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Editorial on the Research Topic
 Exploring Plant Rhizosphere, Phyllosphere and Endosphere Microbial Communities to Improve the Management of Polluted Sites



Soils are an important and non-renewable resource and fulfill several crucial ecological functions, including plant production, nutrient cycling, carbon storage, water maintenance, and many more (Hatfield et al., 2017). Soils are, however, also subject to pollution by various chemicals, such as trace metals, petroleum hydrocarbons, and xenobiotics. Plant microbial communities are inherent to plants' adaptation to their changing environment, while plants provide organic fuels for microbial functioning in the rhizosphere. Plant growth promoting microorganisms (PGPM), such as plant growth promoting bacteria (PGPB), ectomycorrhizal and endomycorrhizal fungi (EMF and AMF) are key players in this context and have been shown to promote pollutant degradation or containment in plant leaves or roots (Kidd et al., 2015; Phanthavongsa et al., 2017; Riaz et al., 2020) while improving plant growth (Ma et al., 2011; Cundy et al., 2016; Ciadamidaro et al., 2017). In the context of phytoextraction PGPM may also increase contaminant uptake and accumulation. Various studies have reported a high diversity of microbes in the rhizosphere and endosphere of metal accumulating plants (Thijs et al., 2017). New developments of “omics” tools are increasingly contributing to the understanding of the mechanisms and processes involved in plant-microbe interactions. However, these intimate relationships may be profoundly modified in polluted environments, and using PGPM in these degraded environments as nature-based solutions is a real, but promising challenge. The goal of this Research Topic is to explore and better understand the complex interactions between pollutants, soil, plant roots and leaves, and microorganisms, providing an appropriate platform to disseminate recent results in this research area. PGPM are considered as environmentally friendly and efficient microbes. However, the potential of emerging microbes such as phyllosphere yeasts or dark septate endophytes remain to be explored. It is also crucial to elucidate whether the microbial machineries that allow microbes to degrade or contain pollutants are fully expressed under interactions with their plant host, and how the processes involved may be better exploited in the revitalization or remediation of polluted soils.

This Research Topic of Frontiers in Microbiology, “Exploring Plant Rhizosphere, Phyllosphere and Endosphere Microbial Communities to Improve the Management of Polluted Sites,” presents 21 original research articles that span the large field of research on polluted soils and give new insights based on novel results, thus providing a basis for further studies and potential application options. The retrospective analysis of the articles contributed to this RT allowed them to be assigned to one of 2 main sub-topics (i) the development of next generation sequencing (NGS) for the characterization of microbial communities in contaminated soils using massively parallel sequencing technology that offers ultra-high throughput, scalability, and speed; (ii) the selection of microbes for the inoculation of suitable plants in remediation approaches.


HIGH-THROUGHPUT SEQUENCING TECHNOLOGIES FOR THE CHARACTERIZATION OF MICROBIAL COMMUNITIES

High-throughput sequencing technologies have been used to uncover the structure and composition of microbial communities in the rhizosphere and endosphere of tree roots in contaminated soils and these technologies have been widely employed in various pollution contexts. Within this topic, pollution with organic and metal compounds have been addressed.

Regarding pollutions with organic compounds, Wang Q. et al. explored the assemblage of soil microbial communities and their pollutant-degrading potential in soil undergoing a bioremediation process termed Ecopiling, which involves biostimulation of indigenous hydrocarbon degraders. They observed the presence of less abundant genera of bacteria such as Pusillimonas, Dietzia, and Bradyrhizobium, which metagenomes exhibited hydrocarbon degradation genes and which represent relevant targets for the development of bioaugmentation strategies of hydrocarbon-contaminated soil. A key point raised by Barra Carrociolo et al. is that we lack long-term studies in field settings. They studied the natural microbial abundance and the composition of the bacterial community using NGS in a plant-assisted bioremediation strategy at PCB-contaminated sites. They found higher percentages of bacteria genera (i.e., Stenotrophomonas, Pseudomonas, Rhizobium, Skermanella) typically involved in xenobiotic degradation in the rhizosphere, demonstrating the effectiveness of the poplar in promoting microbial transformations.

Beyond organic pollution, metals are well-known significant pollutants in soils (Alloway, 2013). In their contribution, Shi Q. et al. investigated the bacterial community structure in the rhizosphere of an Al-tolerant and an Al-sensitive wild soybeans exposed to aluminum. Their results pointed out that the high concentration of Al has increased the difference in rhizobacterial community structure between the two genotypes. Raveau et al. also addressed the question of microbial communities in a cultivated plant by studying the root bacterial communities of the aromatic plant, clary sage, cultivated on the aged TE-contaminated soils, as a first step in improving microbial-based phytomanagement approaches. The bacterial genera Pseudarthrobacter, Streptomyces, and Actinoplanes were highly abundant in the rhizosphere of clary sage and may represent relevant microbial targets. Martos et al. further explored the potential role of microbiota to the hyperaccumulation phenotype of Noccaea brachypetala. Putting forward the hypothesis that the microbiome companion of the plant roots may influence the ability of these plants to take up metals, they employed high-throughput sequencing of the bacterial and fungal communities in the rhizosphere soil and rhizoplane fractions and highlighted out an enrichment in the hyperaccumulator rhizoplane of metal-tolerant bacteria and bacteria involved in nitrogen cycling. In an effort to clarify the influence of plant and soil traits on fungal community structure during plant development at copper tailings dam, Jia et al. 1,818 total views investigated dynamic changes in rhizospheric and phyllospheric fungal communities during different plant development stages. They found that phyllosphere and rhizosphere fungal communities possessed distinct functional features, clarifying the dynamical relationships between phyllosphere and rhizosphere fungal communities.



SELECTION OF MICROBES FOR THE INOCULATION OF SUITABLE PLANTS

Microorganisms typically influence significantly plant-soil interactions as well as soil remediation processes. These microorganisms often include native populations, but may also be inoculated to the polluted soil. A general overview on the role of soil bacteria in remediation processes is given by González Henao and Ghneim-Herrera. Regarding metal pollutants, microorganisms may increase the metal uptake by plants and thus improve the phytoextraction efficiency. Yung et al. reported that fungal endophytes enhanced the Zn accumulation by the hyperaccumulator Noccaea caerulescens. The Zn phytoextraction capacity was also enhanced by the increase of plant biomass. The latter was likely related to enhanced nutrient supply and thus improved plant nutrition.

Soil microorganisms may also increase plant growth and/or metal tolerance of plants. A comprehensive overview on the effect of endophytic bacteria on the latter aspect is given in the meta-analysis by Franco-Franklin et al. More specific, Niu et al. found that inoculating soil with Bacillus spp. and Aspergillus spp. enhanced growth and metal accumulation in a Salix species, but the relative increase of both biomass and pollutant concentrations remained on a moderate level of 10–15%. Not only trees, but also annual or perennial plants that grow fast and produce huge biomass in a short time period are often used in phytoremediation approaches. In this context, Ferrarini et al. found that inoculated bacteria in combination with a chelating agent (EDTA) enhanced the metal accumulation in giant reed and hemp plants. Soil microorganisms may also alleviate potential toxicity effects, as reported by Zhang et al.: they found that Rhizobia intraradices inoculated to Robinia pseudoacacia reduces As toxicity effects.

Concerning organic pollutants, soil microorganisms are typically key players in degradation processes. Inoculating polluted soil may increase the degradation processes and thereby reduce the time needed for remediation. This observation was reported by Zuzolo et al., who found enhanced degradation of total petroleum hydrocarbons by adapted microorganisms in the rhizosphere of two grass and two legume species. The rhizospheric microbes, however, also contributed to improved plant growth and alleviated contaminant-induced stress in plants.



CONCLUSIONS

More detailed insights into microbial community dynamics in polluted soils are a major achievement in recent research activities, which were benefitting from novel methodological advancements, such as high-throughput sequencing technologies. Concerning the effect of microbes on pollutant degradation, immobilization or plant uptake, the effectiveness was confirmed. Further improvements by e.g., selecting more efficient microbes should be the focus of future investigations. More importantly, the use of microbial consortia presents a new approach for efficient remediation of complex mixtures of contaminants and a viable option to share the undesired metabolic burden among various microbial strains. However, many uncertain factors, such as the little elucidated mechanism of cell-to-cell communications, the change in the structure of the microbial population, and the compromise of culture conditions, still exist when consortia of microorganisms are used. To solve these problems, in-depth studies focusing on the interaction mechanisms of natural microbial consortia, the introduction of functional support materials and the development of analytical and predictable computer models should be carried out in the future.



AUTHOR CONTRIBUTIONS

MC and MP contributed to the writing of this editorial and approved its content. Both authors contributed to the article and approved the submitted version.



FUNDING

MC was supported by the French ANR. MP was supported by the Federal Ministry of Agriculture, Regions and Tourism, Vienna, Austria. MC and MP received funding from the European Union's Horizon 2020 research and innovation programme (project NETFIB). The project NETFIB was carried out under the ERA-NET Cofund SusCrop (Grant No. 771134), being part of the Joint Programming Initiative on Agriculture, Food Security and Climate Change (FACCE-JPI).



ACKNOWLEDGMENTS

We thank all of the participating authors for their contributions to this issue, which we believe will be a valuable resource as soil environments continue to experience increasing anthropogenic impacts into the future.



REFERENCES

 Alloway, B. J. (2013). Heavy Metals in Soils: Trace Metals and Metalloids in Soils and their Availability. Dordrecht: Springer.


 Ciadamidaro, L., Girardclos, O., Bert, V., Zappelini, C., Yung, L., Foulon, J., et al. (2017). Poplar biomass production at phytomanagement sites is significantly enhanced by mycorrhizal inoculation. Environ. Exp. Bot. 139, 48–56. doi: 10.1016/j.envexpbot.2017.04.004


 Cundy, A. B., Bardos, R. P., Puschenreiter, M., Mench, M., Bert, V., Friesl-Hanl, W., et al. (2016). Brownfields to green fields: realising wider benefits from practical contaminant phytomanagement strategies. J. Environ. Manage. 184, 67–77. doi: 10.1016/j.jenvman.2016.03.028

 Hatfield, J. L., Sauer, T. J., and Cruse, R. M. (2017). Soil: the forgotten piece of the water, food, energy nexus. Adv. Agron. 143, 1–46. doi: 10.1016/bs.agron.2017.02.001


 Kidd, P., Mench, M., Alvarez-Lopez, V., Bert, V., Dimitriou, I., Friesl-Hanl, W., et al. (2015). Agronomic practices for improving gentle remediation of trace element- contaminated soils. Int. J. Phytorem. 17, 1005–1037. doi: 10.1080/15226514.2014.1003788

 Ma, Y., Prasad, M. N. V., Rajkumar, M., and Freitas, H. (2011). Plant growth promoting rhizobacteria and endophytes accelerate phytoremediation of metalliferous soils. Biotechnol. Adv. 29, 248–258. doi: 10.1016/j. biotechadv.2010.12.001

 Phanthavongsa, P., Chalot, M., Papin, A., Lacercat-Didier, L., Roy, S., Blaudez, D., et al. (2017). Effect of mycorrhizal inoculation on metal accumulation by poplar leaves at phytomanaged sites. Environ. Exp. Bot. 143, 72–81. doi: 10.1016/j.envexpbot.2017.08.012


 Riaz, M., Kamran, M., Fang, Y., Wang, Q., Cao, H., Yang, G., et al. (2020). Arbuscular mycorrhizal fungi-induced mitigation of heavy metal phytotoxicity in metal contaminated soils: a critical review. J. Hazard Mat. 402:123919. doi: 10.1016/j.jhazmat.- 2020.123919

 Thijs, S., Langill, T., and Vangronsveld, J. (2017). The bacterial and fungal microbiota of hyperaccumulator plants: small organisms, large influence. Adv. Bot. Res. 83, 43–86. doi: 10.1016/bs.abr.2016.12.003


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

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Chalot and Puschenreiter. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.












	 
	ORIGINAL RESEARCH
published: 10 July 2020
doi: 10.3389/fmicb.2020.01428





[image: image]

Rhizoglomus intraradices Improves Plant Growth, Root Morphology and Phytohormone Balance of Robinia pseudoacacia in Arsenic-Contaminated Soils

QiaoMing Zhang1, Minggui Gong2*, Kaiyang Liu2, Yanlan Chen2, Jiangfeng Yuan2 and Qingshan Chang1

1College of Forestry, Henan University of Science and Technology, Luoyang, China

2College of Food and Bioengineering, Henan University of Science and Technology, Luoyang, China

Edited by:
Markus Puschenreiter, University of Natural Resources and Life Sciences Vienna, Austria

Reviewed by:
Marcela Claudia Pagano, Federal University of Minas Gerais, Brazil
Hui Li, Jinan University, China

*Correspondence: Minggui Gong, gongminggui@163.com

Specialty section: This article was submitted to Plant Pathogen Interactions, a section of the journal Frontiers in Microbiology

Received: 31 March 2020
Accepted: 02 June 2020
Published: 10 July 2020

Citation: Zhang Q, Gong M, Liu K, Chen Y, Yuan J and Chang Q (2020) Rhizoglomus intraradices Improves Plant Growth, Root Morphology and Phytohormone Balance of Robinia pseudoacacia in Arsenic-Contaminated Soils. Front. Microbiol. 11:1428. doi: 10.3389/fmicb.2020.01428

Arbuscular mycorrhizal fungi (AMF) are known to improve the resistance of host plants against various heavy metal stresses. However, the arsenic (As) resistance mechanism of AMF-inoculated woody legumes remains unclear. In this study, black locust (Robinia pseudoacacia L.) seedlings were cultivated in potted soils inoculated with or without AMF Rhizoglomus intraradices under three different levels of As stress (0, 100, and 200 mg As kg–1 soil) over 4 months. The objective of this paper was to investigate the effects of AMF on plant growth, root morphology, and the content and ratio of endogenous phytohormones and soil glomalin under As stress condition. As stress toxicity suppressed the AM spore germination and colonization, plant growth, and the content of soil glomalin and changed the morphological characteristics of the roots and the balance of endogenous hormone levels in plants. However, R. intraradices inoculation improved the shoot and root dry weights, total root length, root surface area, root volume, and the number of root forks and tips across all As treatments. R. intraradices inoculation obviously decreased the percentage of root length in the 0- to 0.2-mm diameter class and increased those in the 0.5- to 1.0-mm and >1.0-mm diameter classes; the percentages in the 0.2- to 0.5-mm diameter class were less affected by R. intraradices inoculation. The concentrations of the easily extractable glomalin-related (EE-GRSP) and total glomalin-related soil protein (T-GRSP) were higher in the of R. intraradices-inoculated seedlings than those in the non-inoculated seedlings. Furthermore, R. intraradices inoculation increased the concentrations of indole-3-acetic acid (IAA) and abscisic acid (ABA), but decreased the concentrations of gibberellic acid (GA) and zeatin riboside (ZR). The phytohormone ratios of IAA/ABA, GA/ABA, ZR/ABA, and (IAA + GA + ZR)/IAA in the R. intraradices-inoculated seedlings were lower than those in the non-inoculated seedlings. These results indicated that R. intraradices alleviated As toxicity in R. pseudoacacia seedlings by improving their plant growth, altering root morphology, regulating the concentrations and ratios of phytohormones, and increasing the concentration of soil glomalin. The results suggested that AMF-inoculated R. pseudoacacia seedlings would be a critical factor in successful vegetation restoration and soil development in As-contaminated soils.

Keywords: arbuscular mycorrhizal fungi, Rhizoglomus intraradices, Robinia pseudoacacia, endogenous phytohormone, root morphology, arsenic stress


INTRODUCTION

Arsenic (As) is a poisonous metalloid and exists naturally in all types of the crust rocks, especially orpiment, realgar, and other ores (Li et al., 2018). For nearly a century, As accumulation in ecosystems has been getting worse due to excessive anthropogenic activities, such as the mining of As ores, smelting of metal, burning of fossil fuel, irrigating croplands with As-contaminated groundwater, and using As-based agrochemical and phosphate fertilizers (Chen et al., 2007; Salim et al., 2009; Srivastava et al., 2009). As-based compounds are often reported to be widely released in groundwater and soils in Asia, Europe, and North and South America (Andrade et al., 2015; Kalita et al., 2018). They can enter the food chain and cause many pathologies, including carcinogenesis (Li et al., 2016; Kalita et al., 2018). Exposure to excess As concentrations in soils generally disturbs a series of physiological, biochemical, and morphological processes in plants (Spagnoletti et al., 2016; Sharma et al., 2017). The physiological reactions to As toxicity in plants include inhibited seed germination, reduced growth and yield, decreased chlorophyll content and photosynthesis rate, senescence, and even death, which ultimately lead to vegetation degradation in high As-contaminated areas (Srivastava et al., 2009; Spagnoletti and Lavado, 2015; Spagnoletti et al., 2017). Hence, some remedial measures need to be taken to prevent even further environmental degradation.

Plants evolve a series of strategies to adapt or cope with the negative impact of heavy metal (HM) toxicity (Bilal et al., 2019). Root cap cells first perceive stress signals of HM toxicity and stimulate the rapid synthesis of endogenous phytohormones, such as abscisic acid (ABA), gibberellic acid (GA), indole-3-acetic acid (IAA), and zeatin riboside (ZR) (Ludwig-Müller, 2000). These hormones regulate many physiological processes of plants for adapting in unfavorable environments by effecting on plant nutrient absorption, root morphology, and the expression of metal transporters, in which the root morphology reflects the adaptation, health, and nutrition status of plants (Liu and Wei, 2019). Furthermore, plant growth and development are highly related to the synthetic ability, content level, and the ratio of phytohormones (Ludwig-Müller, 2000).

Arbuscular mycorrhizal fungi (AMF) are widespread root-symbiotic soil microorganisms in the phylum Glomeromycota (Schüßler and Walker, 2010). In the course of 400 million years of evolution, these endophytes gradually established mutualistic associations with 80% of terrestrial higher plants (Smith and Read, 2008). Throughout the AMF–plant symbiotic process, from arbuscular mycorrhiza (AM) spore germination to structure development within the roots, the AM extraradical and intraradical hyphae act as living bridges between soils and plants, and they provide the essential carbohydrates and water for supporting plant life cycle (Smith and Read, 2008). AMF also influence the root morphogenesis by regulating the activities of the root meristem, which is related to the strategies of nutrient absorption for host plants (Trotta et al., 2006). AMF alleviating HM toxicity in plants has been widely accepted and recognized since Gildon and Tinker (1981) first reported that AMF Glomus mosseae can help Trifolium repens seedlings enhance their stress tolerance in Zn- and Cd-contaminated soils. Under the HM stress condition, AMF also regulate the balance of the phytohormones by intervening in the communication of signals during the process of AMF–plant symbiotic association (Smith and Read, 2008; Li et al., 2018). Phytohormones, as a kind of endogenous plant signal, are the most sensitive responders in these processes, and they stimulate plants to show appropriate responses to adapting to HM stress (Ludwig-Müller, 2000; Délano-Frier and Tejeda-sartorius, 2008). Therefore, AMF contribute to building a productive, healthy, and sustainable ecosystem, with vegetation recovery in HM-contaminated areas.

AM colonization is found in some plant roots in As-polluted soils, and some evidence have shown that higher plants adapting to As stress are often associated with AMF (Leung et al., 2006; Chen et al., 2007; Li et al., 2018). Sharma et al. (2017) have shown that Rhizoglomus intraradices and Glomus etunicatum participate in the antioxidant defense system and thiol metabolism of wheat against As toxicity. Leung et al. (2006) also have revealed that AMF stimulate the phenolic defense system in host plants by producing thiol-like glutathione, and this plant metabolite detoxified As to its non-toxic form in As-contaminated soils under acidic conditions. AM symbiosis improves the As resistance of host plants. Two related universal mechanisms are “growth dilution effect” and “mycorrhizal immobilization,” which indicate that AMF increase plant nutrient absorption, transform inorganic As into less toxic organic forms, translocate As from host plants to the AM hyphae, and dilute As concentration by increasing plant biomass (Li et al., 2016, 2018). But the effects of AMF on the root morphology of woody legumes, endogenous phytohormones, and soil glomalin under As toxicity stress are still unknown.

The phytoremediation and land reclamation processes in As-contaminated areas initially make use of Pteris vittata as As hyperaccumulators, but this pteridophyte has a low growth rate and poor environmental adaptability, which limit its widespread use (Leung et al., 2006; Kalita et al., 2018). The use of As-resistant woody plants for revegetation prevents off-site migration of As-contaminated soils via wind erosion, and it reduces the As concentrations in soils by extracting As ions in plants. Black locust (Robinia pseudoacacia L.), as a fast-growing woody legume, shows good adaptability to various environmental stresses including barren, salt, cold, drought, and HM (Tian et al., 2003). Hence, it is probably deemed as an ideal candidate of dominant pioneer trees for vegetation recovery in As-contaminated areas (Rajkumar et al., 2012). Moreover, R. pseudoacacia can establish an intimate symbiotic relationship with AMF in HM-contaminated soils (Huang et al., 2019). Recent studies have shown that AMF Funneliformis mosseae alleviates the effects of lead (Pb) toxicity by improving the plant biomass, root activity, antioxidant enzymes, and photosynthesis in R. pseudoacacia seedlings grown in Pb-contaminated soils (Yang et al., 2015; Huang et al., 2019). However, only a few literatures have reported on AMF strengthening the tolerance of woody legumes against As toxicity, particularly the related underlying effects on root morphology, endogenous phytohormones, and soil glomalin. In this study, a pot experiment of R. pseudoacacia locust seedlings was performed under different As treatments, with or without Rhizophagus intraradices inoculation. The present study aimed to (1) reveal the dynamic changes of AM spore germination, fungal structure development, and the AM colonization rate with the culture (or colonization) process and (2) elucidate the underlying effects of AMF on plant growth, root morphology, endogenous phytohormones, and soil glomalin. The present study will contribute to our understanding of the mechanism of AMF enhancing the tolerance of R. pseudoacacia seedlings against As toxicity.



MATERIALS AND METHODS


Soil Materials

The soils used in this experiment were collected from the top layer of the botanical garden in Henan University of Science and Technology campus in Luoyang, Henan Province, China. The main physicochemical properties of the soils were as follows: organic matter, 17.38 g kg–1; available nitrogen, 37.84 mg kg–1; Olsen phosphorus, 8.17 mg kg–1; available potassium, 103.47 mg kg–1; and pH, 7.8 (1:5 soil/water ratio). The extractable metal concentrations (in milligrams per kilogram) in the soils were as follows: As, 3.73; Fe, 4.82; Mn, 1.87; Cu, 0.21; and Zn, 1.02. The soil texture for this study included soil and sand (1:1, v/v) and was mixed thoroughly, passed through a 2-mm sieve, and then autoclaved at 121°C and 0.11 MPa for 2 h before use.

In order to prepare the As-contaminated soils, the soil texture was sprayed with Na3AsO4×12H2O solutions to obtain a gradient level of As concentrations: 0 (control), 100, and 200 mg As kg–1 soil. The As concentrations were based on both the results of a preliminary experiment and the Chinese environmental quality standard of As contamination in soils.



AMF Material

AM strain Rhizophagus intraradices (N.C. Schenck & G.S. Sm.) C. Walker & A. Schüßler (BGC BJ09) was provided by the Institute of Plant Nutrition and Resources, Beijing Academy of Agriculture and Forestry Sciences, Beijing, China. R. intraradices spores were propagated in a pot culture with Zea mays L. using sterile sand under greenhouse conditions. Four months later, the AM colonization rate was assessed (65.8%). The R. intraradices inocula consisted of mycorrhizal root fragments, spores (23 spores per gram), extraradical mycelium, and sand.



AM Spore Germination, Pre-symbiotic Fungal Growth, and Colonization Rate

The AM spores were extracted from the above AM strain according to wet sieving (Gerdemann and Nicolson, 1963), surface-sterilized in 1% NaOCl for 15 min, and rinsed in sterile distilled water (Zhang et al., 2017). AM life stages were investigated by using a modified “sandwich system.” The sandwiched spore membranes were composed of two pieces of cellulose ester membranes (Millipore TM, 50 mm diameter, 0.45 μm pore diameter). Fifty surface-sterilized spores were placed on one membrane, which was covered by another empty membrane. After the seedlings were grown for 15 days in pots, the sandwiched membranes were folded and placed into the soils around the roots. In this way, the AM spores had no direct contact with the R. pseudoacacia roots, but their growth was affected by the root exudates and other signal substances.

To determine the rate of AM spore germination and the number of hyphal branches, the sandwiched membranes were extracted from the pots for each seedling line at 10, 15, 20, 25, and 30 days post-inoculation (dpi). The folded sandwich membranes were gently pulled out and washed out the soil mixture with tap water. Then, the membranes were spread out on a culture dish, stained with 0.05% Trypan blue for 5 min, and destained with distilled water. AM spore germination and hyphal branches were observed by using a stereoscopic microscope (Olympus SZ2).

R. pseudoacacia roots were harvested at 30, 45, 60, 75, and 90 dpi. The roots were cut on 1-cm root fragments, washed with deionized water, and stained with 0.05% (w/v) Trypan blue in lactophenol according to the method of Phillips and Hayman (1970). The AM colonization rate was determined by using the grid-line intersect method (Giovannetti and Mosse, 1980). The AM colonization rate and arbuscule abundance were determined with an optical microscope (Olympus BX51) and calculated using the method of Trouvelot et al. (1986).



Plant Growth and Root Morphology Analysis

Black locust (R. pseudoacacia L.) seeds were obtained from a mother tree growing at the campus of Henan University of Science and Technology (Luoyang, Henan, China). Plump and uniform seeds were selected, sterilized in 75% ethanol for 20 min, rinsed three times with deionized water, and finally dipped in sterile water for 24 h. The seeds were germinated in autoclaved wet sand at 28°C. The healthy seedlings were selected and transplanted into conical frustum plastic containers containing 1 kg of soil mixture, with one plant each pot.

For seedling transplantation, 30 g AMF inoculum was placed in each pot of mycorrhizal treatment 2 cm below, while the non-mycorrhizal pot was added 30 g of autoclaved inoculum. The seedlings were cultivated in a greenhouse with temperature of 20–35°C and relative humidity of 50–75% from April to July 2018. Each pot was supplemented with 50 ml Hoagland’s solution weekly (Hoagland and Arnon, 1950) and the soil moisture of 50% field capacity was maintained with deionized water by regular weighing.

R. pseudoacacia seedlings were harvested separately at 50, 60, 70, 80, and 90 dpi, with three replicates for each harvest. The adhering particles on the R. pseudoacacia roots were carefully washed with deionized water. Shoots and roots were cut separately for determining fresh weights, and then the shoots and roots were weighed after oven drying at 75°C for 36 h for dry weight.

Root morphology analysis was carried out on the three replicate R. pseudoacacia seedlings, and roots were washed with tap water and soaked in 50% ethanol. The roots were scanned at 300 dpi by an Epson Expression 1680 Pro scanner (Epson, Nagano, Japan). The following morphometric parameters were analyzed with the scanner supporting WinRhizo (version 5.0B) root analysis system software (Regent Instrument Inc., Canada): total root length, root surface area, root volume, average diameter, tip number, and number of forks.



Phytohormone Determination

The ultraperformance liquid chromatography–tandem mass spectrometry (UPLC/MS–MS) method was used for measuring the phytohormone contents of IAA, GA, ZR, and ABA. The fresh roots (1 g) were washed out the soil mixture with tap water and then were ground in liquid nitrogen using a mortar. These phytohormone samples were prepared and purified according to the method of Lin et al. (2015) on an LC system (ACQUITY UPLC, Waters, Milford, MA) coupled with a Waters Quattro Premier XE mass spectrometer (Micromass, Manchester, United Kingdom). The parameters were analyzed by the method of Fu et al. (2012).



Glomalin Determination

Glomalin in soils is quantified as glomalin-related soil protein (GRSP). Easily extractable glomalin-related soil protein (EE-GRSP) and total glomalin-related soil protein (T-GRSP) were analyzed according to the method of Wright and Upadhyaya (1996). EE-GRSP was obtained from 1 g dry soil in 8 ml citrate solution (20 mM, pH 7.0) for 0.5 h at 121°C, and T-GRSP was extracted from 1 g dry soil in 8 ml citrate solution (50 mM, pH 8.0) for 1 h at 121°C. Sample extraction was repeated four times using the same extraction process, and the supernatants were pooled together and centrifuged at 10,000 × g for 5 min. Protein content in the supernatants was analyzed by the Bradford dye-binding assay at 562 nm using bovine serum albumin as standard (Wright and Upadhyaya, 1996).



Experimental Design and Statistical Analysis

This experiment consisted of six treatments and was set up in a completely randomized block arrangement with a 3 × 2 factorial design: (1) three As level in soils, i.e., 0, 100, and 200 mg kg–1 dry soil, and (2) AMF treatments, i.e., R. intraradices and a non-AM-inoculated control. Hence, each of the six treatments had three replicates, making a total of 18 pots (one seedling per pot). Significant differences among these treatments were evaluated by Tukey’s multiple range test. Standard deviations (SD) were also calculated, and the values are presented as the mean ± SD. Statistical analyses were carried out using the SPSS Statistics (IBM SPSS, Somers, United States).



RESULTS


AM Spore Germination Rate and Number of Hyphal Branches

Culture time had a noticeable effect on the germination of R. intraradices spores (P < 0.01), and the germination rate was gradually enhanced with the increase of culture time at the same As levels (Figure 1A). The As stress had a significantly negative effect on the germination rate (P < 0.01). The germination rate was obviously reduced by the increase of the As content in soils at the same culture time, except at 15 dpi where no difference was observed between the 100- and 200-mg kg–1 As levels. The results of the two-way ANOVA indicated that the germination rate of the AM spore was significantly influenced by the interaction between the As level in soils and the culture time (P < 0.01).
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FIGURE 1. Effects of arsenic stress and culture (or colonization) time on the spore germination rate (A), hyphal branch number (B), arbuscular mycorrhiza (AM) colonization rate (C), and arbuscule rate (D) of Rhizoglomus intraradices. Different letters indicate significant differences (P < 0.05) using Tukey’s test. Data are presented as the mean ± SD (n = 3). NS, not significant; As, arsenic addition levels; As×AMF, significant interactive effects of As level×R. intraradices; T, culture or colonization time. *P < 0.05; **P < 0.01.


The number of hyphal branches in R. intraradices were obviously increased with culture time at the same As levels (P < 0.01) (Figure 1B), except those at 100 mg kg–1 As from 20 to 25 dpi. The As levels in soils remarkably decreased the branch number at the same culture time (P < 0.01), except for that at 20 dpi where the branch number was not significantly different between 0 and 100 mg kg–1 As. The results of the two-way ANOVA indicated that the number of hyphal branches exhibited highly significant differences with the interaction between the As concentration in soils and the culture time (P < 0.01).



AM Colonization and Arbuscule Rate

The AM colonization rate in R. pseudoacacia roots was significantly enhanced along with colonization time at three different As levels (P < 0.01) (Figure 1C), except there was no obvious increase of the colonization rate after 75 dpi at 100 mg kg–1 As. The As levels in soils had a significantly negative influence (P < 0.05) on R. intraradices colonization in R. pseudoacacia roots. The AM colonization rate was the highest at 0 mg kg–1 As and gradually decreased with As concentrations at the same colonization time. The AM colonization rate was significantly affected by the interaction between the As level in soils and the inoculation time (P < 0.01).

The arbuscule rate was obviously increased along with colonization time, and the increase almost stagnated after 75 dpi at the three different As levels in soils (P < 0.01) (Figure 1D). The arbuscule rate was the highest at 0 mg kg–1 As compared to those at 100 and 200 mg kg–1 As after 60 dpi, but it had no apparent difference between 100 and 200 mg kg–1 As at 30, 60, and 90 dpi. The arbuscule rate indices were significantly affected by the interaction between the As concentration and the AM colonization time (P < 0.01), but not by the As levels in soils.



Plant Biomass

Growing for 4 months, R. pseudoacacia seedlings exposed to As stress showed toxicity symptoms, which manifested in the lower shoot and root dry weights in As-contaminated soils (P < 0.01) (Figure 2). At the same As levels, the shoot and root dry weights in R. intraradices-inoculated seedlings were higher than those in the non-inoculated seedlings (P < 0.01). Significant interactive effects of As level × R. intraradices inoculation on the shoot and root dry weights were also found in this study (P < 0.01).
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FIGURE 2. Effects of Rhizoglomus intraradices on the shoot (A) and root (B) dry weights in Robinia pseudoacacia seedlings under three different levels of As stress. Different letters indicate significant differences (P < 0.05) using Tukey’s test. Data are presented as the mean ± SD (n = 3). NS, not significant; As, arsenic addition levels; AMF, arbuscular mycorrhizal fungi inoculation; As×AMF, significant interactive effects of As level×R. intraradices. *P < 0.05; **P < 0.01.




Root Morphological Characteristics

The increase of As concentration in soils obviously decreased the parameters of root morphological characteristics, including the total root length, root surface area, root volume, and the number of root forks and tips in both R. intraradices-inoculated and non-inoculated seedlings (Figure 3). R. intraradices inoculation alleviated the adverse effects of As stress, which improved the root diameter, total root length, root surface area, root volume, and the number of root forks and tips across all As treatments. Significant interactive effects of As level × R. intraradices inoculation on the total root length, average root diameter, root surface area, root volume, and the number of root forks and tips were detected in this experiment (P < 0.01).
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FIGURE 3. Effects of Rhizoglomus intraradices on total root length (A), root average diameter (B), root surface area (C), root volume (D), root fork number (E), and root tip number (F) in Robinia pseudoacacia seedlings under three different levels of As stress. Different letters indicate significant differences (P < 0.05) using Tukey’s test. Data are presented as the mean ± SD (n = 3). NS, not significant; As, arsenic addition levels; AMF, arbuscular mycorrhizal fungi inoculation; As×AMF, significant interactive effects of As level×R. intraradices. *P < 0.05; **P < 0.01.


R. intraradices inoculation decreased the percentages of root length in the 0- to 0.2-mm diameter class in R. pseudoacacia seedlings, but increased those in the 0.5- to 1.0-mm and >1.0-mm diameter classes, compared with non-inoculation (Figure 4). With the increase of the As concentration in soils, the proportion in the 0- to 0.2-mm diameter class was increased, but those in the 0.5- to 1.0-mm and >1.0-mm diameter classes were suppressed. The percentages in the 0.2- to 0.5-mm diameter class were less affected by R. intraradices inoculation and As stress.
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FIGURE 4. Percentages of root length in different diameter classes in Rhizoglomus intraradices-inoculated and non-inoculated Robinia pseudoacacia seedlings.




T-GRSP and EE-GRSP in Soils

The EE-GRSP and T-GRSP contents were higher in the rhizosphere soils of R. intraradices-inoculated seedlings than those in the non-inoculated seedlings (P < 0.05) (Figure 5). The EE-GRSP and T-GRSP contents were decreased with the increase of As concentration in soils, except in the As levels between 0 and 100 mg kg–1 where there was no discernible difference in the contents of EE-GRSP. Significant interactive effects of As level × R. intraradices inoculation on the concentrations of EE-GRSP and T-GRSP were detected in this study (P < 0.01).
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FIGURE 5. Effects of Rhizoglomus intraradices on the concentrations of EE-GRSP (A) and T-GRSP (B) in the rhizosphere soils of Robinia pseudoacacia seedlings under three different levels of As stress. Different letters indicate significant differences (P < 0.05) using Tukey’s test. Data are presented as the mean ± SD (n = 3). NS, not significant; As, arsenic addition levels; AMF, arbuscular mycorrhizal fungi inoculation; As×AMF, significant interactive effects of As level×R. intraradices; EE-GRSP, easily extractable glomalin-related soil protein; T-GRSP, total glomalin-related soil protein. *P < 0.05; **P < 0.01.




Phytohormone Concentration and Ratio in Roots

R. intraradices inoculation had notable effects on the concentrations of IAA, ABA, GA, and ZR in R. pseudoacacia roots. R. intraradices inoculation increased the concentrations of IAA and ABA (P < 0.05), but decreased GA and ZR under the same As levels (P < 0.01) (Figure 6). With the added level of As concentrations in the soils, the IAA and ABA contents were increased (P < 0.01) and GA was significantly decreased (P < 0.01), but it had no apparent effects on ZR in both R. intraradices inoculation and the non-inoculated R. pseudoacacia. Furthermore, significant interactive effects of As level × R. intraradices inoculation on the concentrations of IAA, ABA, and ZR were detected in this experiment (P < 0.05).
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FIGURE 6. Effects of R. intraradices on the concentrations of IAA (A), ABA (B), GA (C), and ZA (D) in R. pseudoacacia seedlings under three different levels of As stress Different letters indicate significant differences (P < 0.05) using Tukey’s test; Data is presented as mean ± SD (n = 3); NS, not significant; *P < 0.05; **P < 0.01; As, As addition levels; AMF, AMF inoculation; As×AMF, significant interactive effects of As level×R. intraradices; ABA, abscisic acid; GA, gibberellic acid; IAA, indole-3-acetic acid; ZR, zeatin riboside.


The phytohormone ratios of IAA/ABA, GA/ABA, ZR/ABA, and (IAA + GA + ZR)/IAA were significantly affected by R. intraradices inoculation, and these parameters in the R. intraradices-inoculated seedlings were lower than those of the non-inoculated ones under the same As levels (P < 0.05) (Table 1). The GA/ABA, ZR/ABA, and (IAA + GA + ZR)/IAA ratios were significantly decreased with the increase of As concentration in soils (P < 0.01), but the IAA/ABA ratio of the R. intraradices-inoculated seedlings was not affected by the As level. Significant interactive effects of the As level × R. intraradices inoculation on the phytohormone ratios of GA/ABA, ZR/ABA, and (IAA + GA + ZR)/IAA were also found in this study (P < 0.01).


TABLE 1. Effects of Rhizoglomus intraradices inoculation on the phytohormone ratios in Robinia pseudoacacia roots under different levels of As stress.
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DISCUSSION

In our study, R. pseudoacacia seedlings were cultivated in greenhouse pots and were subjected to three different levels of As stress with or without AMF R. intraradices inoculation. The germination rate of the AM spore, number of AM hyphal branches, plant growth, root morphological characteristics, phytohormone concentration and balance, and the GRSP content in rhizosphere soils were evaluated. The results revealed the possible mechanism that R. intraradices assisted R. pseudoacacia seedlings in enhancing tolerance to As toxicity. This study highlighted the possibility of vegetation recovery in As-contaminated areas by using AMF-inoculated woody legumes.

Previous research have found that AMF are colonized in the root cortex of R. pseudoacacia seedlings under various harsh environmental conditions, such as barren, salt, cold, drought, and Pb stress (Tian et al., 2003; Huang et al., 2019). In this study, we verified that R. intraradices could successfully establish symbioses with R. pseudoacacia seedlings under different levels of As concentrations in soils. The R. intraradices colonization rate was inhibited by the increase of As concentration in soils. This result was consistent with previous studies on other host species, such as Cajanus cajan, Pisum sativum, and Glycine max L. (Garg et al., 2015; Li et al., 2016; Spagnoletti and Lavado, 2015), but it was contrary to the conclusions of Leung et al. (2006). As stress in soils has negative effects on the AM colonization rate due to worsening of the pre-symbiotic conditions of mycorrhizal colonization with As toxicity (Spagnoletti et al., 2016). However, the AM colonization rate cannot be the only indicator in evaluating the responses of AMF on host plants (Li et al., 2016).

In the process of AMF–plants symbiotic association, the germinated AM spores undergo AM hyphal elongation and branching. The germination rate of the AM spore and the number of hyphal branches were the indicators of AM colonization development in plant roots (Délano-Frier and Tejeda-sartorius, 2008). The present work showed that the germination rate of the AM spore and the number of hyphal branches were reduced with increasing As concentration in soils. Ortega-Larrocea et al. (2007) have proven that the accumulation of toxic elements in soils could restrain the number of spores, germination, and AM hyphal colonization. Moreover, host plants often produce more root exudates, and they reduce the transfer of carbonaceous compounds to AMF under As stress conditions, which leads to the decrease of AM-colonized vitality in the root system (Spagnoletti et al., 2017).

Due to generating excessive reactive oxygen species (ROS) and disrupting the Calvin cycle of the photosynthetic system, As toxicity hindered plant growth, which could be alleviated by mycorrhizal symbioses (Chen et al., 2007). In this study, the shoot and root dry weights in R. intraradices-inoculated R. pseudoacacia seedlings were higher than those in the non-inoculated seedlings. R. intraradices inoculation was also found to increase the growth and yield in G. max, Oryza sativa, and Triticum aestivum in As-contaminated soils (Spagnoletti and Lavado, 2015; Li et al., 2016). As is an element of the phosphate analog and has the same transport pathway as phosphate across the plasma membrane of root cells (Chen et al., 2007). AM inoculation increased P nutrition and decreased As toxicity. The higher P/As content molar ratio in plants by AMF symbioses is one of the reasons for the improvement of plant growth (Li et al., 2016).

The parameters of root morphological characteristics, which included the root length, root surface area, root volume, and the number of root forks and tips, were also closely related to the adaptation, health status, and productivity of plants. The good morphological parameters indicated that the root system was more suitable for absorbing water and nutrients from soils (Huang et al., 2019). As a sensitive system of plants for perceiving the soil environment, the root tissue showed astonishing morphological changes to minimize the physiological metabolism and maximize the nutrient acquisition (Mishra et al., 2017). Root development is often hindered by HM toxicity, and the stagnation of root elongation was identified as the first evidence of any unfavorable influences (Munzuroglu and Geckil, 2002). In the current study, the total root length, root surface area, root volume, and the number of root forks and tips of R. pseudoacacia seedlings were decreased with the increase of As concentration in soils. Huang et al. (2019) also found that the Pb toxicity in soils decreased the root length, root diameter, and root surface area of R. pseudoacacia seedlings. Spagnoletti and Lavado (2015) verified that the morphological traits of G. max seedlings, like root length, were negatively influenced by the As concentration in soils. Srivastava et al. (2009) showed that the root density of Brassica juncea seedlings was slightly increased, but the length of the roots had no significant difference under As stress in soils. Such root modifications were a direct evidence of root damage caused by As toxicity in the soils and were most likely associated with a weakened plant metabolism (Chen et al., 2007).

The root length and root surface area, which are determined by the root length and the number of root forks and tips, are essential factors that determine the root volume. A higher number of root forks and tips indicates a better trend of root development (Liu and Wei, 2019). The symbiotic effects of AMF on the root system include the regulatory changes of root morphological characteristics in a textural, dimensional, quantificational, and impermanent manner (Sheng et al., 2009). This study showed that the root diameter, total root length, root surface area, root volume, and the number of root forks and tips of the R. intraradices-inoculated seedlings were higher than those of the non-inoculated seedlings under the same levels of As stress. Our results were similar to the conclusion by Huang et al. (2019) and Wu et al. (2011). The root lengths of G. mosseae-inoculated Z. mays were up to 3.4 times those of the non-inoculated controls in As-contaminated soils, and the enlarged root systems of the host plants also contributed primarily to nutrient acquisition with G. mosseae inoculation (Xia et al., 2007). Root tips are the closest part of plants in contact with soil substances, and the proliferation of root tips provides more opportunities for plants to acquire resources and nutrition from soils (Lu et al., 2013). In the present study, the number of root tips in R. pseudoacacia seedlings were decreased with the increase of the As level in soils; however, R. intraradices-inoculated seedlings had a higher number of root tips than the non-inoculated seedlings, which indicated that R. intraradices could alleviate the reduction in lateral root proliferation and facilitate the plant’s capacity for resource acquisition in As-contaminated soils. The probable explanation for our finding was that R. intraradices symbiosis was able to stimulate host plants to produce more fine roots in R. pseudoacacia seedlings under As stress conditions, which helped the root system of R. pseudoacacia seedlings to uptake more soil nutrient and water by increasing the active root length and the number of root forks and root tips.

In the present study, R. intraradices-inoculated seedlings had lower percentages of root length in the 0- to 0.2-mm diameter class, but higher percentages in the 0.5- to 1.0-mm and >1.0-mm diameter classes, compared with the non-inoculated seedlings. So R. intraradices inoculation increased the root diameter in R. pseudoacacia under different As treatment levels, which could probably be attributed to an enhanced parenchyma cell size and accrescent cortical tissues stimulated by AM symbiosis (Sheng et al., 2009). A similar result was also reported in R. pseudoacacia seedlings inoculated with Rhizophagus irregularis or Glomus versiforme in a pot experiment under normal growing conditions (Zhang et al., 2016). It indicated that the effects of AM inoculation on the percentage of root length in different diameter classes were generated not only under stress conditions but also under normal growth conditions. Zangaro et al. (2007) also found that the rootlet diameter of arboreal plants in South Brazil had a positive correlation with AM colonization. More prominent parameters of root diameter also indicated that the plant roots had higher penetration in soils (Liu and Wei, 2019). As toxicity damaged the morphology and configuration of R. pseudoacacia seedlings by forming shorter yet thicker main and lateral roots; however, R. intraradices inoculation improved the plant morphology by increasing the percentage of the thicker root length of R. pseudoacacia seedlings to better adapt to As stress. AMF played a crucial role in changing the root morphology, which should be extensively studied for improving phytoremediation efficiency in HM-contaminated areas.

Phytohormone is a class of trace secondary metabolites which plays irreplaceable roles in regulating plant traits (Bilal et al., 2019). Under HM stress condition, auxin (IAA) in roots often mediates morphological change of plants, especially stimulating the elongation and production of lateral roots (Ludwig-Müller, 2000). The root meristem constitutes the main site of HM action and also rapidly synthesizes a great deal of ABA. The inhibition of plant growth, which was induced by HM stress, is also in part a result of the increased ABA concentration (Liu and Wei, 2019). In this study, the contents of IAA and ABA were obviously increased. A similar result was also found in B. juncea seedlings under As toxicity stress (Srivastava et al., 2009). Various phytohormones mediated the downstream processing of stress perception; as a result, As stress was perceived by plants (Srivastava et al., 2009).

