen, and C. dactylon accumulated phosphorus in their rhizosphere fly ash. Therefore, depending on the grass species, we may need to supplement nitrogen and phosphorus to accelerate vegetation development and phytostabilize the fly ash dumps. However, understanding the interactions among the environmental variables identified in the study will play a key role in developing nature-based in situ bioremediation and vegetation restoration strategies for the dumps.

To conclude, the present study identifies the NO3-N, PO4-P, pH, Fe, and Na as environmental predictors of functional diversity of rhizobacterial IAA producers of S. ravennae and C. dactylon colonizing fly ash environment. Based on the multivariate analyses, we propose N or P amendment to stimulate rhizobacterial IAA producers and facilitate the spread of S. ravennae and C. dactylon, respectively. Such a biostimulation approach based on plant-soil feedback process would serve as a nature-based solution for vegetation restoration at fly ash dumps. The mats of C. dactylon would help in the surface stabilization of dumps preventing the spread of ash, whereas large clumps of S. ravennae would help in the enrichment of organic matter. Our findings suggest that a better understanding of the interactions between N and P with other soil-geochemical factors, such as pH, Fe, and Na and their impact on microbial communities will help to develop efficient revegetation plans at the ash dumps. Further studies, both in controlled and field environment involving grass species with supplementation of specific nutrients would be required to develop an effective biostimulation strategy for the on-field application.
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Figure S1. Effect of Rhizosphere (rhizosphere vs. non-rhizosphere or bulk) and plant species (S. ravennae vs. C. dactylon) showed significant impact on soil geochemical characteristics. All data are presented as mean ± SE calculated from 3 replicates. The full name of each site is provided in Figure 1. (Note: “*” above the bars: Significant difference (t-test, p < 0.05) between rhizosphere and non-rhizosphere region; “*” between the bars: Significant difference (t-test, p < 0.05) between S. ravennae vs. C. dactylon).

Figure S2. Effect of habitat (fly ash dumps vs. garden) and age of the fly ash dump (young vs. old dump) on soil geo-chemical characteristics. All data are presented as mean ± SE calculated from 3 replicates. The full name of each site is provided in Figure 1. (Note: “*” above the bars: Significant difference (t-test, p < 0.05) between fly ash dumps and experimental garden; “*” between the bars: Significant difference (t-test, p < 0.05) between the young and old fly ash dump).

Figure S3. Effect of rhizosphere (rhizosphere vs non-rhizosphere or bulk) and plant species (S. ravennae vs C. dactylon) on trace and essential elements in fly ash/soil. All data are presented as mean ± SE calculated from 3 replicates. The full name of each site is provided in Figure 1. (Note: “*” above the bars: Significant differences (t-test, p < 0.05) between rhizosphere and non-rhizosphere region; “*” between the bars: Significant differences (t-test, p < 0.05) between S. ravennae vs. C. dactylon).

Figure S4. Effect of habitat (fly ash dumps vs. garden) and age of the fly ash dump (young vs. old dump) on trace and essential elements in fly ash/soil. All data are presented as mean ± SE calculated from 3 replicates. The full name of each site is provided in Figure 1. (Note: “*” above the bars: Significant difference (t-test, p < 0.05) between fly ash dumps and experimental garden; “*” between the bars: Significant difference (t-test, p < 0.05) between the young and old fly ash dump).
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