Plants and AMF can form a beneficial symbiotic relationship by establishing an intricate network of signaling and biochemical pathways (Délano-Frier and Tejeda-sartorius, 2008) in which AMF-regulated phytohormones are suitable candidates for continuous signal exchanges between plant cells and the AM hyphae (Liu and Wei, 2019). These phytohormones regulated the plant metabolic and structural genes, whose products, in return, affected the symbiosis between the AMF and plants; ultimately, plant growth is enhanced by AMF-regulated phytohormones (Ludwig-Müller, 2000). In this study, R. intraradices inoculation increased the IAA and ABA concentrations and decreased the GA and ZR contents in R. pseudoacacia seedlings. Similar results were reported by Bilal et al. (2019), in which endophytic Penicillium funiculosum inoculation decreased the ABA content in G. max seedlings due to downregulating the HM ATPase genes under combined HM stress. Zahoor et al. (2017) reported that phytohormones induced by the endophyte Mucor sp. could help Brassica campestris alleviate HM toxicity. Müller and Harrison (2019) also verified that phytohormones participated in the AM-associated effects on plant morphology, growth, and stress resistance. In this study, R. intraradices inoculation enhanced the ABA and IAA contents under As stress, which resulted in promoting stomatal closure, decreasing transpiration in host roots, coordinating the balance of growth-related hormones to plant growth, and, ultimately, increasing the tolerance of R. pseudoacacia seedlings to As toxicity.

Physiological processes (for example, phytohormone metabolism) were forced to change by As stress in soils, but AMF symbiosis helped host plants to better adapt to environmental stress by regulating the content and ratio of phytohormone. It was suggested that hormones, released by mycorrhizal fungi, may contribute to the enhancement of plant growth (Frankenberger and Arshad, 1995). Phytohormones responded synergistically to HM stress conditions by regulating their synthetic ability, changing the hormone content, and adjusting the balance and ratio of hormones, in which the ratios of the stress-related phytohormones often have more profound implications than does the role of a single phytohormone in plants (Liu and Wei, 2019). Barker and Tagu (2000) verified that changes in the phytohormone ratios affected the different stages of plant development, which were closely related to mycorrhizal symbiosis. Berta et al. (1993) found that AM colonization could alter the ratio of hormones in host plants, as a result influencing the meristem activity in the root apex. In the present study, the GA/ABA, ZR/ABA, and (IAA + GA + ZR)/IAA ratios in R. pseudoacacia seedlings were also significantly decreased with the increased level of As concentration in soils; however, the phytohormone ratios of IAA/ABA, GA/ABA, ZR/ABA, and (IAA + GA + ZR)/IAA in R. intraradices-inoculated seedlings were lower than those in the non-inoculated seedlings under the same As levels. The IAA/ABA ratios of Acrocalymma vagum-inoculated Ormosia hosiei seedlings were higher than those of the non-inoculated seedlings, but the ratios of GA/ABA, ZR/ABA, and ZR/IAA of A. vagum-inoculated seedlings were lower than those of the non-inoculated seedlings under drought stress conditions (Liu and Wei, 2019). Our results showed that R. intraradices symbiosis with R. pseudoacacia seedlings coordinated the balance of phytohormones through adjusting the hormone ratios under As stress, as a result slowing down the plant growth and development, reducing plant respiration, maintaining normal water balance, and improving osmotic pressure in plant cells. Thereby, the resistance of R. pseudoacacia seedlings to As toxicity was enhanced. However, the mechanism of AMF regulating the production and balance of phytohormones under As stress needs to be further elaborated from the level of molecular biology.

The AM extraradical hyphae secrete a kind of insoluble hydrophobic protein, i.e., glomalin, which increases soil fertility and keeps the porous and moist soil structure for the optimal growth of plants (Rillig, 2004). Glomalin is quantified as glomalin-related soil protein (GRSP), and the GRSP content in soils is often used as a criterion to evaluate the soil capacity for nutrient storage and water-holding (Wright and Upadhyaya, 1996; Rillig, 2004). In this study, the contents of EE-GRSP and T-GRSP were decreased with the increase of As concentration in soils; this result was contrary to the previous research by González-Chávez et al. (2009), who considered that the accumulation of GRSP in the soils was not affected by the increase of Pb or Zn concentration. Glomalin binds HM ions (like Cu, Cd, Pb, and Zn) and immobilizes them by adsorbing to the cell walls of the AM hyphae (Spagnoletti et al., 2017). Bedini et al. (2009) first found a cause–effect relationship between AM symbiosis and GRSP content in rhizosphere soils. Some evidence have shown that there is a higher correlation between GRSP and the length of AM extraradical hyphae: a high glomalin content corresponds to further expansion of AM extraradical hyphae (Lovelock et al., 2004; Zhang et al., 2016). In this work, R. intraradices inoculation obviously increased the contents of EE-GRSP and T-GRSP in soils under the same As treatments. It was reasonable to speculate that the increased GRSP content contributed to the incremental length of AM extraradical hyphae and the rapid turnover time of the AM hyphae compared with the no-inoculation treatment. Hence, the As resistance of R. pseudoacacia seedlings was enhanced by the AMF-secreted glomalin.



CONCLUSION

As stress toxicity suppressed the AM spore germination and colonization, plant growth, and the content of soil glomalin and changed the morphological characteristics of the roots and the balance of endogenous hormone levels in plants. However, the shoot and root dry weights, the percentages of root length in the 0.5- to 1.0-mm and >1.0-mm diameter classes, the IAA and ABA concentrations in R. pseudoacacia seedlings, and the contents of EE-GRSP and T-GRSP in rhizosphere soils were increased. The total root length, root surface area, root volume, and the number of root forks and tips were significantly improved by R. intraradices inoculation. R. intraradices inoculation also decreased the percentages of root length in the 0- to 0.2-mm diameter class, the GA and ZR concentrations, and the phytohormone ratios [IAA/ABA, GA/ABA, ZR/ABA, (IAA + GA + ZR)/IAA] across the different As treatments compared with non-inoculation. Our results demonstrated that R. intraradices inoculation alleviated As toxicity in R. pseudoacacia seedlings by improving the plant growth, altering the root morphology, regulating the concentrations and ratios of phytohormones, and increasing the concentration of soil glomalin. Mycorrhizal symbioses played a crucial role in revegetation and ecological remediation in As-contaminated areas.
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Biodegradation of phenol using bacteria is recognized as an efficient, environmentally friendly and cost-effective approach for reducing phenol pollutants compared to the current conventional physicochemical processes adopted. A potential phenol degrading bacterial strain Glutamicibacter nicotianae MSSRFPD35 was isolated and identified from Canna indica rhizosphere grown in distillery effluent contaminated sites. It showed high phenol degrading efficiency up to 1117 mg L–1 within 60 h by the secretion of catechol 1,2-dioxygenase via ortho intradial pathway. The strain MSSRFPD35 possess both the catechol 1,2 dioxygenase and catechol 2,3 dioxygenase coding genes that drive the ortho and meta pathways, but the enzymatic assay revealed that the strain cleaves catechol via ortho pathway. Haldane’s kinetic method was well fit to exponential growth data and the following kinetic parameter was obtained: μ∗ = 0.574 h–1, Ki = 268.1, Ks = 20.29 mg L–1. The true μmax and Sm were calculated as 0.37 h–1 and 73.76 mg L–1, respectively. The Haldane’s constant values were similar to earlier studies and healthy fitness depicted in correlation coefficient value R2 of 0.98. Phenol degrading kinetic’s was predicted using Haldane’s model as qmax 0.983, Ki′ 517.5 and Ks′ 9.152. Further, MSSRFPD35 was capable of utilizing different monocyclic and polycyclic aromatic hydrocarbons and to degrade phenol in the presence of different heavy metals. This study for the first time reports high phenol degrading efficiency of G. nicotianae MSSRFPD35 in the presence of toxic heavy metals. Thus, the strain G. nicotianae MSSRFPD35 can be exploited for the bioremediation of phenol and its derivatives polluted environments, co-contaminated with heavy metals.

Keywords: phenol biodegradation, distillery effluent, Glutamicibacter sp., Canna indica, Haldane’s kinetics, heavy metal tolerance, soil microcosm


INTRODUCTION

Phenol and its derivatives namely nitrophenol, halogenated phenol, alkylphenol, etc. are widely used in several industrial plants like petrochemical, phenol resin, pharmaceuticals, paint, textile, leather, pulp mills, coal conversion, and leather processing units (Haddadi and Shavandi, 2013; Jiang et al., 2013; Villegas et al., 2016; Prasse et al., 2018). Gallons of unprocessed effluents polluted with phenol and its derivatives discharged by these industries are reported to contaminate soil, groundwater table and agriculture lands; and to harm the soil and plant health and productivity (Shi et al., 2014; Wu et al., 2018) and also to affect terrestrial and aquatic animals, and humans at very low concentrations (Prasse et al., 2018).

Phenolic compounds have a recalcitrant structure, which consists of an aromatic ring with a hydroxyl group attached to the benzene ring; making it resistant to natural biodegradation and decomposition (Reardon et al., 2000; Ma et al., 2013; Chen et al., 2017). Phenol is highly soluble in water up to the concentration of 10 g L–1 (Bajaj et al., 2009) and thus the effluents discharged from industries contain high concentrations of phenol and its derivatives in the range of 50–2000 mg L–1 (Jusoh and Razali, 2008) concentrations much higher than the permissible limits leading to high risk of polluting the environment. The permissible limits of phenol in industrial effluents to be discharged in the domestic surface water is only 1 mg L–1 (IS: 2490-1974) and 5 mg L–1 in public sewers (IS: 3306-1974) (Hussain et al., 2015) and concentration range of 5–2000 mg L–1 phenol is reported to be carcinogenic for human and toxic to all life forms (Comte et al., 2013).

In addition to phenol, the effluent released from industries contain heavy metals like copper, lead, cadmium, chromium, etc., as co-contaminants in different composition and concentration which are highly toxic, persistent, and non-degradable in nature (Thavamani et al., 2012; Wong et al., 2015). The continued discharge of phenol and heavy metal contaminated industrial effluents leads to its accumulation in the environment including water bodies that reach a threshold harmful to living systems, and acute phenol exposures causes lung and digestive tract carcinoma, liver, kidney, heart, and nervous system disorders in human, enters the food chain and leads to severe socio-environmental problems (Wang et al., 2011; Fan et al., 2017). Therefore, it is imperative to reduce the concentration of phenol and heavy metals in the industrial effluents and maintain defined standards before releasing these pollutants into the environment.

Although numerous physio-chemical methods such as water chlorination, flocculation, photocatalysis, Fenton’s reaction, ozonisation, chemical oxidation, activated carbon adsorption, reverse osmosis, ion exchange with resin, etc., are widely adopted for the removal of phenol and heavy metal contaminants from industrial waste-waters (Mohammadi et al., 2014; Villegas et al., 2016) these approaches are less efficient with high operation cost and produce intermediate compounds as secondary pollutants (Rajasulochana and Preethy, 2016). Therefore biological treatment especially the use of microbial cultures is reported to significantly degrade phenol and its derivatives from different industrial wastewaters, particularly bacterial embedded treatments showed a significant reduction at low cost without secondary pollutants, and is eco-friendly (Banerjee and Ghoshal, 2010b; Wang et al., 2015; Chen et al., 2017; Tiwari et al., 2017).

Several bacterial groups are described to degrade phenol either by anaerobic or aerobic metabolic activity and utilize it as a sole energy source (Thavamani et al., 2012; Wang et al., 2015; Gu, 2016). Phenol degrading bacteria follow either the ortho cleavage pathway which converts catechol into intermediate cis, cis muconic acid or the meta cleavage pathway that converts catechol to 2-hydroxymuconic semialdehyde (2-HMSA) (Hamzah and Al-Baharna, 1994; Banerjee and Ghoshal, 2010b; Hasan and Jabeen, 2015; Wu et al., 2018) during phenol degradation. Different phenolic compounds at varying concentrations are reported to trigger either ortho or meta or both the metabolic cleavage pathways involved in phenol degradation (Wu et al., 2018). Pseudomonas cepacia ATCC 29351, when grown on salicylate, activates only the ortho-pathway, while benzoate activates both ortho and meta pathways (Hamzah and Al-Baharna, 1994; Mahiudddin et al., 2012). Pseudomonas putida ATCC 49451 degrades benzoate at 200–300 mg L–1 involving only the ortho pathway, but at higher concentrations of benzoate, the degradation involves both the pathways (Cao et al., 2008). Bacterial degradation of phenol and its derivatives like benzene and toluene had been inferred and extensively studied in different groups such as Pseudomonas sp. (Reardon et al., 2000; Mahiudddin et al., 2012; Hasan and Jabeen, 2015; Chen et al., 2017; Iqbal et al., 2018), Burkholderia sp. (Arora and Jain, 2012), Kocuria sp. (Wu et al., 2018), Acinetobacter sp. (Jiang et al., 2013; Iqbal et al., 2018), Arthrobacter sp. (Wong et al., 2015), Bacillus sp. (Banerjee and Ghoshal, 2010b; Hasan and Jabeen, 2015; Iqbal et al., 2018), Halomonas sp. (Haddadi and Shavandi, 2013), Arthrobacter sp. W1, etc. (Ma et al., 2013; Shi et al., 2014; Wong et al., 2015).

Degradation kinetics of microbial bioremediation in bioreactor offers evidence for optimum design and efficient bioremediation of phenol contaminated effluents (Banerjee and Ghoshal, 2010b). Generally, the derivatives of phenol and other co-contaminants such as heavy metals discharged from industries pose great challenge for efficient biodegradation and also depends on the tolerance level of the degrading bacterial isolates as these toxic substances negatively correlate with the degradation efficacy (Thavamani et al., 2012; Mohammadi et al., 2014; Satchanska et al., 2015; Wong et al., 2015; Chen et al., 2017; Iqbal et al., 2018). However, only few studies have reported microbial degradation of phenol particularly at high concentrations (i.e.) up to 1100 mg L–1, and limited studies have reported the biological degradation efficiency of phenol under the influence of different heavy metals such as chromium, etc., till date (Lima et al., 2008; Ontanon et al., 2015; Wong et al., 2015). Moreover, few studies have been carried out to assess the phenol degrading efficiency of bacteria isolated from distillery effluent contaminated Canna indica rhizosphere associated soil and to estimate the impact of heavy metals on the rate of phenol degradation. Hence exploration of strains with the capability to degrade phenol with high efficiency and with tolerance to multiple heavy metals can be promising candidates for the bioremediation of phenol contaminated effluents co contaminated with heavy metals which have inhibitory effects on bacterial degradation. So, this study aims (i) to isolate and characterize potential phenol degrading bacterial isolates, (ii) to evaluate kinetic models to determine the degradation efficiency of potential isolates, (iii) to identify molecular and metabolic pathways involved in the degradation of phenol, and (iv) to determine the impact of heavy metals pollutants in phenol biodegradation.



MATERIALS AND METHODS


Materials and Chemicals

Davis minimal medium (DMM), 4-aminoantipyrine, potassium ferrocyanide, catechol, sodium hydroxide pellets used in this study were purchased from HiMedia Laboratories Pvt. Ltd. Mumbai, phenol, 2-mercaptoethanol, ammonium hydroxide, glycerol, disodium EDTA, primers, acids and solvents were procured from Sigma, Aldrich, Tris Base, Agarose from Bio Basic Inc. All the following heavy metals CoCl2.2H2O, ZnSO4.H2O, (CH3COO)2Pb.3H2O, HgCl2, CdCl2, CuSO4.5H2O, NiCl2.6H2O, MnCl2.4H2O, and K2Cr2O7 were purchased from Merck Millipore, Taq DNA polymerase Master Mix from Ampliqon and PCR purification Kit from Favorgen Biotech Corp. were used.



Isolation of Bacteria From Rhizosphere Soil

Phenol degrading bacterial strains were isolated from rhizosphere soils of Canna indica grown in sites contaminated by effluents from Distillery plant located in Vuyyuru, Krishna District, Andhra Pradesh, India (16°21′52.7″N 80°51′52.2″E). Three individual C. indica plants were uprooted and the rhizosphere soils from each sample were collected aseptically in sterile polythene bags and pooled. About 10 g of rhizosphere soil was used for the isolation of phenol degrading bacterial isolates by aseptically dispensing it into 100 ml of DMM containing dipotassium phosphate (7 g L–1), monopotassium phosphate (2 g L–1), ammonium sulfate (1 g L–1), sodium citrate (0.5 g L–1) and magnesium sulfate (0.1 g L–1) with final pH 7.0 supplemented with 200 mg L–1 of phenol and enriched by incubating in the shaker at 160 rpm at 30°C for 24 h. Then 1 ml of the enriched soil suspension sample was serially diluted and spread on DMM plate amended with 200 mg L–1 of phenol as the sole source of carbon with 1.8% agar and incubated for 48 h at 30°C and the colony-forming units (CFU) were counted. Diverse individual colonies were selected and streaked in 200 mg L–1 phenol amended DMM medium and stored in 25% glycerol (v/v) at −80°C for further analysis.



Screening for Potential Phenol Degrading Strains

The bacteria isolates obtained from the DMM medium amended with 200 mg L–1 of phenol were screened to determine the phenol degrading efficiency by inoculating in DMM agar plates amended with different phenol concentration of 600, 700, 800, 900, 1000, and 1200 mg L–1. The inoculated plates were incubated at 30°C for 72 h and the isolates with efficiency to grow in phenol concentration of 1200 mg L–1 were selected and maintained as pure culture (Sandhu et al., 2009).



DNA Fingerprinting Analysis

Genomic DNA was isolated from efficient bacterial isolates capable of growing in 1000 mg L–1 of phenol and the diversity was analyzed using BOXA1R primer (5′-ACG GCA AGG CGA CGC TGA CG-3′) (Viswanath et al., 2015). Each 20 μl reaction containing 6 μl of 2X ampliqon red mix, 2 μl of 2.5 pmol primer, 2 μl of 50 ng template DNA was made up to 20 μl using double sterilized HPLC water. The PCR was carried by, initial denaturation at 94°C for 5 min, 35 cycles of 94°C for 3 s, 92°C for 30 s, annealing at 50°C for 1 min, extension at 68°C for 8 min, followed by final extension for 10 min then hold at 4°C. Around 20 μl of PCR products were electrophoresed for 6 h on 2% agarose gel prepared in 1X TAE buffer. The BOX-PCR DNA profiles were visualized under UV illumination and documented using a Gel DocTM XR+ Gel Documentation System (Bio-Rad, United States). The fingerprinting profiles were analyzed using GelJv.2 DNA tool by normalization, recognition, and assignment of bands on the gel by the Dice coefficient (Heras et al., 2015). The cluster analysis was performed by unweighted pair group method with arithmetic mean (UPGMA) algorithm and the dendrogram was constructed with similarity matrices.



16S rRNA Based Identification of the Phenol Degrading Bacterial Isolates

The 16S rRNA gene was amplified from the representative isolates of the BOX-PCR cluster groups using universal primers 27F (5′-AGA GTT TGA TCM TGG CTC AG-3′) and 1492R (5′-TAC GGH TAC CTT GTT ACG ACT T-3′) (Sekar et al., 2018). Each 20 μl reaction containing 6 μl of 2X ampliqon red mix, 2 μl of 2.5 pmol 27F and 1492R primers, 2 μl of 50 ng template DNA was made up to 20 μl using double sterilized HPLC water. The PCR conditions were as follows, initial denaturation 94°C for 5 min, 35 cycles of 94°C for 1 min, 55°C for 1 min and 68°C for 8 min. followed by final extension for 10 min then hold at 4°C. PCR products were electrophoresed on 1% agarose gel in 1X TAE buffer at 100 V for 30 min and amplified PCR products were purified using the FavorPrep GEL/PCR Purification Kit (Taiwan) and were sequenced. The taxonomic position of the isolates were identified by sequence similarity blast search against EzTaxon sequence database (Kim et al., 2012). The 16S rRNA phylogenetic tree was constructed using a neighbor-joining algorithm and confidence level in nodes were determined using 1000 bootstrap resampling conducted using the MEGA v6 (Kumar et al., 2016).



Determination of Growth, Phenol Degradation, and Quantification of Substrate

The growth and phenol degrading efficiency of representative isolates from each cluster groups of BOX profiles were determined in DMM broth with 1000 mg L–1 phenol. The culture inoculated broths were incubated in 30°C at 160 rpm for 96 h, the sample were withdrawn at every 24 h and analyzed for phenol concentration. A 1 ml of culture was centrifuged at 8000 rpm for 10 min to remove the cell debris and 50 μl of supernatant was made up to 1 ml and used to determine the phenol residual content through modified 4-amino antipyrine method at absorbance 510 nm by adding 25 μl of 0.5 N NH4OH to sample, followed by 15 μl of PBS (pH-6.9), 11 μl of 4-aminoantipyrine, and 11 μl of potassium ferrocyanide and incubated at 30°C room temperature for 15 min. The appearance of dark red color indicated positive reaction and intensity was measured using MultiskanTM GO Microplate Spectrophotometer at 500 nm (APHA, 2017). Phenol standard was prepared with the concentration range of 100 mg L–1–1200 mg L–1, linear equation Y = 0.002447∗X + 0.1423 was obtained and used to determine phenol concentration of unknown samples (Supplementary Figure S1).



Assessment of Growth Rate and Phenol Degradation Kinetics of MSSRFPD35

The biodegradation of phenol by a potential isolate MSSRFPD35 was determined in batch mode in 250 ml Erlenmeyer flask containing 95 ml of DMM with initial phenol concentration ranging from 0 to 1117 mg L–1. A 5% inoculum of MSSRFPD35 (8 log CFU ml–1) grown in DMM broth with phenol (200 mg L–1) was inoculated in DMM medium amended with phenol concentrations of 0 to 1117 mg L–1, flask without inoculation served as controls and the assay was performed in triplicates. The inoculated flasks were incubated on a rotary shaker at 160 rpm for 120 h at 30°C. At every 12 h time interval samples were withdrawn from each conical flask and the growth rate was measured as absorbance at 600 nm using MultiskanTM GO Microplate Spectrophotometer (APHA, 2017).



Cell Growth Rate Kinetics

The growth absorbance of MSSRFPD35 was converted into dry biomass using linear coefficient derived from growth absorbance vs. dry biomass (X), the cell growth was follows first-order kinetics.
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when integrating Eq. (2) with limit t0 (initial time) to t (a time when maximum biomass reached), it becomes
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where X0 – initial biomass, X – biomass at time t, and Eq. (3) rewritten as
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The experimental specific growth rate (μ) was calculated from the slope of a semi-logarithmic plot of dry biomass ln(X/X0) vs. time.

The growth rate of microbes on inhibitory substrates such as phenol is often described using the substrate inhibition model especially the Haldane’s kinetic model Eq. (5)
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Experimental μ was calculated for each initial phenol concentration and this μ value against different initial phenol concentration (S0) was used to predict various kinetic parameters of Haldane’s kinetic model using non-linear regression analysis.

Here μ∗ is one of the fitting parameters of the Haldane model, the true μmax occurs when dμ/dS = 0;
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Replacing Eq. (6) in Eq. (5), (Christen et al., 2012).
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Where μmax is true maximum growth rate, calculated from Eq. (7).



Degradation Kinetics

The phenol degradation rate from each sample was estimated by using 4-aminoantipyrine method as described above (APHA, 2017). Reduction of phenol content is non-linear concerning time, first-order kinetics was adopted for degradation.
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Integrate Eq. (9) with time t0 to t (when complete depletion of phenol)
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where S0 – initial phenol concentration, S – phenol concentration at time t.
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To determine the degradation rate (q) initial phenol concentration (S0) was acquired from the slope of the linear curve by plotting between −ln(S/S0) and time. The phenol degradation kinetics was acquired by experimental degradation rate of individual phenol concentration (Banerjee and Ghoshal, 2010b; Satchanska et al., 2015). To predict the coefficient values, Haldane’s inhibitory model was used (Eq. 12),

[image: image]

Where Ks′ saturation constant, Ki′ Inhibition constant, S substrate conc. at time t.



Molecular Metabolic Pathway Identification

The degradative enzymes involved in phenol degradation was assessed by targeting the genes coding for catechol 1,2-dioxygenase (CBT77506) and catechol 2,3-dioxygenase (PJJ43550). The nucleotide sequences of these enzymes from Glutamicibacter spp. were extracted from the European Nucleotide Archives (ENA). Primers were designed for catechol 1,2-dioxygenase gene between 321 bp and 730 bp AC12O-F (5′-ATC GAA GGC CCT TAC TAC-3′); AC12O-R (5′-AAG TAC AGC TGG GCG GTG A-3′) and for catechol 2,3-dioxygenase between 3 bp to 819 bp AC23O-F (5′-GAG CAA AGA GAT CGC AAA CC-3′); AC23O-R (5′-GTA GAT CTC GAT GCG GTG GT-3′) using Primer3Plus program (Untergasser et al., 2012). PCR was carried out in a Bio-Rad thermal cycler with 20 μl of reaction mixture containing 2.5 pmol of each forward and reverse primer, ∼50 ng of DNA template, 1X Ampliqon Taq DNA Polymerase Master Mix RED, and the amplification conditions were as follows, an initial denaturation for 5 min at 94°C, followed by 35 cycles at 94°C for 1 min, 56°C for 1 min and 72°C for 1 min, with a final extension at 72°C for 10 min. 5 μl of the PCR product from each sample was electrophoresed using 1% (w/v) agarose gel with 100 bp marker (Thermo, India) and later purified using FavorPrep GEL/PCR Purification Kit (Taiwan). The purified products were sequenced using capillary electrophoresis on an ABI 310 Genetic Analyzer (Applied Biosystems). The identities of the sequenced fragments were determined through BLASTN analysis and CLUSTALW alignment was performed using similarity sequences and the phylogenetic relationship was determined using the neighbor-joining method, with bootstrap analysis (1000 data sets) through Molecular Evolutionary Genetics Analysis (MEGA 6) (Kumar et al., 2016).



Detection of Enzymatic Cleavage Pathway Involved in Phenol Degradation

The strain MSSRFPD35 was inoculated in DMM medium containing 1000 mg L–1 of phenol and harvested at late exponential phase (48 h) by centrifugation at 8000 rpm at 4°C for 10 min. The bacterial cells were washed and resuspended in Tris-HCl buffer (pH 7.6) and kept in ice to avoid heat generation during sonication for 4 min (1 or 2 min off) and to achieve complete lysis. The intracellular crude enzyme present in supernatant were separated from cell debris by centrifugation at 8000 rpm 4°C for 10 min and the cell-free extracts were stored at −20°C. Catechol 1,2-dioxygenase (Ortho enzymatic cleavage assay) and catechol 2,3-dioxygenase (Meta enzymatic cleavage assay) enzyme activities were spectrophotometrically determined using 3.5 ml of quartz cuvette as described by Feist and Hegeman (1969).

The enzymatic assay for Ortho cleavage pathway was performed using 0.7 ml of distilled water, 2 ml of 50 mM Tris-HCL, 0.1 ml of 100 mM β-mercaptoethanol, 0.1 ml of 1 mM catechol and 0.1 ml of cell-free extract. The formation of aromatic ring cleavage product cis, cis muconic acid was measured spectrophotometrically at an absorbance of 260 nm. Similarly, the enzymatic assay for meta cleavage pathway was carried out using 0.6 ml of distilled water, 2 ml of 50 mM Tris-HCl, 0.2 ml of 100 mM catechol and 0.2 ml of cell-free extract mixed well and the increase in absorbance was measured at 375 nm for 5 min. The formation of 2-HMSA from catechol indicates the presence of catechol 2,3-dioxygenase activity at an absorbance of 375 nm. Enzyme activity and specific activities were calculated by equation described by Bhardwaj et al. (2015).



Heavy Metal Tolerance Assay

Heavy metal tolerance and phenol degradation potential of MSSRFPD35 were determined using manganese (II) MnCl2.4H2O – 800 mg L–1; iron (II) FeSO4 – 400 mg L–1; Zinc (II) ZnSO4.H2O – 600 mg L–1; lead (II) (CH3COO)2 Pb.3H2O – 200 mg L–1; cadmium (II) CdCl2 – 50 mg L–1; chromium (VI) K2Cr2O7 – 50 mg L–1; nickel (II) NiCl2.6H2O – 20 mg L–1; copper (II) CuSO4.5H2O – 20 mg L–1; cobalt (II) CoCl2.2H2O – 10 mg L–1; and mercury (II) HgCl2 – 10 mg L–1 in DMM medium with 1000 mg L–1 of phenol. The flasks were inoculated with 5% inoculum of G. nicotianae MSSRFPD35 (8 log CFU ml–1) and incubated on a rotary shaker at 160 rpm for 72 h at 30°C. DMM medium without heavy metals and inoculation were maintained as control and all the treatments were performed in triplicates. The samples from flasks were collected at every 24 h intervals and phenol concentration was measured.



Growth on Different Aromatic Substrates

Growth of MSSRFPD35 in different phenol derivatives like tannic acid 50 mg L–1; cinnamic acid 100 mg L–1; 1-chloro-2,4-dinitro benzene 50 mg L–1; 4-nitrophenol 50 mg L–1; catechol 100 mg L–1; 1-naphthol 50 mg L–1; naphthylamine 50 mg L–1; and gallic acid 200 mg L–1 was screened by inoculating 5% inoculum (8 log CFU/ml) of MSSRFPD35 in DMM broth containing phenol derivatives at the above-mentioned concentration and incubated at 30°C on a rotary shaker at 160 rpm. Bacterial growth was measured at 600 nm absorbance (MultiskanTM GO, Thermo Scientific) after 72 h of incubation. Individual derivatives in DMM without inoculum served as negative control and were performed in triplicates.



Microcosm Study

Microcosms were set up by adding 50 g of soil in 250 ml conical flask and sterilized with three cycles of autoclaving. A uniform volume of 17.5 ml at different concentrations (65 mg L–1, 110 mg L–1 and 240 mg L–1) of phenol in sterile distilled water and 2.5 ml inoculum with 8 log10 CFU ml–1 of G. nicotianae MSSRFPD35 were added into the respective flask under aseptic condition and mixed thoroughly to get a uniform suspension of soil, phenol, and the inoculum. The treatments without microbial inoculum served as control and were performed in triplicates. The flasks were kept in 30°C for 10 days with gentle mixing at every 24 h. About 500 mg of soil samples were collected at the time of inoculation and on the 10th day of incubation from each treatment and suspended in 500 μl of distilled water, vigorously mixed and phenol was extracted by collecting the aqueous phase of the mixture and the phenol concentration was determined from the extracted samples as described above (APHA, 2017).



Statistical Analysis

All experiments were performed in triplicates, regression analysis and kinetics methodology were done using GraphPad Prism 6. The analytical results were compared by applying a one-way ANOVA and significant differences among treatments were determined by Student’s t-test.



Strains and Gene Sequences Submission

The isolated strains from this study were submitted to M. S. Swaminathan Research Foundation Culture Collection [WDCM Registered Number (1220) and accession are provided, MSSRFPD35 = MSSRFCC1542]. The gene sequences from this study were submitted to GenBank/EMBL and the accession numbers for the 16S rRNA gene of the phenol degrading bacterial are KY849351, KY849352, KX901882 – KX901885, catechol 1,2-dioxygenase gene – MK656957 and catechol 2,3-dioxygenase gene – MK656958.



RESULTS


Isolation and DNA Fingerprinting of Phenol Degrading Bacteria

The enriched Canna indica rhizosphere soil suspension spread plated on DMM agar medium amended with 200 mg L–1 of phenol yielded 7.3 log10 CFU ml–1 after 48 h of incubation at 30°C. Around 128 different morphotype bacterial colonies were isolated and the phenol tolerance assay revealed that 11 isolates which were the most dominant colonies could grow in 1000 mg L–1 of phenol concentration and were coded as MSSRFPD27, MSSRFPD28, MSSRFPD29, MSSRFPD30, MSSRFPD35, MSSRFPD36, MSSRFPH100, MSSRFPH124, MSSRFPH134, MSSRFPH139, and MSSRFPH145. The BOX-PCR fingerprinting analysis showed the existence of polymorphism by amplifying three distinct patterns among the isolates. Dendrogram generated based on BOX-PCR profile with Dice coefficient and the UPGMA clustering method with 90% tolerance level revealed the existence of three diverse cluster groups (Cluster I, II, and III) at 85% similarity coefficient (Supplementary Figure S2).



Taxonomical Identification

Two isolates from each BOX-PCR cluster groups were chosen and the 16S rRNA was amplified and sequenced for taxonomical identification. The EzTaxon analysis revealed that representative isolates of cluster groups I (MSSRFPD27 and MSSRFPD30), II (MSSRFPD28 and MSSRFPD36), and III (MSSRFPD29 and MSSRFPD35), showed 99.9% identity to G. nicotianae DSM 20123T, followed by 99.45% similarity index with G. mysorens LMG 16219T and 99.24% with G. arilaitensis Re117T. Phylogenetic analysis of 16S rRNA of the phenol degrading isolates and closest type strains sequence revealed the isolates from cluster groups I, II, and III formed a monophyletic clade with G. nicotianae DSM 20123T which indicates that MSSRFPD36 and other isolates belong to the group of G. nicotianae with high phenol degrading efficiency (Figure 1).
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FIGURE 1. Neighbor-joining tree based on partial 16S rRNA gene sequences of phenol degrading strains and other closely related strains.




Biodegradation of Phenol

Based on the BOX-PCR and 16S rRNA analysis 3 polymorphic isolates MSSRFPD30, MSSRFPD35, and MSSRFPD36 were used to determine the phenol degrading efficiency and rate of degradation at 1000 mg L–1. Among the three strains, MSSRFPD35 rapidly degrade the 1000 mg L–1 of phenol completely within 48 h of incubation, followed by MSSRFPD30 and MSSRFPD36 in 60 h and 96 h, respectively (Figure 2). This indicated strain MSSRFPD35 is highly potential and an efficient phenol degrading isolate obtained from this study.
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FIGURE 2. Determination of phenol degradation efficiency of representative isolates from each BOX PCR cluster groups at 1000 mg L–1 phenol.




Growth Kinetics and Degradation Kinetics

Time course assay of G. nicotianae MSSRFPD35 revealed that degradation of phenol at conc. range of 41.23 to 1117.11 mg L–1 was reached within 6 and 60 h, respectively, with maximum biomass of 1312 mg L–1 (Figure 3A). The biomass at different initial phenol concentration measured every 12 h at OD 600 nm was converted into dry biomass (mg L–1) to calculate growth rate (Figure 4). Haldane model showed a correlation coefficient R2 value of 0.98 when inhibiting phenol concentrations were used as substrate and is well fitted with experimental data (Figure 3B). The predicted kinetic parameters were μ∗ 0.574 h–1, Ks 20.29 mg L–1 and Ki 268.1 mg L–1. The values of kinetic parameters μ∗ predicted maximum growth rate, Ki inhibition constant and Ks half-saturation constant help in identification of substrate’s inhibition character. True maximum growth rate (μmax) and substrate (Sm) concentration at which it occurred were calculated by Eqs. (7) and (6) as 0.37 h–1 and 73.76 mg L–1, respectively. Here graphically predicted growth rate μ∗ (0.574) and true growth rate μmax (0.37) which were overestimated by 55% are shown in Table 1. Depletion of phenol concentration calculated for every 12 h up to 96 h was used to calculate the degradation rate of phenol (Figure 5). Degradation rate for each Si was calculated from the slope of the plot between negative logarithmic substrate concentration, −ln(S/Si) and time, t. The qs values clearly showed an inhibition effect which was reduced when Si was increased. The kinetic parameters were q∗ 1.244, Ks′ 9.152, Ki′ 517.5, Sm′ 68.820 and true maximum degradation rate qmax 0.983 obtained (Table 2) with correlation coefficient value of 0.75 (Figure 3C).
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FIGURE 3. (A) Time course of growth and phenol degradation by G. nicotianae MSSRFPD35 at initial phenol (B) relationship between specific growth rate (μ), and (C) specific degradation rate (q) and initial substrate concentration (Si). Haldane’s model simulation was fitted to the experimental values of μ and q.
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FIGURE 4. Biomass of MSSRFPD35 at a various phenol substrate concentration.



TABLE 1. Growth kinetic fitting parameter of MSSRFPD35 and calculated parameters of different microbes grown in phenol.
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FIGURE 5. Time course of phenol degradation by MSSRFPD35 at different concentrations of phenol.



TABLE 2. Degradation kinetic fitting parameter and calculated parameters of different microbes grown in phenol.
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Molecular and Metabolic Pathways Involved in Phenol Degradation

The genes coding for catechol 1,2-dioxygenase and catechol 2,3-dioxygenase that are involved in the degradation of phenol in MSSRFPD35 showed amplification of 409 bp and 816 bp, respectively. The BLASTX analysis of the amplified PCR product sequence showed similarity to catechol 1,2-dioxygenase with 98.25% identity to Glutamicibacter arilaitensis Re117T and Arthrobacter sp. W1, followed by 97.3%, to Arthrobacter sp. MYb213 and Glutamicibacter sp. BW77 (Supplementary Figure S3). The sequence analysis of the amplified product of catechol 2,3-dioxygenase gene showed 96% identity with catechol 2,3-dioxygenase of G. mysorens, followed by 96.43% identity with 3,4-dihydroxyphenylacetate 2,3-dioxygenase of G. arilaitensis Re117T (Supplementary Figure S4). The enzymatic assay of MSSRFPD35 culture extract confirmed that it follows the ortho cleavage pathway by increasing absorbance at 260 nm from 0.035 to 0.079 by the formation of aromatic ring cleavage product cis, cis muconic acid. Enzyme activity of MSSRFPD35 toward catechol 1,2-dioxygenase calculated was 0.046 μmol min–1 and specific activity 0.008 μmol min–1 μg–1, whereas compounds denoting meta cleavage were not detected which was confirmed by no increase in absorbance at 375 nm and no specific enzyme activity was observed. It indicates that isolate MSSRFPD35 follows ortho cleavage pathway for the degradation of phenol though the genome information for meta pathway was also detected.



Phenol Degrading Efficiency of MSSRFPD35 in the Presence of Different Heavy Metals

The phenol degrading efficiency of MSSRFPD35 was not affected in the presence of heavy metal ions such as Mn (800 mg L–1), Zn (600 mg L–1), Pb (200 mg L–1), Ni (20 mg L–1). The phenol degradation was 99% in the presence of heavy metals Pb and Ni, 83% and 93% in the presence of Mn and Zn, respectively, with the time frame of 72 h (Figure 6). Heavy metal Cu (20 mg L–1) and Co (10 mg L–1) amended medium had an inhibitory effect on phenol degradation, were in only 24% and 43% of phenol were degraded, respectively, in 72 h of incubation. While Cd (50 mg L–1), Cr (50 mg L–1), and Hg (200 mg L–1) completely inhibited the growth of MSSRFPD35 and no phenol degradation was observed. The strain MSSRFPD35 grew in the presence of aromatic compounds like 4-nitrophenol (50 mg L–1), gallic acid (200 mg L–1), cinnamic acid (100 mg L–1), naphthol (50 mg L–1), tannic acid (50 mg L–1), naphthylamine (50 mg L–1), and catechol (100 mg L–1) by utilizing all of these as sole carbon source, but was not able to utilize 1-chloro-2,4-dinitrobenzene and failed to grow in the amended medium.
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FIGURE 6. Phenol degradation profiles of MSSRFPD35 under the influence of different heavy metals. Values are mean ± SD of triplicate sets, **P-value = 0.01–0.001, ***P-value = less than 0.001 and nsP-value greater than 0.05 represent the significant difference according to Duncan multiple range test compared to control.




Soil Microcosm

The microcosm experiment conducted with soil slurry spiked with 65 mg L–1, 110 mg L–1 and 240 mg L–1 of phenol showed ∼84% degradation when inoculated with MSSRFPD35 compared to uninoculated soil samples at 10th day of incubation. In the soil slurry amended with 240 mg L–1 of phenol showed 94.9% degradation, followed by 84% of degradation of 65 mg L–1 and 91% of 110 mg L–1 degraded in 10 days of incubation (Figure 7). Control soils without bacterial inoculum showed no significant change in phenol concentration indicating no physiological degradation. Hence, MSSRFPD35 had the potential to degrade phenol not only under laboratory conditions but also in contaminated soils.
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FIGURE 7. Degradation level of phenol by MSSRFPD35 in sterile soil microcosm. Values are mean ± SD of triplicate sets, ∗∗∗P-value = less than 0.001 represent the significant difference according to Duncan multiple range test compared to control.




DISCUSSION

Globally, contamination of phenol and its derivatives in soil and water from industrial effluents are increasing which have major toxic effects to all living organisms (Prasse et al., 2018; Wu et al., 2018). Bioremediation of toxic pollutants and inorganic components by microorganisms is a cost-effective and environmentally safe approach (Satchanska et al., 2015; Tiwari et al., 2017). Gu (2016) discussed the key components for efficient biodegradation of environmental pollutants, and hence understanding of the microbial system with the knowledge on metabolism, nutrient utilization, growth rate and subsequently kinetics are essential. This study for the first time attempted to isolate potential phenol degrading bacteria from distillery effluent contaminated C. indica rhizospheric soils. Among the microorganisms, bacterial species are often dominantly involved in the degradation of phenol and its derivatives (Whiteley et al., 2001; Banerjee and Ghoshal, 2010a; Pal et al., 2014; Shahryari et al., 2018; Wu et al., 2018). Our study also revealed the presence and abundance of diverse potential phenol degrading Arthrobacter strains associated with rhizosphere soils of C. indica. The 16S rRNA analysis of all the cluster groups showed similarity to the strain G. nicotianae, reclassification of Arthrobacter nicotianae (Busse, 2016) but the BOX-DNA fingerprinting analysis significantly showed the existence of an intra-species population. Ellegaard and Engel (2016) reported that intra-species variation cannot be resolved using 16S rRNA based analysis because of high sequence conservation in the 16S rRNA gene. The strains showed different degrees of phenol degradation indicating the intra-species genetic variation in the BOX PCR fingerprinting pattern. The genetic variation among the clustered identical isolates might exhibit significant variation in the phenol degradation efficiency. This indicates that the genotypic and phenotypic plasticity of the strains is due to the lateral gene transfer which was observed in several other genera associated in different niches (Whiteley et al., 2001; Bedhomme et al., 2019).

Among the bacterial genera, Arthrobacter sp. class 1 microorganism are reported as key candidates involved in the degradation of phenolic compounds habited in soil and rhizosphere regions (Arora and Sharma, 2015; TRBA, 2015; Wang et al., 2015; Busse, 2016). Studies using Arthrobacter nicotianae sp. W1 which preferentially grew on ethylbenzene, toluene, catechol, benzene, xylene, and cresol involved a synergistic mechanism in the degradation process (Ma et al., 2013; Wong et al., 2015) of pentachloronitrobenzene (Wang et al., 2015). In this study, we are reporting G. nicotianae MSSRFPD35 with potential to degrade phenol up to 1113 mg L–1 within 60 h under minimal nutrient conditions, comparatively this is one of the efficient phenol degrading strain reported so far. Among the G. nicotianae isolates from this study, the degree of phenol degradation varied significantly, which indicates that degradation potential is not strongly associated with the genus (or) species. The potential of phenol degradation is a specific trait of the individual strain. Several studies reported that degree of phenol degradation and other functional traits varies among the same group, due to its habitat, presence of respective gene and its level of expression (Wang et al., 2015; Tian et al., 2017; Bedhomme et al., 2019). Strain Arthrobacter citreus was reported to degrade 470 mg L–1 phenol in 24 h (Karigar et al., 2006); Arthrobacter chlorophenolicus A6 has potential to degrade high concentrations of 4-CP (up to 347 mg L–1), 4-nitrophenol and 4-bromophenol phenol derivatives (Westerberg et al., 2000). Phenol degradation by Acinetobacter sp. SA01 isolated from farmland contaminated with pesticides and oil refinery pollutants was observed at 1000 mg L–1 of phenol after 60 h under the optimum condition of pH 7, 30°C and 180 rpm (Shahryari et al., 2018). P. putida MTCC 1194 degrade phenol at concentration of 1000 mg L–1 in 162 h (Kumar et al., 2005). Strain Kocuria sp. TIBETAN4 isolated from hyper-saline and alkaline soda lake soil could degrade 470.5 mg L–1 phenol within 3 days, 705 mg L–1 phenol within 4 days, but the degradation of 941 mg L–1 phenol was lengthened to 10 days for complete degradation (Wu et al., 2018).

In the time course assay lag phase of G. nicotianae MSSRFPD35 extended with increasing phenol concentration in the medium, which prolonged the time of biodegradation. Shahryari et al. (2018) reported 18 h lag phase stage of Acinetobacter sp. SA01 and Pseudomonas sp. NCCP-407 to degrade 1000 mg L–1 and 750 mg L–1 of phenol, respectively. Christen et al. (2012) stated that the bacterial cultures that were acclimatized in appropriate substrate concentration had less or no lag phase. However, MSSRFPD35 had no lag phase up to 980 mg L–1 of phenol, but increasing concentration up to 1117 mg L–1 of phenol had 12 h of lag phase which depict the efficiency of MSSRFPD35 to acclimatize to high phenol concentrations. Increasing concentration of phenol can influence changes in the cell membrane and protect the cell from toxic effects of phenol (Murinova and Dercova, 2014) also the cell takes a longer time to adapt to phenol toxicity. The specific growth rate of MSSRFPD35 strain was higher than P. putida LY1 (Li et al., 2010), Bacillus brevis (Arutchelvan et al., 2006) and Sulfolobus solfataricus 98/2 (Christen et al., 2012). It was almost equivalent to earlier reported potential phenol degrading strains like Alcaligenes sp. TW1 (Essam et al., 2010) and B. cereus MTCC 9817 (Banerjee and Ghoshal, 2010b). Gulosibacter sp. YZ4 has a higher specific growth rate of 0.6 mg L–1 which can degrade 2000 mg L–1 of phenol within 72 h (Zhai et al., 2012). Similarly, MSSRFPD35 can degrade 1100 mg L–1 of phenol within 60 h.

The Ks values which depict the affinity toward the phenol substrate was on the lower side for MSSRFPD35 and is equivalent to P. putida LY1, Candida tropicalis PHB5 and Bacillus brevis. Inhibition constant Ki for G. nicotianae MSSRFPD35 was in medium-range among reported strains and it is similar to Paecilomyces variotii JH6 (Wang et al., 2010) and S. solfataricus 98/2 (Christen et al., 2012). The Ki value in this study indicates the higher tolerance of MSSRFPD35 toward phenol when compared to other bacteria reported. Higher values of Ki denote lower inhibition which leads to Monod kinetic model and also indicates the concentration up to which the bacterial strain can tolerate shock loads (Bajaj et al., 2009). Inconsistency among the predicted (μ∗) and true (μmax) maximum growth rate were demonstrated in earlier studies conducted using substrate phenol (Christen et al., 2012; Basak et al., 2014). In this study, graphically predicted μ∗ (0.574) and true growth rate μmax (0.37) were overestimated. However, compared to other bacteria the μmax of MSSRFPD35 was second higher after Alcaligenes sp. TW1 (Essam et al., 2010). Though Sm of MSSRFPD35 was lower among few previous studies, it was higher than C. tropicalis PHB5 and P. putida LY1 but equal to Alcaligenes sp. TW1. This indicates that phenol concentration of 73.76 mg L–1 is the optimal substrate concentration for bacterial growth, while increment in substrate concentration above this inhibited the bacterial growth and biomass formation. Higher values of specific growth rate denoted that MSSRFPD35 can utilize the phenol in a comparatively lesser duration of 60 h. Though specific degradation rate is usually independent of Si, phenol as a substrate showed inhibitory effect on specific degradation rate qs in different studies (Yan et al., 2005; Bai et al., 2007).

Molecular analysis showed the MSSRFPD35 catechol 1,2-dioxygenase gene sequence confirms the similarity to Glutamicibacter spp., while catechol 2,3-dioxygenase enzyme-coding gene sequence showed similarity only with catechol 2,3-dioxygenase of G. mysorens. The sequence results did match with 3,4-dihydroxyphenylacetate and 2,3-dioxygenase gene of Glutamicibacter sp. Even though primers were designed to target a highly specific region of catechol 2,3-dioxygenase enzyme-coding gene, it was not depicted in blast analysis. Its due to the diversity in the enzyme gene sequence regions which is highly variable with less similarity to the target enzyme sequence, whereas both enzymes, homoprotocatechuate 2,3-dioxygenase and catechol 2,3-dioxygenase belongs to the same family of oxidoreductases and is involved in decyclizing of aromatic ring (Sandhu et al., 2009; Tian et al., 2017). The results confirmed that MSSRFPD35 and other Glutamicibacter sp. in this study might possess coding regions for both catechol 1,2-dioxygenase and catechol 2,3-dioxygenase enzymes. Though the gene coding for catechol 2,3-dioxygenase was amplified from the genomic DNA of MSSRFPD35, only catechol 1,2-dioxygenase enzymatic activity was detected indicating that MSSRFPD35 adopted ortho pathway to breakdown catechol intermediate and not meta pathway. Similarly in S. solfataricus 98/2 phenol degradation adopted the meta pathway with catechol 2,3-dioxygenase enzyme, though it possesses both catechol 1,2-dioxygenase and catechol 2,3-dioxygenase genes (Comte et al., 2013). Alkylphenol degrading Pseudomonas sp. TX1, and P. putida TX2 were reported to possess coding genes for both the enzymes (Tuan et al., 2011).

Glutamicibacter spp. were reported to degrade aromatic derivatives like pentachlorobenzene, p-cresol, benzene and toluene, even though the toxicity of aromatic compounds depends on other functional groups attached to the derivatives, most of them formed intermediate in the form of catechol derivatives (Vikram et al., 2013). Wang et al. (2009) reported G. nicotianae W1 adopted ortho pathway in the degradation of phenol p-cresol and mixed phenolic compounds. Presence of catechol dioxygenase enzyme in MSSRFPD35 evidenced that the catechol derivatives could be cleaved and can be converted to simpler forms. For example, distillery effluent contains phenolic acids and its derivatives like gallic acid, cinnamic acids and also other aromatic derivatives that are abundantly used in pesticide, plastic, explosives petrochemical and organic synthesis industries (Arora and Jain, 2012).

The strain MSSRFPD35 could degrade high levels of synthetic phenol in the presence of different heavy metals; present in industrial effluents that are predominantly contaminated with phenolic and other aromatic derivatives. It is an added functional property of the strain and the application may be expanded in the bioremediation of effluents discharged from the industries. Phenol degrading efficiency in the presence of heavy metals is an important criteria for a strain as these heavy metals are released as co-contaminates along with phenol that would inhibit the bacterial growth and decrease the biodegradation efficiency (Thavamani et al., 2012; Wong et al., 2015). Majority of the heavy metals are reported to be toxic to many bacterial groups by altering the cell morphology, disrupting the cell membrane, directly inhibiting the electron transport enzyme activity, decreasing the biomass, inhibiting growth and damaging the nucleic acid structure (Nies, 1999; Bruins et al., 2000; Sandrin and Maier, 2003; Janicka-Russak et al., 2008). But certain bacterial groups exhibit tolerance to multiple heavy metals at varied concentrations. The major mechanism involved in tolerance is through intracellular and extracellular metal sequestration, metal oxidation, methylation, demethylation, metal-organic complexion, metal-ligand degradation, exclusion by permeability barrier, and production of metal chelators like metallothioneins and exopolysaccharide (Ramasamy and Banu, 2007; Igiri et al., 2018). Silva et al. (2012) reported that the presence of heavy metals Fe3+ and Mn2+ stimulated the catechol dioxygenase activity of Gordonia polyisoprenivorans. Copper metal has a negative reaction toward Fe-S enzymes like ring-hydroxylating dioxygenases and intradiol cleavage dioxygenase which are involved in aromatic metabolic pathway (Grass et al., 2011). Yeom and Yoo (1997) reported that benzene and toluene degradation by Alcaligenes xylosoxidans Y234 were highly inhibited by Co2+ and Ag+ and Cu2+ which affects the catechol 1,2 dioxygenase enzymatic reaction. Lima et al. (2008) reported that Burkholderia cepacia utilized phenol (100 μg ml–1) in the presence of K2Cr2O7 at the concentration of 100 to 200 μg ml–1. Similarly, El-Naas et al. (2009) reported biodegradation of phenol by P. putida at the concentration of 150 mg L–1 and reported heavy metal ions such as iron, aluminum and zinc had no effect on the phenol biodegradation rate. Ontanon et al. (2015) reported degradation of phenol by Bacillus at maximum concentrations of 1000 mg L–1 and reduced Cr (VI) to Cr (III). This study revealed the potential of MSSRFPD35 in degrading phenol in the presence of different heavy metals. Satchanska et al. (2015) also reported that bacterial strains B. subtilis KCMRG5 and P. rhodesiae KCMR5 were able to degrade phenol in the presence of heavy metals. P. fluorescens (BBN1) and P. corrugata (BBB2) were reported to degrade PAH which were able to tolerate 993.6 mg L–1-Pb (NO3)2, 717.83 mg L–1-ZnSO4 and 499.36 mg L–1-CuSO4, respectively (Máthé et al., 2012). However, no evaluation of heavy metal effect on phenol biodegradation by G. nicotianae has previously been performed. The present study indicates that G. nicotianae MSSRFPD35 strain can degrade phenol in the presence of Pb, Ni, Cu, Co, Mn, and Zn metals which might occur as co-pollutants in industrial effluent. Soil microcosm studies also confirmed the in vivo bioremediation potential of MSSRFPD35 and to degrade phenol in contaminated soils. Though there are no studies on soil microcosm with phenol as a substrate, some studies reported 90% degradation of chloro-nitro phenol by Burkholderia sp. RKJ 800 (Arora and Jain, 2012) and Cupriavidus sp. a3 (Tiwari et al., 2017) and 2 nitrobenzene by Arthrobacter sp. SPG in soil (Arora and Sharma, 2015). Strain MSSRFPD35 holding a capacity of tolerating heavy metals, degrading relatively high concentrations of phenol in a shorter time and other phenol derivatives showed promising prospect for application in the remediation of phenol contaminated sites.



CONCLUSION

The strain G. nicotianae MSSRFPD35 proved to degrade phenol at relatively high concentration via catechol 1,2-dioxygenase directed ortho pathway, specifically in the presence of different heavy metals. The growth and degradation kinetics of the strain MSSRFPD35 utilizing phenol as a sole carbon and nutrient source was well characterized by Haldane model where the μmax, Ki and Ks were described. The strain was capable of growing in various monocyclic and polycyclic aromatic hydrocarbons, tolerate and degrade phenol in the presence of heavy metals like lead, zinc, manganese, iron, and nickel. The versatility of this strain can be exploited for promoting it as a renewable resource for biodegradation of phenol and its derivatives co-contaminated with heavy metals discharged from various industries.
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Aluminum (Al)-resistant plant cultivars can recruit beneficial microbes to alleviate the stresses. However, the mechanism of how rhizobacterial communities strengthen Al tolerance of wild soybean has not been addressed. The aim of this study was to investigate the bacterial community structure in the rhizosphere of Al-tolerant (BW69) and Al-sensitive (W270) wild soybean germplasm subjected to three Al concentrations. We analyzed the rhizobacterial communities of the two genotypes by high-throughput sequencing of 16S rRNA genes. The results showed that high Al stress recruited different rhizobacterial communities between two genotypes. In total, 49 OTUs, such as OTU15 (Gammaproteobacteria_KF-JG30-C25_norank), OTU23 (Mizugakiibacter), and OTU93 (Alkanibacter), were enriched in the rhizosphere of BW69 at the low and high Al concentrations. Moreover, bacterial community in the rhizosphere of BW69 had a more complex co-occurrence network than did W270 at the high Al concentration. Overall, our findings highlighted that high Al concentration magnified the difference in rhizobacterial community structure between two genotypes. However, the lower modularity of the co-occurrence network in rhizosphere of BW69 than W270 under Al stress may cause the rhizobacterial community to be less resistant and more influenced by disturbance. This study emphasizes the possibility of using rhizobacteria as an improved crop breeding or gene to produce crops that are more resistant to the toxicity of heavy metal.
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INTRODUCTION

Acidic soils with pH less than 5.5 account for about 30% of the world’s arable soils (von Uexküll and Mutert, 1995). Aluminum (Al) toxicity is one of the crucial factors limiting the growth of crops in acidic soils (Kochian et al., 2005). The main toxicity of Al to plants inhibits root growth and the absorption of water and nutrients (Liang et al., 2001). For instance, Al3+ could bind with phosphorus (P) in the soil and lead to the P deficiency (Verma et al., 2005; Zelinová et al., 2009). Al also reduces the conversion efficiency of NO3– to NH4+ and thus further increases the toxicity of Al because NH4+-N could mitigate the toxicity of Al (Matsumoto and Yamaya, 1986; Rengel and Elliott, 1992; Ma et al., 2002; Zhao and Shen, 2018).

The secretion of organic acids from roots, such as citric acid, oxalic acid, and malic acid, is one of the important mechanisms for plant to alleviate Al toxicity (Ma et al., 2001). These organic acids released from plant roots can chelate Al ions, reducing the toxicity of Al to plants (Ma et al., 2001; Kochian et al., 2005). The type and quantity of organic acids vary among different genotypes (Miyasaka et al., 1991). In wheat, maize, and soybean, Al-tolerant (Al-T) varieties secrete much more organic acids than Al-sensitive (Al-S) varieties (Pellet et al., 1995; Ryan et al., 1995; Yang et al., 2001). Furthermore, the remarkable differences in organic acids between Al-T and Al-S varieties directly affect the microbial community structure, abundance, and diversity in the rhizosphere (Germida and Siciliano, 2001; Yang et al., 2012; Peiffer et al., 2013). The root exudates secreted from stress-resistant genotypes can recruit beneficial microbes to alleviate the stresses, via regulating microbial metabolic activities and changing nutrient availability in soil (Fierer and Jackson, 2006; Parniske, 2008; West et al., 2010; Shi et al., 2011; Bulgarelli et al., 2013; Li et al., 2014; Kwak et al., 2018). For instance, some secondary metabolites from root exudates likely attract some arbuscular mycorrhizal fungi and rhizobia, which may produce compounds and in turn increase the secretion of organic acids to alleviate Al toxicity (Pellet et al., 1995; Phillips et al., 2004; Besserer et al., 2006; Berendsen et al., 2012; Yang et al., 2012). Moreover, some Al-tolerant bacteria (e.g., Klebsiella and Serratia) in soil could form Al3+–siderophore complexes and promote P uptake to alleviate Al phytotoxicity (Mora et al., 2017). In addition, exudates such as organic acids, protons, and acid phosphatases produced by the microbes can also reduce the impact of Al toxicity on plants or increase the available phosphorus in the rhizosphere, indirectly help plants reduce aluminum toxicity and adapt to acidic soils (Cabral et al., 2015).

Wild soybean (Glycine soja L.) is a close ancestor of cultivated soybean (Glycine max L.) (Hymowitz, 1970). Compared with cultivated soybean, wild soybean has stronger resistance to biotic and abiotic stresses, such as drought, cold, Al, and attack by viruses and insects (Dong et al., 2001; Chen et al., 2006; Singh and Hymowitz, 2011). In addition to the abundant resistance genes in wild soybeans, microorganisms in the rhizosphere also play an important role in resisting Al toxicity (Luo et al., 2013; Ma et al., 2018; Lian et al., 2019). Although many plant growth–promoting bacteria (PGPR) exert beneficial effects on various crops, their performance can be strongly cultivar specific (Montalban et al., 2017; Rodriguez et al., 2019). Previous research found that the composition and diversity of microorganisms in the rhizosphere of wild rice were significantly different from those in cultivated rice, and the enriched taxa affiliated to Anaerolineae and Nitrospirae in the rhizosphere of wild rice might benefit the disease resistance of the plants (Shenton et al., 2016). Moreover, our previous study reported that the impact of high Al stress on bacterial community structure differed in the rhizosphere between Al-T and Al-S cultivated soybeans, and Al-T soybean could recruit specific microorganisms to resist Al stress (Lian et al., 2019; Shi et al., 2020). However, the effect of wild soybean genotypes on the bacterial community in the rhizosphere has not been clarified, and the bacterial composition in the rhizosphere in response to different levels of Al stress was undefined either. Such studies may provide an important strategy for the identification of beneficial bacteria that may improve plants tolerance to Al stress. Therefore, this study could create a new window for research under acidic soil condition for explore the microbial resources of wild soybeans and crop production.

To investigate the mechanism of how rhizobacterial communities strengthen the Al tolerance of wild soybean, we analyzed the bacterial community structures in the rhizosphere of the Al-T (BW69) and Al-S (W270) genotypes of wide soybean, under different Al concentrations. The chemical properties of the rhizosphere were measured and their correlations with bacterial communities were examined. Given that BW69 is better adapted to Al stress than W270, we hypothesized that (1) there would be significant difference in bacterial structure between BW69 and W270, and (2) BW69 would recruit specific microorganisms in the rhizosphere that may play important roles in the resistance to Al stress.



MATERIALS AND METHODS


Soil and Plant Materials

The soil used in the experiment was collected at Yingde County (113°40’N, 24°18’E), Guangdong Province, China. The soil was classified as Ali-Udic Argosol according to USDA soil taxonomy. The soil had a pH of 5.19, 10.1 g kg–1 total carbon, 0.39 g kg–1 total nitrogen, 19.40 g kg–1 total potassium, 1.27 g kg–1 total phosphorus, 60.4 mg kg–1 available phosphorus, 40.1 mg kg–1 ammonium nitrogen (NH4+-N), 12.6 mg kg–1 nitrate nitrogen (NO3–-N), 0.01 cmol kg–1 exchangeable H+, and 0.15 cmol kg–1 exchangeable Al3+. In this study, soybeans used in the experiment include Al-T (BW69) and Al-S (W270), two wild genotypes (Ma et al., 2018).



Experimental Design and Soil Sampling

A pot experiment was carried out in a greenhouse at South China Agricultural University in Guangzhou, China. In this study, there were three concentrations of Al in the form of pelletized Al2(SO4)3⋅18H2O, i.e., (1) 0 Al3+ g kg–1, (2) 0.2 Al3+ g kg–1, and (3) 0.4 Al3+ g kg–1, representing zero, low, and high Al concentrations, respectively. A no-plant control (CK) was set at each Al concentration. There were five replicates for each treatment. Each pot was filled with 1.5 kg of soil (sieved with 4 mm mesh) and four seeds with uniform size were sown into each pot on June 15, 2018. The pots were placed in a greenhouse with a temperature range of 16–20°C at night and 28–32°C during the daytime. The soil moisture content was controlled at 80% of the field water capacity by weighing and watering. The loose attached soil was removed by shaking the roots at the flowering stage (60 days after sowing), and then the roots were washed with phosphate-buffered saline (Shi et al., 2015). A total of 45 rhizosphere soil samples were collected. From each sample, 2 g was placed into a micro-centrifuge tube and kept at -80°C until DNA extraction. The remaining rhizosphere soil was kept at 4°C before the determination of soil characteristics. Meanwhile, the wild soybean plants were harvested and dried 70°C for 3 days (Lian et al., 2017).



Determination of Soil Properties

Soil pH was determined in a 5:1 water-to-soil suspension using a pH meter (FE20-FiveEasy pH, Germany) (Wang et al., 2013). Total carbon and total nitrogen were determined with an elemental analyzer (VarioEL III, Germany) (Jones and Willett, 2006). Soil total potassium was measured by inductively coupled plasma-atomic emission spectrometry (I-7500; Shimadzu, Japan) (Jiao et al., 2019). The soil-exchangeable Al3+ and H+ were measured by a titrimetric method (Abreu et al., 2003). Soil NO3–-N and NH4+-N levels were determined with a continuous flow chemistry analyzer (skalar SAN++, Netherlands) (Miranda et al., 2001). Available phosphorus and total potassium were determined using an atomic absorption spectrometer (GFA-6800, Japan) (Sun et al., 2015).



Extraction of Soil DNA and Real-Time Quantitative PCR

A Fast DNA SPIN Kit for Soil (MP Biomedicals, Santa Ana, CA) was used to extract DNA following the manufacturer’s specifications. The bacterial community abundance was determined by quantitative real-time PCR (q-PCR) (ABI 7900) using the primers 515f (5′-GTGCCAGCMGCCGCGGTAA-3′) and 907r (5′-CCGTCAATTCMTTTRAGTTT-3′) (Osburn et al., 2011). The 20 μl PCR mixture included 1.0 μl of extracted DNA, 1.0 μl forward and reverse primers (10 nM), 7.0 μl of sterile water, and 10 μl SYBR Premix Ex Taq (Takara, Dalian, China). The q-PCR amplification program was as follows: initial denaturation for 1 min at 98°C, followed by 30 cycles of denaturation for 10 s at 98°C, annealing for 30 s at 50°C, elongation for 60 s at 72°C, and the final cooling for 5 min at 72°C to perform a cycle. The copy number of 16S rRNA gene was calculated based on standard curves (Yao et al., 2014).



High-Throughput Sequencing and Data Analysis

Based on Illumina MiSeq sequencing, the 515F/907R primer sequence was used to amplify the V4 hypervariable region of the 16S rRNA gene (Osburn et al., 2011). Equimolar amounts of amplicons from the same sample were pooled, then the Illumina paired-end (PE 250) sequencing platform was used for double-end sequencing analysis. All raw sequences are available in the NCBI short-read archive under accession number PRJNA531335.

After sequencing, the FASTQ original sequence files of bacteria were processed by USEARCH 10 (Edgar, 2013). The unoise3 algorithm was conducted for denoising (error-correction) amplicon reads. Briefly, reads with sequencing errors were detected and corrected, and chimeras were identified and removed using the Uchime algorithm (Edgar et al., 2011). To obtain the corresponding species classification information for each operational taxonomic unit (OTU), a classification analysis of OTU representative sequences with 97% similarity was conducted using the RDP classifier with a Bayesian algorithm (Cole et al., 2009). Chao1 richness and Shannon index were calculated using Mothur V1.30.1 (Kwak et al., 2018).

Genstat V12 was used to perform a one-way ANOVA to identify significant differences in soil chemical properties among all treatments (Lian et al., 2016). Non-metric multi-dimensional scaling (NMDS), canonical correspondence analysis (CCA), Adonis test, and Mantel test were conducted using R v.3.5.1 with the “vegan” package (R Development Core Team, 2006). To identify the OTUs that were significantly different between two genotypes, a generalized linear model with a negative binomial distribution of the OTU relative abundance was created to normalize the values of each OTU (Edwards et al., 2015). A Venn analysis was conducted to show the co-enriched OTUs according to the results of the generalized linear model (Edwards et al., 2015). Based on the 95% confidence interval, significantly different genera between BW69 and W270 were analyzed by Stamp v.2.1.3 (Parks et al., 2014).



Co-occurrence Network Analysis of Bacterial Community

We constructed six networks to analyze pairwise correlations of bacterial OTUs (average abundance > 0.1%). Spearman’s rank correlation and p-values were calculated in the “psych” R package, using the Gephi for visualization (Jiang et al., 2017a). A correlation was considered as significance with Spearman’s correlation coefficient > 0.8 and p < 0.05 (Jiang et al., 2017b). The nodes in the co-occurrence network represent bacteria OTUs, and edges represent robust and significant correlations between OTUs. A set of network topological properties (e.g., average degree, average path length, and graph density) and node features (e.g., degree, closeness centrality, and betweenness centrality) were calculated in Gephi. Nodes with high degree, high closeness centrality, and high betweenness centrality values are considered as keystone species (Zhou et al., 2010; Berry and Widder, 2014; Agler et al., 2016).



RESULTS


Soybean Biomass, Bacterial Abundance, and Soil Chemical Properties

Overall, Al stress decreased the biomass of both soybean genotypes, and the biomass of BW69 was significantly higher than W270 at the low and high Al concentration (Figure 1A). The bacterial abundance ranged from 4.3 × 109 to 10.9 × 109 gene copies g–1 dry soil across all samples. A significant difference in bacterial abundance between BW69 and W270 was observed at the high Al concentration only (p < 0.01) (Figure 1B).
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FIGURE 1. Effects of Al addition (0, 0.2, and 0.4 g kg–1) on the biomass (A), abundance of bacterial 16S rRNA gene copies (B), Chao1 index (C), and Shannon index in the rhizosphere of wild soybean (D). One-way ANOVA with Student’s t-test showed significant differences between BW69 and W270 (p < 0.05). Error bars on data points represent the SEM (n = 5).


The effect of Al stress on soil chemical properties was summarized in Table 1. Generally, soil available phosphorus, NH4+-N and NO3–-N were significantly higher in the rhizosphere of BW69 than W270 at the low and high Al concentrations. However, the concentrations of soil total potassium, exchangeable Al3+, and pH were significantly different between two genotypes only at the high Al concentration, with higher values for W270. Moreover, the soil-exchangeable H+ and Al3+ concentrations increased with the increase of Al concentration supplied, whereas pH showed the opposite trend (Table 1).


TABLE 1. Effects of different wild soybean cultivars and Al concentrations on soil chemical properties in an acidic soil.
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Taxonomic Classification and Soil Bacterial Diversity

A total of 2,071,056 high-quality sequences were obtained in this study, and the average reading count for each sample was 28,309. When clustered with 97% sequence identity, there were 8108 OTUs for all samples, with a mean of 4222 OTU for each sample. The Chao1 and Shannon index of the bacterial community in the rhizosphere of two genotypes decreased with the increase of Al concentration. However, Shannon index only showed a significant difference between two genotypes at the high Al concentration, with the higher value for W270 (Figures 1C,D).



Structure of the Soybean Rhizobacterial Community

Based on the NMDS, the bacterial communities at three Al concentrations were significantly separated (Adonis test, p < 0.05) (Figure 2A). The rhizobacterial community for no-plant control samples significantly separated from BW69 and W270 at each Al concentration (Adonis test, p < 0.05) (Figure 2A). Significant differences between BW69 and W270 were only observed under the high Al concentration (Adonis test, p < 0.01) (Figures 2B–D). The bacterial community structure in the rhizosphere varied with Al concentration and genotype, and high Al concentration magnified the differences of bacterial community structure between two genotypes.
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FIGURE 2. Non-metric multidimensional scale (NMDS) analysis based on Bray–Curtis dissimilarity showing that the rhizobacterial communities under 0, 0.2, and 0.4 g kg–1 of Al concentrations separated from each other (Adonis test, p < 0.05) (A). NMDS analysis based on Bray–Curtis dissimilarity that rhizobacterial communities of BW69 mixed those of W270 under the 0 g kg–1 Al concentration (Adonis test, p > 0.05) (B). NMDS analysis based on Bray–Curtis dissimilarity that rhizobacterial communities of BW69 mixed with those of W270 under the 0.2 g kg–1 Al concentration (Adonis test, p > 0.05) (C). NMDS analysis based on Bray–Curtis dissimilarity that rhizobacterial communities of BW69 separated from those of W270 under the 0.4 g kg–1 of Al concentration (Adonis test, p < 0.01) (D) (n = 5).


The CCA was used to determine the relationship between soil chemical properties and the bacterial communities in the rhizosphere. The CCA and Mantel test showed that the bacterial community structures were significantly related to the soil properties in rhizospheres of the two genotypes, which were total carbon, total nitrogen, total potassium, available phosphorus, NH4+-N, NO3–-N, exchangeable H+, exchangeable Al3+, and pH (Figures 3A,B and Supplementary Table S1). Moreover, the total nitrogen, C:N ratio, NH4+-N, available phosphorus, total potassium, and pH were significantly related to the bacterial community structure of the two genotypes at the high Al concentration (Figure 3C and Supplementary Table S1).
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FIGURE 3. A canonical correspondence analysis (CCA) based on OTU level reveals the influence of soil properties on rhizobacterial communities under among BW69 samples (A), W270 samples (B), and high Al concentration samples (C). Relationships between rhizosphere bacterial communities and soil properties. Arrows indicate the direction and magnitude of environmental parameters associated with bacterial community structure. pH, soil pH; TC, total carbon; TN, total nitrogen; C:N, ratio of TC to TN; TP, total phosphorus; AP, available phosphorus; NH4+-N, ammonium nitrogen; NO3–-N, nitrate nitrogen.




The Relative Abundance of Soybean Rhizosphere Bacteria

Proteobacteria, Actinobacteria, Chloroflexi, Firmicutes, and Acidobacteria were the dominant phyla in all soil samples, with total relative abundance over 75%; the relative abundance of the five phyla ranged from 21.4 to 47.7%, 11.1 to 35.6%, 47.7 to 11.1%, 4.8 to 31.8%, and 16.3 to 31.8%, respectively (Figure 4A and Supplementary Figure S1). Moreover, the phyla of Planctomycetes, Bacteroidetes, Cyanobacteria, Gemmatimonadetes, and Nitrospirae exhibited low abundances in all soil samples (relative abundance > 0.1%, but < 5%) (Figure 4A and Supplementary Figure S1). There was no significant difference between BW69 and W270 for the five dominant phyla. However, at the class level, the relative abundances of Alphaproteobacteria, Deltaproteobacteria, and Acidobacteria in the rhizosphere of W270 was higher than BW69 under the high Al concentration, whereas the Gammaproteobacteria were more abundant in BW69 (p < 0.05, p < 0.01) (Figure 4B).
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FIGURE 4. Relatively abundance of bacteria at the phylum level (A) and class level (top five dominant classes) (B) of the BW69 and W270 in 0, 0.2, and 0.4 g kg–1 Al concentration addition. One-way ANOVA with Student’s t-test showed significant differences between BW69 and W270 (p < 0.05). Error bars on data points represent the SEM (n = 5).


Using the 95% confidence interval, the bacterial genera between BW69 and W270 at three Al concentrations were compared. The relative abundance of the top-100 genera were selected for further statistical analyses. The number of genera with significant differences between BW69 and W270 were 4, 11, and 35 at the zero, low, and high Al concentrations, respectively. Among these genera, two and five genera had higher relative abundance in the rhizosphere of BW69 compared with W270 at the zero and low Al concentrations, respectively (Figures 5A,B). Eleven genera, such as Gammaproteobacteria_KF-JG30-C25_norank, Ktedonobacteraceae_uncultured, and Chujaibacter, were significantly higher in BW69 compared with W270 at the high Al concentrations (Figure 5C).
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FIGURE 5. Stamp analysis of the relative abundance of genera between BW69 and W270 at the 95% confidence interval level under Al concentrations of 0 g kg–1 (A), 0.2 g kg–1 (B), and 0.4 g kg–1 (C). P-values were calculated using Welch’s t-test.


To evaluate the difference of OTU between BW69 and W270 at different Al concentrations, we created a generalized linear model of the negative binomial distribution. OTU counts in the rhizospheres of BW69 and W270 under the zero Al concentration were used as the controls to compare the enriched or depleted OTUs under the low and high Al concentrations, respectively. There were 504 and 541 OTUs enriched for BW69 and W270 at the low Al concentration, and 294 and 372 for BW69 and W270 at the high Al concentration, respectively (Figures 6A–D). There were 49 OTUs that overlapped in the enriched OTUs in the rhizosphere of BW69 at both the low and high Al concentrations (Figure 6E and Supplementary Table S2). The effect of different Al concentrations on relative abundance of OTUs (>0.1%) is shown in Figure 7. The relative abundances of OTU15 (Gammaproteobacteria_KF-JG30-C25_norank), OTU23 (Mizugakiibacter), OTU55 (Ktedonobacteraceae_uncultured), OTU65 (Dyella), OTU93 (Alkanibacter), and OTU195 (Ktedonobacterales_JG30-KF-AS9_norank) increased with the increase of Al concentration, with higher values in the rhizosphere of W69compared with W270 under the high Al concentration (Figure 7).
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FIGURE 6. Enrichment and depletion of OTUs in 0.2 g kg–1 vs. 0 g kg–1 Al concentration of BW69 (A), 0.4 g kg–1 vs. 0 g kg–1 Al concentration of BW69 (B), 0.2 g kg–1 vs. 0 g kg–1 Al concentration of W270 (C) and 0.4 g kg–1 vs. 0 g kg–1 Al concentration of W270 (D). Each point represents an individual OTU, and the position along the y-axis represents the abundance fold change compared with BW69 and W270, respectively, under the 0 g kg–1 Al concentration. The Venn diagram shows the number of unique enriched and co-enriched OTUs in the rhizospheres of BW69 and W270 under different Al concentrations (E).



[image: image]

FIGURE 7. The relative abundance of dominant OTU15 (A), OTU23 (B), OTU55 (C), OTU65 (D), OTU93 (E), and OTU195 (F). Significant differences are indicated with different lowercase letters (p < 0.05, one-way ANOVA with Student’s t-test). Error bars on data points represent the standard error of the mean (n = 5).




Co-occurrence Network Analysis of Wild Soybean Rhizosphere Bacteria

To determine the symbiosis and competitive mode of bacterial consortia in the rhizosphere of BW69 and W270, the OTUs with relative abundance >0.1% were screened as nodes (Supplementary Table S3). Six networks were constructed, and the network structure of two genotypes at different Al concentrations was analyzed (Figure 8 and Table 2). The network topology properties, such as the number of edges, positively and negatively correlated edges, and graph density, were similar between BW69 and W270 at the zero Al concentration (Table 2). The number of edges, positively correlated edges, graph density, and average degree in the rhizosphere of W270 were greater than BW69 at the low Al concentration, whereas an opposite tendency was observed at the high Al concentration (Table 2). Keystone bacterial species of the two genotypes at different Al concentrations are presented in Table 3. The OTU496 (Occallatibacter) and OTU118 (Singulisphaera) were identified as keystone species in the BW69 network at the high Al concentration, whereas OTU16 (Bradyrhizobium) and OTU28 (Pandoraea) were identified in the rhizosphere of W270 (Table 3).
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FIGURE 8. Co-occurrence network of bacterial community in the rhizosphere of genotypes under three Al concentrations, i.e., 0BW69 (A), 0W270 (B), 0.2BW69 (C), 0.2W270 (D), 0.4BW69 (E), and 0.4W270 (F). A connection stands for a strong (Spearman’s r > 0.8) and significant (p < 0.05) correlation. The co-occurring networks are colored by phyla. For each graph, the size of each node is proportional to the number of connections (degree). A red edge indicates a positive interaction between two individual nodes, whereas a green edge indicates a negative interaction.



TABLE 2. Topological properties of co-occurring bacterial networks in the rhizosphere of two soybean genotypes under three Al concentrations (0BW69, 0W270, 0.2BW69, 0.2W270, 0.4BW69, and 0.4W270).

[image: Table 2]
TABLE 3. Topological properties of keystone species in the rhizosphere of two soybean genotypes under three Al concentrations (0BW69, 0W270, 0.2BW69, 0.2W270, 0.4BW69, and 0.4W270).
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DISCUSSION

The purpose of this study was to reveal how different levels of Al stress affect bacterial community characteristics in the rhizosphere of wild soybean genotypes differing in the Al tolerance. The results were consistent with our first hypothesis, of which the bacterial community structures in the rhizosphere of BW69 were different from that of W270 at the high Al concentration. There were greater differences in bacterial abundance, Shannon index, and abundances of rhizobacteria at the class, genus, and OTU levels between BW69 and W270 under the high Al concentration than the low Al concentration. However, the second hypothesis was not verified according to our results because no bacteria species that related to Al resistance were recruited in the rhizosphere of BW69.


Response of Rhizosphere Bacterial Abundance and Diversity to Al Stress

Soil nutrients were positively correlated with bacterial abundance (Sun et al., 2015). In our study, the higher bacterial abundance in the rhizosphere of BW69 compared with W270 might be attributed to more abundant nutrients in the rhizosphere, such as more available phosphorus, NH4+-N, and NO3–-N (Table 1). For bacterial diversity, the Shannon index was significantly lower in the rhizosphere of BW69 compared with W270 at the high Al concentration. This finding was inconsistent with our previous research in which the Al-T cultivated soybean genotype had greater bacterial diversity than that of the Al-S soybean genotype (Lian et al., 2019). These inconsistent results may be caused by two reasons. One would be the lower soil pH in the rhizosphere of BW69 compared with W270, posing a negative impact on bacterial diversity that might conceal the positive contribution to more root exudates secreted by the Al-T genotype (Fierer and Jackson, 2006; Rousk et al., 2010; Bartram et al., 2014). Another reason could be associated with the different soybean varieties used in the two studies because the bacterial diversity was significantly different between wild and cultivated crops (Shenton et al., 2016).



Response of Rhizosphere Bacterial Community Structure to Al Stress

The NMDS showed significant differences in bacterial community structure in the rhizosphere between BW69 and W270 at the high Al stress. This finding was consistent with our previous study which illustrated that high Al stress magnified the differences of bacterial community structure between Al-T and Al-S soybean genotypes (Lian et al., 2019). This may be attributed to the fact that various genotypes have different levels of Al-related gene expression when exposed to Al stress, and these expression levels increased with the increase of Al concentration, especially in the Al-T genotype (Maron et al., 2010; Tovkach et al., 2012). The greater expression of these genes in the Al-T genotypes lead to more secretion of organic acids that could chelate more Al3+ to reduce Al toxicity (Yang et al., 2012; Li et al., 2017). For example, the GsMATE gene cloned from BW69 was related to the synthesis and secretion of citric acids, which enhanced the tolerance of Arabidopsis to Al stress (Ma et al., 2018). However, more secreted organic acids in the Al-T genotype may result in decreased pH, providing a complex environment, and consequently affecting a wide variety of bacteria in the rhizosphere (Table 1) (Clarkson and Marschner, 1995; Jones, 1998; Teplitski et al., 2000; Wang et al., 2013).

We conducted a differential analysis on OTU relative abundance and observed that 49 OTUs were co-enriched in BW69 soybean under the low and high Al concentrations. These OTUs mainly belong to Proteobacteria, Actinobacteria, and Chloroflexi. Some OTUs in BW69 had greater relative abundance than in W270 at the high Al concentration, such as OTU15 (Gammaproteobacteria_KF-JG30-C25_norank), OTU23 (Mizugakiibacter), OTU55 (Ktedonobacteraceae_uncultured), OTU65 (Dyella), OTU93 (Alkanibacter), and OTU195 (Ktedonobacterales_JG30-KF-AS9_norank) (Figure 7). Various functions of these bacteria have been reported. For instance, Mizugakiibacter has potential use for the remediation of soil with heavy metal pollution (Guo et al., 2017) and Alkanibacter can degrade hexane and other short-chain alkanes (Davis-Belmar et al., 2013). Ktedonobacteria, which predominate in acidic soil, may act as a microbial resource with the potential to produce secondary metabolites (Yabe et al., 2017). These bacteria were different from those identified in our previous study in which the co-enriched OTUs of cultivated Al-T soybeans mainly belonged to Tumebacillus and Burkholderia (Lian et al., 2019). These results indicated that wild and cultivated soybeans recruited different species of bacteria to resist Al stress. However, the relationship between these bacteria and soil Al toxicity needs further study. Whether exogenous addition of these bacteria improves soybean resistance to Al toxicity warrants further test.

The CCA showed that the bacterial community structures of two genotypes significantly correlated with soil properties, except for total potassium. This pattern could be explained by the fact that Al stress had a greater impact on the environmental factors than genotypes, which reflected that some environmental factors such as pH and exchangeable H+ and Al3+ were significantly different among Al concentrations, without a corresponding difference between two genotypes (Table 1). Moreover, the CCA for the high Al concentration showed that the differences in the bacterial community structure between BW69 and W270 were mainly linked with total nitrogen, NH4+-N and C:N ratio (Figure 3C). This finding was consistent with our previous study showing that NH4+-N mainly drove differences in bacterial community structure in the rhizosphere of Al-T and Al-S genotype under high Al concentration (Lian et al., 2019). These results provided more evidence on NH4+-N mitigating the toxicity of Al to plants (Zhao and Shen, 2018). An increase in NH4+-N decreases pH, thereby increasing the content of Al3+ and H+ (Zhao and Shen, 2018). However, Al-T plants may be able to take up more H+ and suppress Al3+ to enter the plant roots, consequently reducing Al phytotoxicity (Zhao et al., 2009, 2014).



Response of Bacterial Co-occurrence Networks to Al Stress

A network analysis was constructed to explore the interrelationship among bacteria and compare the structure of the networks in the rhizosphere of BW69 and W270. In this study, the network topology properties, such as the number of edges, positive correlation edges, graph density, and average degree in the rhizosphere of W270, were greater than those of BW69 at the low Al concentration, whereas an opposite trend was observed at the high Al concentration (Figure 8 and Table 2). This may be attributed to the absence of difference in soil pH between two genotypes at the low Al concentration, which might lead to the similar secretion of organic acids between BW69 and W270 (Chen and Liao, 2016; Liu et al., 2016). Combined with the results of network in this study, W270 may even be better adapted to low Al stress. Furthermore, a significant lower value of pH in BW69 than W270 may be caused by the more organic acid expression of BW69 (Liang et al., 2013; Liu et al., 2016; Zhou et al., 2017). More organic acids not only chelate more Al3+ but also provide a better living environment (Hu et al., 2018; Lian et al., 2019) for more complicated network structure of BW69 than W270. In addition, the mechanism for recruiting Al-tolerant microorganisms of Al-T and Al-S genotypes were different (Yang et al., 2012; Lian et al., 2019). The Al-tolerant microorganisms recruited by BW69 could cope with different degrees of Al stress and therefore form a more complicated network structure than W270. W270 may stimulate most of the Al-tolerant microorganisms to be involved in the physiological processes associated with the low Al stress. However, many microorganisms in the W270 rhizosphere cannot adapt to high Al stress, and only a small number of Al-tolerant bacteria were recruited in the rhizosphere, which simplified the network structure.

BW69 had lower modularity compared with that of Al-S under Al stress, which could be interpreted as increased inter-species competition, and less resistant to Al stress in the rhizosphere of BW69 than W270 (Saavedra et al., 2011; Fan et al., 2018). Moreover, the keystone species being associated with BW69 and W270, and the difference in keystone species, regardless of their abundance, would be a critical determinant of the other community compositions in the rhizosphere (Zhou et al., 2010; Ma et al., 2016; Jiang et al., 2017a). The difference in network structure between BW69 and W270 under different Al concentrations were inconsistent to our previous study which showed that the Al-S cultivated soybean had a simpler network at the low Al concentration and a more complex network at the high Al concentration compared with Al-T cultivated soybean (Lian et al., 2019). This might be attributed to that wild soybean has stronger resistance to biotic and abiotic stress than cultivated soybean (Dong et al., 2001; Chen et al., 2006; Singh and Hymowitz, 2011). The difference in the root architecture and microhabitat between wild and cultivated soybean could influence the root exudates and the plant immune system, and consequently causing the different bacterial network structure (Shenton et al., 2016). However, more specific reasons of the opposite trend of the network structure between wild and cultivated soybeans should be further studied.

In conclusion, our findings highlighted that high Al concentration magnified the differences of bacterial community structure between two genotypes. Furthermore, 49 OTUs were identified to be co-enriched in the rhizosphere of BW69 at the low and high Al concentrations. Moreover, total nitrogen and NH4+-N were the major factors affecting the bacterial community structure in the rhizospheres of the two genotypes under the high Al concentration. However, the lower modularity in BW69 under Al stress may cause the rhizobacterial community to be less resistant and more influenced by disturbance. Collectively, this study emphasizes the possibility of using rhizobacteria as an improved crop breeding or gene to produce crops that are more resistant to the toxicity of heavy metal. However, the relationship between these “enriched” bacterial species and soil aluminum toxicity has not been clarified. Further tests should be carried out to evaluate the universality of the results that whether these bacteria can improve the resistance of soybean to aluminum toxicity in different soil types.
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Due to their widespread use in industrial applications in recent decades, Polychlorobiphenyls (PCBs) and heavy metals (HMs) are the most common soil contaminants worldwide, posing a risk for both ecosystems and human health. In this study, a poplar-assisted bioremediation strategy has been applied for more than 4 years to a historically contaminated area (PCBs and HMs) in Southern Italy using the Monviso poplar clone. This clone was effective in promoting a decrease in all contaminants and an increase in soil quality in terms of organic carbon and microbial abundance. Moreover, a significant shift in the structure and predicted function of the belowground microbial community was also observed when analyzing both DNA and cDNA sequencing data. In fact, an increase in bacterial genera belonging to Proteobacteria able to degrade PCBs and resist HMs was observed. Moreover, the functional profiling of the microbial community predicted by PICRUSt2 made it possible to identify several genes associated with PCB transformation (e.g., bphAa, bphAb, bphB, bphC), response to HM oxidative stress (e.g., catalase, superoxide reductase, peroxidase) and HM uptake and expulsion (e.g., ABC transporters). This work demonstrated the effectiveness of the poplar clone Monviso in stimulating the natural belowground microbial community to remove contaminants and improve the overall soil quality. It is a practical example of a nature based solution involving synergic interactions between plants and the belowground microbial community.

Keywords: bioremediation, polychlorobiphenyls, heavy metals, nature based solution, DNA and cDNA Illumina sequencing


INTRODUCTION

Polychlorinated biphenyls (PCBs) are highly stable, hydrophobic and persistent organic pollutants, which have been used for a wide range of industrial purposes, but also as pesticide additives. Due to their recalcitrance to degradation and their lipophilic nature, they bioaccumulate and biomagnify through the food chain and have a broad range of toxic effects on humans, including as probable carcinogens and endocrine disruptors (Turrio-Baldassarri et al., 2007; Letcher et al., 2010; Quinete et al., 2014). Although their production has been banned since the 1970s, their extensive use and high persistence have caused widespread environmental contamination. Consequently, their removal from contaminated ecosystems remains a challenge.

Heavy metals (HMs) are “trace elements” in pristine ecosystems, whereas their concentrations increase when there are anthropogenic activities (steel industry, waste disposal, agriculture, mining). HMs pose a risk owing to their toxicity, bioaccumulation and biomagnification (Alloway, 2013); they cause cell oxidative stress through formation of free radicals and are able to replace essential metals in pigments or enzymes, with consequent disruption of their functions (Ancona et al., 2020). PCBs and HMs are frequently found as soil co-contaminants (Panagos et al., 2013; Ancona et al., 2017a), posing a risk for both ecosystem and human health. Widespread and chronic environmental contamination by PCBs and HMs requires remediation solutions in line with environmental sustainability. The European Commission recently proposed a new priority and environmental friendly approach termed “Nature-Based Solutions, NbS” (European Commission, 2016; Faivre et al., 2017), relying on increasing and exploiting ecosystem homeostatic natural capacities to recover from environmental impacts and providing at the same time social and economic benefits. In this context, natural microbial communities have, thanks to their wide metabolic versatility and adaptation capacity, a key role in ecosystem regulation services, ensuring geochemical cycles and removing chemicals from contaminated environments (Turbé et al., 2010). The presence of an abundant and diverse microbial community with the ability to remove contaminants is a necessary prerequisite for an immediate and effective response to the various contaminants continuously affecting ecosystems (Barra Caracciolo et al., 2013). The changes that can be observed in a microbial community can be analyzed from a global and multivariate perspective, to understand and assess the impact of a complex chemical mixture on both sensitive microbial populations and resistant and/or resilient ones (Saccà et al., 2019). Although the metabolic potential of microbial communities is unlimited, some recalcitrant compounds such as PCBs require various abiotic conditions (e.g., both aerobic and anaerobic conditions, and electron donors) for biodegradation, and these are difficult to achieve in one and the same environment (Di Lenola et al., 2018). To improve natural biodegradation of chemicals, Plant-Assisted Bioremediation (PABR) has been proposed in recent years for the restoration of contaminated soils (Licht and Isebrands, 2005; Zalesny et al., 2016; Mercado-Blanco et al., 2018). PABR is an in situ treatment where plants are used for stimulating the bacterial degradation of persistent organic contaminants such as polychlorinated biphenyls (PCBs) and phyto-stabilization of inorganic ones (e.g., HMs) (Gamalero et al., 2012; Ancona et al., 2017a). The complex and synergistic actions established in the rhizosphere between the tree root system and natural belowground microbiota make it possible to remove, convert or contain toxic substances in soils (Aken et al., 2010; Ancona et al., 2020). Our previous samplings in a contaminated area we studied showed the ability of the hybrid poplar genotype Monviso (Populus generosa × Populus nigra) to grow in a nutrient poor soil, resisting high metal concentrations and promoting PCB biodegradation in the rhizosphere. The Monviso clone was effective in promoting both an overall contaminant decrease (PCB degradation and HM phyto-stabilization) and an increase in soil microbial activity, a little more than 1 year after planting the trees (Ancona et al., 2017a, b). The bioremediation strategy has continued until now and the results of subsequent chemical (PCBs and HMs) and microbiological analyses at 55 months are reported in the present study. In particular, the microbial community was analyzed in detail by determining the total microbial abundance, the cell viability and the composition of the bacterial groups using Next Generation Sequencing (NGS). The environmental DNA and RNA were used as templates for sequencing the hypervariable V4–V5 regions of 16S rRNA using MiSeq Illumina. The microbiological analyses were performed in the planted plots (both Rhizosphere and Bulk Soil samples) and un-planted soil (Control samples). The shifts in the structure and function (functional profiling predicted by PICRUSt2) of the belowground microbial community in the planted plots (poplar Rhizosphere and Bulk Soil immediately close to it) are reported.



MATERIALS AND METHODS


Study Area and Sampling

The area (≈4.5 Ha) near the city of Taranto in Puglia (Italy) had been contaminated for several decades by wastes and pollutants (mainly HMs and polychlorinated biphenyls) because it was used as an illegal city dump. In particular polychlorinated biphenyls (PCBs) accumulated over time due to spilling and improper disposal of dielectric fluids from a power station with transformers nearby. A preliminary characterization of the experimental site showed PCB hot spots and widespread HM contamination with values higher than the legal limits, as reported in detail in Ancona et al. (2017a). In April 2013 about 650 poplar cuttings were planted in a site sub-area of 785 m2, in 8 rows 2 m apart. Inside each row the cuttings were placed at a distance of 0.5 m from each other. A first sampling campaign performed at 14 months from their planting showed a general decrease in PCBs and HMs thanks to the poplar-assisted bioremediation strategy applied (Ancona et al., 2017a). In the present study we report the results of a further sampling performed at month 55 after planting. As in the previous sampling, three contaminated plots were sampled. They were selected for the highest initial values of PCB contamination (i.e., average values of about 240 ng/g), which exceeded the national legislative limit (Italian Decree152/06) of 60 ng/g for green areas (Ancona et al., 2017a).

The area of each plot was 1 m2, with the plant at its center. In each plot, soil sampling was performed in two points: Rhizosphere and Bulk Soil. Aliquots (500 g) of the soil immediately surrounding the roots and in correspondence of the tree (5–30 cm depth) were collected with sterilized scoops and spatulas to have “Rhizosphere” samples. In the case of the Bulk Soil (50 cm distance from the trunk and at 20–40 cm depth), four soil aliquots (500 g) were sampled, by using a diamond coring machine (DD 130-W Core drill, HILTI, Germany) and mixed to obtain a composite soil. Moreover, four soil (500 g) samples were collected from an un-planted plot outside the plantation (ca 20 m distant), blended and used as Control. The details of the sampling procedure is reported in Ancona et al., 2017a.

From each plot, two composite sub-samples (2 g each) were immediately stored in a Life-Guard Soil Preservation Solution (Qiagen, Manchester, United Kingdom) in order to halt any possible degradation of the microbial RNA and consequently preserve the gene expression profiles and microbial community structure composition of any active cells. In a similar way, other two soil sub-samples (1 g each) were immediately fixed in a phosphate buffer saline solution with formaldehyde 2% for DAPI counts. Finally, two fresh soil sub-samples (1 g each) were used for evaluating the microbial activity.

Two composite samples (1,000 g each) were also collected for chemical analysis and stored at room condition. Each datum from each different condition (Rhizosphere, Bulk Soil and Control) is reported as an average value of the three replicate plots.



PCB Chemical Analysis

Polychlorinated biphenyls were extracted from soil samples (Rhizosphere, Bulk and Control) with an Accelerated Solvent Extractor (ASE 300 DIONEX, United States). About 500 mg of powdered soil were mixed with previously washed diatomaceous earth to form a free-flowing powder. The mixture was extracted in an ASE extraction cell and purified using Silica Gel activated with concentrated sulfuric acid (3:2) in accordance with 210 DIONEX Technical note. The extraction solvent used was n-hexane operating at 100°C and 1,500 psi. The organic extracts were then evaporated to incipient dryness under a gentle nitrogen stream (using a Caliper Life Sciences TurboVap II Concentration Workstation) and re-solubilized into 0.5 mL Nonane. GC-MS analysis of 31 PCB congeners (Supplementary Table S5, Supplementary Material 5) was performed using a Thermo Electron TRACE GC Ultra coupled with a PolarisQ Ion Trap (Thermo Electron, Austin, TX, United States) mass spectrometer equipped with a PTV injector and a TriPLUS RSH autosampler. Details for GC-MS analyses are described in Supplementary Material 5. PCB quantification analysis showed that only 8 congeners – 6 PCB markers and two dioxin-like ones (105, 118) – were detected in the soil samples collected at different times of investigation (t = 0 and t = 55 months).



Heavy Metals Analysis

Soil samples were acid digested in closed PTFE vessel devices using temperature control microwave heating (Ethos Touch Control, Milestone, Microwave Laboratory Systems). Soil mineralization was performed using Aqua Regia extraction by treating 500 mg of powdered samples with 9 mL of concentrated HCl and 3 mL of HNO3 (Madejón et al., 2004). Heating was achieved in a two-step procedure: 10 min to reach 200°C followed by 15 min at 200°C. Resulting solutions were diluted with ultrapure water in order to obtain a maximum content of 5% of acids and of 0.2% dissolved solids.

The quantification of 14 different mineral elements (Be, V, Cr, Co, Ni, Cu, Zn, As, Se, Cd, Sn, Sb, Tl, Pb) was performed by mass spectrometry with an inductively coupled plasma source (ICP-MS) equipped with a 7700× Agilent (Agilent Technologies, Japan).



Organic Carbon and Total Nitrogen Analysis

Total and organic carbon and total nitrogen were determined with an elemental analyser (Carlo Erba NA 1500 series 2 C/H/N/O/S) equipped with an autosampler. For the organic carbon analyses, the samples were acidified with 20 μ l5 M ultrapure HCl and kept at 50–60°C for 30 min in order to remove inorganic carbon. The method used is based on the complete and instantaneous oxidation of the solid sample by combustion in an O2 enriched environment. Each sample, contained in tin or silver capsules for the determination of total and organic carbon, respectively, was introduced into the combustion reactor and maintained at about 1000°C for 20 min. Helium was used as a carrier gas to transport the combustion gases (CO2, N2, H2O) through a catalyst (Al2O3-WO3) in order to inhibit the formation of nitrogen.

The combustion mixture, together with the excess of oxygen, passed through a reduction column, consisting of granules of pure reduced copper, maintained at about 650°C, where the excess oxygen was adsorbed and any nitrogen oxides present were transformed into elemental nitrogen. The resulting gases (CO2, N2, H2O) then passed through an absorbent filter (magnesium perchlorate), which retains the water, to a gas chromatographic column that separates N2 from CO2. The column connected to a thermal conductivity detector (TCD) provided an output signal proportional to the quantity of the individual components in the mixture. From the measurement of the chromatographic peak area, corrected for white, the amount of carbon and nitrogen was obtained by comparison with a calibration curve.



Total Microbial Abundance and Cell Viability

Microbial abundance and cell viability were analyzed using epifluorescence microscope-based methods which do not need DNA extraction from soil. The microbial abundance (No. cells/g dry soil) was assessed performing total direct counts. This method makes it possible to detect all the microbial cells present in a soil sample regardless of their physiological state and metabolic activity, thanks to the DAPI dye (4′,6-diamidino-2-phenylindole), which is a DNA fluorescent intercalant. Fixed soil subsamples (1 g each) were processed as reported in detail in Barra Caracciolo et al. (2005).

The cell viability (% live cells/live + dead) was evaluated in fresh soil subsamples (1 g each). The two dyes used to measure the ratio of live to dead cells were propidium iodide and SYBR Green II (Sigma-Aldrich, Germany) respectively, as described in detail in previous works (Grenni et al., 2009, 2012).



DNA and RNA Extraction and Sequencing

Extraction of environmental RNA and DNA (eDNA) from each soil sample (Rhizo, Bulk and Control) was carried out using the RNA Power Soil Total RNA Isolation Kit and the DNA Elution Accessory kit (Qiagen), following the manufacturer’s recommendations. In order to evaluate the putative active bacteria in Rhizosphere and Bulk Soil, the same soil samples were used for RNA extraction; the latter was extracted as reported above and ds-cDNA synthesized in accordance with (Lasa et al., 2019b). Both eDNA and ds-cDNA were used as templates for MiSeq Illumina sequencing of the hypervariable V4–V5 region of the 16S rRNA gene, using the U519F and U926R primers (Baker et al., 2003).

The amplification with MiSeq Illumina was performed by Bio-Fab Research s.r.l. (Rome, Italy).



Data Processing

A total of 10 Mb reads were generated and were analyzed using SEED2, a user interface-based sequence editor and NGS data analysis pipeline (Větrovský and Baldrian, 2013), and Mothur (Schloss et al., 2009) software packages. The forward and reverse reads were joined using SEED2 software with a 15% of maximal difference and minimal overlap of 40 bps. The primers, sequences with an ambiguous base and average quality score lower than 30 were removed. Before performing the chimera cleaning, with USEARCH1 from the SEED2 software package, we de-replicated the sequences. After the chimera cleaning the sequences were re-replicated. To avoid bias, the number of sequences in each sample was rarefied to the lowest one.

The resulting filtered and trimmed sequences were clustered into Operational Taxonomy Units (OTUs) using UPARSE (Edgar, 2013) from the SEED2 package and applying the average neighbor algorithm with a similarity cut off of 97%. The OTUs with less than 0.005% of high-quality reads were then filtered to avoid an overestimation of the diversity (Bokulich et al., 2013; Fernández-González et al., 2020).

With the Mothur software, the centroid sequence of each cluster was selected as the most representative of each OTU and was taxonomically classified at the genus level according to Ribosomal Database Project (RDP)2 trainset 16 with a confidence threshold of 80%.

The number of raw and filtered sequences is reported in SupplementaryTable S3.



Predictive Functional Analysis

The PICRUSt2 software tool3 was used for predicting functional abundances based on the 16S rRNA gene amplicon data sets (Douglas et al., 2019); the OTUs table generated by UPARSE was used as an/the input. The prediction of KO relative abundances was performed with hidden-state prediction (Louca and Doebeli, 2018) and was used to infer pathways abundances (Ye and Doak, 2009). The statistical analysis was carried out with STAMP (version 2.1.3)4 in order to evaluate the significant differences between metagenome metabolic profiles under the different conditions.



Statistical Analysis

An Alpha diversity table was created using SEED2 software with several diversity indices (Species richness, Shannon and Evenness indices). Principal Coordinate Analysis (PCoA) was performed with the online tool MicrobiomeAnalyst5 using a Bray-Curtis index dissimilarity method and PERMANOVA as the statistical method in order to analyze the Beta diversity. The t-tests were performed to determine if there was a significant difference between the means of two groups (between Rhizosphere and Bulk Soil and DNA and cDNA). All the histograms and the PCoA graphs were made using MS Excel.



RESULTS


Effects of Plants on Pollutants Removal

The concentrations of six PCB markers (28, 52, 101, 153, 138, and 180) and two dioxin-like congeners (105, 118) are reported in Supplementary Table S1 (Supplementary Material 1) for unplanted (Control) and planted plots before the poplar plantation (t = 0) and at 55 months. In particular, for the planted plots, the analyses were performed in the Bulk Soil and in the Rhizosphere. Only residual concentrations of PCBs, below the national legal limit of 60 ng/g soil (Italian Decree 152/06), were found at 55 months in the planted plots (both in the Bulk Soil and the Rhizosphere samples). On the other hand, in the Control soil, outside the planted area, a high PCB concentration (∼1,400 ng/g soil) still persisted (Supplementary Table S1 Supplementary Material 1 and Figure 1).
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FIGURE 1. Concentrations (ng/g soil) of six PCB markers (28, 52, 101, 153, 138, and 180) and two dioxin-like (105 and 118) detected in soil samples collected at 55 months after poplar plantation.


Metal concentrations in soil samples from the planted plots (Rhizosphere and Bulk Soil) decreased if compared with the same soil before the planting (Control t = 0); all HMs were below the Italian legal limits, excepted for cobalt (Co) in the Bulk Soil (Supplementary Table S2, Supplementary Material 1). On the contrary, clear contamination still persisted in the un-planted soil (Control t = 55 months), where the highest metal concentration was found for Zn (549.73 ± 242.59 mg/kg) (Supplementary Table S2 Supplementary Material 1 and Figure 2).
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FIGURE 2. Heavy metal concentrations detected in soil samples collected at 55 months after poplar plantation. Italian law limits for each metal are in brackets.




Microbiological Abundance, Organic Carbon, and Nitrogen Contents

The microbial abundance (N. cells/g soil) and cell viability (% live cells/live + dead) were significantly (t-test, p < 0.01) higher in the planted plots (Rhizosphere and Bulk Soil) than in the Control. The highest values were found in the Rhizosphere (Figures 3A,B). Similarly, cell viability was higher (t-test, p < 0.01) in the Rhizosphere and Bulk Soil than in the Control (Figure 3B). In line with these results, the percentages of organic carbon were higher (t-test, p < 0.01) in the Rhizosphere (1.9% ± 0.11) and Bulk Soils (2.0% ± 0.10) than in the Control (1.5% ± 0.1).
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FIGURE 3. (A) Microbial abundance (No. cells/g soil); (B) Microbial viability (% live cells/live + dead) OC: organic carbon (%).


Finally, the highest total nitrogen value (0.16% ± 0.001) was detected in the Rhizosphere, while lower values were found in the Bulk (0.12 ± 0.001) and Control soils (0.09 ± 0.001).



DNA Sequencing Results

A total of 5,745,690 raw reads were obtained from the DNA (V4–V5 regions) deep-sequencing. After a trim and quality edit, 2,485,475 reads were retained: 21% of the total reads belonged to the Control, 41% to the Bulk Soil and 38% to the Rhizosphere. 99.9% of the total OTUs were classified at the Phylum level, 78.3% at the Class level, 66.6% at the Order level, 57.7% at the Family level and 39.0% at the Genus level, respectively.

Proteobacteria were the dominant Phylum both in the planted plots (62% in the Rhizosphere and 55% in Bulk Soil, respectively) and in the Control (32%); the latter percentage was significantly (t-test, p < 0.01) lower if compared to the Rhizosphere and Bulk Soil. Acidobacteria, Firmicutes, and Actinobacteria were the second most abundant group in the Rhizosphere (14.39%), Bulk Soil (13.70%), and Control (26%), respectively (Figure 4A). Chloroflexi (5%) and Thaumarchaeota (Archaea) (6%) were also present in the Control.
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FIGURE 4. Prokaryotic communities in Rhizosphere (Rhizo), Bulk Soil (Bulk), and unplanted soil (Control). (A) Phylum level, (B) Class level, and (C) Genus level in DNA analysis.


At the class level, the Gammaproteobacteria group was the most abundant one, both in the Rhizosphere and Bulk Soil (36 and 38%, respectively), while in the Control its percentage was significantly lower (8%), (p < 0.001). Alphaproteobacteria were present with a percentage of 18% in the Rhizosphere, and 13.5 and 15%, respectively in the Bulk and Control soils. Betaproteobacteria were 8% in Rhizosphere, and 4 and 5%, respectively in the Bulk and Control soils. Acidobacteria were 12% in the Rhizosphere, 9% in the Bulk soil and significantly lower in the Control (4%, p < 0.05). Finally, the percentage of Actinobacteria was higher in the Control (26%) than in the other conditions (6% in both Rhizosphere and Bulk Soil; t-test, p < 0.0001) (Figure 4B).

Figure 4C reports the most abundant genera found. A higher number of genera, most of them belonging to Proteobacteria (Gammaproteobacteria: Aeromonas, Pseudomonas, Stenotrophomonas, Steroidobacter; Alphaproteobacteria: Mesorhizobium, Rhizobium), were identified in the planted plots (Rhizosphere and Bulk Soil); higher percentages of Gp6 (Acidobacteria) and of Nitrososphaera (Nitrososphaerales – Archaea) were also found.

Some genera, such as Nocardiodes (Actinobacteria), Skermanella (Alphaproteobacteria), and Steroidobacter (Gammaproteobacteria), were found in higher percentages in the Control than in the planted plots. Finally, several genera were found in percentages lower than 1%. Interestingly, significant differences were found between the Control and planted soils, not least for the less abundant genera.

The community diversity of the planted plots (Rhizosphere and Bulk Soil) and Control soil were evaluated considering both the alpha (Table 1 for DNA and Table 2 for cDNA) and beta diversity (Supplementary Figures S1A,B, Supplementary Material 1).


TABLE 1. Average values of reads obtained from DNA and values of Alpha diversity expressed as Chao1, Shannon and Evenness indices in planted plots (Rhizosphere and Bulk Soil) and Control; ± standard errors.
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TABLE 2. Average cDNA read values and Alpha diversity values expressed as Chao1 Shannon and Evenness indices in planted plots (Rhizosphere and Bulk Soil); ± standard errors.

[image: Table 2]The Kruskal–Wallis test for the Chao1 index (Supplementary Table S4, Supplementary Material 1) showed significant differences between Control and Bulk Soil communities (p < 0.05); no differences were found between Rhizosphere and Bulk Soil and Rhizosphere and Control. The test performed for the Shannon Index found significant differences between Control and planted plots (Rhizosphere and Bulk Soil), (p < 0.02 both the samples). Finally, the Evenness index showed Control with a more homogenous community than Rhizosphere and Bulk Soil (p < 0.02).

The Bray–Curtis PCoA confirmed significant differences in the community structure under the different conditions: Control was significantly dissimilar from both Bulk Soil and Rhizosphere (PERMANOVA, p < 0.001). Moreover, a significant dissimilarity (PERMANOVA, p < 0.002) was also found inside each plot between the Rhizosphere and Bulk Soil samples (Supplementary Figure S1A, Supplementary Material 1).



cDNA Sequencing Results

The microbial community was analyzed through amplicon sequencing of the 16S rRNA gene and the 16S rRNA transcripts to directly compare the total and active microbial communities (Roesch et al., 2007; De Vrieze et al., 2018; Lasa et al., 2019a) and to better identify the microorganisms potentially involved in the soil decontamination processes. In total 3,995,841 raw reads were obtained from cDNA sequencing and after a trim and quality edit, 1,801,772 were retained: 48% of them derived from the Bulk Soil and 52% the Rhizosphere, respectively. The average trimmed read values for each Rhizosphere and Bulk Soil are reported in Table 2.

The Kruskal–Wallis test on the alpha diversities indices showed that there were no significant differences for the Chao1 index, whereas species diversity and evenness were significantly higher in the Rhizosphere than Bulk Soil (respectively p < 0.02 and p < 0.01, Supplementary Table S4).

The PCoA analysis confirmed significant differences between the overall OTU data from DNA and cDNA and between the Rhizosphere and Bulk Soil cDNA (PERMANOVA, p < 0.001 Supplementary Figure S1B, Supplementary Material 1).

In cDNA the dominance of Proteobacteria was even more evident (75% of the overall Prokaryotic community in Rhizosphere and 78% in Bulk Soil) than in DNA and quite low percentages of other phyla (such as Acidobacteria, Actinobacteria, Firmicutes and Planctomycetes) were found, in both the Rhizosphere and Bulk Soil samples (Figures 5A–C). The genera identified in the Rhizosphere (119) and in the Bulk Soil (118) are reported in Supplementary Material 2. Several genera were present in different percentages when comparing the Rhizosphere and Bulk Soil (e.g., Pseudomonas 14% Rhizosphere and 12% Bulk Soil, Stenotrophomonas 11% Rhizosphere and 13% Bulk Soil, GP6 6% Rhizosphere and 8% Bulk Soil and Aeromonas 5% Rhizosphere and less than 1% Bulk Soil).
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FIGURE 5. Prokaryotic communities in both DNA and cDNA in Rhizosphere (Rhizo) and Bulk Soil. (A) Phylum level, (B) Class level, and (C) Genus level.




Functional Profiling of the Microbial Community

The functions of the bacterial communities in the samples were predicted by PICRUSt2, based on KEGG pathways using both DNA and cDNA sequences.

A total of 7,718 KEGG Orthologs (KOs) and 440 pathways were identified (Supplementary Material 3 and Supplementary Material 4). The PCA of the predicted functional profiling of the soil microbial community based on the DNA samples showed notable differences in the basic cellular processes between the various conditions (Rhizosphere, Bulk Soil and Control, Supplementary Figure S2A, Supplementary Material 1). This result demonstrated that the poplars influenced not only the structure (i.e., bacterial diversity), but also the functioning of the soil bacterial community.

In any case, various genes related to PCB degradation, HM and oxidative stress, membrane transporters, germination and sporulation were identified in both the planted plots and Controls (Figures 6A–D, 7A–D). For example, four gene families encoding enzymes involved in biphenyl degradation were found: bphAa, bphAb (biphenyl 2,3-dioxygenase), bphB (cis-2,3-dihydro-2,3-dihydroxybiphenyl dehydrogenase), and bphC (2,3-dihydroxybiphenyl 1,2-dioxygenase) (K08689, K08690, K015750, K018087, respectively). However, bphB was found with the highest values in the planted plots and particularly in the Bulk Soil. Moreover, genes potentially involved in aerobic PCB degradation with the meta cleavage pathway of aromatic compounds (i.e., degradation to pyruvate and acetyl-CoA), were also identified and were most abundant in the planted plots (Bulk Soil and Rhizosphere).


[image: image]

FIGURE 6. Functional gene analyses on DNA data. (A) Number of gene families encoding enzymes of the biphenyl degradation: biphenyl 2,3-dioxygenase (bphAa, bphAb); cis-2,3-dihydro-2,3-dihydroxybiphenyl dehydrogenase (bphB); 2,3-dihydroxybiphenyl 1,2-dioxygenase (bphC). (B) Number of gene families encoding enzymes and proteins related to oxidative stress: superoxide dismutase (SOD); thioredoxin (Trx); thioredoxin reductase (TrxRs); glutathione transport system (GSH TS); Catalase (CAT); peroxidase (POD); glutathione reductase (GSHRs). (C) Number of genes families related to germination, sporulation and ABC transporters. (D) Abundance of meta cleavage pathway of aromatic compounds.



[image: image]

FIGURE 7. Comparison of functional gene analyses on DNA and cDNA samples. (A) Number of gene families encode enzymes of the biphenyl degradation: biphenyl 2,3-dioxygenase (bphAa, bphAb); cis-2,3-dihydro-2,3-dihydroxybiphenyl dehydrogenase (bphB); 2,3-dihydroxybiphenyl 1,2-dioxygenase (bphC). (B) Number of gene families encoding enzymes and proteins related to oxidative stress: superoxide dismutase (SOD); thioredoxin (Trx); thioredoxin reductase (TrxRs); glutathione transport system (GSH TS); Catalase (CAT); peroxidase (POD); glutathione reductase (GSHRs). (C) Number of Gene families related to germination, sporulation and ABC transporters. (D) Abundance of meta cleavage pathway of aromatic compounds.


As regards HMs, several genes associated with their presence were also identified. In fact, functional genes associated with the oxidative stress caused by HMs, such as catalase (CAT) superoxide reductase (SOR), peroxidase, glutathione reductase (GR), and thioredoxin (Trx), were identified with a higher relative abundance in the planted plots than in the Controls. Similarly, the highest relative abundance of germination and sporulation genes was found in the Bulk Soil. Finally, ABC transporters, which make cellular HM uptake and expulsion possible, were higher in the planted plots than in the Controls.

Interestingly, the PCA performed on cDNA (Supplementary Figure S2B, Supplementary Material 1) showed that the active microorganisms inside the planted plots were metabolically similar. Significant differences between the Rhizosphere and Bulk Soil were still found in the meta cleavage pathways of aromatic compounds and in bphB, which were more abundant in the Bulk Soil than in Rhizosphere (t-test p < 0.05) (Figure 7A).



DISCUSSION

Due to their low bioavailability and complex pathways, the degradation of PCBs in the soil is normally limited (Xu et al., 2010). For this reason, a poplar-assisted bioremediation strategy was applied in this contaminated area. This paper, to our knowledge, is one of the first to characterize the belowground microbial community in a soil decontaminated through PABR. The data showed an overall improvement in soil quality not only in terms of decontamination and increase in nutrients, but also in the structure and functions of the microbial community. The comparison of the chemical (PCBs and HMs) and microbiological analyses between control and planted plots showed the effectiveness of the PABR in recovering the contaminated area, considering both the soil immediately surrounding the roots (Rhizosphere) and the Bulk Soil at 50 cm from the trunk and at 40 cm depth. These results confirm the decontamination found at 14 months, although in the previous sampling some HMs (i.e., V, Sn and Pb) still exceeded their legal threshold values (Ancona et al., 2017a). At 55 months, the roots grown in the planted plots increased the volume of the rhizosphere habitat and positively influenced the entire belowground microbial community. In fact, at 55 months the poplar trees reached 6 m in height and the belowground root biomass had been able to spread fourfold compared to the previous 14-month sampling, reaching a volume of c.a. 16,000 cm3. This means that the planting layout of the poplars (0.5 × 2 m) was effective in ensuring that their root development positively stimulated the overall microbial community in each planted plot. The positive “rhizosphere effect” has been reported by several authors (Thomas and Cébron, 2016; Lasa et al., 2019b; Schneijderberg et al., 2020) and was presumably due to the root surface releasing several organic compounds into the adjacent soil. Roots release low-molecular-weight exudates (e.g., sugars, polysaccharides, amino acids, aromatic acids, aliphatic acids, fatty acids, sterols, phenolic compounds, enzymes, proteins, plant growth regulators, and secondary metabolites) which attract soil microorganisms into the rhizosphere, where they multiply by several orders of magnitude (Badri et al., 2009). Root microbiome comprises thousands of taxa among which are commensal, pathogens and beneficial organism. Plants can establish complex interactions in the rhizosphere and inside the root (endorhizosphere) with beneficial microbes (Schneijderberg et al., 2020). In turn, microorganisms strongly influence plant development and health by mineralizing organic matter, degrading organic pollutants, including persistent ones such as PCBs, improving HM bioavailability by varying the degree of reaction of the soil (pH), releasing chelating substances (organic acids, siderophores) and promoting oxidation/reduction reactions (Ancona et al., 2017a, 2020). A hierarchy of events determines the composition of the belowground microbiome of a plant: the first determinant is the initial microbial composition and heterogeneity of the soil. Then, plant species properties, including morphology, developmental, rhizodeposition and plant genotype, which will determine the microbial species composing a root microbiome (Philippot et al., 2013; Sasse et al., 2018). In line with the above, a shift in the belowground microbial community structure was shown by the significant differences in diversity indices (e.g., Shannon and Evenness) between Control and planted plots. Moreover, the comparison of the diversity inside planted plots showed significantly higher values in Rhizosphere than in Bulk Soil. This latter result suggests that the area immediately surrounding the roots can support a higher number of active cells.

Moreover, the DNA sequencing data showed higher percentages of bacteria genera (i.e., Stenotrophomonas, Pseudomonas, Mesorhizobium, Rhizobium, Skermanella, and Gp6), involved in biogeochemical cycles (in line with an increase in soil C and N) and xenobiotic degradation (Figure 5C), in the Rhizosphere and Bulk Soil than in the Control (Luo et al., 2008; Uhlik et al., 2012; Dudášová et al., 2014; Teng et al., 2016; Horváthová et al., 2018). On the other hand, the Control microbial community was quite different from that of the planted plots and some genera such as Nitrososphaera (Archaea), Nocardioides (Actinobacteria), and Stereoidobacter (Gammaproteobacteria) were significantly more abundant than in the other condtions.

The fact that the plant presence promoted a Proteobacteria dominance in all plots was demonstrated by both DNA (average value 58%) and even more by cDNA (avergae value 77%) results. The Proteobacteria increase was in line with the rise in microbial abundance and viability, showing their active role in removing chemicals and increasing soil quality. The comparison of DNA and cDNA showed that in fact different bacterial genera or percentages of each taxonomic group were active in the soil studied, highlighting not only the role of Proteobacteria, but also some differences in the percentages of some classes between the bulk soil and rhizosphere. The Proteobacteria group includes most bacterial species involved in the main biogeochemical cycles and is typically the most abundant phylum found in a good quality state soil (Barra Caracciolo et al., 2015) and several Alpha, Beta, and Gammaproteobacteria species have been reported to be able to degrade PCBs and increase with a plant presence (Praveckova et al., 2016; Di Lenola et al., 2018). Interestingly, in planted plots a higher percentage of Firmicutes than in Control was also found and in this group there are several bacteria able to resist and remove HMs (Pan et al., 2017; Fajardo et al., 2019; Johnson et al., 2019) and transform high-chlorinated PCBs anaerobically (Smidt and de Vos, 2004).

The DNA predictive functional analysis confirmed overall significant differences between the planted plots and Control (Supplementary Figure S2A, Supplementary Material 1). That it is to say that the poplars were able to change both the structure and functioning of the belowground microbial community. However, the predictive functional analysis showed that some genes involved in biphenyl degradation were present inside the control microbial community, demonstrating that the latter was potentially able to degrade PCBs and that the plant stimulated the specific microbial populations able to recover the soil. Interestingly, the cDNA predictive functional analysis showed that the overall bacterial populations inside each planted plot (Rhizosphere and Bulk Soil) were metabolically similar, showing how the plant positively influenced the functioning of the overall microbial community. In fact, the number of bacteria associated with some specific genes (e.g., bphA, bphB, and bphC) significantly increased in the planted plots (Rhizosphere and Bulk Soil), demonstrating the effectiveness of the poplar in promoting microbial transformations. bphA is a multi-component enzyme consisting of terminal dioxygenase and electron transfer components, which starts the degradation process of the biphenyl ring; bphB catalyzes the conversion of dihydrodiol to a dihydroxy compound and bphC is involved in ring meta-cleavage. Chlorobenzoate compounds are one of the final products of aerobic PCB degradation and can be degraded through the meta-cleavage pathway of aromatic compounds to pyruvate and acetyl-CoA (Chatterjee et al., 1981). In line with these results, numerous species of Pseudomonas, the dominant genus found in the planted plots, have these genes (Sala-trepat and Evans, 1971; Hughes and Bayly, 1983; Kukor and Olsen, 1991; Shingler et al., 1992; Xu et al., 2003). The fact that both bphB and the meta-cleavage pathway of aromatic compounds had higher values in the Bulk Soil than in the Rhizosphere shows that some degradation steps were presumably more favored in proximity of the rhizosphere.

The presence of HMs is known to cause bacterial physiological stress with the production of reactive oxygen species (ROS) (Choudhary et al., 2007). In this work, we found an increase in the planted plots in bacteria able to resist HM stress by producing these protective enzymes. In fact, many bacteria are able to reduce oxidative stress by producing CAT, superoxide reductase (SOD), peroxidase, glutathione reductase (GR) Trx, and thioredoxin reductase (TrxRs) (Banerjee et al., 2015). CAT and SOD are able to convert ROS into oxygen and water and make the maintaining of cellular integrity possible. SOD, a metalloenzyme which converts highly toxic superoxide into oxygen and less toxic hydrogen peroxide, is similar (Banerjee et al., 2015).

Similarly, we found an increase in the planted plots in bacteria able to respond functionally to toxic molecules using ABC transporters. Prokaryotic ABC transporters have a key role in the import of nutrients and export of unwanted molecules such as toxic ones (Fajardo et al., 2019). The overall functional profiling of the microbial community showed how the plant presence favored an increase in bacterial genera able at the same time to transform and degrade all contaminants and to respond functionally in order to maintain their homeostasis (Fajardo et al., 2019).



CONCLUSION

This work has investigated the shifts in the natural microbial community in a soil where PCBs and HMs were removed by PABR. The overall results showed how the synergic relationships established between plants and belowground microorganisms were able to increase soil quality, by enriching the soil with active bacteria able to degrade and contain pollutants, resist stresses and increase soil nutrient content.

At the same time the poplar trees were able to grow healthily and transform a degraded area into one that could be used advantageously. Plants and their microbiota can be considered “metaorganisms,” i.e., able to overcome biotic and abiotic stress. The interactions of plants and belowground microbiota are complex and further studies are desirable for better investigating the overall process of contaminant removal, taking also in consideration the challenging study of endorizhosphere microbes.

The PABR strategy is recommended as an effective and good example of a nature-based solution, as mentioned and recommended by the European Commission.
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Increased inorganic nitrogen (N) and phosphorus (P) additions expected in the future will endanger the biodiversity and stability of agricultural ecosystems. In this context, a long-term fertilizer experiment (37 years) was set up in the black soil of northeast China. We examined interaction impacts of elevated fertilizer and host selection processes on arbuscular mycorrhizal fungi (AMF) communities in wheat rhizosphere soil using the Illumina MiSeq platform. The soil samples were subjected to five fertilization regimes: no fertilizer (CK) and low N (N1), low N plus low P (N1P1), high N (N2), and high N plus high P (N2P2) fertilizer. Long-term fertilization resulted in a significant shift in rhizosphere soil nutrient concentrations. The N fertilization (N1 and N2) did not significantly change rhizosphere AMF species diversity, but N plus P fertilization (N1P1 and N2P2) decreased it compared with CK. Non-metric multidimensional scaling showed that the rhizosphere AMF communities in CK, N1, N2, N1P1 and N2P2 treatments were distinct from each other. The AMF communities were predominantly composed of Glomeraceae, accounting for 30.0–39.1% of the sequences, and the relative abundance of family Glomeraceae was more abundance in fertilized soils, while family Paraglomeraceae were increased in N1 and N2 compared with CK. Analysis shown that AMF diversity was directly affected by soil C:P ratio but indirectly affected by plant under long-term fertilization. Overall, the results indicated that long-term N and P fertilization regimes changed rhizosphere AMF diversity and community composition, and rhizosphere AMF diversity was both affected by soil C:P ratio and plant.

Keywords: rhizosphere, arbuscular mycorrhizal fungi, nitrogen and phosphorus fertilization, community composition, long-term field experiment


INTRODUCTION

The interactions between microorganisms belowground and plants aboveground significantly influence ecosystem properties and processes. Arbuscular mycorrhizal fungi (AMF) are mutualistic fungi that form symbiotic relationships with the majority of land plants, including many crops. Within this symbiosis, AMF can provide plants with critical nutrients and water, as the large extra-radical mycelium exploits the soil and transports these nutrients to plants (Hodge and Fitter, 2010). In other cases, AMF can act as protectants against phytopathogens and enhance the sustainability of ecosystems by improving soil structure (Camenzind et al., 2014). The plant, in turn, provides AMF with an energy source, especially carbon (C).

Nutrient depositions by anthropogenic activities have increased in numerous agricultural lands. This elevated nutrient availability would no doubt influence AMF communities, as it could reduce the benefit provided by these symbionts. According to the functional equilibrium model, when soil nutrients become less limited, plants then allocate resources toward compositions of what could acquire other limited resources (Ericsson, 1995) resulting in a decrease in mycorrhizal structures and fine roots (Johnson, 2010). In addition, fungus itself can be nutrient-limited and sensitive to changes in soil properties (Zhou et al., 2016). Studies have showed that elevated concentrations of soil nitrogen (N) as a result of N fertilization decreased AMF biomass, species richness and diversity in some ecosystems (Egerton-Warburton et al., 2007; Verbruggen et al., 2012; Williams et al., 2017). Furthermore, changes to AMF communities caused by N application may be linked to soil P availability (Egerton-Warburton et al., 2007; Cheng et al., 2013). The rhizosphere is considered to be one of the most dynamic interfaces on Earth (Wang et al., 2018). Rhizosphere microbial communities are shaped by interactions between agricultural management and host selection processed (Schmidt et al., 2019), but those studies only focus on the soil or root AMF communities, not on rhizosphere soil. Wang et al. (2019) shown that the root-feeding AMF abundance was increased under elevated N-addition, although other studies found that N decreased its abundance (Jiang et al., 2018). Those results indicated that the rhizosphere AMF may responsed differently to nutrients addition. However, our understanding of how fertilizer and host selection processes influence on this important mutualistic fungi is still limited, and understanding the shifts in rhizosphere AMF structure and composition following long-term fertilization may have significant implications for using the AMF to increase nutrient availability in soils.

Chinese black soil is distributed in a narrow and long area of ∼6 million ha, and 70% of this is in Heilongjiang Province of Northeast China. The relatively high organic matter and cation exchange capacity and its favorable macronutrient status, as well as a thick (60 cm) mollic epipedon, provides favorable soil structure and conditions for plant growth (Xing et al., 2005). The black soil region contributes to up to 30% of the national staple food using only 20% of the national arable land. Thus, it is important for China’s food security. However, extensive agricultural intensification has input large amounts of inorganic fertilizers into this region, resulting in serious degradation of soil physicochemical properties and environmental health since the 1950s (Yin et al., 2015). Zhou et al. (2016) showed that long-term inorganic fertilizer use had significantly decreased soil pH and increased nutrient availability. This nutrient-based alteration significantly changed soil microorganism communities (Yin et al., 2015; Zhou et al., 2016). Our previous study showed that long-term N and P fertilization in black soil reduced fungal diversity and increased ITS gene copy numbers, thus altering the fungal community composition – such shifts were correlated with soil pH (Zhou et al., 2016). However, knowledge of the influences of long-term inorganic fertilizer application on AMF communities and the primary factors driving AMF species diversity in black soils of northeast China is still limited.

To test potential impacts of future nutrient depositions on AMF communities and diversity in black soil, a field experiment using different N and P fertilizer rates was begun in 1980 in Harbin city, northeast China (Wei et al., 2008). In the present study, we investigated the response of rhizosphere AMF species diversity and community composition to different fertilization strategies, and determined the relationships between AMF species diversity, dominant groups and soil parameters associated with these changes. It was hypothesized that long-term N and P fertilizer application would significantly change soil AMF community composition, and AMF species diversity would decrease with the incorporation of N and P fertilization, but increase with N fertilization alone.



MATERIALS AND METHODS


Experimental Description

The long-term field experiment was established in 1980 at the Scientific Observation Station of Arable Land Conservation and Agriculture Environment of Heilongjiang Academy of Sciences (45°40′N, 126°35′E and altitude 151 m), where the mean annual temperature and average annual precipitation of 3.5°C and 533 mm, respectively. The experimental field contains black soil, which is widespread in the Northeast China. The long-term fertilization experiment has a completely randomized block design with three replicated plots (9 m × 4 m). As previous studies shown that AMF composition and diversity was most affected by N and P fertilizers, but not K fertilizer (Lin et al., 2012; Dueñas et al., 2020), we selected the following treatments: no added fertilizer (CK) and low N (N1, 150 kg urea ha–1 y–1), low N plus low P (N1P1, 150 kg urea plus 75 kg P2O5 ha–1 y–1), high N (N2, 300 kg urea ha–1 y–1) and high N plus high P (N2P2, 300 kg urea plus 150 kg P2O5 ha–1 y–1) fertilizer. The N fertilizer was applied as in the form of urea, while the P fertilizer was ammonium hydrogen phosphate and calcium super phosphate. The rates of low N and low P fertilizers in the experimental field follow local customs. Fertilizer treatments were maintained in the same plot location each year. The cropping system was a wheat–maize–soybean rotation, which is one of the main cropping patterns in this area. More detail on this long-term experimental field is given in Wei et al. (2008). The sampling time was during wheat florescence on 29 June 2016. For each replicated plot, roots were taken from 20 randomly selected plants, loosely adhering soil was shaken off and the tightly adhering soil carefully collected. These rhizosphere soils were pooled to form one composite sample. A total of 15 fresh samples (three replicates × five treatments) were transported to the laboratory on ice, and sieved through a 2-mm mesh to remove plant roots. Each sample was divided into two parts: one stored at room temperature for chemical analysis and the other stored at −80°C for molecular analysis. The wheat grain yields were measured after harvest.



Chemical Analysis

Soil pH was measured with a glass combination electrode using a soil to water ratio of 1:1. Soil available P (AP) and available potassium (AK) were determined according to Olsen (1954) and Helmke and Sparks (1996), respectively. Nitrate (NO3–)-N and ammonium (NH4+)-N were extracted with 2M KCl, and determined with a flow injection autoanalyzer (FLA star 5000 Analyzer, Foss, Denmark). Total organic C (TOC) content was determined by wet digestion using a mixture of potassium dichromate and sulfuric acid under heating. Total N (TN) was measured according to Strickland and Sollins (1987).



Total DNA Extraction and Sequencing

We extracted total DNA from 0.25 g of soil using MoBio Power Soil DNA isolation kits according to the manufacturer’s protocol (MOBIO Laboratories Inc., Carlsbad, CA, United States). To minimize the DNA extraction bias, we combined six successive DNA lots extracted from the same soil sample and purified using a DNeasy Tissue kit (Qiagen, Valencia, CA, United States).

Amplicons of AMF libraries were produced from each of the 15 soil extracts by nested PCR with first-round PCR primers of LR1 (5′-GCATATCAATAAGCGGAGGA-3′) and FLR2 (5′-GTCGTTTAAAGCCATTACGTC-3′) (Van Tuinen et al., 1998), and second-round PCR primers FLR3 (5′-TTGAAAGGGAAACGATTGAAGT-3′) and (5′-TACGTCAACATCCTTAACGAA-3′) (Gollotte et al., 2004). The second-round primers were tagged with sequencing adapters followed by an 8-mer multiplexing identifier. The two rounds of PCR (50 μl) both contained 5 μl of 10× Pyrobest Buffer, 4 μl of dNTPs (2.5 mM), 2 μl of each primer (10 μM), 0.75 U of Pyrobest DNA Polymerase and 30 ng of template DNA. The PCR amplification procedure for both rounds was 5 min at 95°C, followed by 30 cycles of 45 s at 95°C (denaturation), 50 s at 58°C (annealing) and 45 s at 72°C (extension), with a final extension step of 10 min at 72°C. PCR products from each sample were purified, pooled together in equimolar ratios and sequenced using the Illumina MiSeq platform. Raw sequence data for all the samples were uploaded to the NCBI Sequence Read Archive under accession number SRX3008208.



Bioinformatic Analysis of Sequence Data

Sequence read analysis was carried out using Mothur 1.33 (Schloss et al., 2009). The primers and multiplexing identifier were trimmed, and assignment of samples was based on unique barcodes. Reads with a quality score < 20, with ambiguous nucleotides, lacking a complete barcode or <200 bp were removed and excluded from further analysis. This was followed by checking for chimeras and removal of predicted chimeras. The remaining high-quality sequences were then clustered into operational taxonomic units (OTUs) at 97% identity threshold using UPARSE (Edgar, 2013). The longest sequence from each OTU was selected as the representative sequence, and a manual BLASTing against the GenBank non-redundant nucleotide database was used to detect non-Glomeromycota sequences. The non-Glomeromycota sequences and OTU singletons were removed (Camenzind et al., 2014; Williams et al., 2017). The Chao1 index was used to determine the AMF richness, and the phylogenetic diversity index was used to determine the phylogenetic diversity. The AMF richness and phylogenetic diversity were calculated after subsampling according to the sample with the least sequences in Mothur (Schloss et al., 2009).



Statistical Analysis

Significant differences in soil properties, alpha-diversity and AMF community abundance among samples were determined with a one-way ANOVA and least significance difference (LSD) using SPSS (version 19.1) statistical software (SPSS, Chicago, IL, United States). Pearson’s correlation coefficients were used to assess relationships among soil properties, alpha-diversity and abundant AMF genera. In all tests, P < 0.05 was considered to be statistically significant. Non-metric multidimensional scaling (NMDS) was performed to examine the effects of fertilization on the AMF community using CANOCO 5.0. Redundancy analysis (RDA) was carried out using CANOCO 5.0 to determine correlations between environmental variables (pH, AP, AK, TOC, and soil C:P ratio) and AMF community composition with the Monte Carlo permutation test (999 permutations).

Structural equation modeling (SEM) was applied to gain a mechanistic understanding of how soil properties and plant mediate alterations in rhizosphere AMF diversity and composition under different fertilizer regimes. The community composition of AMF was obtained by NMDS, and the NMDS1 were used in the subsequent SEM analysis. SEM analysis was performed with the specification of conceptual model of hypothetical relationships (Supplementary Figure S1), assuming that long-term fertilization alters soil properties and plant biomass, which in turn affects AMF diversity, composition and plant. The maximum likelihood estimation method was used to test the data were fitted to the models, and adequate model fits were indicated by the low χ2/df (<2), non-significant chi-square test (P > 0.05), a low RMSEA (RESEA < 0.05), and high goodness-of-fit indes (GFI > 0.9) (Zeng et al., 2016; Ning et al., 2020).




RESULTS


Long-Term Fertilization Changed Soil Parameters in Wheat Rhizosphere

After a 37-year application of N and P fertilizer, soil properties in the rhizosphere were significantly altered (P < 0.05, Table 1). Soil contents of TN and NO3–-N was not significantly changed by N1 and N1P1, but significantly increased by N2 and N2P2. However, 37 years of fertilization significantly decreased AK, and soil pH steadily decreased from 6.81 to 5.45 with increasing fertilizer inputs. Soil AP was not significantly changed by N fertilization (N1 and N2), but significantly increased by N plus P addition. The soil C:P ratio in the N1 treatment was 43.2% higher than CK, and correspondingly for the N1P1, N2, and N2P2 treatments was 32.8, 79.1, and 92.1% lower. Furthermore, wheat yield was significantly increased by long-term fertilization, but there were no significant differences between N1 and N2 or between N1P1 and N2P2 treatments.


TABLE 1. Properties of soil under different fertilizer treatments.
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Long-Term Fertilization Changed Rhizosphere AMF Community Composition and Diversity

The nested PCR successfully amplified DNA from all 15 samples. After quality control, a total of 409,049 high-quality sequences were obtained. They could be classified with a mean of 27,270 classifiable sequences per sample for use in the subsequent analysis (range 17,625–30,537). All the high-quality sequences were clustered into 220 OTUs; and 6551 sequences (clustered into 60 OTUs) represented non-AMF but this was only 1.6% of all sequences. The Good’s coverage values were all above 99.8% with a 97% similarity cutoff, indicating that the current depth of sequencing was sufficient to capture the AMF diversity. The numbers of OTUs in the five fertilizer treatments were in the range of 66–92 (Figure 1). In our study, 99.7% of all sequences matched Glomeromycota, and a total of 7 families were found in this study site. The four families (average abundance > 0.1%) Glomeraceae, Claroideoglomeraceae, Gigasporaceae, and Paraglomeraceae were represented in the sequencing dataset (Figure 2), the remaining three families Diversisporaceae, Archaeosporaceae, and Acaulosporaceae were low abundance in all rhizosphere soils. All soil samples were dominated by Glomeraceae, accounting for 30.0–39.1% of the sequences, followed by Claroideoglomeraceae (2.4–21.9%) and Gigasporaceae (0.03–2.8%). Family Paraglomeraceae was only occasionally detected at a low level. Moreover, 35–54% of sequences did not match any detailed taxonomic at family level.
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FIGURE 1. Alpha diversity of detected OTUs, AMF richness and phylogenetic diversity across soils from different fertilizer regimes. Vertical bars represent the standard deviations (N = 3) and the same letters above columns denote no significant difference (P < 0.05, Tukey’s test). Fertilizer regimes indicated as described in Table 1.
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FIGURE 2. Relative abundance of arbuscular mycorrhizal fungal families (average abundance > 0.1%) for different long-term fertilizer treatments. Vertical bars represent the standard deviations (N = 3) and the same letters above columns denote no significant difference (P < 0.05, Tukey’s test). Fertilizer regimes indicated as described in Table 1.


Long-term fertilization significantly (P < 0.05) changed the abundance of families Glomeraceae, Claroideoglomeraceae, Gigasporaceae and Paraglomeraceae. The relative abundance of Glomeraceae in the N1, N1P1, N2 and N2P2 treatments was 9.2, 7.6, 7.2, and 6.9% higher, respectively, than that of CK. The relative abundance of Paraglomeraceae, which was only detected in N1 and N2 treatments, showed a positive relationship with N dosage (Figure 2). At genus level, the abundance of AMF distinctly responded to long-term N and P fertilization. The nine most abundant genera with significant differences are presented in Figures 3, 4. At genus level, Glomus, Claroideoglomus, and Rhizophagus were the dominant genera in wheat rhizosphere soil, occupying 18.26, 15.15, and 14.12% of the data set, respectively. The relative abundance of Glomus was increased by N1 and N1P1, but not significantly changed by N2 and N2P2, compared with CK. However, the relative abundance of Rhizophagus and Septoglomus was significantly increased and decreased by higher N addition (N2 and N2P2), respectively, but was not significantly changed by lower N addition (N1 and N1P1). Long-term fertilization decreased the relative abundance of Funneliformis and Archaeospora. For N1P1 and N2P2 treatments, the relative abundance of Paraglomus and Diversispora decreased to a greater extent than in the N1 and N2 treatments. AMF alpha diversity, including OTUs, AMF richness and phylogenetic diversity, was significant altered in the rhizosphere (Figure 1). The OTUs, phylogenetic diversity and AMF richness were lower in N1P1 and N2P2 treatments compared to CK, but there were no significant differences among CK, N1 and N2 treatments. AMF richness in N1P1 and N2P2 treatments was decreased by 17.3 and 20.2%, respectively, compared with CK. Beta-diversity analysis (NMDS) using Bray-Curtis distance suggested that the samples were well separated from each other. NMDS1 generally distributed the AMF communities along with soil pH: the AMF communities with acidic pH were generally in the left portion and those with higher pH to the right (Table 1 and Figure 5A). NMDS2 generally distributed the AMF communities along with soil AP: the AMF communities with high AP concentration were generally in the upper portion and those with low AP concentration in the lower portion.
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FIGURE 3. Relative abundance of arbuscular mycorrhizal fungal genera under different long-term fertilizer treatments. (A) Glomus; (B) Claroidegoglomus; (C) Rhizophagus; (D) Gigsspora; (E) Funneliformis; (F) Septoglomus; (G) Paraglomus; (H) Archaeospore; (I) Diversisppora. Vertical bars represent the standard deviations (N = 3) and the same letters above columns denote no significant difference (P < 0.05, Tukey’s test). **The difference is significant at the 0.01 level; * the difference is significant at the 0.05 level according to Tukey’s test. Fertilizer regimes indicated as described in Table 1.
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FIGURE 4. Heat map analysis the relative abundance of rhizosphere AMF genera after long term fertilization. Fertilizer regimes indicated as described in Table 1.
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FIGURE 5. Non-metric multidimensional scaling (NMDS) ordination plot and redundancy analysis (RDA). NMDS shows changes in arbuscular mycorrhizal fungal (AMF) community compositions in long-term different fertilizer treatments (A). RDA shows the relationship between AMF communities and soil parameters (B). Soil factors indicated in red text include AP (available phosphorus), AK (available potassium), pH, NH4+-N (soil concentration of ammonium), NO3–-N (soil concentration of nitrate), TN (total nitrogen), TOC (total organic carbon), C:N (TOC:TN), C:P (TOC:AP).




Relationships Between AMF Community and Environmental Variables

Nine variables were selected by RDA as predictors of species persistence (Figure 5B). All variables together explained 77.38% of the variation in AMF communities between samples. The first axis explained 37.17% of the data variation, and the second axis explained 24.94%. In Figure 5B, the lengths of the red arrows indicated the relative importance of each variable in explaining the rhizosphere AMF community composition, and soil C:P ratio, pH and AP were the three longest arrows. Indeed, based on this model, soil C:P ratio (F = 6.8, P = 0.002), pH (F = 5.5, P = 0.002), and AP (F = 3.6, P = 0.002) were the three most important contributors to the variation in AMF communities, and individually accounted for 34.2, 20.7, and 11.2% of variation, according to the Monte Carlo test, respectively. The first axis was associated with variables related to soil AP concentration and soil C:P ratio as reflected by the complete set of data. Soil C:P ratio was positive correlated with the rhizosphere AMF composition in CK and N1 treatments, whereas negative correlated with communities in N1P1 and N2P2. The oppose trend was found with soil AP. The soil pH changed by long-term fertilization was positive correlated with AMF composition in CK, whereas negative correlated with AMF composition in N2 and N2P2.

Pearson’s correlation analysis with AMF community composition in genera level and AMF diversity level confirms this relationship with soil C:P ratio, pH and AP. In diversity level, the OTUs, AMF richness and phylogenetic diversity indices were all significantly positively correlated with soil C:P ratio (P < 0.01), but negatively correlated with AP. However, soil pH was only significantly negatively correlated with OTUs and AMF richness (Supplementary Table S1).

In genera level, the soil C:P ratio was significantly positively correlated with relative abundance of Septoglomus and Archaeospora; soil pH was significantly positively correlated with the relative abundance of Funneliformis, Septoglomus, and Archaeospora, but negatively correlated with Rhizophagus; and AP concentration was positively correlated with Rhizophagus, but negatively correlated with Septoglomus and Archaeospora. In addition, soil C:N was also significantly correlated with Glomus, Claroideoglomus, Rhizophagus, and Septoglomus.

In this study, no genus was positively correlated with wheat yield; however, some genera were negatively correlated: Gigaspora, Funneliformis, Archaeospora, and Diversispora (Table 2).


TABLE 2. Pearson’s correlation coefficients for abundances among arbuscular mycorrhizal fungal genera, soil properties and wheat yield.
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Integrated Responses of AMF Structure on Soil Properties and Plant

We also assessed the responses of AMF structure on soil properties and plant by employing a SEM model. The model proved a good fit to the data (χ2/df = 0.888; P = 0.447; RESEA = 0.000; GFI = 0.953), and accounted for 96% of the variation in pH, 68% and 83% in NO3–-N and C: P ratio, 80% in plant biomass, 87 and 90% in AMF composition and diversity, respectively (Figure 6). Fertilization significantly affected AMF diversity and composition due to decreased soil pH and C: P ratio and changed plant biomass (Figure 6). Decreased in soil C:P ratio and pH directly altered AMF diversity and AMF composition, respectively. In addition, alterations in plant biomass resulted in concomitant shifts in AMF diversity. Those results indicated that rhizosphere AMF structure was directly altered by soil property and indirectly shaped by changing plant biomass. The relationships between those variables were present in Supplementary Table S2, and some variables were not of great significance on their own, but they clearly improved the model fit when incorporated together.
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FIGURE 6. Structural equation modeling (SEM) of the relationships between soil properties (pH, C: P ratio and NO3-N), plant and AMF diversity and composition in wheat rhizosphere. The model resulted in a good fit to the data, with a model χ2/df = 0.888, P = 0.447, RESEA = 0.000, and GFI = 0.953. Red arrows indicate a positive correlation, while green indicates a negative relationship (P < 0.05). The numbers are the correlation coefficients. Percentages close to variables refer to the variance accounted for by the model (R2).





DISCUSSION

In this study, we explored the AMF fungal communities in wheat rhizosphere soils. The analysis showed that long-term fertilization had great impacts on rhizosphere AMF species diversity and composition, and the rhizosphere AMF community structure was shaped both by fertilization and plant. The field resource in which the same fertilization regimes were conducted for 37 years enabled us to show that N and P addition produced a strong selective pressure against rhizosphere AMF over the long term in this study site.


Long-Term Nutrient Addition Effects on Rhizosphere AMF Species Alpha-Diversity

In our study, N fertilizer did not significantly changed AMF diversity in the wheat rhizosphere, consistent with previous reports (Mueller and Bohannan, 2015; Dueñas et al., 2020). This may reflect the influence of interaction between fertilization and plant on rhizosphere AMF, as the relocation of C to AMF increased with N fertilization. For example, after a large N addition, relatively more plant derived 13C was allocation to AMF (Williams et al., 2017). In addition, Wang et al. (2019) found that long-term N fertilization increase the quantity of plant root exudates, which also modified the soil properties changes caused by N addition (Wang et al., 2018). Those results indicated that the stability of the AMF diversity after long-term N fertilization was due to both elevated fertilizer and host selection processes.

However, the N1P1 and N2P2 treatments had low AMF diversity in wheat rhizosphere soils than CK, consistent with a study of two grass species (Egerton-Warburton et al., 2007). In terms of OTUs detected and community composition, changes appeared due to the distinct species induced by those treatments, especially the taxa with lowest abundance (Figures 1–3). The loss of AMF species diversity has been reported to decrease both plant biodiversity and ecosystem productivity, and to increase ecosystem instability (Maček et al., 2011). The present study suggested AMF diversity decrease may result in a less stable agroecosystem and may lead to unsustainable crop production.

Egerton-Warburton et al. (2007) and Cheng et al. (2013) already found that changes to AMF diversity caused by N application may be linked to soil P availability; N fertilizer application cause reductions in P-rich soils. This indicated that N plus P addition may have a stronger influence on the rhizosphere AMF species diversity compared with only N addition (Figure 1). Although N fertilization increased plant allocate more C to AMF, N plus P fertilization decreased plant C allocation to AMF (Williams et al., 2017). Considering the most widely cited benefit of AMF is to enhance plant P acquisition (Hodge and Fitter, 2010), and more soil plant-available P reduce plant acquired P from AMF (Williams et al., 2017) and shift AMF functioning from mutualism toward parasitism (Jiang et al., 2018), some members of the rhizosphere AMF have greater carbon demands or have a less efficient use of carbon may be extinguished. This may explain why N plus P addition decreased rhizosphere AMF diversity compared with CK. In addition, we also found that there was no significance between N2 and N2P2 treatment on OTUs detected and Phylogenetic diversity (Figure 1). This may be attributing to high N application significantly decreased soil pH and not significantly increased plant biomass compared with low N application (Table 1), as rhizosphere AMF diversity was both shaped by soil pH and plant biomass (Figure 6). After a long time (such as 37 years) of sufficient P available and dramatic changes soil properties like soil pH (caused by long-term N fertilization), the AMF species that cannot acquire enough energy may be extinguished.

Overall, our results suggested that the responses of rhizosphere AMF to elevate fertilizer and plant changes with soil nutrients. When N fertilization increases N supply (P supply is the most limiting resource), the benefit of the symbiosis is enhanced. In this scenario, rhizosphere AMF diversity levels might be maintained. When N and P fertilization increases N and P supply, the benefit provided by this symbiosis is reduced (Dueñas et al., 2020). This may intensify competition among AMF taxa for plant derived C. In this case, a reduction in rhizosphere AMF diversity can be expected.



Long-Term Nutrient Addition Changed Rhizosphere AMF Community Composition

The NMDS analysis demonstrated that AMF communities differed significantly among different fertilization regimes, suggesting that different N and P additions induced a shift in AMF community composition. These results agree with former findings that the abundance of soil nutrients plays a crucial role in shaping the rhizosphere AMF community (Qin et al., 2015; Dueñas et al., 2020). It was reported that nutrients accumulation caused markedly changes in soil chemical properties, species that are insensitive to the disturbances or efficient in acquiring plant C will increase in relative abundance (Koch et al., 2017; Wang et al., 2018). In addition, competition can also lead to the complete exclusion of particular species (Roger et al., 2013) or a decline in overall AMF abundance (Engelmoer et al., 2014). The addition of N plus P fertilization may select for taxa with better ability to hoard P in order to maximize C gains from the host (Whiteside et al., 2019).

In our study, we only found 7 AMF families, similar with the results of Zhu et al. (2020), which found 7 ∼ 8 families in different site of Chinese black soil region. However, Redecker et al. (2013) systematic reviewed of AMF taxa, and summarized 11 AMF families from literatures. The other four families were not detected including Sacculosporaceae, Pacisporaceae, Ambisporaceae, and Geosiphonaceae in our study site. This may be due to those four families were in low abundance, and cannot be detected by Illumina MiSeq platform. For example, Gu et al. (2020) found only less than 0.4% of all sequences belonged to Sacculosporaceae and Pacisporaceae in Chinese black soil. In addition, family Pacisporaceae showed a preferential distribution toward poor nutrient soils, rather than nutrient-rich black soil (Wang et al., 2018; Dudinszky et al., 2019). Cao et al. (2020) and Panneerselvam et al. (2020) found that Ambisporaceae and Geosiphonaceae were more abundant in higher temperature (mean annual temperature 19.1°C) and elevated CO2 concentration (550 μmol mol–1), respectively. The low temperature, atmospheric CO2 concentration and high nutrient level may explain why we did not detect those four families in our study site.

In the present study, we observed that long-term N and P fertilization increased the relative abundance of Glomeraceae compared with CK (Figure 2), with the relative Glomeraceae abundance was 39.1%, among them the relative genus Glomus abundance increased by 89.3% compared with CK (Figure 3A). Previous studies found that the family Glomeraceae could grant better protection from pathogens (Powell et al., 2009), as the majority biomass in the Glomeraceas is found in hyphae growing inside the root and reduce root infection of plant by two soil pathogens (Maherali and Klironomos, 2007). Those results indicated that N and P fertilization shifted the AMF communities toward disease-suppression against root pathogens. Our results also demonstrated that the relative abundance of Paraglomeraceae was higher in N1 and N2 treatments than other treatments (Figure 2), similar to observations in some previous studies (Hijri et al., 2006; Chagnon et al., 2013). The Paraglomeraceae with the majority of fungal biomass are located outside the plant were demonstrated to be more efficient in P assimilation (Powell et al., 2009). Those results indicated that long-term N (only) addition changed AMF communities by increasing nutrient assimilation taxa. The results also indicated that long-term N fertilization only may enhance plant P acquisition via AMF communities. In addition, Jiang et al. (2018) found that increased nutrients available would shift mycorrhizal functioning toward parasitism, and that the inefficient in acquiring soil derived C under elevated plant-available N and P levels in soil may be extinguished. However, the links between AMF traits and nutrient requirements or function inferred from a fraction of AMF isolates, and this may prevent us to unequivocally establish whether differential adaptations to nutrient supply are the basis for the patterns reported here.



Factors Affecting Rhizosphere AMF Community Composition

The interactions among microbes, plants and soils play a critical role in ecosystem functioning (Zeng et al., 2016). However, earlier studies about the effects of fertilization on soil AMF communities did not include plant production data, often neglecting the interaction between elevated fertilizer and host selection processes on AMF communities. In our study, we found that N and P fertilization resulted in significant changes in rhizosphere AMF community composition. We further found that rhizosphere AMF composition was directly affected by decreasing soil pH caused by N and P fertilization, while AMF diversity was directly affected by soil C: P ratio and indirectly affected by plant biomass (Figure 6).

In our study, the composition of rhizosphere AMF communities was closely correlated with soil C:P (P < 0.05), as reported by Qin et al. (2015). This could be highly associated with AMF receiving their C supply from their host plants and compensating the plant through enhanced nutrient acquisition, particularly through supply of poorly mobile phosphate ions (Karasawa et al., 2012). In the case of greater nutrient sufficiency in plants in fertilizer treatments, symbiosis with AMF could be less important, reducing C allocation to AMF in the rhizosphere. This could explain why soil C:P was an important factor in shaping AMF communities, and indicated that rhizosphere AMF community was shaped by both soil nutrient and plant selection processes.

The shifts in the relative abundance of species taxonomic groups across different soil C:P values are similar to soil C:P responses observed in other studies. For example, the relative abundance of Gigaspora and Archaeospora had strong positive correlations with high soil C:P in this study (Table 2), consistent with results of Pagano and Scotti (2010). The relative abundances of Gigaspora and Archaeospora were higher in N1 and N2 than N1P1 and N2P2 treatments and this was significantly negatively correlated with AP concentration (P < 0.05). Previous studies demonstrated that P addition could shift species composition in favor of less efficient mutualists, which are competitively superior colonizers (Johnson, 1993). This indicated that the genera Gigaspora and Archaeospora were efficient mutualists with wheat in P-deficient soil in this site.

The soil pH was also an important factor affecting the relative abundance of species taxonomic groups, which was consistent with other reports (Jansa et al., 2014; Qin et al., 2015). In the present study, RDA also indicated that the AMF composition was affected by soil pH (Figure 6). The relative abundance of Funneliformis, Septoglomus, and Archaeospora were positively correlated with soil pH, but Rhizophagus was negatively correlated with it, as similarly reported by Jansa et al. (2014). With the increase in the amount of fertilizer, soil pH decreased from 6.81 to 5.45 (Table 1), and abundance of these AMF taxa changed gradually. The results indicated that these AMF groups were sensitive to soil pH. Rhizophagus was relatively more abundant in N2 and N2P2 than other treatments (Figures 3, 4), and positively correlated with most available nutrients (Table 2). This is may be because Rhizophagus can flourish in soils with large amounts of nutrients, and exert a P-uptake function with a large requirement of energy source (Thonar et al., 2011). The available nutrients were higher in N2 and N2P2 than other fertilizer treatments and CK (Table 1). The relative abundances of Glomus and Claroideoglomus were significantly positively correlated with soil C:N values, consistent with other reports that soil C:N was also an important factor affecting the soil AMF community (Shi et al., 2014; Treseder et al., 2018; Dueñas et al., 2020).




CONCLUSION

We demonstrated that rhizosphere AMF species diversity was decreased by N plus P fertilization, but not significantly affected by fertilization with N only. Composition of the rhizosphere AMF community was significantly influenced by N and P fertilizers, which appeared to be mediated greatly by soil-plant-microbe interactions. Specifically, the rhizosphere AMF diversity was directly affected by soil C: P ratio and indirectly affected by plant biomass, while rhizosphere AMF community was directly shaped by soil acidification. Our results suggest that rhizosphere AMF community structure was shaped by elevated fertilizer and host selection processes. The 37-year inorganic fertilization regimes changed rhizosphere AMF communities with a potential negative impact on AMF transport of nutrients to plants and on the beneficial effect of AMF genera to plant resistance against pathogens, because long-term inorganic fertilization promotes microbes with known pathogenic traits (Zhou et al., 2016). More studies need to be conducted to elucidate the mechanisms that AMF taxa and communities use to cope with the pathogens and nutrients transportation caused by global environmental changes, such as N- or P-deposition. Most importantly, studies about how soil-plant-microbe interactions influence on ecosystem functions and progresses remains to be elucidated.
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Interactions between plants and microbes can affect ecosystem functions, and many studies have demonstrated that plant properties influence mutualistic microorganisms. Here, high-throughput sequencing was used to investigate rhizosphere and phyllosphere fungal communities during different plant development stages. Results demonstrated that phyllosphere and rhizosphere fungal community structures were distinct during all developmental stages while they were mediated separately by plant carbon and soil sulfur. Comparatively, the effect of root properties on phyllosphere fungal diversity was greater than soil properties. Moreover, rhizosphere fungal networks of Bothriochloa ischaemum were more complex than phyllosphere fungal networks. This study demonstrated that the effect of plant and soil traits on phyllosphere and rhizosphere fungal communities could potentially be significant, depending on the applicable environmental condition and plant development stage. Although links between phyllosphere and rhizosphere communities have been established, further studies on functional fungal groups during phytoremediation processes are necessary. This study comprehensively analyzed dynamic relationships between phyllosphere and rhizosphere fungal communities during different plant development stages in a polluted environment. These fungal communities were determined to be expedient to the development and utilization of beneficial microbial communities during different development stages, which could more effectively help to stabilize and reclaim contaminated copper tailings soil.
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HIGHLIGHTS

•Phyllosphere and rhizosphere fungal community structures were distinct during all stages of development.

•Plant carbon and soil sulfur separately mediated phyllosphere and rhizosphere fungal communities.

•Comparatively, the effect of root properties on phyllosphere fungal diversity was greater than soil properties.



INTRODUCTION

Phyllosphere and rhizosphere microbial communities are significant components of plant microbiota (Zhu et al., 2019). Phyllosphere microbes colonize aerial components of plants or inhabit plant tissues and organs, including caulosphere, anthosphere, carposphere, and phylloplane (Meyer and Leveau, 2012; Vorholt, 2012; Zarraonaindia et al., 2015). Globally, the leaf area of plants is estimated to be 109 km2, which is almost twice that of global land area (Vorholt, 2012). Moreover, it is estimated that phyllosphere bacterial abundance may exceed 1062 cells globally (Lindow and Brandl, 2003). At present, even though data on phyllosphere fungal abundance are lacking, it is estimated to be much lower than that of bacteria (Zhu et al., 2019). Phyllosphere microbes mainly derive from indigenous plant microorganisms as well as exogenous microorganisms transported by means of horizontal propagation through soil and air or by other plants (Müller et al., 2016). The rhizosphere is the shallow soil region of belowground plant components that is directly affected by roots and root secretions (i.e., root exudates). Rhizosphere microbes mainly derive from the soil environment (Mendes et al., 2013). The abundance of the rhizosphere microbial community far exceeds that of the host plant, reaching 1011 cells/root (Mendes et al., 2011).

Phyllosphere microbes participate in a variety of functions, which play key roles in nitrogen fixation (Fürnkranz et al., 2008), promoting plant growth (Bulgarelli et al., 2013; Rastogi et al., 2013), inhibiting pathogenic microorganisms (Rastogi et al., 2013), and degrading environmental pollutants (Yutthammo et al., 2010); however, these microbes also cause negative effects to occur, such as plant diseases. Studies have shown that plant species, host plant genotypes (Costa et al., 2012; Kim et al., 2012), seasonal changes, geographical locations (Redford et al., 2010; Finkel et al., 2011; Rastogi et al., 2012), and the environment itself (Gu et al., 2010; Sun et al., 2018) can affect phyllosphere microbial community characteristics. Moreover, leaf properties also significantly affect microbial community structure (Whipps et al., 2008). For example, different plant leaf characteristics, such as those associated with the stomata, water glands, leaf thickness, and nutrient and water content, affect phyllosphere microbial colonization (Yadav et al., 2005; Kembel and Mueller, 2014; Kembel et al., 2014). Previous studies have also shown that the phyllosphere is very complex (Hooker et al., 2007). The effects of environmental and biological factors on phyllosphere microbial community composition remain unclear when all these factors are considered together. Although rhizosphere microbes promote plant growth, being closely correlated to both plant growth and health, some of these microbes also inhibit plant growth. Rhizosphere microbial community composition differs among plant species, plant development stage, and other factors (Zhou et al., 2016). It has been reported that changes to rhizosphere microbial communities are affected by plant development (Houlden et al., 2008; Micallef et al., 2009; Chaparro et al., 2014). Xu et al. (2009) found that more complex microbial communities were found during the early reproductive growth stages of Glycine max than during its latter stages. Notably, a study conducted on the core microbiome of Arabidopsis thaliana can be used as a tool to determine the plant’s influence on its mutualistic rhizosphere microbiome during developmental stages (Lundberg et al., 2012). Therefore, microbial community structure must be assessed through plant developmental stages, which focus on members that comprise the microbial community.

The copper mine selected for this study, the Northern Copper Mine, is the largest underground copper mine in China. It has an annual output of greater than 7 million tons of ore. A large amount of heavy metals are disposed directly into soil (Jia et al., 2019). Such activities not only lead to the considerable degradation of soil ecosystems, but also affect plant growth and development. In our previous study, B. ischaemum (L.) Keng is the dominant plant species in this tailings dam, and their infected fungal species had phytoremediation potential in mining area (Jia et al., 2017, 2018b,c). Moreover, both rhizosphere and phyllosphere microbial activities are correlated to plant microbes, forming a unique microecosystem within the broader environment. Therefore, clarifying compositional and dynamical phyllosphere and rhizosphere microbiome characteristics is key to understanding how these communities affect the health and development of plants. Many studies have focused on fungal community respective of plants in natural ecosystem (Sánchez Márquez et al., 2011; Jia et al., 2018c), while fungal community dynamics during plant development in the damaged ecosystem remain elusive. It is critical that we clarify the influence of plant and soil traits on fungal community structure during plant development, which will also contribute to the generation of more healthy and resistant seedlings. Accordingly, this study investigated the fungal community structure and function associated with the phyllosphere and rhizosphere of B. ischaemum during three different plant development stages: seedling, tiller, and mature. This study aimed (i) to examine dynamic relationships associated with phyllosphere and rhizosphere fungal communities during plant development and (ii) to test whether driving factors associated with these phyllosphere and rhizosphere fungal communities differ.



MATERIALS AND METHODS


Site Description

Construction on the Shibahe copper tailings dam (latitude 35°15' ~ 35°17'N and longitude 118°38' ~ 111°39'E) commenced in 1969, which is a part of the broader Northern Copper Mine, situated in the southern region of China’s Shanxi Province. In total, this particular dam comprised of 16 sub-dams. The study area is marked by four distinct seasons subjected to a continental “monsoon” climate, wherein annual mean temperature = 14°C, annual precipitation = ~780 mm, and frost free days = > 200 (Jia et al., 2017).



Plant and Soil Sampling

The No. 536 sub-dam of the Shibahe copper tailings dam was selected for study in 2017. This sub-dam, in its 20 years of restoration, was sampled during three predetermined plant growth stages during the early of June and the middle of July and September (i.e., seedling, tiller, and mature). The dominant plant species in this sub-dam was B. ischaemum. We randomly collected leaves from B. ischaemum samples as well as rhizosphere soil samples in three 1 × 1 m sample plots, where each sample plot was spaced greater than 50 m apart. In each plot, 60 leaf samples were selected. These leaf samples were sealed in sterile plastic bags using tweezers sterilized in ethanol. For the plant samples, one subsample was used to determine physiochemical properties, and the other was transported to the laboratory, where it was stored (−20°C) in advance of high-throughput sequencing. For the rhizosphere soil samples, we first removed visible roots as well as any residue before each sample’s soil fraction was homogenized. The sterile gloves should be worn throughout the sampling process to avoid contamination of the samples. We then divided the fresh soil samples into two subsamples after being sifted (using a 2 mm sieve). We stored the first subsample (4°C) to determine physiological and chemical properties, while we stored the second subsample (−20°C) to extract DNA.



Plant and Soil Chemical Properties

An elemental analyzer (vario EL/MACRO cube, Elementar, Hanau, Germany) was used to measure total carbon (TC), total nitrogen (TN), and total sulfur (TS) content in plant and soil samples (Supplementary Tables S1 and S2). Soil water (1:2.5 mass/volume) suspensions were shaken for 30 min prior to measuring soil pH. Gravimetric analysis was used to measure soil moisture. An automatic discrete analyzer (CleverChem 380, DeChem-Tech, GmbH, Hamburg, Germany) was then used to measure soil constituents, namely, ammonium nitrogen (NH4+-N), nitrate nitrogen (NO3−N), and nitrite nitrogen (NO2−-N; Supplementary Table S2).



Techniques Used for DNA Extraction, PCR Amplification, and MiSeq Sequencing

Leaf samples were washed three times in a sterile phosphate buffer solution (PBS: NaCl, KCl, Na2HPO4, and KH2PO4) prior to filtering through means of a sterile membrane filter (0.2 μm pore size; Millipore, Jinteng, Tianjin, China). The filtered samples used to extract microbial DNA were sealed in sterile centrifuge tubes. Microbial DNA taken from plants and soil was extracted using the E.Z.N.A.® Soil DNA Kit (Omega Bio-tek, Norcross, GA, United States) under the manufacturer’s protocol. The NanoDrop ND-1000 UV-Vis spectrophotometer (NanoDrop Technologies, Wilmington, DE, United States) was used to quantify extracted DNA. Primers ITS1F (5'-CTTGGTCATTTAGAGGAAGTAA-3') and ITS2 (5'-GCTGCGTTCTTCATCGATGC-3') were used as the fungal ITS gene copy numbers of all samples. We carried out sequencing at Shanghai Majorbio Bio-pharm Technology (Shanghai, China) using the MiSeq platform (Illumina, Inc., CA, United States). Finally, we submitted raw sequencing data to the National Center for Biotechnology Information (NCBI) Sequence Read Archive (SRA; https://www.ncbi.nlm.nih.gov/sra) under the project accession number PRJNA605500.



Processing of Sequencing Data

Raw FASTQ files were demultiplexed and quality-filtered using QIIME (version 1.17) under the following criteria: 300-bp reads were truncated at any site receiving an average quality score of <20 over a 50-bp sliding window, and truncated reads shorter than 50 bp were discarded; exact barcode matching, two-nucleotide mismatch in primer matching, and reads containing ambiguous characters were removed; and only sequences that overlapped for more than 10 bp were merged according to their overlap sequence. Reads that could not be merged were discarded. Operational taxonomic units (OTUs) were clustered with a 97% similarity cutoff using UPARSE (version 7.1; http://drive5.com/uparse/), and chimeric sequences were identified and removed using UCHIME. The taxonomy of ITS gene sequences were analyzed using the Ribosomal Database Project (RDP) Classifier1 against the unite 7.0 ITS fungi database with a confidence threshold of 70%.



Statistical Analysis

SPSS Statistics version 20 was used to calculate the data derived from the above analyses. Heatmapping of the top 10 genera in each sample was conducted using the R packages. Canoco 5.0 (Microcomputer Power, United States) was used for non-metric multidimensional scaling (NMDS) analysis and redundancy analysis (RDA) to investigate relationships among fungal and environmental factors. One-way ANOVA was used to detect any disparities in environmental parameters, alpha diversity (α-diversity) indexes as well as the relative species abundance of the dominant fungal species among the three selected plant growth stages (i.e., seedling, tiller, and mature). Additionally, the spearman’s rank correlation test was used to ascertain any correlations among fungal communities and environmental variables. Linear discriminant analysis Effect Size (LEfSe) analysis was used to detect biomarkers that were statistically different among groups (Segata et al., 2011). The interactive Gephi platform was used to explore network properties and visualize networks (Bastian et al., 2009). Spearman’s correlation was used to generate association networks. The nodes in the networks represent fungal families, and the edges connecting these nodes represent correlations between fungal families in relative abundances. Network properties were calculated with the igraph package in R. The topological properties include the number of nodes, the number of edges, average degree, network diameter, clustering coefficient, average path length, and betweenness centrality. AMOS 13.0 was used to analyze structural equation models (SEM). The Fungi Functional Guild (FunGuild; Nguyen et al., 2016), an open annotation tool that has recently been developed, was used to ascertain distinct functional groups within the fungal communities.




RESULTS


Overall Taxonomic Distribution and Fungal Diversity

Across all samples, we obtained a total of 6,87,098 high-quality sequence reads whose average length was 265 bp. Moreover, 375 fungal OTUs from phyllosphere and 693 fungal OTUs from rhizosphere soil samples were determined based on 97% sequence similarity, which indicated that the sequencing data reflected most fungal diversity in the field. Taxonomically classified OTUs were all associated with six phyla, 24 classes, 62 orders, 127 families, and 225 genera in the rhizosphere soil samples. For the phyllosphere samples, corresponding taxonomically classified OTUs were associated with five phyla, 20 classes, 46 orders, 90 families, and 163 genera. Richness (Ace and Chao1) and diversity (Shannon and Simpson) index values of the phyllosphere and rhizosphere fungal communities revealed that dynamic change occurred during the three plant development stages (Figure 1). The Shannon index and phyllosphere fungal community richness were both significantly higher during the tiller stage compared to the other two stages (Figure 1A). For the rhizosphere, fungal community richness was greater during the seedling and tiller stages compared to the mature stage, and the Shannon index was significantly higher during the seedling stage than the mature stage (Figure 1B).
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FIGURE 1. Estimated values of phyllosphere (A) and rhizosphere (B) fungal community relative abundances and diversity index. Asterisks indicate significant differences among plant development stages (Student’s t-test for estimator, *p < 0.05; **p < 0.01; ***p < 0.001).




Fungal Community Comparison Among Plant Development Stages

The Venn diagram revealed that 91 OTUs were common to all phyllosphere fungal communities, while 205 were common to all rhizosphere fungal communities (Figure 2). Rhizosphere fungal communities yielded a greater number of unique OTUs compared to phyllosphere fungal communities during each plant development stage (Figures 2A,B). Moreover, the shared fungal phyla were Ascomycota, Basidiomycota, Zygomycota, and Chytridiomycota between the phyllosphere and rhizosphere (Figure 2C). Ascomycota and Basidiomycota were the dominant fungal phyllosphere phyla found in samples. Ascomycota, Basidiomycota, and Zygomycota were the dominant fungal rhizosphere phyla found in samples, and their relative abundance varied among plant growth stages. During the seedling stage, Basidiomycota exhibited significantly higher relative abundance compared to the tiller and mature stages, while Ascomycota exhibited the opposite effect. Ascomycota increased from 78.0% (seedling) to 94.6% (mature), and Basidiomycota decreased from 7.4% (seedling) to 0.7% (mature) in the rhizosphere (Supplementary Figure S1). Pleosporaceae was the dominant fungal family found in phyllosphere samples, and its members were present in greater than 48.5% of fungal sequences during plant development stages (Supplementary Figure S1). The maximum percent of Sporormiaceae was 30.5% at the seedling stage (Supplementary Figure S1). In contrast, Herpotrichiellaceae were the dominant fungal family found in rhizosphere samples, while Lophiostomataceae had the highest value (47.5%) during the mature stage (Supplementary Figure S1). Bray-Curtis dissimilarity analysis based on NMDS and ANOSIM was conducted to determine dissimilarity within fungal communities among each plant development stage. ANOSIM revealed significant differences in the fungal community structure of both the phyllosphere (stress = 0.045; R = 0.4733; p = 0.001) and rhizosphere (stress = 0.033; R = 0.9752; p = 0.001) among the different plant growth stages (Supplementary Figure S2).
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FIGURE 2. Venn diagram for phyllosphere (A) and rhizosphere (B) fungal communities and the network analysis on phylum level (C) among plant development processes. Numbers indicated shared unique operational taxonomic units (OTUs) at 0.03 dissimilarity distances after removing singletons involved.


The top 10 dominant classes are shown in Figure 3. For the phyllosphere fungal community, we found significant differences in Dothideomycetes, unclassified class of Ascomycota, Sordariomycetes, and Agaricomycetes at a class level among the plant development stages (Figure 3A). For the rhizosphere fungal community, only Leotiomycetes exhibited significant differences at a class level among the plant development stages (Figure 3B). Cladograms were used to depict groups, and LEfSe was used to confirm linear discriminant analysis (LDA) scores of 2 or greater (Supplementary Figure S3). During the seedling stage, two phyllosphere fungal groups were found to be significantly enriched, namely, Phaeosphaeriaceae (from a family to a genus level) and Mycosphaerellaceae (from a family to a genus level; Supplementary Figure S3). Fewer phyllosphere fungi were significantly enriched during the tiller stage, except for Ustilaginales (from an order to genus level). During the mature stage, eight phyllosphere fungal groups were highly enriched, while no rhizosphere fungal groups were found to be so (Supplementary Figure S3).
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FIGURE 3. Relative abundances of top 10 fungal classes that showed significant differences among phyllosphere (A) and rhizosphere (B) samples from the seedling, tiller, and mature stages. A one-way ANOVA was used to evaluate the significance of differences between the indicated groups. *p < 0.05; **p < 0.01; ***p < 0.001.




Relationships Among Fungal Community Structure and Plant and Soil Characteristics

The leaf and soil properties showed that leaf TN was highest, but soil TN was lowest in tiller stage (Supplementary Tables S1 and S2). Both leaf TC and sheath TS were higher in mature stage than other stages (Supplementary Table S1). Soil nutrients (TC, TN, and TS) were highest in seedling stage, while soil NH4+-N and NO2−-N were highest in mature stage (Supplementary Table S2). Our experiment evaluated the effect of ecological factors on the top five fungal classes in phyllosphere and rhizosphere communities using RDA. We found correlations among plant and soil fungal community structure and characteristics (Figure 4). Results showed that 95.91% of variation in phyllosphere fungi could be explained by leaf properties (Figure 4A). Moreover, axis 1 of the RDA plot was able to explain roughly 89.94% of variation, while axis 2 was able to explain a further 5.97%. Results showed that leaf TC (p = 0.007), sheath TC (p = 0.005), root TC (p = 0.002), and sheath TS (p = 0.003) significantly affected phyllosphere fungal community structure (Figure 4A). Soil properties were able to explain 67.71% of variability in rhizosphere fungal community structure (Figure 4B), wherein axis 1 of the RDA plot explained 45.28% of variability, and axis 2 explained a further 22.43%. Four soil characteristics were chosen for RDA after redundant variables were removed. As shown in Figure 4B, soil TS (p = 0.009) significantly affected rhizosphere fungal community structure.
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FIGURE 4. Redundancy analysis (RDA) of the top five fungal classes and leaf or soil characteristics. Phyllosphere and rhizosphere fungal communities are shown in (A,B), respectively. The values of axes 1 and 2 are the percentages explained by the corresponding axis.


Microbiota structure is typically shaped by both abiotic and biotic environmental variables (as seen in Figure 5). The correlation heatmap showed that relationships among fungal orders and plant properties or environmental factors differed between the phyllosphere and rhizosphere (Figure 5). For the phyllosphere, Hypocreales, Xylariales, Polyporales, Corticiales, Russulales, Agaricostilbales, norank_c_Dothideomycetes, Cantharellales, Trichosphaeriales, Agaricales, and Sordariales exhibited significant positive correlations to plant nitrogen (including leaf TN and sheath TN). Moreover, Hypocreales, Xylariales, Polyporales, Corticiales, Russulales, Agaricostilbales, and norank_c_Dothideomycetes exhibited extremely significant negative correlations to leaf and sheath TS (Figure 5A). For the rhizosphere fungal community, Agaricales, Sordariales, Tremellales, and unclassified order of Agaricomycetes abundance were extremely positively correlated to pH, while unclassified order of Sordariomycetes, Cantharellales, Sebacinales, Mortierellales, Helotiales, and unclassified order of Chytridiomycetes abundance was significantly negatively correlated to soil NH4+-N and SWC. Furthermore, Xylariales was significantly and positively correlated to soil TN and TS, while Pezizales was significantly and negatively correlated to TN (Figure 5B).
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FIGURE 5. Correlation heatmap of the top 30 orders and soil properties and vegetation. Phyllosphere and rhizosphere fungal communities are shown in (A,B), respectively. X and Y axis are environmental factors and orders. R in different colors to show, the right side of the legend is the color range of different R values. *p < 0.05; **p < 0.01; ***p < 0.001.


We constructed the SEM to further quantify the contribution of each potential influential factor (including soil, aboveground, and root properties) to the fungal community beta diversity (β-diversity) of the phyllosphere and rhizosphere (Figure 6). Root properties were the dominate factors that influenced phyllosphere fungal diversity. Soil properties indirectly affected phyllosphere fungal diversity, while we observed no impact associated with plant development processes on the rhizosphere fungal community (Figure 6). Furthermore, our study also provides co-occurrence networks of fungal taxa on the phyllosphere and rhizosphere (Figure 7 and Supplementary Table S3). The phyllosphere fungal network in this study consisted of 82 nodes and 416 edges, and the network diameter and clustering coefficient were 9 and 0.685, respectively (Supplementary Table S3). The rhizosphere fungal network consisted of 122 nodes and 626 edges, and the network diameter and clustering coefficient were 8 and 0.637, respectively (Supplementary Table S3). Both networks suggested that fungal community coexistence was greater than they would be separately in the phyllosphere and the rhizosphere. Some fungal families of Ascomycota had the highest overall betweenness centrality within phyllosphere and rhizosphere fungal networks (Figure 7 and Supplementary Table S4). Davidiellaceae and norank_o_Trichosphaeriales were the dominant fungal families in the phyllosphere, while Herpotrichiellaceae and Dothideomycetes played critical roles in the rhizosphere (Figure 7 and Supplementary Table S4).

[image: Figure 6]

FIGURE 6. Structural equation model (SEM) illustrating the effects of soil properties on physicochemical characteristics (aboveground and root) and fungal communities of phyllosphere and rhizosphere. Continuous and dashed arrows represent the significant and non-significant relationships, respectively. Adjacent numbers that are labeled in the same direction as the arrow represents path coefficients, and the width of the arrow is in proportion to the degree of path coefficients. Green and red arrows indicate positive and negative relationships, respectively. R2 values indicate the proportion of variance explained by each variable. Significance levels are denoted with **p < 0.01 and ***p < 0.001. Standardized total effects (direct plus indirect effects) calculated by the SEM are displayed below the SEM. The low chi-square (χ2), nonsignificant probability level (p > 0.05), high goodness-of-fit index (GFI > 0.90), low Akaike information criteria (AIC), and low root-mean-square errors of approximation (RMSEA < 0.05) listed below the SEMs indicate that our data match the hypothetical models.
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FIGURE 7. Co-occurrence network of microbial taxa on phyllosphere (A) and rhizosphere (B). Nodes represent fungi families, whereas pink and green edges respectively represent positive and negative connections between pairs of species.




Functional Features of Phyllosphere and Rhizosphere Fungal Communities

FunGuild, a classification tool for fungi used to accurately define and reference assignments of trophic groups (Nguyen et al., 2016), was employed in this study to infer compositional variation in the functional groups of the phyllosphere and rhizosphere. Guilds identified during the three plant development stages are shown in Supplementary Figure S4. Animal pathogen/endophyte/plant pathogen/wood saprotrophs accounted for approximately 30.3–85.0% of all phyllosphere fungal OTUs detected. For the phyllosphere, dung saprotroph/plant saprotrophs were significantly higher during the seedling stage compared to the other stages, and the endophyte/plant pathogen yielded the highest relative abundance during the tiller stage (Supplementary Figure S4). Leaf saprotrophs were ubiquitous throughout the rhizosphere during plant growth processes (Supplementary Figure S4). For the rhizosphere, both endomycorrhizal/plant pathogen/undefined saprotrophs and undefined saprotrophs primarily subsisted during the seedling stage, while plant pathogens were generally higher during the mature stage (Supplementary Figure S4).




DISCUSSION

In copper tailings dams, the fungal community plays an important role, but it can potentially be affected by soil and plants traits (Jia et al., 2018c; Kong et al., 2019; Yang et al., 2020). However, most relevant studies only investigated a particular aspect related to differences in rhizosphere and/or non-rhizosphere communities (Jia et al., 2018a). Our study systematically investigated dynamic changes in rhizosphere and phyllosphere fungal communities during different plant development stages. We found distinct structural differences between phyllosphere and rhizosphere fungal communities among the different plant growth stages. The potential mechanism for this is the widely accepted assumption that plant leaves phenotypically differ among their different developmental stages, for which a subset of plant leaf migrants or colonizers are favored, consequently contributing to variation in fungal community composition (Leveau, 2019). In this study, phyllosphere and rhizosphere fungal community richness was both significantly higher during the tiller stage (Figure 1). The Shannon indexes of phyllosphere and rhizosphere fungal community were significantly higher during the tiller and seedling stage, respectively (Figure 1). This is in agreement with a previous eucalyptus study which showed that fungal distribution was distinct during different development stages, which could have been associated with the age of the host plant as well as surrounding environmental conditions (Jia et al., 2016). Chaparro et al. (2014) found that the rhizosphere microbial community of Arabidopsis differed significantly during the seedling stage compared to the other two stages. Fungi are capable of modifying the nutrient absorption kinetics of colonized plants during the tiller stage (Rho and Kim, 2017). Moreover, many studies have reported on the stronger fungal response to salt stress, invasive plant species, soil moisture, heavy metal pollution as well as other detrimental factors (Xiao et al., 2014; Kaisermann et al., 2015; Jia et al., 2019; Shen et al., 2019).

In this study, Ascomycota and Basidiomycota were the dominant fungal phyla groups within phyllosphere and rhizosphere samples, and this finding is in agreement with previous studies on other plant species (Ma et al., 2013). It has been reported that Ascomycota is the most abundant phylum found in rhizosphere communities (Hao et al., 2016) as well as being the dominant taxa in tropical grasslands in the country of Laos (Lienhard et al., 2014). We also found that Phaeosphaeriaceae and Mycosphaerellaceae, two fungal groups, were enriched during the seedling stage, and Ustilaginales were significantly enriched during the tiller stage in phyllosphere (Supplementary Figure S3). Phaeosphaeriaceae were commonly associated with plants as pathogens, though some are also saprotrophs and parasites on powdery mildews (Zhang et al., 2012), and Mycosphaerellaceae were usually assumed to be host-specific (Cortinas et al., 2006). Moreover, Ustilaginales included the plant pathogenic smuts that cause significant losses to crops worldwide (Martinezespinoza et al., 2002). This suggested that B. ischaemum plants could be resistant to pathogens in the primary stage of plant development. This could be that Ascomycota produces secondary metabolites that protect their hosts from pathogens (Blackwood et al., 2007; Rodriguez et al., 2009). Members of Basidiomycota, which is a phylum known to produce high amounts of lignin-modifying enzymes (LMEs), are believe to be the main decomposers in natural environments (Blackwood et al., 2007). Therefore, these two dominant fungal phyla could both play critical ecological adaptability in copper tailings dams, which will require further investigation in future studies.

Previous studies found that plant species, spatial locality, plant growth development, leaf structure, chemical composition, and secretion all affect phyllosphere microbial structure (Redford and Fierer, 2009; Hunter et al., 2010; Kim et al., 2012). Therefore, it stands to reason that plant traits are key factors that affect phyllosphere microbial community structure (Whipps et al., 2008). Our findings showed similar results, namely, that the phyllosphere fungal community structure was significantly affected by plant carbon. Moreover, Hypocreales, Xylariales, Polyporales, Corticiales, Russulales, Agaricostilbales, norank_c_Dothideomycetes, Cantharellales, Trichosphaeriales, Agaricales, and Sordariales all exhibited significant positive correlations to phyllosphere plant nitrogen. A possible explanation for this is that the plant nutrient content is determined by numerous factors, such as plant nutrient requirements and availability, nutrient absorption, and utilization efficiency and nutrient mobility (Marschener, 1998), and subsequently, may influence fungal community composition during this stage of development. Agaricales can degrade lignin and decompose litter (Morgenstern et al., 2008). Additionally, fungal community diversity and species richness were both higher in the rhizosphere compared to the phyllosphere, which is in agreement with an earlier study (Park et al., 2017). One study reported that tree traits can affect the patterns of fungal richness in leaves (Andrew et al., 2019). In our study, root properties were the dominate factor that influenced phyllosphere fungal diversity, while soil properties indirectly affected phyllosphere fungal diversity (Figure 6). This may result from the various effects that functional microorganisms have on plant growth during plant development, which will affect plant phenotypes and fungal community diversity (Spiering et al., 2006; Fitzpatrick et al., 2019; Russo et al., 2019).

Soil’s role in microbial rhizosphere structure is regulatory. In particular, soil pH, soil nutrients, and soil fertility are all considered important factors that affect rhizosphere microbial structure (Philippot et al., 2013). Our study showed that soil TS significantly affected the fungal community structure of the rhizosphere. He et al. observed that phosphorus (P) application treatments significantly changed the structure of the soil fungal community and resulted in a significant decrease in the community richness of fungi (He et al., 2008, 2016). It has also been reported that both fungal populations and fungal diversity in soil will be affected by soil pH, while high P application treatments can significantly change the structure of fungal communities (Živanov et al., 2017). Our study found that Agaricales, Sordariales, and Tremellales abundance was highly positively correlated to the pH level of the rhizosphere. Similarly, a previous study also found that there is a significant correlation between soil pH and the resident rhizosphere microbial community (Essel et al., 2019). Members of the class Agaricomycetes act as important decomposers, producing both hydrogen peroxide (H2O2) and enzymes, resulting in the degradation of complex plant compounds, such as cellulose and lignin (Kameshwar and Qin, 2016).

The role of fungal co-occurrence networks is important in revealing the interactions that exist among different species, such as through parasitism, competition, and mutualism (Zhou et al., 2011; Deng et al., 2012). In this study, the co-occurrence network identified certain keystone families, which demonstrate dynamical relationships between phyllosphere and rhizosphere fungal communities (Figure 7). Some fungal families of Ascomycota yielded the highest betweenness centrality values within the phyllosphere and rhizosphere fungal network (Supplementary Table S4). Davidiellaceae, norank_o_Trichosphaeriales, and norank_o__Pleosporales were the key fungal families found in the phyllosphere, while Herpotrichiellaceae and some unclassified families of Sordariales and Dothideomycetes all played critical roles within the rhizosphere (Figure 7 and Supplementary Table S4). It had previously been confirmed that certain low abundance taxa paradoxically play disproportionate roles in regulating ecological functions within various habitats (Zhang et al., 2018), which reveals the key roles that certain rare species play in ecosystems (Deng et al., 2016; Feng et al., 2017). The key to understanding fungal community development in environments under stress is to clarify the symbiotic relationships that exist among microbes that have successfully adapted to their host plants, which is also the case for plant health development (Andrews, 1992). In these key species, Davidiellaceae and Pleosporaceae fungal groups on leaves surface were driven by environmental climatic conditions (Gomes et al., 2018). Dothideomycetes were tolerant of harsh conditions, including nutrient limitation, high solar irradiation, fluctuating water availability, and osmotic stress (Egidi et al., 2014), and conditions that may exist in the phyllosphere microenvironment (Vorholt, 2012). This indicated that the key species of B. ischaemum fungal community had the ecological suitability in copper tailings dam. Moreover, Dothideomycetes were crucial to ecosystem functioning and global carbon cycling, as saprobes, they decompose cellulose and other complex carbohydrates in plant matter (Schoch et al., 2006; Ohm et al., 2012). Sordariomycetes and Dothideomycetes were the major classes involved in litter decomposition progresses, and these fungal were positively correlated with the contents of lignocellulose components during litter decomposition (Zhang et al., 2019). Hence, it is likely that these particular fungal played vital roles in decomposer community after leaf senescence in the damaged ecosystem. Furthermore, the positive correlations found between phyllosphere and rhizosphere fungal communities were relatively high, which indicated that microorganisms that inhabit this niche are mutualistic and not competitive in nature (Deng et al., 2016; Feng et al., 2017).

In the phyllosphere, the relative abundance of endophytes was highest during the tiller stage (Supplementary Figure S4); in the rhizosphere, the relative abundance of endomycorrhizae was highest during the seedling stage (Supplementary Figure S4). Plant properties and soil microbes can separately affect endophyte infection rates and endomycorrhizae by releasing exudates of low molecular weight (e.g., glomalin, amino acids, and organic acids) through external mycelia (Marschner and Timonen, 2005; Jia et al., 2017). Also, endophyte infection rates were typically higher during the tiller stage (Jia et al., 2017). Moreover, certain sugar exudates are considered critical to fungal community growth in the rhizosphere (Hooker et al., 2007). This could help explain the increased abundance of certain fungal groups in our study. Leaf saprotrophs were ubiquitous in the rhizosphere during plant growth processes (Supplementary Figure S4). A potential explanation for this is that saprotrophic fungi can inhabit fungal niches (Veresoglou et al., 2011) or compete with other fungi for carbohydrate resources (Baggi, 2000), which could cause an increase in abundance during the mature stage. We found that phyllosphere and rhizosphere fungal communities possessed distinct functional features. This indicated the ability of phyllosphere and rhizosphere microbial communities to be able to select specific functions throughout plant development (Chaparro et al., 2014).

Results from this study offer new insight into clarifying the dynamical relationships between phyllosphere and rhizosphere fungal communities during B. ischaemum development within a polluted copper tailings environment. However, there are still some limitations in our research. The plant heavy metal distributions and relationships between the heavy metals and fungal communities were also important in copper tailings dam. These experiments would be further studied in our future work. In brief, our study found that phyllosphere and rhizosphere microbial communities are favorable to the development and utilization of beneficial microbial communities at different stages of development, which could more effectively aid in the remediation and stabilization of land contaminated with copper tailings.
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Intercropping of cereals and legumes has been used in modern agricultural systems, and the soil microorganisms associated with legumes play a vital role in organic matter decomposition and nitrogen (N) fixation. This study investigated the effect of intercropping on the rhizosphere soil microbial composition and structure and how this interaction affects N absorption and utilization by plants to improve crop productivity. Experiments were conducted to analyze the rhizosphere soil microbial diversity and the relationship between microbial composition and N assimilation by proso millet (Panicum miliaceum L.) and mung bean (Vigna radiata L.) from 2017 to 2019. Four different intercropping row arrangements were evaluated, and individual plantings of proso millet and mung bean were used as controls. Microbial diversity and community composition were determined through Illumina sequencing of 16S rRNA and internal transcribed spacer (ITS) genes. The results indicated that intercropping increased N levels in the soil–plant system and this alteration was strongly dependent on changes in the microbial (bacterial and fungal) diversities and communities. The increase in bacterial alpha diversity and changes in unique operational taxonomic unit (OTU) numbers increased the soil N availability and plant N accumulation. Certain bacterial taxa (such as Proteobacteria) and fungal taxa (such as Ascomycota) were significantly altered under intercropping and showed positive responses to increased N assimilation. The average grain yield of intercropped proso millet increased by 13.9–50.1% compared to that of monoculture proso millet. Our data clearly showed that intercropping proso millet with mung bean altered the rhizosphere soil microbial diversity and community composition; thus, this intercropping system represents a potential mechanism for promoting N assimilation and increasing grain yield.

Keywords: cereal–legume intercropping, soil microbial community, soil–plant system, N availability, grain yield


INTRODUCTION

With the increasing global demand for food, the relationship between crop production and food security should be determined and natural resources must be preserved (Banik and Sharma, 2009). Although industrial agriculture is directly beneficial to improving labor efficiency and crop production, intense fertilizer use has led to a series of ecological environmental problems, such as loss of diversity in ecosystems, decreases in soil fertility and aggravation of environmental pollution (Boardman et al., 2003; Jacobsen et al., 2013). Intercropping is a useful agricultural practice that permits the simultaneous growth of two or more crops in the same field, thereby improving the land use efficiency (Yu et al., 2017). This agricultural practice is a technological method based on the ecological principles of facilitation and complementarity (Duchene et al., 2017). Thus, intercropping has not only been adopted by developing countries but also European countries (Martin-Guay et al., 2017). Among different intercropping combinations, cereal–legume intercropping systems have become sustainable farming models because these types of crops are not competing for the same niche (Li et al., 2001) and have different nitrogen (N) use abilities or obtain N via different pathways (e.g., by mineral or organic fertilizer in cereals and N fixation in legumes) (Ghosh et al., 2009). Legumes reduce N input requirements by biological N fixation, which meets 50–60% of the N demand (Salvagiotti et al., 2008). Several studies have shown that intercropped crops use soil nutrients more efficiently than monocultured crops because of the higher recovery of N, increased yields of dry matter, and lack of negative impacts on the environment (Inal et al., 2007; Luo et al., 2016). Efficient utilization of N in belowground plant parts can promote the optimal growth of aboveground plant parts. Thus, the roles of effective planting patterns as a means of maintaining N supplies are valuable in modern agriculture.

Soil microorganisms account for a large part of the earth’s biodiversity and play a significant role in soil ecosystem biochemical processes, such as nutrient cycling and soil–borne pathogen suppression (Gomes et al., 2003; Zhang et al., 2018). Microbial diversity and composition are key determinants of their ecological functions. Most of these N-fixing microorganisms (diazotrophs) exist in free-living conditions and provide an average of 110 million tons of N per year to terrestrial ecosystems (Xu et al., 2019). In cereal–legume intercropping systems, N fixation by microorganisms associated with legumes increases the availability of N for plants, with soil N uptake by intercropped cereal greatly inducing N fixation by the root nodules in the legume rhizosphere, which stimulates N utilization by coordinating interspecific interactions (Latati et al., 2016). This practical technique influences N transformation processes by regulating microbial activities, diversities and community compositions (Lian et al., 2019; Vidal et al., 2019). Actinobacteria and Proteobacteria, two common and ubiquitous bacterial groups, are markedly affected by intercropping systems due to their biology and habitats (Stach and Bull, 2005; Gong et al., 2019b). Most N-fixing microorganisms belong to Proteobacteria and are aerobic organisms. Li et al. (2016) proposed that below-surface interactions in an maize/peanut intercropping system considerably altered the microbial structure of the soil and the dominant microbial species that are strongly linked to soil N availability. Chen et al. (2018) revealed that peanut/maize intercropping promotes plant N uptake and increases the abundance of N-cycling organisms and other beneficial rhizosphere bacteria. Lian et al. (2019) demonstrated that sugarcane/soybean intercropping in acidic soil increases microbial diversity and shifts soil microbial communities, which may stimulate N accumulation by the legume. Therefore, reasonable cereal–legume intercropping boosts soil N conversion by improving soil microbial activities and increases soil available N contents (Zuo and Zhang, 2009).

Proso millet (Panicum miliaceum L.) is one of the earliest cultivated crops in China, and it has a short growing season and is primarily planted as an important food source in the semiarid regions of China because of its high nutritional value and strong resistance to drought, saline-alkaline conditions and poor soil conditions (Seghatoleslami et al., 2008; Yang et al., 2018). Mung bean (Vigna radiata L.) is regarded as a functional food (Yao et al., 2019), and its functional components have been extracted and identified using analytical techniques. Mung bean also has a separate benefit as it engages in symbiosis with N–fixing bacteria (Choudhary and Agrawal, 2014). The intercropping combination of proso millet and mung bean has been regarded as a technically sound method based on the ecological principles of facilitation and complementarity. Thus, this practice has been rapidly applied in Northwest China (Gong et al., 2019a, 2020a, 2020b). To date, although field experiments have been conducted to evaluate the impacts of cereal–legume intercropping in recent years (Latati et al., 2016; Cao et al., 2017; Qian et al., 2018), information about crop productivity, soil microbial–mediated processes and N assimilation under proso millet–mung bean intercropping systems is still limited. Thus, we hypothesized that proso millet intercropped with mung bean will increase the soil microbial diversity, regulate the microbial community composition and efficiently contribute to N uptake and assimilation to obtain high grain yields.

The main purposes of this research were to (i) investigate the impacts of intercropping on the microbial diversity and community composition of proso millet rhizosphere soil and compare bacterial and fungal reactions to intercropping systems; (ii) explore N accumulation in soil and different plant organs and the changes in grain yield under intercropping systems; and (iii) analyze the potential microbial groups that contribute to N retention and increase grain yield. This study can provide insights into the fundamental processes of biodiversity enhancement in ecosystems for developing sustainable agriculture.



MATERIALS AND METHODS


Experimental Locations

Field experiments were conducted from 2017 to 2019 at Northwest A&F University’s experimental site (37°56′26″N, 109°21′46″E) in Yulin City, Shaanxi Province, China (Supplementary Figure 1a). This area is characterized by a semiarid continental monsoon climate, and the precipitation and annual average temperature in the area are 400 mm and 8.3°C, respectively. The daily air temperature and precipitation during the crop growing seasons (May-September) in 2017, 2018, and 2019 are shown in Supplementary Figure 2. The soil pH was 8.6, the organic matter content was 7.34 g kg–1, the total N (TN) was 0.36 g kg–1, the total phosphorus (P) was 0.75 g kg–1, and the total potassium (K) was 17.88 g kg–1 of dry soil in the 0–20 cm soil layer before sowing.



Experimental Design and Treatments

The experimental design of this study was the same as that described in Gong et al. (2020a, b), and it consisted of a randomized complete block with four replicates. Four different intercropping patterns were designed as follows: 2 rows of proso millet intercropped with 2 rows of mung bean (2P2M), 4 rows of proso millet intercropped with 2 rows of mung bean (4P2M), 4 rows of proso millet intercropped with 4 rows of mung bean (4P4M), and 2 rows of proso millet intercropped with 4 rows of mung bean (2P4M). Monoculture proso millet (MP) and mung bean (MM) were set as controls (Supplementary Figure 1b). All in–row distances were 0.33 m, and each experimental plot had an area of 30 m2 (6 × 5 m) and included at least three strips of proso millet and mung bean. Border rows were not used for sampling.

The cultivars ‘Shanmi–1’ (proso millet) and ‘Zhonglv–8’ (mung bean) were selected for use in this study. Proso millet was sown on 12 June and harvested on 23 September 2017, sown on 10 June and harvested on 25 September 2018, and sown on 10 June and harvested on 30 September 2019. Mung bean was sown on 28 May and harvested on 24 August 2017, sown on 18 May and harvested on 20 August 2018, and sown on 25 May and harvested on 30 August 2019. The previous season’s crops were yam, maize and potato for 2017, 2018, and 2019, respectively. The plant densities of proso millet and mung bean were 50 plants m–2 and 20 plants m–2, respectively, whereas the densities of both the monoculture crops and intercrops were the same. Basal fertilizers [120 kg (N) ha–1, 100 kg (P2O5) ha–1, and 75 kg (K2O) ha–1] were applied to the soils before planting (proso millet and mung bean) each year. During the growth period, fertilizers were not applied.



Plant Sampling and Grain Yield

Plants were sampled at the flowering stage of proso millet and at the filling stage of mung bean from 2017 to 2019. Three plants were randomly selected from the center of each plot (for a total of 12 plants) and split into stem, leaf, sheath and ear samples for proso millet and into stem, leaf, petiole and pod samples for mung bean. All aboveground samples were dried at 75°C until reaching a constant weight. The N content of different organs was measured by the Kjeldahl method after digestion with H2SO4–H2O2. At harvest, twenty proso millet plants were selected randomly in each plot (5 plants per treatment) to measure the ear length, ear number per plant, grain weight per plant and 1000-grain weight for proso millet. Similarly, the branch number per plant, pod number per plant, grain weight per plant and 100-grain weight for mung bean were investigated following the same sampling method. All the plants were harvested in each plot, and the grain yield was determined by weighing after air-drying for 2–3 weeks.



Soil Sampling and Analysis

Each soil sample was obtained from the rhizosphere of each intercropping pattern at the flowering stage of proso millet (60 days after sowing) and at the filling stage of mung bean (75 days after sowing) in August 2018 and 2019, respectively. Plants in each plot were selected using an ‘S’–shaped pattern and then homogenized to provide one composite sample per replicated site. During this sampling process, sterile paper was used to wipe the remains that were attached to the spade and sanitize the spade before collecting the next soil sample to avoid contamination between treatments and keep samples fresh. After the roots were gently shaken, the rhizosphere soils tightly attached to roots were collected and sieved through 2-mm mesh to remove stones and other residues. A portion of each soil sample was air-dried and used in the TN analysis, and another portion was stored at 4°C to determine the other N fractions. Subsamples for the molecular analyses were immediately homogenized in liquid nitrogen and stored at −80°C. Soil TN was measured as described by Li et al. (2016). Nitrate (NO3––N) and ammonium (NH4+–N) levels were analyzed based on standard methods using a continuous flow analyzer (Yu et al., 2019). Soil microbial biomass N (MBN) was determined using a chloroform fumigation–extraction method (Zhao et al., 2018). Four soil samples were analyzed per treatment.



Soil DNA Extraction, PCR Amplification and Sequencing Analysis

Microbial DNA of fresh rhizosphere soil (0.5 g) of proso millet was extracted four times (total of 2.0 g soil). The genomic DNA concentration and quality were estimated by 1.0% Sepharose gels. The bacterial 16S rRNA gene V3–V4 hypervariable region was amplified with primers 338F (ACTCCTACGGGAGGCAGCAG) and 806R (GGACTACHVGGGTWTCTAAT) (Zhang et al., 2015). A 10–digit barcode sequence was attached to the 5′ end of the forward and reverse primers in every soil sample (provided by Auwigene Company, Beijing). The PCR mixture included 4 μL of 12.5 Mm dNTP Mix, 5 μL of 10 × Ex Taq Buffer (Mg2+ plus), 200 nm of barcoded primers 16S–F and 16S–R, 1.25 U Ex Taq DNA polymerase, 2 μL of template DNA and 36.75 μL of ddH2O. The following procedure was used for PCR: an initial denaturation step for 2 min at 94°C, followed by 30 cycles of 94°C for 30 s, 57°C for 30 s and 72°C for 30 s, and a final extraction at 72°C for 5 min. The fungal internal transcribed spacer (ITS) region was amplified on an Eppendorf Mastercycler Gradient Thermocycler (Germany) with the primers ITS1F (5-CTTGGTCATTTAGAGGAAGTAA-3) and ITS2 (5-TGCGTTCTTCATCGATGC-3) (Wang et al., 2016). The 5′ ends of the two primers were tagged. Ultra–PAGE purified primers were obtained from Majorbio, China. The PCR mixture included 4 μl of 5 × FastPfu Buffer, 2.5 Mm dNTP mixture, 5 μM each primer, 2 μl of template DNA and 10 μl of H2O. The following procedure was used for PCR: an initial denaturation step for 2 min at 95°C, followed by 30 cycles of 95°C for 30 s, 55°C for 30 s and 72°C for 30 s, and a final extraction at 72°C for 5 min. Deep sequencing of bacterial and fungal samples was performed on the MiSeq platform at Allwegene Company in Beijing, China. Sequence data associated with this project have been deposited into the National Center for Biotechnology Information (NCBI) (accession numbers of PRJNA669229 for bacteria and PRJNA669216 for fungi).



Analysis of 16S rRNA and ITS Gene Data

For both bacterial and fungal reads, raw sequences were first trimmed and the reads were quality filtered, demultiplexed and processed on QIIME (Ren et al., 2018; Mcknight et al., 2019). Sequences were retained according to three criteria: (1) the barcodes and primers were explicit; (2) the length was greater than 200 bp; and (3) the quality score was higher than 30. All sequences were classified into different taxonomic groups by the Ribosomal Database Project classifier (Wang et al., 2007). The sequences, based on 97% similarity, were clustered into operational taxonomic units (OTUs) to produce rarefaction curves (Colwell and Coddington, 1994) and calculate the diversity and richness indices (Cole et al., 2008).



Statistical Analyses

The taxonomic alpha diversity, which represents the community diversity, was calculated by the Shannon index using Mothur software (v.1.30.1). The taxonomic beta diversity (the weighted UniFrac distances) illustrates the clustering of different samples and reflecting the microbial community structure, and it was determined through principal coordinate analysis (PCoA). The correlations among plant properties, soil N and soil microbial compositions were determined by a redundancy analysis (RDA) using the CANOCO 5.0 software package. We implemented a forward selection procedure according to the method described by Blanchet et al. (2008) to select a subset of plant properties, soil N and soil microbial compositions. The data were analyzed via a one-way ANOVA (SPSS 19.0, SPSS Inc., Chicago, IL, United States) under different intercropping patterns. The relationships among microbial diversity, plant properties and soil N were determined via Spearman’s correlation analysis. The differences between mean values were determined using the least significant difference (LSD) test (P < 0.05), as indicated by different letters. Moreover, the ANOVA was conducted with the standard design analysis method to determine the significance of year and treatment effects and their interactions.



RESULTS


Grain Yield

The grain yield of proso millet under the intercropping patterns significantly increased over the three years studied (Table 1). Across all treatments and years, intercropping significantly increased the ear number per plant, ear length, grain weight per plant and 1000-grain weight compared with monoculture proso millet and resulted in grain yield improvements of 5.6–20.7% in 2017, 7.9–53.9% in 2018, and 28.3–75.4% in 2019. Among the different intercropping systems, the 2P4M treatment achieved the greatest grain yield. Compared with the monoculture mung bean, the grain yield of intercropped mung bean was 34.8–55.8% lower in 2017, 34.4–38.8% lower in 2018, and 26.5–46.5% lower in 2019 (Table 2). The maximum and minimum reductions occurred in the 4P2M and 2P4M treatments, respectively.


TABLE 1. Effect of intercropping on grain yield and yield components of proso millet in 2017, 2018, and 2019.
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TABLE 2. Effect of intercropping on grain yield and yield components of mung bean in 2017, 2018, and 2019.
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N Levels in the Soil-Plant System

The differences in the soil-plant system between the proso millet and mung bean strips are shown in Figures 1, 2 and Table 3. Compared with the monoculture proso millet, the average N content under the intercropping patterns in the stem, leaf, sheath, and ear tissues increased by 28.6, 15.2, 16.7, and 12.0%, respectively (Figure 1). Among the intercropping systems, the 2P4M treatment resulted in the greatest plant N improvement. Similarly, the intercropping systems achieved greater plant N contents in mung bean, which were 19.3, 13.0, 18.2, and 15.4% higher than that of the monoculture bean across all treatments and years (Figure 2).
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FIGURE 1. Effect of intercropping patterns on soil TN (A), NO3–-N (B) NH4+–N (C), MBN (D) of proso millet. Different letters indicate significant differences (P < 0.05) among different intercropping patterns. Total nitrogen (TN), nitrate (NO3–-N), ammonium (NH4+-N), microbial biomass nitrogen (MBN). MP, 2P2M, 4P2M, 4P4M, and 2P4M represent the monoculture proso millet, 2 rows of proso millet intercropped with 2 rows of mung bean (2P2M), 4 rows of proso millet intercropped with 2 rows of mung bean (4P2M), 4 rows of proso millet intercropped with 4 rows of mung bean (4P4M), and 2 rows of proso millet intercropped with 4 rows of mung bean (2P4M), respectively. * and ** Significant at the 0.05 and 0.01 probability levels, respectively. ns, no significant difference.
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FIGURE 2. Effect of intercropping patterns on soil TN (A), NO3–-N (B) NH4+–N (C), MBN (D) of mung bean. Different letters indicate significant differences (P < 0.05) among different intercropping patterns. Total nitrogen (TN), nitrate (NO3–-N), ammonium (NH4+-N), microbial biomass nitrogen (MBN). MM, 2P2M, 4P2M, 4P4M, and 2P4M represent the monoculture mung bean, 2 rows of proso millet intercropped with 2 rows of mung bean (2P2M), 4 rows of proso millet intercropped with 2 rows of mung bean (4P2M), 4 rows of proso millet intercropped with 4 rows of mung bean (4P4M), and 2 rows of proso millet intercropped with 4 rows of mung bean (2P4M), respectively. * and ** Significant at the 0.05 and 0.01 probability levels, respectively. ns, no significant difference.



TABLE 3. Effect of intercropping on plant N content of proso millet and mung bean in 2017, 2018, and 2019.
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Intercropping greatly affected the soil N contents of these two species over the two years but showed differential effects (Table 3). For proso millet, the average TN, NO3––N, NH4+–N, and MBN were 67.7, 96.1, 23.5, and 28.1% higher under intercropping than monoculture, respectively. Among the intercropping patterns, 2P2M resulted in the maximum TN and NO3––N, which increased by 101.6 and 138.3%, respectively, while 4P4M resulted in the highest improvement in NH4+–N and MBN, which increased by 32.3% and 38.7%, respectively, compared with the MP. For mung bean, TN, NO3––N and NH4+–N were higher under intercropping than monoculture and the maximum values were achieved under the 4P4M treatment over the two years. Similarly, the large increase in MBN also corresponded to the intercropping system, and the 2P4M treatment achieved the maximum increase (55.5% higher than that under the MM treatment).



Soil Microbial Diversity

Venn graphs were constructed to evaluate the number and identity of the shared OTUs for proso millet from the five soil treatments (Figure 3). For bacteria, 1012 OTUs were jointly shared among the five treatments and 2P4M had the most OTUs that were specific to other areas (Figure 3A). For fungi, only 434 OTUs were common to the different treatments and specific OTUs increased under 4P2M and 2P4M and decreased under 2P2M and 4P4M compared with those under MP (Figure 3A).
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FIGURE 3. Venn diagram displaying the OTU richness distribution of bacteria (A) and fungi (B) in five soil treatments. MP, 2P2M, 4P2M, 4P4M, and 2P4M represent the monoculture proso millet, 2 rows of proso millet intercropped with 2 rows of mung bean (2P2M), 4 rows of proso millet intercropped with 2 rows of mung bean (4P2M), 4 rows of proso millet intercropped with 4 rows of mung bean (4P4M), and 2 rows of proso millet intercropped with 4 rows of mung bean (2P4M), respectively.


Microbial diversity under the different planting patterns was represented using an OTU-level approach. Figure 4A shows that intercropping clearly altered the soil bacterial alpha diversity (P < 0.01). The 4P4M treatment showed the highest diversity, and the MP treatment showed the lowest, with values ranging from 8.17 to 9.30. The Shannon index results displayed different changes for fungi, and the value only increased under 4P2M and decreased under 2P2M, 4P4M and 2P4M. To visualize and determine the similarities in the species composition data, the effects of different intercropping patterns on microbial community beta diversity were determined via a PCoA (Figures 4B,C). The soil bacterial communities in the 4P4M and 2P4M treatments (4 replicates of each treatment) were different from those in the 2P2M, 4P2M and MP treatments (Figure 4B). In contrast, the fungal community composition of the intercropping soil was very different from that of the MP soil, and a similar change trend was not observed (Figure 4C).
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FIGURE 4. Effect of intercropping patterns on the soil microbial alpha diversity (Shannon index) (A) and beta diversity of proso millet (principle coordinates analysis, PCoA) (bacterial, B and fungal, C). Different letters indicate significant differences (P < 0.05) among different intercropping patterns. MP, 2P2M, 4P2M, 4P4M, and 2P4M represent the monoculture proso millet, 2 rows of proso millet intercropped with 2 rows of mung bean (2P2M), 4 rows of proso millet intercropped with 2 rows of mung bean (4P2M), 4 rows of proso millet intercropped with 4 rows of mung bean (4P4M), and 2 rows of proso millet intercropped with 4 rows of mung bean (2P4M), respectively.




Soil Microbial Composition

The relative abundance of the soil bacterial communities showed seven predominant phyla (> 1%), namely, Actinobacteria (35.1%), Proteobacteria (26.5%), Chloroflexi (13.7%), Gemmatimonadetes (7.8%), Acidobacteria (8.5%), Firmicutes (2.2%) and Nitrospirae (1.4%) (Figure 5A and Supplementary Table 1). Among the microorganisms, the abundance of Proteobacteria was significantly increased under the 4P4M and 2P4M treatments. However, the average abundance of Actinobacteria was lower under the 4P4M and 2P4M treatments than the MP. Other phyla, such as Acidobacteria, Gemmatimonadetes, Chloroflexi, Nitrospirae and Firmicutes, were also altered by the cropping systems. Moreover, taxonomic classification showed that Actinobacteria was the most critical class and exhibited significant reductions under the 2P4M intercropping treatment (P < 0.05) (Supplementary Figure 3a and Supplementary Table 1). However, in Subgroup_6, the abundance of Acidobacteria was greater under the different intercropping patterns than the MP treatment. Further taxonomic classification showed that all principal bacterial groups at the order level (Supplementary Figure 4a and Supplementary Table 1) as well as Sphingomonadales, Nitrosomonadales, Myxococcales and Xanthomonadales were significantly reduced under the different intercropping patterns (P < 0.05).
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FIGURE 5. Distribution of bacterial (A) and fungal (B) phylum communities under the intercropping patterns. MP, 2P2M, 4P2M, 4P4M, and 2P4M represent the monoculture proso millet, 2 rows of proso millet intercropped with 2 rows of mung bean (2P2M), 4 rows of proso millet intercropped with 2 rows of mung bean (4P2M), 4 rows of proso millet intercropped with 4 rows of mung bean (4P4M), and 2 rows of proso millet intercropped with 4 rows of mung bean (2P4M), respectively.


In terms of the fungal community composition in different intercropping systems across all samples (Figure 5B and Supplementary Table 2), the phyla Ascomycota, Mortierellomycota and Basidiomycota had average contributions of 64.5, 11.7, and 3.1%, respectively. In particular, the relative abundance of Basidiomycota was significantly higher in the intercropping patterns than the monoculture proso millet (P < 0.05) and could be ranked as 4P2M > 2P2M > 2P4M > 4P4M > MP. Conversely, Ascomycota and Mortierellomycota showed different change trends and were significantly affected by intercropping (P < 0.01). Within Ascomycota, the classes Sordariomycetes and Eurotiomycetes were the most abundant and had mean relative abundances of 32.06 and 15.63%, respectively (Supplementary Figure 3b and Supplementary Table 2). At the order level, the abundance of Microascales was significantly higher than that of Xylariales and Onygenales, and the abundance of Pezizales was significantly lower under intercropping than MP (P < 0.01) (Supplementary Figure 4b and Supplementary Table 2).



Relationship Among Plant Properties, Soil N and Soil Microbial Structure

Through the Spearman test method, the top 20 most abundant OTUs of the bacterial and fungal phyla were selected for correlation analysis. As shown in Figure 6, the size of the points represents the magnitude of phyla abundance while the thickness of the line represents the correlation size. The red line indicated a positive correlation, and the blue line showed a negative correlation. The figure shows that there was a strong positive correlation among the top four dominant groups of bacteria, namely, included Proteobacteria, Gemmatimonadetes, Chloroflexi, and Actinobacteria. Moreover, the three dominant fungal communities Mortierellomycota, Basidiomycota, and Ascomycota also showed strong correlations. These organisms play a vital role in N cycling in soil-plant systems.


[image: image]

FIGURE 6. Network interaction diagram of dominant bacterial (A) and fungal (B) groups. Red lines indicate a positive correlation while the blue lines show a negative correlation. The size of the points represents the magnitude of phyla abundance while the thickness of the line represents the correlation size.


The statistical analysis indicated that the bacterial alpha and beta diversities were markedly and positively related to the soil NO3––N, grain weight per plant, and grain yield, whereas only the fungal alpha diversity showed similar positive correlations (Table 4). Moreover, a RDA was conducted to quantify the relative influence of environmental parameters (four soil N properties, namely, TN, NO3––N, NH4+–N and MBN; and five plant properties, namely, stem N, leaf N, sheath N, ear N, and GY) on the microbial community composition at distinct taxonomic levels (phylum, class and order) (Figure 6 and Supplementary Figures 5, 6). The results showed that the environmental variables significantly affected the microbial community. In particular, TN and NO3––N were significantly associated with the changes in Proteobacteria and Firmicutes while NH4+–N and MBN were significantly associated with the changes in Chloroflexi and Acidobacteria, respectively. Except for the stem N and sheath N, other plant properties were significantly and negatively associated with the abundance of Actinobacteria, Gemmatimonadetes and Nitrospirae at the bacterial phylum level (Figure 7A). For Proteobacteria, the soil properties and plant properties were correlated with the changes in the abundance of Sphingomonadales, Nitrosomonadales, and Xanthomonadales (Supplementary Figure 6a), which belong to Alphaproteobacteria, Betaproteobacteria, and Gammaproteobacteria, respectively (Supplementary Table 1). Moreover, Figure 7B shows that TN, NO3––N and MBN among the soil properties and stem N, and GY among the plant properties influenced the abundance of Ascomycota and Mortierellomycota. For Ascomycota, the abundance of the class Pezizomycetes and the orders Mortierellales, Glomerellales and Sordariales orders were sensitive to changes in soil and plant properties (Supplementary Figures 5b, 6b).


TABLE 4. Spearman’s rank correlation coefficients (R) between microbial diversity (i.e., alpha diversity: Shannon index; beta diversity: PCoA) and plant properties and soil N.
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FIGURE 7. Ordination plots of the results from the redundancy analysis (RDA) to identify the relationships among the bacterial (A) and fungal (B) taxa (blue arrows) and the plant properties and soil N (red arrows) at the phylum level. Bacterial taxa: Actinobacteria (Acti), Proteobacteria (Prot), Chloroflexi (Chlo), Gemmatimonadetes (Gemm), Acidobacteria (Acid), Nitrospirae (Nitr), Firmicutes (Firm). Fungal taxa: Ascomycota (Asco), Mortierellomycota (Mort), Basidiomycota (Basi). Plant properties: Grain yield (GY), stem nitrogen (Stem N), leaf nitrogen (Leaf N), sheath nitrogen (Sheath N), ear nitrogen (Ear N). Soil N: Total nitrogen (TN), nitrate (NO3–-N), ammonium (NH4+–N), microbial biomass nitrogen (MBN).




DISCUSSION


Effect of Intercropping on Crop Grain Yield

Positive interactions occur in complex symbiotic systems that enhance the growth of crops, especially in cereal–legume intercropping systems, and these interactions are beneficial for improving soil fertility and yield (Hauggaard-Nielsen et al., 2001; Qian et al., 2018). In this study, intercropping led to a significant improvement in proso millet grain yield and variations in the ear number per plant, ear length, grain weight per plant and 1000-grain weight, and the grain yield increasing by 5.6–20.7% in 2017, 7.9–53.9% in 2018, and 28.3–75.4% in 2019 (Table 1). In contrast, the grain yield of intercropped mung bean were lower than those under the MM treatment at 34.8–55.8% in 2017, 34.4–38.8% in 2018, and 26.5–46.5% in 2019 (Table 2). These results could be explained by the spatial canopy structure, which resulted in greater light capture for the taller proso millet and less incident radiation for the shorter mung bean (Gong et al., 2020b). In intercropping systems, two species compete for light and their competitive abilities shift with their niches. For the production performance of intercropped proso millet, the greater light area and intensity from the margin effects were directly increased under intercropping by the combination of tall and short species, resulting in an advantage of light energy utilization (Wang et al., 2015); moreover, these helpful effects might facilitate interactions among the soil environment (such as the nutrient content), microbes and plants (Zhao et al., 2017). This theory is supported by the close relationship among the soil microbial composition, soil biochemical parameters, plant N and grain yield. Such improvements are caused by the N2 fixation of legumes, which maximizes and sustains plant growth for the intercropped proso millet.



Effect of Intercropping on N Assimilation in the Soil–Plant System

Agricultural practices (i.e., tillage, cultivation, and fertilization) modify soil physicochemical properties and consequently alter soil nutrient conditions (Zhou et al., 2011; Jia et al., 2020). The directions and magnitudes of such differential responses are related to soil N because N is essential for plant growth and greatly affected by land use changes (Yang et al., 2017). The present results found that the TN, NO3––N, NH4+–N and MBN contents were significantly increased under the intercropping systems compared with the monoculture systems, including those of proso millet (Figure 1) and mung bean (Figure 2). This finding may be attributed to the complex biological diversity under intercropping systems that results in the transfer of N to soil via ions and root exudates and further facilitates the accumulation and decomposition of soil N fractions. In legume–mixed intercropping, legumes increase N2 fixation to provide higher N levels for the N utilization of the adjacent crop, thus yielding a growth advantage for the intercropped plant (Subedi and Ma, 2005; Zhao et al., 2017). Interestingly, N is an important resource for cereals and the N fixed by legumes can be used by intercropped cereals during their growing period (Shen and Chu, 2004). Soil N fractions are presented as N-containing compounds, such as nucleic acids, amino sugars, and amino acids, which vary with the root structure, nutritional quality, and litter deposition. Therefore, based on the significant effect of interspecific interactions on N uptake under intercropping, proso millet–mung bean intercrops increase the soil N supply following mung bean N2 fixation in the rhizosphere. Moreover, soil microbes may change N recycling and utilization processes and could transform N to many different N forms, including mobile forms, to promote plant N assimilation (Vidal et al., 2019). Duchene et al. (2017) observed that rhizosphere N availability was influenced by intricate microbial activities under intercropping treatments. Increases in soil N forms, such as TN, NO3––N, NH4+–N and MBN, could be produced via the high activity of N–fixing bacteria and ammonia–oxidizing bacteria under intercropping systems (Ramirez et al., 2012). Furthermore, belowground interspecific interactions may influence aboveground nutrient accumulation in cereal–legume intercropping systems. Compared with the N contents of monoculture crops, under the intercropping patterns, the average N contents in the stem, leaf, sheath, and ear tissues of proso millet increased by 28.6, 15.2, 16.7, and 12.0%, respectively, while the average N contents in the stem, leaf, petiole, and pod tissues of mung bean increased by 19.3, 13.0, 18.2, and 15.4%, respectively. This phenomenon indicated that higher soil nutrients may be expected to result in higher plant nutrients, which in turn results in the exudation of a more diverse range of organic compounds into the soil, thereby facilitating N assimilation. Additionally, it is generally accepted that belowground microbial communities can affect aboveground plant nutrient conditions by carrying out a wide spectrum of decomposition and metabolic processes. Thus, these findings indicated that intercropping could produce a large amount of N in rhizosphere soil and increase nutrient accumulation. Moreover, the habitats are fragile and the soil is barren and N limited on the Loess Plateau. Thus, intercropping systems alleviated N limitation and improved soil fertility in the present study.



Intercropping Altered the Soil Microbial Diversity and Community to Facilitate N Assimilation

The valuable influences of intercropping in ameliorating biodiversity, heightening farmland ecosystem balance, and diminishing the occurrence of harmful organisms have been well documented (LaMondia et al., 2002; Ning et al., 2017). The soil microbial community is a fundamental component of soil quality and is imperative for many ecological processes, such as energy flow, nutrient cycling, and organic matter turnover (Acosta-Martínez et al., 2008). Our sequencing results showed that intercropping increased the soil bacterial alpha diversity (Shannon index), especially under the 4P4M and 2P4M treatments (Figure 4A), which pointed to the invulnerable soil microbes in this agricultural ecosystem. The Shannon index accounts for species richness abundance and evenness of the species present in the sample (Shannon, 1948). Thus, the greater increase in alpha diversity under intercropping suggested that rare species might have been more abundant. The changes in the bacterial community could affect soil N availability, and this conclusion was verified by the significant positive effect of NO3––N on bacterial alpha diversity (Table 4). Soil microorganisms are pivotal players in driving biogeochemical cycles (Palomo et al., 2016); thus, the increased microbial diversity and N under intercropping would influence ecosystem processes and functions. Microbial biomass residues have been identified as significant sources of soil organic matter (Simpson et al., 2007; Miltner et al., 2012). The increase in soil microbial diversity and N may influence both the pool size and the chemical composition of soil carbon (Liang et al., 2011). In addition, links between microbial diversity and plant productivity, plant diversity, or nutrient acquisition have also been observed (Zak et al., 2003). Soil fungal alpha diversity was less affected by intercropping patterns compared with the bacteria, which may have been caused by the number of copiotrophic characteristics of bacteria (Ramirez et al., 2012). The nutrient supply under intercropping systems was more abundant than that under traditional monocultures and could provide more sufficient nutrients for bacterial growth. Although Ren et al. (2017b) found that the soil bacterial and fungal community characteristics were affected by altitude, they showed that soil bacterial alpha diversity fluctuated more along altitudinal gradients than fungal alpha diversity, which was likely because of soil N. N metabolism in soil is overwhelmingly associated with bacterial activity. Thus, a greater abundance of bacteria in the intercropping system illustrates that bacteria may play a crucial role in facilitating N metabolism in the rhizosphere. Compared with monocots, dicots, especially legumes, generate and secrete more organic compounds into the crop rhizosphere (Raghothama, 1999). Importantly, increases in the organic compound content in root exudates can provide more carbon sources for rhizosphere microorganism growth, which may be another reason for the change in the bacterial community in the intercropping treatments. These results illustrated that the intercropping treatment had some valuable effects on soil microbial activity, which in turn could facilitate the nutrient supply for plants as previously reported (Hao et al., 2003).

Microbial communities play an active role in the maintenance of soil functions in ecosystem processes (Van Der Heijden et al., 2008), such as decomposing organic matter and transforming inorganic N to organic N (Leiros et al., 2000; Prosser and Nicol, 2008). The soil bacterial community compositions revealed that the 4P4M and 2P4M treatments significantly increased the abundance of the phylum Proteobacteria. However, although Actinobacteria was the most abundant bacterial phylum, the average abundance of Actinobacteria was lower with intercropping under the same conditions compared with that under MP (Figure 5A). The change in the abundance of bacteria may be in connection with the habitat for low-nutrient consumption groups that are well adapted to unstable N levels in the soil (Stach and Bull, 2005). Chen et al. (2003) found that N fixation by Betaproteobacteria in the legume symbiotic system is widespread in nature. Our study revealed that TN and NO3––N were significantly positively related to Proteobacteria (Figure 7A). Consequently, N assimilation was enhanced by Proteobacteria. Furthermore, Sphingomonadales and Xanthomonadales are members of the Alphaproteobacteria and Gammaproteobacteria classes (Supplementary Table 1) and heterotrophic and N–fixing organisms. Sphingomonadales are also considered rhizosphere plant–promoting bacteria and can fix atmospheric N2 in symbiosis with plants (Regupathy et al., 2012). Hence, the increase in the abundance of Proteobacteria was beneficial for N accumulation and cycling. Moreover, other bacterial taxa, such as Gemmatimonadetes and Nitrospirae, exhibited strong responses to changes in plant N and soil N, and the changes in these two phyla were likely due to their own ecological characteristics (Ivanova et al., 2016). Zhang et al. (2015) observed that the abundance of ammonia oxidizers decreases in the crop rhizospheres under maize–faba bean intercropping, and this finding indirectly supports our explanation. The positive correlations among the dominant bacterial communities are shown in Figure 6A and indicate that under suitable conditions, these groups grow together to ensure their individual and collective survival and dominance over most other organisms in the soil. Altogether, proso millet intercropped with mung bean greatly affected the dominant bacterial communities, and the functions of these communities can provide feedback to facilitate N assimilation.

For the soil fungal community composition, the abundances of both Ascomycota and Mortierellomycota were 75% (Figure 5B), which is consistent with reports of these taxa on a global scale for arid farmlands (Li and Wu, 2018). However, these two dominant phyla were not responsive to environmentally induced changes in intercropping conditions and only Ascomycota was affected by TN and NO3––N (Figure 7B). This phenomenon could be explained by the functions of Ascomycota. The abundance of Ascomycota was increased by residue degradation, and these fungi can rapidly metabolize organic substrates of rhizodeposition in rhizosphere soil (Bastida et al., 2013). Hence, proso millet–mung bean intercropping may create suitable circumstances for Ascomycota and allow them to better exploit the easily degradable fraction of plant residues and facilitate N accumulation. Moreover, the growth rates of Ascomycota were increased by N availability, thereby expediting the decomposition of plant residues (Fontaine et al., 2011). In addition, according to the growth rate of the microorganisms (GRH; Elser et al., 1996; Ren et al., 2017a), the growth of most species is associated with a greater demand for N for the synthesis of ribosomal DNA and protein. Therefore, the relative abundance of this dominant microbial phylum was very sensitive to changes in soil N dynamics and availability. However, at the order level, Hypocreales (a member of Sordariomycetes in Ascomycota), which is related to the soil N fractions and plant N accumulation (Supplementary Figure 6), showed significant decreasing trends under the intercropping pattern (Supplementary Table 2) because Hypocreales is a rapidly growing plant tissue decomposer (Hannula et al., 2012) and the lower amount of litter at the proso millet flowering stage under intercropping led to a decrease in the abundance of this community. Moreover, studies have also shown that many species belonging to the order Hypocreales are insect pathogens (Castrillo et al., 2008; Riosvelasco et al., 2014) and increasing their abundance would contribute to the control of pests and diseases under field conditions. Furthermore, combined with the composition of the bacterial community, these discoveries illustrated that the microbial diversity and community composition (bacterial and fungal) in rhizosphere soil were altered under proso millet/mung bean intercropping, which promoted plant N assimilation and increased grain yield.



CONCLUSION

Our data clearly indicated that proso millet/mung bean intercropping altered the abundance of soil bacteria and fungi. The soil bacterial alpha diversity was higher under intercropping patterns and varied more than the fungal alpha diversity. With regard to the bacterial composition, the phylum Proteobacteria, which is positively related to soil N accumulation, significantly increased. The changes in the composition of Proteobacteria, such as in the orders Sphingomonadales and Xanthomonadales, influenced N assimilation. For the fungal community composition, Ascomycota was the principal phylum and was affected by TN and NO3––N. Microbial changes enhanced N uptake in the soil and promoted N accumulation in different plant organs, resulting in an improvement in grain yield. The average grain yield under the 2P4M intercropping treatment increased by 50.1% compared with that of the monoculture proso millet, showing the highest productivity. Our study shows that the intercropping of proso millet with mung bean influenced the microbial (bacterial and fungal) communities and provides insight into the roles of microbial biodiversity and ecological performance in improving crop production.
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To cope with soil contamination by trace elements (TE), phytomanagement has attracted much attention as being an eco-friendly and cost-effective green approach. In this context, aromatic plants could represent a good option not only to immobilize TE, but also to use their biomass to extract essential oils, resulting in high added-value products suitable for non-food valorization. However, the influence of aromatic plants cultivation on the bacterial community structure and functioning in the rhizosphere microbiota remains unknown. Thus, the present study aims at determining in TE-aged contaminated soil (Pb – 394 ppm, Zn – 443 ppm, and Cd – 7ppm, respectively, 11, 6, and 17 times higher than the ordinary amounts in regional agricultural soils) the effects of perennial clary sage (Salvia sclarea L.) cultivation, during two successive years of growth and inoculated with arbuscular mycorrhizal fungi, on rhizosphere bacterial diversity and community structure. Illumina MiSeq amplicon sequencing targeting bacterial 16S rRNA gene was used to assess bacterial diversity and community structure changes. Bioinformatic analysis of sequencing datasets resulted in 4691 and 2728 bacterial Amplicon Sequence Variants (ASVs) in soil and root biotopes, respectively. Our findings have shown that the cultivation of clary sage displayed a significant year-to-year effect, on both bacterial richness and community structures. We found that the abundance of plant-growth promoting rhizobacteria significantly increased in roots during the second growing season. However, we didn’t observe any significant effect of mycorrhizal inoculation neither on bacterial diversity nor on community structure. Our study brings new evidence in TE-contaminated areas of the effect of a vegetation cover with clary sage cultivation on the microbial soil functioning.

Keywords: phytomanagement, trace elements-contaminated soils, microbiota, Salvia sclarea, aromatic plant, essential oils


INTRODUCTION

Inorganic and organic soil contamination resulting mainly from anthropogenic practices, is a worldwide concern particularly in urban areas. Contamination with trace elements (TE), especially originating from industrial activities such as smelting and fossil fuel combustion, agriculture and mining activities are among the most frequent inorganic soil contaminants in Europe. They represent more than 30% of the total soil contamination and are found in nearly 2 million hectares of contaminated land (Panagos et al., 2013; Mench et al., 2018). A large number of the contaminated sites remains marginal, due to very-costly remediation methods, large areas to remediate or unprofitable long-term use of the site (Van Liedekerke et al., 2014; Mench et al., 2018). Beside their noxious effects on human health, TE are also likely to affect soil biology and fertility as well as plant development and productivity, representing a major constraint for contaminated agricultural lands (Antoniadis et al., 2017; Gong et al., 2018). It has previously been demonstrated that TE reduce microbial biomass, hence affecting functional diversity and microbial community structure resulting in an impairment of ecosystem services (Ding et al., 2017). Indeed, soil organisms contribute to a wide range of ecosystem services that are essential to the sustainable functioning of natural and managed ecosystems (Delgado-Baquerizo et al., 2016; Saccá et al., 2017). In particular, the soil microbiota of terrestrial plants is of crucial importance, regarding soil fertility, as many microorganisms play a role in biogeochemical cycles, and regarding their contribution to plant nutrition and health (Ding et al., 2017; Misra et al., 2019; Chen et al., 2020). Among them, soil Bacteria are well known for regulating pests and diseases, sequestrating or degrading contaminants, cycling nutrients and mineralizing organic matter as well as being potential biological indicators for soil quality and fertility (Saccá et al., 2017).

Among the potential remediation options, the phytomanagement of contaminated soils, relying on the use of plant species to reduce the risk due to the presence of the contaminant combined with a sustainable and profitable land and biomass use, appears as a promising method to rehabilitate and increase the market value of contaminated sites (Cundy et al., 2016; Mench et al., 2018). It encourages the use of remediation phytotechnologies as part of an integrated site management, providing economic, aesthetic, environmental and social benefits (Burges et al., 2018). Due to the non-biodegradability of TE, the use of phytostabilization, involving the natural ability of plants and their associated microorganisms to immobilize inorganic contaminants such as TE in their rhizosphere, could be particularly relevant. The success of phytomanagement in agricultural contaminated soils will hence depend on the capacity of cultivated plants to grow in contaminated conditions and to develop large amounts of biomass for valorization perspectives (Evangelou et al., 2015). Currently, the research on the valorization of biomass produced on TE-contaminated soil mainly focuses on high biomass plants intended for bioenergy production, such as Miscanthus, maize (Zea mays L.), poplar (Populus spp.) or willow (Salix spp.) (Evangelou et al., 2015; Chalot et al., 2020; Zgorelec et al., 2020). The cultivation of aromatic plants, such as clary sage (Salvia sclarea L.), belonging to family Lamiaceae, could nonetheless represent a profitable and innovative alternative for the reconversion of agricultural contaminated soils. In particular, due to its biennial or short-lived perennial life-cycle, clary sage is able to quickly develop a sustainable vegetative cover over a 2- or 3-year period, and to produce large amounts of biomass (Tibaldi et al., 2010; Lydakis-Simantiris et al., 2016; Grigoriadou et al., 2020). Moreover, the cultivation of aromatic crops such as clary sage, for phytostabilization purposes on TE-contaminated sites, has previously been brought forward as a possible alternative, owing to the good quality of the produced EO regarding a potential TE-contamination (Zheljazkov et al., 2008; Angelova et al., 2016). Furthermore, clary sage was previously demonstrated tolerant to TE (Chand et al., 2015; Angelova et al., 2016), although its behavior regarding TE accumulation remains unclear (Angelova et al., 2016). Such biomass can be harvested and exploited for essential oils’ (EO) production, therefore providing high-added value marketable products. In fact, EO from clary sage are valuable in food industry as well as in perfumery and cosmetics but are also known for their antimicrobial properties (Yaseen et al., 2015; Angelova et al., 2016; Zutic et al., 2016). Besides, based on recent forecasts, the global plant products and EO market is expected to consistently increase to reach more than $10 billion in 2020 and $15.6 billion in 2026 (Allied Market Research, 2020; CBI, 2020). Based on these criteria, EO production was hence the intended valorization channel for the biomass originating from the TE-contaminated site in the present work.

However, the development of the cultivated plant species can be severely affected by the high levels of bioavailable TE present in the contaminated site (Burges et al., 2018). Hence, plant growth and phytostabilization can benefit from the addition of amendments, therefore referred to as aided phytostabilization. These either mineral, organic or microbial amendments aim at enhancing plant’s health and growth or at improving TE immobilization by precipitation, complexation or root adsorption, hence reducing their mobility and bioavailability for the plant and the living organisms (Antoniadis et al., 2017; Burges et al., 2018; Gong et al., 2018). In particular, microbial inoculants such as arbuscular mycorrhizal fungi (AMF) and ectomycorrhizal fungi have previously been used in phytomanagement trials (Dagher et al., 2020b). Indeed, AMF are known to be able to establish mycorrhizal symbiosis with most of the terrestrial plants, resulting in an improved plant growth through enhanced mineral nutrient and water acquisition as well as in a mitigation of environmental stresses (Smith and Read, 2008; Ferrol et al., 2016), valuable in both plant establishment and biomass production. In addition, AMF may be beneficial regarding TE tolerance, since they were previously described as contributing to TE immobilization and reduced uptake (Gong et al., 2018; Kumpiene et al., 2019).

The cultivation of plant species is a key and determining factor, as well as the introduction of exogenous microbial species, which are susceptible to modify the structure of the bacterial communities and their diversity in soil (Wang X. et al., 2018; Dagher et al., 2019). It is believed that the distinctive microbiome around aromatic plants is highly specific and dependant on the plant species and on the related nature and abundance of secondary metabolites, present in the root exudates (Köberl et al., 2013; Adamovic et al., 2015; Misra et al., 2019). Apart from the effects of plant’s driven changes on microbial communities, it has been previously reported that mycorrhizal inoculation can also influence the microbial community structure (Lioussanne et al., 2010; Akyol et al., 2019; Monokrousos et al., 2019; Dagher et al., 2020a). Soil bacteria may obtain carbon from AMF hyphae exudates or use the hyphae themselves as substrate (Qin et al., 2016; Gui et al., 2017), creating a niche for the growth of specific bacteria (Toljander et al., 2006; Gui et al., 2017). Furthermore, some specific bacterial taxa have been reported to be highly associated with AMF as they develop and form biofilms on the surface of the fungal hyphae or colonize AMF mycelia (Iffis et al., 2014; Qin et al., 2016). In these regards, AMF inoculation is likely to result in a shift of the bacterial communities in soil and in root of the cultivated plant.

Although the plant identity can strongly shape the bacterial communities’ structure, the combined effects of perennial clary sage inoculated with AMF under TE-contaminated conditions on bacterial diversity and communities’ structure, remain unexplored. Thus, the present work aims at (i) characterizing the bacterial richness and communities’ structure in an aged-TE agricultural contaminated soil, (ii) determining changes of both the rhizosphere soil and root’s communities over two growing seasons, and (iii) evaluating the impact of the AMF inoculation on the bacterial richness and communities’ structure overtime.



MATERIALS AND METHODS


Experimental Design


Experimental Site

This study was conducted in situ on an aged TE-contaminated site (50°25′55.5″ N, 3°02′25.5″ E; altitude 23 m) in the north of France. A warm temperate humid climate (Csb – Köppen-Geiger classification) with cool summers characterizes the climate. The mean annual temperature is 12°C, with mean monthly temperatures ranging from 3.6°C in January to 20.3°C in July. Annual precipitation is 742.5 mm, almost equally distributed over the year (Infoclimat, 2020). The site is a former agricultural field of about 1.3 ha, located approximately 600 m away from a former lead smelter, Metaleurop Nord, whose activity during more than a century led to a topsoil (0–30 cm) contamination by TE, resulting mostly from atmospheric deposition (Sterckeman et al., 2002; Labidi et al., 2015). In particular, high amounts of Cd, Pb and Zn (7, 394, and 443 ppm, respectively) were recorded, with concentrations approximately 17-, 11-, and 6-fold higher, respectively, than those reported in regional background levels for agricultural soils (Sterckeman et al., 2007). Briefly, the soil is a silt loam, with a slightly alkaline (7.86) water pH. The main characteristics have been evaluated from 19 soil samples collected before sowing and are as follows: soil organic matter, 29.0 ± 4.0 g.kg–1; total N, 1.62 ± 0.24 g.kg–1; C/N ratio, 10.5; available (water extractable) P (Joret-Herbert), 0.17 ± 0.02 g.kg–1; available K, 0.26 ± 0 g kg–1; available Mg, 0.21 ± 0.02 g.kg–1; available Ca, 6.0 ± 0.5 g.kg–1; available Na, 0.03 ± 0 g.kg–1.

Clary sage (S. sclarea L.), a biennial or short-lived perennial aromatic plant species, has been sown in late April 2017 (300 000 seeds per hectare) and cultivated for 2 years in the contaminated site. Seeds were purchased from the French research institute ITEIPMAI, providing certified seeds.

The experimental design included two conditions [non-inoculated (NI) and inoculated with the mycorrhizal inoculum (I)] and a time monitoring (initial state of the plot, unplanted – state at first sage harvest, year 1 – state at second sage harvest, year 2), with five replicates each. A commercial mycorrhizal inoculum (AGTIV® Specialty Crops, Premier Tech, QC, Canada) containing the AMF Rhizophagus irregularis isolate DAOM 197198 in a powder formulation (12000 viable spores per gram of product, 125 g/ha) was kindly provided by Premier Tech. It has been introduced during sowing, mixed with sage seeds.



Soil and Sage Root Sampling

In April 2017, five soil samples have been randomly collected from the surface horizon (0–30 cm) with a manual auger on the experimental site, to assess the site’s initial characteristics. Two other sampling campaigns have been done in August 2017, to assess the state at first sage harvest (after 21 weeks of cultivation) and in July 2018 (after 66 weeks of cultivation), to assess the state at the second sage harvest, totalizing 10 soil samples each. The study was conducted in a completely randomized experimental design and all the sampling points have been geo-referenced. The three closest growing sage plants for each sampling point were collected with their root systems. All samples were collected over a half-day period and transported within 2 h. After sampling, sage roots were vigorously shaken to remove slightly attached soil. Rhizospheric soil was then collected by means of a careful clean-up, using sterile brush and spatula tip (Sun et al., 2018; Yi et al., 2019). Sage roots were finally rinsed three more times with sterilized water to get rid of the potentially remaining soil particles. Soil and sage roots were frozen and stored at −20°C for further use.



Plant Growth

As previously described, sage above-ground parts have been sampled after 21 and 66 weeks of cultivation, to characterize biomass development. For each condition, fifteen plants were used as biological replicates. They were placed in an oven (72 h – 80°C), to determine their dry weights.



Arbuscular Mycorrhizal Root Colonization

Fresh roots were stained using Trypan blue (0.5 g.L–1), according to the method described by Mustafa et al. (2016) and root colonization was estimated by microscopic observation (Nikon Eclipse E600, ×100 magnification) using the grid line intersect method (McGonigle et al., 1990). In that regard, root fragments of 1 cm from three replicates per sampling point (45 fragments in total) were observed and 3 intersections per root fragment were examined. In total, more than 600 observations per condition were analyzed to assess total mycorrhizal colonization.



DNA Extraction


From Soil

Genomic DNA was extracted in triplicates directly from 250 mg of soil using Nucleospin Soil® kit (Macherey-Nagel, Düren, Germany), according to the manufacturer’s instructions. The quality of the extracted DNA was verified using 1% (w/v) agarose gels. Quantification of extracted DNA was carried out on a SpectraMax® iD3 spectrophotometer (Molecular Devices LLC, Sunnyvale, CA, United States). The concentration of all samples was determined and DNA extracts were diluted to 25 ng.μL–1 for further analyses. The extracted DNA was stored at −20°C until use.



From Sage Roots

The fine roots were kept in Eppendorf tubes and frozen at −20°C. Genomic DNA from S. sclarea roots was extracted in triplicate using a method adapted from Abu-Romman (2011) and Aleksić et al. (2012). Briefly, sage roots were beforehand frozen in liquid nitrogen (−196°C) in a sterilized mortar and ground into fine powder. 500 mg of the ground roots were then subject to Cetyltrimethylammonium bromide (CTAB – 1.4 M NaCl, 100 mM Tris-HCl pH 8.0, 20 mM EDTA pH 8.0, 2% CTAB), Polyvinylpyrrolidone (PVP 1% w/v), β-Mercaptoethanol (5% v/v) and activated charcoal (0.5% w/v) extraction (30 min – 55°C). After this incubation period, a centrifugation step was carried out (10 min – 16000 g) and the lysate extraction was then performed using two successive steps with chlorophorm:isoamylalcohol (24:1). DNA precipitation then occurred in the presence of isopropanol (1 h incubation – 25°C), followed by another centrifugation (10 min – 700 g). The DNA pellet was next washed three times in a row by addition of ice-cold ethanol (70%) and centrifuged (10 min – 900 g), before air drying at room temperature (approximately 1 h 30 – 20°C). Finally, DNA pellet was dissolved in 50 μL of TE buffer (10 mM Tris-HCl, pH 8.0; 1.0 mM EDTA, pH 8.0). The quality of the extracted DNA was verified using 1% (w/v) agarose gels. DNA extracts’ quantification was carried out on a SpectraMax® iD3 device (Molecular Devices LLC, Sunnyvale, CA, United States). The concentration of all samples was determined and DNA extracts were diluted to 25 ng.μL–1 for further analyses. The extracted DNA was stored at −20°C until use.



Polymerase Chain Reaction and Sequencing


16S rRNA Bacteria Gene

The V3–V4 hypervariable regions of the 16S rRNA gene were amplified from genomic DNA using a PCR thermal cycler (Agilent Surecycler 8800) with CS1 and CS2 barcoded degenerated primers as follows: forward primer: CS1_341_F ACACTGACGACATGGTTCTACACCTACGGGNGGCWGCA G, reverse primer: CS2_805_R TACGGTAGCAGAGACTTG GTCTCTGACTACCAGGGTATCTAATC, with an expected length of about 400 bp (Herlemann et al., 2011). CS1 and CS2 tags are highlighted in bold.

Triplicate reactions per DNA sample were performed. The reaction mixtures (25 μL) contained 5 μL of Q5 (5×) reaction buffer and 0.25 μL (2 U μL–1) of Q5® High-Fidelity DNA Polymerase (New England Biolabs France, Évry, France), 0.8 μL of each primer (0.4 μM), 1 μL of dNTPs (0.2 mM), 1 μL of DMSO, 1 μL of Bovine Serum Albumin (BSA – 100 μg/mL) and 1 ng of DNA template. The PCR conditions were as follows: initial denaturation at 95°C for 3 min followed by thirty-five cycles of 95°C for 30 s, 56°C for 30 s, and 72°C for 50 s, and a final elongation step at 72°C for 5 min.



Illumina MiSeq Sequencing

The triplicates for each PCR product (n = 25 for soil; n = 20 for roots) were pooled together and sent for sequencing at the Genome Quebec Innovation Centre (Montreal, QC, Canada), using Illumina MiSeq paired-end 2 bp × 300 bp.



Data Analysis – Bioinformatic Processing

Bioinformatic processing and statistical analyses were performed using R 3.6.1 (R Core Team, 2019). A sequencing pipeline, namely DADA2 (v. 1.12), was used to process the data and to infer amplicon sequence variants (ASV), following the described procedure1. Briefly, DADA2 is an open-source program implemented in R package (Callahan et al., 2016), allowing to trim and filter forward and reverse reads separately, according to quality thresholds (removal of primers and low-quality nucleotides). Error rates were estimated using the error model algorithm of DADA2 for each sequencing dataset separately and reads were then deduplicated and ASVs were inferred. These ASVs were merged at the end of the pipeline, after a denoising step carried out on the forward and reverse reads independently and before a final step of chimera removal. One should note that the bioinformatic analysis was run separately for each dataset, namely “bacteria-root” and “bacteria-soil,” as these were separately sequenced and therefore a specific error model for each dataset was calculated.

Taxonomic assignment was performed through the DADA2 pipeline, using the Ribosomal Database Project (RDP) naïve Bayesian classifier (Wang et al., 2007). The Silva v132 database formatted for DADA2 (Callahan, 2018) was used to assign bacterial taxa from Kingdom to genus (minimum bootstrap 80). Rarefaction curves were visualized with the “rarecurve” function in the Vegan R package.



Nucleotide Sequence Accession Numbers

The 16S rRNA gene sequences of the whole dataset have been deposited in NCBI Sequence Read Archive (SRA) database and can be found under accession number PRJNA648983.



Statistical Analysis

Shapiro and Bartlett tests were used prior any statistical analysis, so as to verify the normality and the homoscedasticity of the data, respectively. If both these conditions were verified, ANOVA analysis was carried out. Otherwise, Kruskal–Wallis non-parametric test (“kruskal.test” function in R) was used. All statistical tests were considered significant with α = 0.05. Permutational multivariate analyses of variance (PERMANOVA), based on Bray-Curtis dissimilarity was run with 1000 permutations using “adonis” function and the numbers of shared ASVs between the experimental conditions were highlighted using Venn diagrams, with the help of Vegan package in R. Correlation (based on Pearson’s correlation matrix) and abundance heatmaps were plotted using “heatmap2” function from gplots package. Richness (Chao1) and diversity (Shannon and Inverse Simpson) indexes were calculated using Phyloseq package. The Chao richness estimator is a non-parametric method estimating the number of species in a community by considering rare species (singletons and doubletons – Kim et al., 2017). Both Shannon and Inv. Simpson indexes are diversity measurements. The biological diversity is widely explained as follows: “Biological diversity means the variability among living organisms from the ecological complexes of which organisms are part, and it is defined as species richness and relative species abundance in space and time” (Kim et al., 2017). Alpha diversity is assessed locally, within a specific ecosystem or area (Thukral, 2017). In that regard, both indexes are measurements of alpha diversity, based on relative abundances, but Shannon index gives a greater weight to species richness, while Simpson index gives greater prominence to species evenness (Shannon, 1948; Simpson, 1949; Kim et al., 2017).



RESULTS


Descriptive Results of the Bioinformatic Outcomes

A total of 1 794 423 and 1 332 221 bacterial raw MiSeq reads were obtained for soil and root biotopes, respectively, from 25 soil samples and 20 root samples. After quality filtering and chimera removal, 21 770 and 25 415 bacterial sequences were retained for further analyses on community composition in soil and root biotopes, respectively. Bioinformatic analysis details are shown in Supplementary Table 1.

Rarefaction curves for each sample tend to reach saturation at approximately 10,000 reads (Supplementary Figure 1). As such, the rarefaction curves suggest that the depth of sequencing efforts was adequate and that most of the bacterial diversity either associated with the roots or in the rhizosphere of clary sage has been recorded. In addition, rarefaction curves reach the plateau at the same magnitude for both root and rhizospheric soil samples.



Sage Growth and Mycorrhizal Root Colonization

In non-inoculated (NI) treatment, mycorrhizal colonization rates did not change between year 1 and year 2. They ranged between 4 and 5% (Table 1). However, in inoculated (I) treatment, a significant increase in the mycorrhizal colonization rates was observed during the second growing season, reaching 16% (P < 0.001). In addition, during this second season, the mycorrhizal inoculation has shown a significant increase of root colonization (69%) compared to non-inoculated plants. Regarding shoot dry weights, they increased by 50% between year 1 and year 2. They varied from 30 to 68 g.plant–1 and from 34 to 72 g.plant–1 [F(3) = 7.031; P < 0.001], for non-inoculated and inoculated plants, respectively. No significant differences were observed for plant’s dry weights between NI and I conditions, whatever the year [F(3) = 0.476; P = 0.701].


TABLE 1. Sage dry weight and root total mycorrhizal colonization in response to NI and I conditions.
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Bacterial α-Diversity in Root and Soil Biotopes

The bacterial α-diversity was calculated separately for each experimental condition, i.e., culture duration (initial state, year 1 and year 2) and mycorrhizal inoculation (NI or I), and accordingly for root and soil biotopes. According to the Chao1 index, the bacterial species richness in soil decreased for year 2, especially for the non-inoculated plants (Table 2). However, it significantly increased between year 1 and year 2 for bacterial communities in roots. For both root and soil biotopes, there was no significant difference between non-inoculated and inoculated treatments, whatever the year.


TABLE 2. Richness and diversity indexes from the 5 studied conditions for soil bacterial communities and the 4 studied conditions for root bacterial communities.

[image: Table 2]No significant difference was observed for Shannon and Inverted Simpson diversity indexes for soil bacteria (P = 0.6); they were similar between the soil before plantation (initial state) and year 1, but they decreased in year 2 with a significant reduction for non-inoculated plants (P = 0.002). However, there was no significant difference between non-inoculated and inoculated treatments, regardless the year of sampling and the diversity index.

In root samples, bacterial α-diversity was significantly different between year 1 and year 2 (Shannon index only) for non-inoculated plants (P = 0.008). In addition, during year 1, diversity was significantly increased in inoculated plants in comparison with the non-inoculated ones (P = 0.03), and that for both Shannon and Inv. Simpson indexes. However, no significant difference was found between inoculated and non-inoculated treatments for year 2 (P = 0.9). In comparison with the soil biotope, all the indicators in roots displayed significantly lower (P = 0.001) values, resulting in lower bacterial richness and diversity.



Evaluation of the Potential Effects of Sampling Time and Mycorrhizal Inoculation on the Bacterial Community Structure

To investigate the influence of the sampling time (before plantation, year 1 and year 2) and mycorrhizal inoculation (NI or I) on root and rhizospheric soil bacterial communities, a principal coordinate analysis (PCoA) ordination was conducted. Our results have shown a net clustering of bacterial communities, in both rhizospheric soil and root biotopes, according to the sampling time. Of the total variance in the dataset, the first two principal components together explained 61.4% of the total soil bacterial communities and 58.3% of the total root bacterial communities. For soil bacterial communities, a grouping between soil before plantation and year 1 communities was operated, distinct from year 2 bacterial community clustered together, highlighting a time effect (Figure 1A). However, there was no distinction between soil bacterial communities in non-inoculated or inoculated treatments, regardless of the sampling time. Similarly, bacterial communities in roots from year 1 and year 2 were clustered separately, depicting a time effect, but no distinction was made between non-inoculated and inoculated treatments, whatever the year (Figure 1B). However, one should note a greater heterogeneity in soil bacterial communities for year 2, with the inoculated treatment displaying a higher between-sample variation than the non-inoculated one. The opposite trend is visible for root bacterial communities, with a higher heterogeneity for the inoculated treatment during year 1. In addition, the results of the PERMANOVA analysis indicated that the composition of the bacterial communities was significantly different overtime (P < 0.001), in both rhizospheric soil and roots, but that inoculation’s effect was not significant in both biotopes (P > 0.05 – Supplementary Figure 2).
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FIGURE 1. Principal coordinate analysis (scaling 1) based on Bray-Curtis dissimilarity for soil (A) and root (B) bacterial ASVs in the different experimental conditions. Confidence area of ellipses = 0.95. NI, non-inoculated; I, inoculated.


In total, 2397, 2465, 2377, 1610, and 1988 bacterial ASVs were obtained in the rhizospheric soil before plantation, year 1 non-inoculated or inoculated and year 2 non-inoculated or inoculated, respectively. Besides, a total of 816, 1152, 1400, and 1222 bacterial ASVs were present in the root biotopes and for year 1 non-inoculated or inoculated and year 2 non-inoculated or inoculated treatments, respectively (Figure 2). The number of shared ASVs between all treatments was 897 in the rhizospheric soil biotope and 306 in the root biotope, respectively, corresponding to 19 and 11% of the total ASVs. Among them, the soil before plantation and at the first sage harvest (year 1) shared the highest number of ASVs in soil, whatever the treatment (NI or I), representing a number of 464 shared ASVs (Figure 2A). Conversely, soil before plantation and at the second sage harvest (year 2), regardless of the treatment (NI or I), shared a number of 17 ASVs, while year 1 and year 2 only have 27 ASVs in common, depicting a net shift between year 1 and year 2. In roots, the highest number of ASVs is shared between I and NI conditions, whatever the year, representing 125 shared ASVs for year 1 and 240 for year 2 (Figure 2B). On the contrary, year 1 and year 2 NI treatments only shared 5 ASVs, while year 1 and year 2 I treatments have 13 ASVs in common, depicting a change in time of the bacterial community composition. In addition, the percentage of ASVs specific to each condition is comparable and ranged from 22 to 29% for soil bacterial communities and from 31 to 44% for root bacterial communities.
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FIGURE 2. Venn diagrams showing the overlap of the bacterial communities overtime, with NI condition on one side (left side) and I condition on the other (right side) and for soil (A) and root (B) bacterial communities. These diagrams display the number of total (out of the circles), specific and shared ASVs. The total number of bacterial ASVs is 4691 in soil and 2728 in root. NI, non-inoculated; I, inoculated. Numbers reported in text are displayed in bold and underlined.




Changes Induced at the Phylogenetic Level by the Cultivation of Clary Sage and Mycorrhizal Inoculation on the Bacterial Community’s Composition

To assess the community composition, each bacterial ASV was assigned to phyla, classes, families and genera. Soil bacterial ASVs were assigned to 24 phyla, while root ASVs were assigned to 20 phyla. Actinobacteria are the most represented one in soil, whatever the treatment. In particular, it represented 45% of bacterial ASVs for the soil before plantation (initial state) and year 1, increasing to 66% for year 2, regardless of the treatment (Figure 3A). Proteobacteria, Gemmatimonadetes, Firmicutes, Bacteroidetes, and Acidobacteria are also among the most represented phyla in soil, as combined together, alongside with Actinobacteria, they represent nearly 95% of the soil bacterial communities. The Firmicutes phylum follows the same trend as Actinobacteria and its proportion increased in year 2. Bacteroidetes have shown a stable trend overtime, while an opposite trend was observed for the other three phyla, whose proportion consistently decreased in year 2. Regarding root bacterial communities, the same six phyla have been found as the most represented in the communities, containing more than 99% of the ASVs. In comparison to the soil biotope, Actinobacteria were poorly represented in year 1, accounting for less than 10% of the ASVs. However, they significantly increased to 80% in year 2. Proteobacteria and Firmicutes have undergone the opposite trend between year 1 and year 2, decreasing from 53 to 17% and 39 to 1%, respectively (Figure 3B).
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FIGURE 3. Relative abundances of bacteria belonging to the most abundant phyla in soil (A) and root (B) biotopes.


At the genus level, the dominant genera among soil bacteria included Sphingomonas, Pseudarthrobacter, Nocardioides, Streptomyces, Gaiella, Blastococcus, and Pseudonocardia (Figure 4). In particular, Sphingomonas, Pseudarthrobacter, Streptomyces, and Gaiella were the most dominant genera. However, a high number of ASVs (approximately 40%) was not assigned to any genus. In addition, one should note that the proportions between the most represented bacterial genera in soil, under the two experimental conditions (NI or I) and the three monitoring times (soil before plantation, year 1 and year 2) were not significantly different (statistical analysis results provided in Supplementary Table 2).
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FIGURE 4. Relative abundances of the 25 most represented bacterial genera, according to the different experimental conditions for both root and soil biotopes. The genera have been grouped under their corresponding phyla and genera with a relative abundance lower than 0.5% have been gathered in the “others” group. NI, non-inoculated; I, inoculated; NA, unassigned.


Regarding root bacterial communities, at the genus level, Clostridium sensu stricto 1, Lelliottia, Pseudomonas, Rahnella, Streptomyces, Pseudarthrobacter, and Nocardioides are the most dominant genera (Figure 4). However, the proportion of dominant bacterial genera was significantly different (P < 0.05), especially between the two monitoring times (year 1 and year 2) (Supplementary Table 2). In particular, Clostridium sensu stricto 1, Lelliottia and Pseudomonas that were extensively represented in year 1, with respective proportions of 37 and 30%; 26 and 13%; and 8 and 10% (in NI and I treatments, respectively), decreased in year 2 to, respectively, 0.03 and 0.04%; 0.02 and 0.01%; and 0.6 and 3.2% (for NI and I treatments, respectively). Conversely, Streptomyces, Pseudarthrobacter, and Nocardioides were scarcely represented in year 1 (less than 2% for each genus in any treatment), whereas their relative abundances have significantly increased in year 2, with respective proportions of 35 and 35%; 7 and 7%; and 3 and 4% (for NI and I treatments, respectively). In addition, there is no significant difference between non-inoculated and inoculated treatments, whatever the biotope and the monitoring time (Supplementary Table 2).



Correlations Between the Most Abundant ASVs and Sage Dry Weight and Root Mycorrhization

A heatmap based on Pearson correlation coefficients between the 20 most abundant ASVs and sage dry weight and root mycorrhization as explaining parameters was drawn, for rhizospheric soil and root biotopes (Figure 5). These correlation coefficients ranged from −0.68 to 0.69 and from −0.51 to 0.81 for the rhizospheric soil and root biotopes, respectively. Pseudarthrobacter and Streptomyces were the genera presenting the highest correlation coefficients regarding sage dry weight, while Blastococcus and Pseudonocardia were the strongest positively correlated ones in soil regarding root mycorrhization. Similarly in roots, Streptomyces, Pseudarthrobacter, and Actinoplanes are strongly and positively correlated with sage dry weight, while Streptomyces also displayed the highest and positive correlation coefficient regarding sage root mycorrhization. Conversely, Corynebacterium 1 or Lawsonella in the soil biotope are not correlated to any of the parameters, while in the root biotope, Clostridium sensu stricto 1 and Lelliottia are negatively correlated to both sage dry weight and root mycorrhization.
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FIGURE 5. Heatmap based on the correlation coefficients between clary sage dry weight and root mycorrhization and the 20 most represented bacterial ASVs in soil (A) and root (B) biotopes, belonging, respectively, to 13 and 8 bacterial genera. NA, unassigned.


Bacterial ASVs that were assigned a genus were further investigated to establish whether these genera contain plant growth promoting-rhizobacteria (PGPR) species or not, based on a literature survey. Relative abundances of ASVs that were assigned to genus level and those that comprise known PGPR species are shown in Table 3. In soil before plantation and at year 1, these ASVs represented about 40% of the soil bacterial communities. For year 2 and for non-inoculated plants, this proportion remained unchanged, whereas it increased to 64% for inoculated plants. In roots, PGPR-containing genera represented about 25% of the bacterial communities in year 1, increasing to 76% for year 2, regardless of inoculation treatment (Table 3). Nitrogen-fixing genera, such as Rhizobium or Bradyrhizobium only accounted for a small proportion of the PGPR-containing genera, whatever the treatment, the year and the biotope.


TABLE 3. Relative abundances of the 100 most abundant bacterial ASVs belonging to 24 genera, in which plant growth promoting-rhizobacteria (PGPR) have previously been identified.
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DISCUSSION

Clary sage is one of the most important aromatic plants cultivated worldwide for its EO in perfumery and cosmetics (Tibaldi et al., 2010; Angelova et al., 2016). There is a growing demand in S. sclarea EO and an abundant flowering leading to elevated EO yields are sought (Zutic et al., 2016). If clary sage was able to grow consistently on TE-contaminated soils, and to be established in such conditions, it could represent a valuable economic alternative for the reconversion of these marginal lands in a context of a growing arable land’s demand. The present study focused on the rhizosphere bacterial community, given its contribution in ecosystem functioning and services (Delgado-Baquerizo et al., 2016; Foulon et al., 2016b; Dagher et al., 2019). It is in particular well known that the rhizosphere microbial communities are an important factor influencing plant growth and subsequently biomass and EO production (Wang X. et al., 2018; Akyol et al., 2019; Berlanas et al., 2019).

As far as we know, clary sage microbiota, however, remains unexplored and on both polluted and healthy soils, even though the microbiota of some other aromatic plant species, such as Ocimum basilicum L., Mentha x piperita, Anethum graveolens L., Calendula officinalis L., Mentha arvensis L., Artemisia annua L., and Panax ginseng Meyer have previously been examined in agricultural soils (Adamovic et al., 2015; Misra et al., 2019; Wei et al., 2020). Hence, the current study represents the first investigation on the effects of revegetation using clary sage, on both rhizospheric soil and roots’ bacterial communities under TE-contaminated conditions. Furthermore, the potential influence of a biological amendment’s introduction (AMF inoculum) on bacterial communities’ structure, richness and diversity and their evolution over successive sage cultivation years has been studied.


Dominance of Actinobacteria and Proteobacteria Phyla in the Rhizosphere Microbiota of the Aged TE-Contaminated Soil

Actinobacteria, Proteobacteria, Gemmatimonadetes, Firmicutes, Bacteroidetes, and Acidobacteria were found to be the most represented phyla in the aged TE-contaminated soil before plantation and during the two successive growing seasons of clary sage. The prevailing phyla identified in the sage roots were found to be similar to those detected in the soil. These findings are in accordance with previous studies carried out in agricultural and TE-contaminated soils, involving endemic plant species such as Silene vulgaris (Moench) Garcke, Bahia xylopoda Greenm., or Viguiera linearis Cav. (Navarro-Noya et al., 2010; Pereira et al., 2015; Ahmad et al., 2016; Pires et al., 2017; Pacwa-Płociniczak et al., 2018). However, variations were observed between our results and previously published studies, in terms of relative abundances between the most represented phyla. One should keep in mind that changes observed between TE-contaminated sites are highly related to several factors, including the climatic conditions, the TE-contamination level, the cultivation practices as well as the soil physico-chemical characteristics, especially pH variations (Wang et al., 2019). As such, Acidobacteria and Proteobacteria have been demonstrated to decrease with increasing pH (Wang et al., 2019). In the present study, however, the soil pH was stable overtime under the different experimental conditions and was relatively high in comparison with acidic mine tailings (Navarro-Noya et al., 2010; Pereira et al., 2015). This could be responsible for the relatively low abundance of Acidobacteria and Proteobacteria observed in our conditions. As soil microbial community structure is driven by dominant sources of bioavailable C, plant species is then another determinant factor (Köberl et al., 2013; Monokrousos et al., 2019; Wang et al., 2019). In particular, plants are able to secrete specific root exudates and to modulate their nature (sugars, sterols, amino and organic acids), hence shaping the microbial communities’ structure accordingly in the rhizosphere (Wang X. et al., 2018; Misra et al., 2019). Diversity indexes obtained in the present study are similar or higher in comparison with previous reports on revegetated or agricultural TE-contaminated soils (Foulon et al., 2016a; Xie et al., 2016; Tipayno et al., 2018). However, the comparison of alpha diversity between experimental sites is tricky, as it highly depends on cultivation practices amongst several parameters (soil type and physico-chemical properties, climatic conditions and plant species) (Wang X. et al., 2018, Wang et al., 2019).

Interestingly, among the identified phyla, Actinobacteria, Proteobacteria, Firmicutes, and Bacteroidetes were previously demonstrated to possess TE-tolerance genes, coding for proteins involved in efflux and sequestration phenomena of TE ions, such as Cu2+ or Cd2+/Zn2+-exporting ATPases, putative copper resistance protein D or copper transport protein B and in the mitigation of oxidative stress induced by the presence of TE, such as superoxide dismutase, alkyl hyperoxide reductase or mycothiol reductase (Chen et al., 2018; Cui et al., 2018; Hemmat-Jou et al., 2018). Besides, Actinobacteria and Proteobacteria, which are the two prevailing bacteria phyla in the present work whatever the biotope, were previously brought forward as reducing TE accumulation in corn. Notably, it is believed that both bacterial phyla could alter the bioavailability of heavy metals via redox reactions, precipitation, as well as sorption and desorption reactions (Cui et al., 2018). More specifically, Bacillus, Pseudomonas and Arthrobacter, respectively, belonging to Firmicutes, Proteobacteria, and Actinobacteria phyla, are among the most widely spread and frequently listed bacterial genera in TE-contaminated soils, and at the same time display a high TE tolerance (Pires et al., 2017; Chellaiah, 2018; Chen et al., 2018; Cui et al., 2018). Nonetheless, Sphingomonas, member of the Proteobacteria (Xie et al., 2010; Chen et al., 2014; Jaafar, 2019), as well as Pseudarthrobacter (Chen et al., 2014; Fekih et al., 2018; Park et al., 2019), Nocardioides (Bagade et al., 2016; Cui et al., 2018), and Streptomyces (Álvarez et al., 2013; Cui et al., 2018; Durand et al., 2018; Lasudee et al., 2018; Timková et al., 2018; Álvarez-López et al., 2020), belonging to the Actinobacteria, were also highlighted for displaying TE-tolerance and even studied for potential remediation applications. Indeed, these bacterial genera are known to accumulate Cd, Ni, Cr or Pb from TE-contaminated soils and to induce changes in the oxidation state of the TE (Pires et al., 2017; Chellaiah, 2018; Timková et al., 2018).



Significant Effect of Sampling Time on the Bacterial Community Structures in the Root and Soil Biotopes

Regarding richness and diversity in soil, a significant drop has been observed between the two successive years of growth, whatever the index (Chao1 estimator, Shannon and Inv. Simpson). However, it is noteworthy that an increase in both richness and diversity was observed in roots in year 2. The results from PERMANOVA and PCoA analyses have clearly indicated a year-to-year variability of the bacterial community structures in both soil and root biotopes with a high significance at P < 0.001, displaying in soil a clear clustering with the soil before plantation and year 1 on one side and year 2 on the other, while in root year 1 and year 2 were clustered separately. These results fall into line with the Venn-diagrams, displaying a high number of shared ASVs between the soil before plantation and year 1 (soil biotope), as well as a drop in the total number of ASVs in soil in year 2, and a scarcer number of shared ASVs between year 1 and year 2, for both rhizospheric soil and root biotopes.

Similar results were observed in the soil at the phylum level between the soil before plantation and year 1, whereas there was a clear shift between sampling year 1 and year 2. Indeed, the Gemmatimonadetes and Proteobacteria phyla decreased between years 1 and 2, with respective declines of 90 and 34%, while the Firmicutes phylum was more represented in year 2, increasing of about 90% in comparison with year 1. One should note that Actinobacteria was the prevailing phylum at any of the sampling times, in addition displaying a significant increase of about 30% between years 1 and 2. A major shift has also been observed in roots between year 1 and year 2, with Firmicutes and Proteobacteria representing more than 90% of the ASVs in year 1, while Actinobacteria was the prevailing phyla in year 2, accounting for 80% of the ASVs. At the genus level, a major shift was also observed especially in the root biotope between year 1 and year 2, with the prevalence of Clostridium sensu stricto 1, Lelliottia and Pseudomonas for year 1, respectively, belonging to Firmicutes and Proteobacteria phyla, while year 2 was clearly dominated by Pseudarthrobacter, Nocardioides, and Streptomyces, all belonging to the Actinobacteria.

Thus, the shift observed with the culture duration in both biotopes but particularly pronounced in the case of roots, at the phylum and genus phylogenetic levels, could be explained by different factors. First, the prevalence in year 2 for both root and rhizospheric soil biotopes of Actinobacteria, previously demonstrated as TE-tolerant, could support the idea that the phylotypes possessing TE tolerance are susceptible to persist overtime, while sensitive ones become less frequent (Cui et al., 2018). In addition, it was previously evidenced for wheat grown in uncontaminated agricultural fields that Actinobacteria abundance was increasing with root age, which is possibly explained by their ability to degrade secondary cell walls containing complex molecules (Donn et al., 2015). Furthermore, environmental factors influencing root response and exudation, such as temperature or precipitation, could be responsible for this year-to-year variation (Wagner et al., 2016; Berlanas et al., 2019). In fact, it was previously demonstrated in the case of Eucalyptus or grapevine, that distinct bacterial communities were observed at different plantation ages (Berlanas et al., 2019; Qu et al., 2020). In particular, changes in exudation profiles are susceptible to occur with plant age, at distinct growth stages (Akyol et al., 2019). Similarly, in the case of aromatic plant species, such as M. arvensis or A. annua, the long-term mono-cultivation was brought forward as an explaining factor of bacterial communities’ diversity and evenness (Misra et al., 2019). Moreover, aromatic plant species like clary sage are susceptible to release secondary metabolites in soil. These metabolites, due to their potential antimicrobial nature, are likely to exert adverse effects and hence affect both richness and diversity by shaping specifically microbial communities (Köberl et al., 2013; Adamovic et al., 2015; Misra et al., 2019). A previous study on cultivated aromatic plants (M. arvensis and A. annua), demonstrated that the long-term monoculture of aromatic species could durably affect the bulk soil and rhizosphere microbial communities (Misra et al., 2019). In particular, it was suggested that menthyl acetate and menthol (monoterpenes), present in M. arvensis, as well as artemisinin (sesquiterpene) in A. annua, known for their antibacterial properties and found in the rhizospheric and bulk soil of these plant species, could greatly affect soil bacterial communities, notably through a reduction of the total soil microbial diversity (Misra et al., 2019). In the case of clary sage, linalool (terpene alcohol) and linalyl acetate (ester) have been identified as EO major compounds, and have frequently been reported for their antibacterial properties against several bacterial genera, such as Staphylococcus, Pseudomonas, Bacillus, Listeria, Enterococcus, Mycobacterium, or Escherichia (Kuzma et al., 2009; Angelova et al., 2016; Zutic et al., 2016; Blaskó et al., 2017; Aćimović et al., 2018). In that regard, the prevalence of secondary metabolites during the second year of sage growth and cultivation (Tibaldi et al., 2010) may then be another key driver (Köberl et al., 2013; Adamovic et al., 2015; Misra et al., 2019). However, there is no specific pattern regarding the previously mentioned genera in the current study. In soil, Pseudomonas and Mycobacterium were found stable during the successive cultivation years, while Bacillus and Staphylococcus were demonstrated increasing in year 2, whereas in roots, only Pseudomonas significantly decreased in year 2. Interestingly, our results have shown that sage was capable of growing consistently in TE-contaminated conditions, which is in accordance with previous works reporting the TE-tolerance of this aromatic plant species (Chand et al., 2015; Angelova et al., 2016).



Mitigated Effects of AMF Inoculation in Shaping Bacterial Communities

Surprisingly, AMF inoculation, which is likely to result in a shift of the bacterial communities in soil and in root of the cultivated plants did not lead to tremendous changes in our experimental conditions (Lioussanne et al., 2010; Rodríguez-Caballero et al., 2017; Akyol et al., 2019; Monokrousos et al., 2019). No significance of AMF inoculation either in the PERMANOVA analysis or in the Venn diagram representation was observed, with a high number of shared ASVs between inoculated and non-inoculated treatments, whatever the biotope and the year of sampling. In addition, no striking difference was highlighted regarding richness and diversity indexes, between non-inoculated and inoculated treatments, whatever the cultivation year. Interestingly, the decrease of richness and diversity indexes observed in soil between successive cultivation years is less marked in the case of inoculated plants, suggesting that mycorrhizal symbiosis is likely to improve the resilience of the plant and its associated microbial communities against biotic and abiotic stresses (Bi et al., 2018). In previous studies, the mycorrhizal symbiosis was also highlighted to result in changes in the host plant metabolism and hence in the root exudation profile, further modifying and shaping the bacterial communities, in both TE-contaminated and uncontaminated conditions (Harrison, 1999; Hause and Fester, 2005; Ferrol et al., 2016; Iffis et al., 2017). In addition, the exudation of carbohydrates and citric acid, detected in AMF hyphal exudates, and their quantitative and qualitative patterns were brought forward as potential key drivers in the changes of the soil bacterial communities as well (Lioussanne et al., 2010; Iffis et al., 2016; Qin et al., 2016). However, in the present work carried out on agricultural contaminated soils, despite the presence of TE, the soil physicochemical properties were considered sufficient for low demanding crops such as clary sage (Denoroy et al., 2004; Sharma and Kumar, 2012; Abbaszadeh et al., 2017). Consequently, sage nutritional needs were probably met. Thus, even though the mycorrhizal colonization was successfully established, even displaying an increase for the inoculated treatment in year 2, it did not result in an improved plant growth in comparison with the non-inoculated plants. Hence, considering this limited contribution it may not have resulted in changes in bacterial communities in both rhizospheric soil and root biotopes or to a very limited extent. Nonetheless, as sage was effectively colonized by AMF, the monitoring of the symbiosis’ functionality through the expression of phosphate transporters genes, such as MtPT4, LePT1, or StPT3 (Paszkowski et al., 2002; Karandashov and Bucher, 2005; Voß et al., 2018), might validate this hypothesis.



Prevalence of PGPR in Soil and Root Bacterial Communities

Although it is difficult to infer the ecological function of a bacterium based on its taxonomic assignment (Akyol et al., 2019), Pearson’s correlation analysis revealed significant and positive correlations between the most abundant ASVs in soil and root biotopes with sage dry weight and root mycorrhizal rates as explaining parameters. More specifically, Pseudarthrobacter, Streptomyces, and Actinoplanes genera were found strongly correlated with sage dry weight in either one or both biotopes. It was in fact previously demonstrated that the rhizosphere bacterial community could be of major importance regarding the suppression of soilborne diseases (Chen et al., 2020). In particular, Streptomyces spp. are known to produce a wide range of secondary metabolites with antimicrobial properties and hence considered as antagonists of both plant pathogenic or non-pathogenic fungi and bacteria (Golinska et al., 2015; Al_husnan and Alkahtani, 2016; Vurukonda et al., 2018; Al-Ansari et al., 2019). They could play an important role in shaping the bacterial communities, especially since their abundance in the present work is relatively elevated. Interestingly, our results have shown that Streptomyces sp. were strongly correlated to both sage dry weight and mycorrhizal rates in the root biotope, which falls in line with previous studies describing Streptomyces spp. as promoting the growth of numerous plant and microbial species (Foulon et al., 2016a; Iffis et al., 2016; Dias et al., 2017; Durand et al., 2018; Vurukonda et al., 2018; Wang C. et al., 2018). It hence could be considered of great interest as both PGPB and mycorrhiza helper bacteria, depending on the species and the strain. Similarly, Pseudarthrobacter which was found well correlated with sage biomass in the present work was recently demonstrated as a bacterial genus containing PGPB species of several plants, including other aromatic species such as Pellaea calomelanos Sw. (Tshishonga and Serepa-Dlamini, 2020), or Dodonaea viscosa Jacq., Fagonia indica L., Caralluma tuberculata N.E. Brown and Calendula arvensis L. (Iqrar et al., 2019). Interestingly, among the most abundant ASVs correlated with sage biomass in the roots’ biotope, two of them were assigned to Promicromonospora and Actinoplanes genera. These 2 genera were previously highlighted as increasing plant growth promotion when belonging to microbial consortia, playing a role as “activators” and enhancing the effects of other PGPB microorganisms when present in combination (El-Tarabily et al., 2010; Golinska et al., 2015). Pseudonocardia, which was the highest correlated ASV with sage root mycorrhization in the rhizospheric soil biotope, was previously described as a mycorrhiza helper bacteria isolated from the AMF Funneliformis mosseae spores (Lasudee et al., 2018). Conversely, Clostridium genus which was in our experimental conditions negatively correlated to both sage dry weight and root mycorrhization, is rather known for causing bacterial soft rots, especially in potato and sweet potato (da Silva and Clark, 2013; Kõiv et al., 2015). Similarly, Lelliottia has so far only been reported as responsible for onion bulb decay (Bonasera et al., 2014; Liu and Tang, 2016). Nevertheless, none of these two genera has previously been evidenced as a clary sage pathogen.



CONCLUSION

In this study, we have investigated the effects of sampling time over a period of 2 years of growth and mycorrhizal inoculation on rhizosphere and root bacterial communities in the case of the aromatic plant, clary sage, cultivated on the aged TE-contaminated soils. Actinobacteria and Proteobacteria were found to be the predominant phyla during the 2 years of clary sage cultivation in our aged TE-contaminated soil. Altogether, our findings have demonstrated that the most important factor shaping the bacterial community in our experimental setup was the sampling time, with a significant year-to-year change in terms of bacterial α-diversity and communities’ structure in both root and rhizospheric soil biotopes. Conversely, AMF inoculation did not lead to remarkable changes in our experimental conditions. Only a less pronounced decrease in terms of bacterial richness and diversity in soil between successive cultivation years was observed in the inoculated treatment. Our results have also shown that some bacterial genera, such as Pseudarthrobacter, Streptomyces and Actinoplanes, were strongly and positively correlated to both sage dry weight and mycorrhizal rates in the root biotope. They hence could be considered of great interest in a phytomanagement context, since among them some bacterial species have previously been reported as both PGPR and highly tolerant to TE.

Thus, a more comprehensive study aiming at deciphering the underlying mechanisms in the shaping of the bacterial communities by clary sage and the specific interactions between the plant and the microbiota would facilitate the development of phytomanagement methods based on clary sage cultivation. In the same perspective, it may provide new insights to isolate culturable bacteria associated to clary sage grown on TE-contaminated soils and to investigate their potential as PGPR species as well as their ability to tolerate or even to mitigate TE-toxicity. Nonetheless, a similar approach targeting the fungal community is also relevant and could help gaining more insights into the complex interactions within the rhizosphere microbiota. In fact, both fungal and bacterial communities are in constant interaction in the rhizosphere (Bourceret et al., 2016; Akyol et al., 2019), and beside their substantial involvement in biogeochemical cycles, they have been demonstrated to behave differently in response to environmental and external factors (Bourceret et al., 2016; Foulon et al., 2016a). Notably, plant identity, mycorrhizal inoculation and the presence of pollutants in soils were demonstrated as key structuring parameters, responsible for shaping the fungal community (Bourceret et al., 2016; Akyol et al., 2019; Dagher et al., 2019). Besides, a long-term in situ monitoring aiming at evaluating the soil functioning as well as its productivity and promoting the ecosystem function, could provide additional information toward an optimization of the method.
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Mercury-Tolerant Ensifer medicae Strains Display High Mercuric Reductase Activity and a Protective Effect on Nitrogen Fixation in Medicago truncatula Nodules Under Mercury Stress
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Mercury (Hg) is extremely toxic for all living organisms. Hg-tolerant symbiotic rhizobia have the potential to increase legume tolerance, and to our knowledge, the mechanisms underlying Hg tolerance in rhizobia have not been investigated to date. Rhizobial strains of Ensifer medicae, Rhizobium leguminosarum bv. trifolii and Bradyrhizobium canariense previously isolated from severely Hg-contaminated soils showed different levels of Hg tolerance. The ability of the strains to reduce mercury Hg2+ to Hg0, a volatile and less toxic form of mercury, was assessed using a Hg volatilization assay. In general, tolerant strains displayed high mercuric reductase activity, which appeared to be inducible in some strains when grown at a sub-lethal HgCl2 concentration. A strong correlation between Hg tolerance and mercuric reductase activity was observed for E. medicae strains, whereas this was not the case for the B. canariense strains, suggesting that additional Hg tolerance mechanisms could be playing a role in B. canariense. Transcript abundance from merA, the gene that encodes mercuric reductase, was quantified in tolerant and sensitive E. medicae and R. leguminosarum strains. Tolerant strains presented higher merA expression than sensitive ones, and an increase in transcript abundance was observed for some strains when bacteria were grown in the presence of a sub-lethal HgCl2 concentration. These results suggest a regulation of mercuric reductase in rhizobia. Expression of merA genes and mercuric reductase activity were confirmed in Medicago truncatula nodules formed by a sensitive or a tolerant E. medicae strain. Transcript accumulation in nodules formed by the tolerant strain increased when Hg stress was applied, while a significant decrease in expression occurred upon stress application in nodules formed by the Hg-sensitive strain. The effect of Hg stress on nitrogen fixation was evaluated, and in our experimental conditions, nitrogenase activity was not affected in nodules formed by the tolerant strain, while a significant decrease in activity was observed in nodules elicited by the Hg-sensitive bacteria. Our results suggest that the combination of tolerant legumes with tolerant rhizobia constitutes a potentially powerful tool in the bioremediation of Hg-contaminated soils.
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INTRODUCTION

Mercury is the most toxic heavy metal, and mercury contamination is becoming a major problem worldwide, in both wild ecosystems and agricultural soils. Environmental mercury contamination can be due to natural processes (volcanism, soil erosion, geothermal activities, and wild fires), but is mostly the result of anthropogenic activities, such as mining or the increasing use of phytochemicals in agriculture (Dash and Das, 2012; Wu et al., 2014; Paris et al., 2015; Marx et al., 2016). The most prevalent forms of mercury in the environment and in living organisms are metallic mercury (Hg0), mercuric mercury (Hg2+), and methylmercury (CH3Hg+), which is formed as a result of the methylation of Hg2+ by some microorganisms found in soil and water (Dash and Das, 2012; Tchounwou et al., 2012; Naguib et al., 2018). All forms of Hg are toxic, but Hg0 is volatile and the least toxic mercury state (Barkay et al., 2003). The toxicity of Hg and other heavy metals is due to complex interactions with cellular macromolecules (Azevedo and Rodriguez, 2012). In bacteria, plants and other organisms, the presence of metals might cause the formation of free radicals, generating oxidative stress (Mudipalli, 2008), and replacement of essential metals in pigments or enzymes, thus affecting their optimal activity (Malayeri et al., 2008; Mathema et al., 2011). Mercury appears to enter in both prokaryotic and eukaryotic cells through ion channels, competing with essential metals such as copper, iron, or zinc (Blazka and Shaikh, 1992; Bridges and Zalups, 2005). It has a high affinity for the sulfhydryl groups of amino acids, causing the alteration and loss of function of enzymes and sulfur-containing antioxidants (Patra and Sharma, 2000; Nies, 2003). Consequently, high bioaccumulation of mercury presents considerable problems in plants and animals, and results in prominent biomagnification in the trophic chain (David et al., 2012; Lavoie et al., 2013).

Some microorganisms have developed different strategies to protect themselves against mercury, such as extrusion by ATPases, cation antiport systems, immobilization with anionic ligands or precipitation of colloids (Robinson and Tuovinen, 1984; Osborn et al., 1997; Naguib et al., 2018). A common strategy to many bacteria is the enzymatic reduction of Hg2+ to less toxic and volatile Hg0, which is mediated by the bacterial mercuric reductase enzyme (MerA) encoded by the merA gene, which is usually part of the mer operon that contains several genes involved in mercury detoxification. Operon components and organization may be different in different bacteria (Mathema et al., 2011; Boyd and Barkay, 2012; Freedman et al., 2012; Naguib et al., 2018).

Mercury-tolerant microorganisms capable of detoxifying mercury have a potential for bioremediation of mercury-contaminated water and soil (Barkay et al., 2003). Therefore, the identification of tolerant, mercury-detoxifying bacteria is highly relevant. Deficiencies in nutrients, such as nitrogen, are the main limiting factors in the revegetation and/or phytoremediation of poor, marginal and polluted soils. Rhizobia are gram-negative soil bacteria that fix atmospheric nitrogen in the symbiotic root nodules that they form with leguminous plants. Once bacteria are released inside the host plant cell, they differentiate into bacteroids, the nitrogen-fixing form. Both host plant and rhizobia benefit from this interaction because the plant obtains nitrogen as ammonia (NH3), which is rapidly protonated to ammonium (NH4+), while the bacteria receive carbon substrates (succinate and malate) as a way to rapidly obtain energy (Udvardi and Poole, 2013). This is why the use of rhizobia-legume symbioses has been proposed to be a useful tool for the bioremediation of nutrient-depleted heavy metal-contaminated soils (Hao et al., 2014). The symbiotic system has actually been successfully used in soils contaminated with different heavy metals (Dary et al., 2010; Fagorzi et al., 2018; Bellabarba et al., 2019). Thus, the identification of Hg-tolerant rhizobia strains capable of detoxifying mercury has become of great interest to be used in conjunction with tolerant legumes in Hg-polluted soils.

One of the largest deposits of mercury in the world is the Almadén mine district in Central Spain, where the primary mineral is cinnabar (mercury sulfide). Centuries of mining caused the dispersion of the metal in the environment surrounding Almadén, leading to elevated mercury concentrations in soils and plants (Martínez-Coronado et al., 2011; Lominchar et al., 2015). To our knowledge, the tolerance and detoxification mechanisms present in Hg-resistant rhizobia have not yet been described. The aim of this study was to analyze rhizobial strains collected from Hg-contaminated soils of Almadén, which presented different tolerance to Hg, in order to identify whether mercury tolerance was due to their capacity to reduce Hg2+ to Hg0. Bacteria strains of Ensifer (formerly Sinorhizobium) medicae, Rhizobium leguminosarum bv. trifolii, and Bradyrhizobium canariense were previously isolated from nodules in host plants growing in Hg-contaminated soils (Nonnoi et al., 2012; Ruiz-Díez et al., 2012, 2013). We hypothesize that significant differences in mercury reductase activity will be detected between strains having low vs. high mercury tolerance in free living conditions and that the enzyme might be active and provide a protective effect on nitrogen fixation in legume nodules in the presence of Hg stress.



MATERIALS AND METHODS


Bacteria and Growth Media

Bacteria used in this study were previously isolated from legume nodules that were grown in Hg-contaminated soil (see Nonnoi et al., 2012; Ruiz-Díez et al., 2012, 2013 for specific information regarding each strain). Twenty-one R. leguminosarum bv. trifolii strains and 23 Ensifer medicae strains were isolated from nodules of Trifolium and Medicago species, respectively, which were growing in different sites near the abandoned Almadén mercury mine in Spain. Seven B. canariense strains were isolated from nodules of Lupinus, Spartium, Adenocarpus, and Ornithopus species collected from the Almadén area or from non-contaminated sites. E. medicae and R. leguminosarum strains were grown in Tryptone Yeast (TY) medium, and B. canariense strains were grown in Vincent medium (Vincent, 1970).



Rhizobial Tolerance to Mercury: Minimum Inhibitory Concentration

In all experiments described in this work, HgCl2 was used as the source of Hg. Hereafter, Hg, Hg tolerance, Hg-tolerant, Hg-sensitive, Hg stress, Hg concentration always refers to HgCl2. Rhizobial strains were grown in liquid medium at 28°C until an OD600 of 0.7. To determine the lowest HgCl2 concentration that completely inhibits bacterial growth, minimum inhibitory concentration (MIC), 2 μl of bacterial culture was inoculated on agar solid medium with increasing HgCl2 concentrations: 25, 50, 75, 100, 125, 150, 175, 200, 225, 250, and 275 μM (Nonnoi et al., 2012). The inoculated plates were incubated at 28°C. E. medicae and R. leguminosarum are fast-growing rhizobia that, in our experimental conditions, showed visible growth after 2 d when grown in the absence of HgCl2. B. canariense is a slow-growing rhizobium and growth was not evident before 7 d. Thus, MIC was determined after 2 d for E. medicae and R. leguminosarum, and after 7 d for B. canariense.



Mercury Volatilization Assay

The ability of rhizobia to reduce Hg2+ to Hg0 was analyzed by an X-ray film method that detects mercury volatilization. When Hg0 is generated, mercury vapor reacts with silver (Ag+) contained in the X-ray film, it shows a dark spot (Nakamura and Nakahara, 1988). Rhizobia strains were grown in liquid medium in the absence of HgCl2 or a concentration of 4 μM HgCl2 in order to determine an induction of mercuric reductase activity by mercury. Cultures were grown at 28°C until the concentration reached an OD600 of 0.7. Then, 4 ml of each culture were centrifuged at 2,000 × g for 15 min at 20°C. The pellet was resuspended in 50 μl of reaction medium that contained 50 μM HgCl2 (Nakamura and Nakahara, 1988). Controls contained the reaction medium without bacteria. Reaction mixtures were loaded onto a multi-well plate, and an X-ray film was placed on the plate in the dark (Nakamura and Nakahara, 1988). Films were developed after 4 h. Reaction medium without bacteria was used as a negative control. A densitometry analysis of the X-ray films was performed using the ImageJ software.



Transcriptional Analyses of Mercuric Reductases

E. medicae strains AMp08 (tolerant) and VMo01 (sensitive) and R. leguminosarum strains STf07 (tolerant) and VTc11 (sensitive) were grown in liquid TY medium in the absence or presence of mercury (4 μM HgCl2). When cultures reached an OD600 of 0.8, we directly added the Qiagen RNAprotect Bacteria Reagent to the bacterial culture in a 1:2 ratio (culture: RNA stabilizer). The mixtures were vortexed for 5 s and incubated for 5 min at room temperature (23°C) and then centrifuged at 5,000 × g for 10 min at 20°C. Pellets were frozen in liquid nitrogen. Bacterial lysis was performed by resuspension and incubation of the cell pellet in 1 mg/ml lysozyme from chicken egg whites (Sigma-Aldrich) in Tris–EDTA buffer, pH 8.0. Total RNA was extracted using the Qiagen RNeasy Mini Kit. For gene expression in bacteroids, nodules of M. truncatula were frozen in liquid nitrogen and the tissue was ground with using the MM40 (Retsch) mixer mill. RNA was extracted using the Qiagen RNeasy Plant Mini Kit according to the manufacturer’s protocol. The isolated RNA was subjected to DNase treatment. The quality and the quantity of the extracts were firstly analyzed with a NanoDrop 1,000 spectrophotometer (Thermo Scientific), and subsequently, RNA quality was assessed with an Agilent 2,100 Bioanalyzer.

For quantitative real time PCR (qPCR), reverse transcription was performed using the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems). Reactions were performed in a 7300 Real Time PCR System (Applied Biosystem). Each qPCR reaction contained 7.5 μl of SYBR Green PCR master mix (PE Applied Biosystem), 5 μl of cDNA, and 10 ng/μl of each primer in a final volume of 15 μl. Minus-reverse transcriptase (–RT) controls of the RNA samples were included in real-time RT-PCR experiments, in order to detect and estimate genomic DNA contamination; only samples free of genomic DNA contamination were included. Primers were designed using Primer Express Software v3.0 (PE Applied Biosystems). Primers used to amplify E. medicae merA1 and merA2 genes and R. leguminosarum merA2 are listed in Table 1. Genes encoding 16S rRNA genes were used as endogenous controls. Thermocycling conditions were as follows: an initial denaturing time of 10 min at 95°C, followed by 40 PCR cycles consisting of 95°C for 15 s and 60°C for 1 min. The data were analyzed using the 7,300 System Software (Applied Biosystems). And the relative quantification was carried out according to the comparative CT method (Pfaffl, 2001), as described in the Applied Biosystems StepOneTM Real-Time PCR System. Three independent biological experiments were performed with three technical replicates per sample. Each nodule sample contained nodules pooled from 4–6 plants. Differences were considered significant when the fold-change was ≥2 and SD bars did not overlap.


TABLE 1. Primers used for qPCR amplification of merA genes.
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Phylogenetic Analysis

Alignment and phylogenetic analysis of mercuric reductase (MerA) protein sequences of selected rhizobia were performed using the Geneious 6.01 software (Kearse et al., 2012). The neighbor-joining method (Saitou and Nei, 1987) was applied to construct a phylogenetic tree. The evolutionary distances were computed with the Jukes-Cantor genetic distance amino acid substitution model. Branch support was generated using bootstrapping of 100 resampled trees.



Plant Material, Inoculation, Growth Conditions, and Mercury Stress

Medicago truncatula cv. Parabinga plants were used in this study. M. truncatula seeds were scarified with 96% sulfuric acid for 6 min, and then immersed in commercial bleach for 1 min, washed 6 times with sterile distilled water and left in water for 1 h. Sterilized seeds germinated overnight on Petri dishes containing 1% agar/water. Germinated seeds were inoculated during sowing with 1 ml of bacteria grown to exponential phase (OD600 = 0.8). Two E. medicae strains were used: AMp08, the strain that displayed the highest mercury tolerance, and VMo01, a sensitive strain that showed an increase in mercuric reductase activity when grown at a sub-lethal mercury concentration (4 μM HgCl2).

Plants were grown in pots filled with vermiculite in a growth chamber (25/19°C, 16/8 h photoperiod) and irrigated with nitrogen-free nutrient solution (Hoagland and Arnon, 1938). After 5 weeks, plants were watered with nutrient solution containing 0 mM or 500 μM HgCl2. Plant material was collected 24 h after treatment application.



Nitrogenase Activity

Nitrogen fixation activity was estimated by the acetylene reduction assay (ARA), as described by Shvaleva et al. (2010). Although the use of a “closed” system for measuring acetylene reduction can lead to an acetylene-induced decline in nitrogenase activity, it is appropriate for comparative measurements, especially when assay time is short. Nodulated roots were introduced in 15.5 ml tubes and 10% of volume was replaced by acetylene. After 1 h of incubation, gas samples were taken and analyzed for ethylene content using a gas chromatographer (Perkin–Elmer 8310, United States) using nitrogen as a carrier gas. We took into account the volume of the nodulated roots after measurements were taken; nodules were detached and weighed to calculate the nitrogenase activity per gram of nodule. Three independent biological experiments were performed. In each experiment, 7–10 plants per treatment were analyzed. Statistics analysis were performed with IBM SPSS Statistics 25 (SPSS Inc., Chicago, IL, United States), using a mixed linear model to analyze the effect of Hg on the nitrogenase activity (p < 0.05).



RESULTS


Mercury Tolerance and Mercuric Reductase Activity in Free-Living Rhizobia

Mercury tolerance of rhizobia strains was tested on solid medium by measuring MIC following treatment with Hg (Table 2). Four E. medicae strains (AMp08, AMp10, NMp01, y SMp01) and three R. leguminosarum strains (STf07, STf08, and STf09) are considered Hg-tolerant (Nieto et al., 1989) as their growth was not inhibited in 0.1 mM Hg (MIC > 100 μM). All B. canariense strains were sensitive to mercury. L7-AH was the most Hg-tolerant B. canariense strain (MIC = 50 μM), while ISLU-16 and L-3, which were obtained from non-contaminated sites, were the most Hg-sensitive strains. The MIC values obtained for B. canariense in solid medium were higher than those previously reported, which had been measured in liquid medium (Ruiz-Díez et al., 2012, 2013). Some possible reasons that might explain the observed differences are considered below in the Discussion section.


TABLE 2. Rhizobial strains used in this study.

[image: Table 2]The X-ray film assays revealed the ability of the strains to reduce Hg2+ to more volatile Hg0. Mercuric reductase activity values were obtained from densitometry analyses of the X-ray films. In general E. medicae and R. leguminosarum tolerant strains showed high mercuric reductase activities. Additionally, many of the strains showed increased mercuric reductase activity when they were grown in the presence of a low mercury concentration. The mercuric reductase activity assays performed with B. canariense strains showed that some strains displayed mercuric reductase activity. In some cases, activity increased when the strains had been cultivated in the presence of 4 μM HgCl2 (Table 2). Strain SP-7C1, which presented the highest mercury reductase activity, was not the most tolerant strain. Strains ISLU-16, L-3, and L-7Q displayed very low reductase activity. Moreover, their growth in liquid medium was completely inhibited by 4 μM Hg, in agreement with the MIC values previously reported (Ruiz-Díez et al., 2012, 2013).

In order to estimate the association of mercury tolerance of the rhizobial strains with their mercuric reductase activity, we performed a densitometry analysis of the rows in the X-ray films corresponding to the bacteria grown without mercury (rows 1 and 3). The densitometry values were plotted against the MIC values for E. medicae (Figure 1A), R. leguminosarum bv. trifolii (Figure 1B) and B. canariense (Figure 1C) strains. A strong correlation (R2 = 0.83) was observed in the case of E. medicae, while no correlation was found for the B. canariense strains (R2 = 0.41). We considered that the R2 value for R. leguminosarum might not be reliable, as there were only three strains that presented some degree of tolerance. It should also be noted that the X-ray film assay is a semi-quantitative assay, and consequently, the activity values obtained by densitometry analysis should be considered to be approximations.
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FIGURE 1. Correlation between mercuric reductase activity and mercury tolerance of rhizobial strains. (A) Ensifer medicae. (B) Rhizobium leguminosarum bv. trifolii. (C) Bradyrhizobium canariense. Mercuric reductase values were obtained from the densitometry analyses of the X-ray films. The coefficients of determination R2 are indicated.




Expression of merA Genes in Free-Living Rhizobia

Our assays indicated that mercuric reductase activity was induced in some strains when grown in sublethal mercury concentrations (4 μM HgCl2). Two E. medicae strains, VMo01 (sensitive) and Amp08 (tolerant), and two R. leguminosarum strains, VTc11 (sensitive), and STf07 (tolerant) were used to determine whether the differences in activity between strains and the mercury-induced increase in activity observed corresponded with merA gene expression levels. Sequenced E. medicae WSM419 strain has two mercuric reductase genes, one located on the chromosome (merA1) and another one on the symbiotic plasmid pSymB (merA2). R. leguminosarum WSM1325 has only one mercuric reductase gene (merA2) located on plasmid pR132502. To compare the expression levels of the merA genes in the different strains grown in the absence or presence of a sub-lethal mercury concentration, qPCR was performed. In E. medicae, merA1 expression was higher in the tolerant strain (AMp08) than in the sensitive strain (VMo01) when grown in the absence of HgCl2 (Figure 2A). The tolerant strain did not show a significant increase in expression when grown in the presence of HgCl2. In contrast, the expression of the merA1 gene significantly increased when the sensitive strain was cultivated in the presence of HgCl2. It appeared that induction ocurred due to the presence of the metal in the growth medium. E. medicae merA2 expression patterns were similar to those of merA1 (Figure 2B). In the absence of Hg, expression was higher in the tolerant strain (AMp08) and a significant induction occurred when the sensitive strain (VMo01) was grown in the presence of mercury. Expression of R. leguminosarum merA2 gene was higher in the tolerant strain (STf07) than in the sensitive strain (VTc11). There was an increase in transcript accumulation in both strains when they were grown in the presence of mercury (Figure 2C).
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FIGURE 2. Expression of merA in free-living rhizobia and in Medicago truncatula nodules. (A) merA1 expression in free-living E. medicae strains VMo01 (sensitive) and AMp08 (tolerant). (B) merA2 expression in free-living E. medicae strains VMo01 and AMp08. (C) merA2 expression in free-living R. leguminosarum bv. homologs were identified in some species trifolii strains VTc11 (sensitive) and STf07 (tolerant). (D) merA1 expression in M. truncatula nodules formed by E. medicae strains VMo01 or AMp08. (E) merA2 expression in M. truncatula nodules formed by E. medicae strains VMo01 or AMp08. Free-living bacteria were grown in the absence (0 μM) or presence of 4 μM HgCl2. Three independent biological experiments were performed. Five week-old nodulated M. truncatula plants were watered with nutrient solution containing 0 or 500 μM HgCl2 and harvested after 24 h. Three independent biological experiments were performed. Each biological sample contained nodules pooled from 4–6 plants. Three technical replicates per sample were performed. Mean values ± SD are represented. Differences were considered significant when fold change was ≥2 and SD bars did not overlap.




merA Genes Expression, Mercuric Reductase Activity and Nitrogen Fixation in M. truncatula Nodules

The symbiotic interaction of rhizobia with legume roots leads to the formation of a new plant organ, the root nodule. Inside the nodule, bacteria differentiate into bacteroids, which are able to fix atmospheric nitrogen. In this process, some bacterial genes are inactivated, while others are overexpressed. Inactivation of the merA genes in bacteroids would imply the absence of mercuric reductase in the nodule and thus, the loss of an important mercury detoxification mechanism that could increase the plant tolerance to the metal. M. truncatula plants were inoculated with either E. medicae VMo01 (sensitive) or Amp08 (tolerant) strains, and after 5 weeks, when nodules are mature and active in nitrogen fixation, mercury stress was applied. We performed qPCR to check whether merA1 and merA2 were expressed in bacteroids, and to detect any differences in expression between the rhizobial strains or the mercury treatment. Both merA genes were expressed in the nodule. Similar to what we had observed for free living bacteria, merA1 expression (Figure 2D) was higher in the tolerant strain than in the sensitive one. In contrast, the tolerant strain showed an induction when mercury stress was applied, whereas the sensitive strain did not show any induction. In control (untreated with Hg) nodules, merA2 expression was somewhat higher in the sensitive strain. While mercury stress led to a decrease in merA2 expression in the sensitive strain, the tolerant strain showed an induction of gene expression (Figure 2E). Although the conditions were not comparable, these results contrast with the expression in free-living bacteria, where the tolerant strain showed a higher expression but there was not an induction, whereas the sensitive strain showed an induction when grown in the presence of HgCl2. The merA transcripts in the bacteroids were translated into active mercuric reductase, as activity could be detected in crushed nodules (data not shown). However, the mercuric reductase assay was not suitable to quantify differences in activity between strains, or between control and mercury-stressed nodules. The assay results were not reproducible most likely due to heterogeneity of the crushed nodule tissue.

Nitrogenase activity was analyzed in nodules of M. truncatula plants inoculated with E. medicae strains VMo01 (sensitive) or AMp08 (tolerant) (Figure 3). The symbiotic performance of plants inoculated with the sensitive or the tolerant strains was similar, as there were no significant differences in nitrogenase activity in non-stressed plants. Additionally, no significant differences were observed in root and shoot fresh weight due to the inoculated strain (data not shown). Nodules formed by the sensitive strain showed a significant decrease in nitrogenase activity (66%) when mercury stress was applied compared to control nodules, while no significant differences were observed for plants inoculated with the tolerant strain.
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FIGURE 3. Nitrogenase activity per gram of nodule in control and Hg-treated M. truncatula nodules inoculated with E. medicae strains VMo01 (sensitive) and AMp08 (tolerant). Five week-old plants were watered with nutrient solution containing 0 or 500 μM HgCl2 and harvested after 24 h. Three independent biological experiments were performed. In each experiment, 7–10 plants per treatment were analyzed. Mean values ± SD are represented. An asterisk indicates significant differences (p < 0.05) between control and Hg-treated nodules.


To examine the prevalence and conservation of the merA genes among sequenced rhizobia, we performed a phylogenetic analysis. Widespread conservation of merA genes across rhizobia species was observed, as it was present in all species examined, including species from the genera Agrobacterium, Bradyrhizobium, Mesorhizobium, Rhizobium, and Ensifer (Figure 4). Two MerA homologs were identified in some species of the genera Ensifer and Mesorhizobium that were located in different clades. With a few exceptions, there was good correspondence between the MerA phylogeny and rhizobial systematics, where species of the same genus clustered together.
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FIGURE 4. Phylogeny of mercuric reductase (MerA) in rhizobia. GenBank accession numbers are indicated. The phylogeny is based on amino acid sequences. The tree was rooted using two non-rhizobia MerA from Methlybacter tundripaludum and Pseudomonas sp. as outgroup sequences. The Ensifer sp. clades for MerA1 and MerA2 homologes are highlighted in blue and green, respectively. Ensifer medicae and Rhizobium leguminosarum are shown in red text.




DISCUSSION

In this study, we analyzed the tolerance to Hg of several rhizobial strains collected from Hg-contaminated soils, and evaluated the role of mercuric reductase activity in the mercury tolerance of free-living bacteria and in the maintenance of nitrogen fixation in legume nodules subjected to mercury stress. The MIC values of all the strains used in this study were carefully re-evaluated, as in some preliminary mercuric reductase assays, some strains, which were initially considered as non-tolerant, displayed substantial mercuric reductase activity. The MIC values determined here for most E. medicae strains were similar to, although slightly higher than those reported in a previous study (Nonnoi et al., 2012), with a few of them that were considerably higher than those described earlier by Nonnoi et al. (2012). These differences could be attributed to modifications that might have occurred during the sub-culturing processes, in which inactive merA genes in the freshly collected strains might have been activated. The MIC values for R. leguminosarum were nearly identical to those reported previously (Nonnoi et al., 2012). The MIC values that we obtained for the B. canariense strains were consistently higher than those published earlier (Ruiz-Díez et al., 2012, Ruiz-Díez et al., 2013). The previously published MIC values for the B. canariense strains were determined in liquid medium, while in the present work, solid medium was used. The observed differences could be related to the fact that bacteria have the ability to form biofilms when they grow attached to a surface. Such biofilms are formed mainly by exopolysaccharides (EPS). The EPS matrix works as a diffusion barrier that slows down penetration of compounds such as toxic agents, antibiotics, and metals. Thus, the EPS matrix on the agar plates could be the cause for the observed higher tolerance to mercury. On the contrary, when bacteria are grown in suspension in liquid medium, they are dispersed and are more sensitive to toxic substances (Mah and O’Toole, 2001; Teitzel and Parsek, 2003). The presence of sensitive and tolerant strains in contaminated soils is common and might be due to several factors, such as the presence of micro-niches in the soil (Nonnoi et al., 2012).

A comparative promoter analysis could help determine a mechanism to explain the differences in mercuric reductase activity between strains, but this will require new genome assemblies and genome wide expression of sensitive and tolerant strains, data that are not available at the moment. Additionally, cis-regulatory differences could be also likely to explain differences between tolerant and sensitive strains; this would require experimental evidence rather than simple sequence comparisons. We are actually planning to test these hypotheses. Nevertheless, we feel that we have made a convincing case showing that the more tolerant E. medicae strains had significantly higher expression than non-tolerant strains, which is what we set out to do.

To our knowledge, there are no reports on the mechanisms that might account for mercury tolerance in rhizobia. Regarding the mer operon, variations in structure and organization have been found in different bacteria (Boyd and Barkay, 2012; Naguib et al., 2018). No generic mer operons have been identified up to now in the sequenced rhizobia genomes found in databases. Only merA and merR homologs have been identified in some of these genomes. The presence of merA, in the absence of any transporter (merT) and/or regulatory genes (merR), does not necessary imply effective Hg2+ reduction and mercury tolerance, as it has been observed in some bacteria lacking mer transporter genes (Osborn et al., 1997).

The mercuric reductase assays showed that the highly tolerant E. medicae strains presented the highest activities. We found a strong correlation between MIC values and mercuric reductase activity for this species. Others authors have also observed mercury tolerance involving mercury reductase activity in other types of bacteria lacking mer specific transporter genes, and it was postulated that protein transporters not specific to the mer system could be involved in mercury transport (Wang et al., 2009). In contrast, no correlation between MIC values and mercuric reductase activity was found for the B. canariense strains. This lack of correlation suggests that B. canariense might have other mercury tolerance mechanisms, such as the exopolysaccharide production mentioned above. In fact, the colonies formed by B. canariense strains appeared clearly more viscous or gelatinous than those formed by E. medicae or R. leguminosarum. This Hg-binding EPS mechanism most likely presents some intra-species variation, as the composition of the EPS matrix might vary, resulting in different MIC values among B. canariense strains. Due to the limited number of tolerant strains, the data for R. leguminosarum appear insufficient to determine whether there was a correlation between tolerance and mercuric reductase activity. In fact, it cannot be ruled out that different additional mechanisms might contribute to Hg tolerance in any of the three species.

When bacteria were grown in the presence of a sub-lethal Hg concentration, an increase in mercuric reductase activity could be observed for some strains. Most bacterial mercury detoxification systems are related to an induction phenomenon (Wang et al., 2009), and it is known that the expression of the merA gene, which encodes the MerA enzyme, can be induced by the presence of mercury (Freedman et al., 2012). Generic mer operons might carry regulatory genes. MerR is a transcriptional repressor which attaches to the promotor-operator region of the operon and acts as repressor or activator of the operon in the absence and presence of Hg2+, respectively (Barkay et al., 2003; Boyd and Barkay, 2012). We did not identify merR homologs in E. medicae or R. leguminosarum sequenced strains. Nonetheless, our results show a correspondence between mercuric reductase activity and merA expression, as both increased when bacteria were grown in the presence of a low Hg concentration, and merA expression in tolerant strains was higher than in sensitive strains. We analyzed merA expression in two E. medicae strains and two R leguminosarum strains with different Hg tolerance, and the results were similar for both species, suggesting the existence of a Hg-dependent regulation of merA expression and MerA activity. However, we cannot exclude that other strains might display different behavior.

It is known that when the differentiation from bacteria to bacteroids happens, there are physiological and genetic changes (Ampe et al., 2003). Some genes are induced while others are repressed or fully inactivated in the bacteroid. Here we showed that merA genes were expressed inside M. truncatula nitrogen-fixing nodules and the MerA was active. The expression patterns differed from those observed in free-living bacteria. Besides the clear differences between both experiments, the changes in genetic regulation that occur in the differentiation process could also explain the differences in merA gene transcription between the free-living E. medicae bacteria and bacteroids.

The expression of merA1 and merA 2 in the different zones of the nodule was analyzed using the data of Roux et al. (2014) for expression of Ensifer meliloti genes in sections of M. truncatula nodules. merA1 presented very low expression in the uninfected meristem. Expression in the FII zone, where the number of bacteria should be low, was high and similar to that of the infected zone FIII. This could indicate that merA1 expression is lower in bacteroids than in undifferenciated bacteria, or could be due to some contamination of FII sections with infected cells. merA2 displayed low expression in uninfected tissues (FI and FIId), and high expression in the fixation zone FIII.

Tolerant rhizobia strains constitute a promising bioremediation tool as they can survive in the presence of high metal concentrations (Hao et al., 2014). According to our results, a tolerant strain appears to be more efficient in reducing mercury on account of a higher basal merA expression. We and other groups have previously described that metal-tolerant rhizobia help maintain nitrogen fixation under metal stress conditions (Shvaleva et al., 2010; Rangel et al., 2017). Quiñones et al. (2013) showed in a long-term experiment that Lupinus albus plants grown in the presence of Hg and inoculated with a Hg-tolerant strain were more tolerant than those inoculated with a sensitive strain. This was likely due to the preservation of nitrogen fixation under mercury stress, but additional factors were involved. When the lupin plants were inoculated with a Hg-sensitive strain, nodulation was severely affected by mercury and a drastic drop in nitrogenase activity was observed. However, in their experimental conditions it was difficult to determine whether mercury was affecting nitrogen fixation itself, or the decrease in activity was a consequence of poor nodulation or formation of non-effective nodules. For these reasons, we designed a short-term experiment to affect nitrogen fixation alone, to show that the tolerance of the strain was important to maintain nitrogenase activity under mercury stress conditions. The present results suggest that nitrogen fixation is differentially affected by mercury stress depending on the mercury tolerance of the inoculated rhizobia.

The Hg-tolerant E. medicae strain used in this work and its protective effect on nitrogen fixation in the presence of Hg stress suggest a potential use as a bioremediation tool in Hg-contaminated environments. This could be exploited using the bacteria alone, due to their high mercuric reductase activity, or in association with tolerant M. truncatula varieties. In fact, we have analyzed M. truncatula germplasm for Hg tolerance (García de la Torre et al., 2013) and identified some Hg-tolerant cultivars. Moreover, M. truncatula is a forage legume that produces high biomass and has a good soil coverage. As a result, we consider that the combination of tolerant E. medicae strains and tolerant M. truncatula varieties has the potential to become a powerful tool for detoxification of Hg-contaminated soils.
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The large-scale use of the herbicide glyphosate leads to growing ecotoxicological and human health concerns. Microbe-assisted phytoremediation arises as a good option to remove, contain, or degrade glyphosate from soils and waterbodies, and thus avoid further spreading to non-target areas. To achieve this, availability of plant-colonizing, glyphosate-tolerant and -degrading strains is required and at the same time, it must be linked to plant-microorganism interaction studies focusing on a substantive ability to colonize the roots and degrade or transform the herbicide. In this work, we isolated bacteria from a chronically glyphosate-exposed site in Argentina, evaluated their glyphosate tolerance using the minimum inhibitory concentration assay, their in vitro degradation potential, their plant growth-promotion traits, and performed whole genome sequencing to gain insight into the application of a phytoremediation strategy to remediate glyphosate contaminated agronomic soils. Twenty-four soil and root-associated bacterial strains were isolated. Sixteen could grow using glyphosate as the sole source of phosphorous. As shown in MIC assay, some strains tolerated up to 10000 mg kg–1 of glyphosate. Most of them also demonstrated a diverse spectrum of in vitro plant growth-promotion traits, confirmed in their genome sequences. Two representative isolates were studied for their root colonization. An isolate of Ochrobactrum haematophilum exhibited different colonization patterns in the rhizoplane compared to an isolate of Rhizobium sp. Both strains were able to metabolize almost 50% of the original glyphosate concentration of 50 mg l–1 in 9 days. In a microcosms experiment with Lotus corniculatus L, O. haematophilum performed better than Rhizobium, with 97% of glyphosate transformed after 20 days. The results suggest that L. corniculatus in combination with to O. haematophilum can be adopted for phytoremediation of glyphosate on agricultural soils. An effective strategy is presented of linking the experimental data from the isolation of tolerant bacteria with performing plant-bacteria interaction tests to demonstrate positive effects on the removal of glyphosate from soils.

Keywords: glyphosate, microbe-assisted phytoremediation, EPSP synthase, glyphosate tolerance, glyphosate degradation, microcosm, plant-bacteria interaction, phn operon


INTRODUCTION

Glyphosate (N-phosphonomethyl glycine) is a broad-spectrum systemic herbicide, generally known as the active compound of the commercial product Roundup. It has been widely used in agriculture since the mid-seventies. The compound has been classified as positively associated to carcinogenicity (Guyton et al., 2015), and due to its worldwide use of about 600–750 thousand tons per year (Maggi et al., 2020), concerns have been raised about its environmental fate and the risks it poses for human health. Therefore, in countries whose agricultural economy strongly depend on the use of glyphosate-associated crops such as Canada, United States, Brazil, and Argentina (Struger et al., 2015; Ronco et al., 2016; Fernandes et al., 2019; Hébert et al., 2019), the herbicide represents a major environmental and health concern.

To alleviate the effects of the non-target application as well as the off-site runoff, in situ degradation or transformation of glyphosate should be boosted. To this end, much attention has been directed toward exploiting plant-microbe interactions, known as microbe assisted phytoremediation, to remediate pesticides polluted soils (Glick, 2003; Kuiper et al., 2004; Vangronsveld et al., 2009).

Several studies have described the plant-associated and bulk soil bacteria from chronically exposed agricultural lands and tested them for their glyphosate degradation potential and tolerance (Zhan et al., 2018). The glyphosate degradation in bacteria occurs by two different metabolic pathways which are the AMPA (aminomethylphosphonic acid) pathway and the sarcosine pathway. The first one involves the action of an oxidoreductase (glyphosate oxidoreductase or GOX) or also a glycine oxidase, yielding AMPA and glyoxylate as degradation products. The second one involves specific phosphonates, C-P lyases, yielding sarcosine and inorganic phosphate as degradation products (Huang et al., 2016). On the other hand, bacteria tolerance to glyphosate is related to the enzyme 5-enolpyruvylshikimate-3-phosphate synthase (EPSPS, EC2.5.1.19), its only molecular target. Based on the inherent sensitivity to glyphosate the EPSPS has been divided into two types or “Classes.” Class I enzymes are those present in plants and in many Gram-negative bacteria and represent the most sensitive molecules. This class is generally represented by the EPSPS of Escherichia coli. Single point mutations, such as the P101S substitution (Salmonella typhimurium) or G96A (Klebsiella pneumoniae), were described for conferring herbicide tolerance. Class II enzymes can be found in tolerant bacteria, such as Agrobacterium sp. CP4, and they exhibit a high catalytic efficiency, even when exposed to high glyphosate concentrations. These enzymes also show important differences in the peptide sequence when compared to Class I enzymes (Pollegioni et al., 2011). In spite of contributing to what we know about these mechanisms of tolerance and degradation, publications usually focus on biomass production for bioremediation experiments, and not on its phytoremediation potential, by means of plant-bacteria interaction tests and xenobiotic dissipation.

To increase the success of phytoremediation, inoculated bacteria need to be rhizocompetent (Kuiper et al., 2004; Gerhardt et al., 2017), i.e., able to colonize and associate with the host plant in the root zone. Only few studies address or test the plant colonization potential of inoculated strains prior to bioaugmentation, and none of them referring to glyphosate phytoremediation. This ability is, however, critical to the optimization process.

In order to successfully design a field-scale phytoremediation strategy to remediate glyphosate contaminated agronomic soils, we hypothesize that it is possible to have access to plant-colonizing, glyphosate-tolerant and degrading strains and at the same time, linking them to plant-microorganism interaction studies focusing on their ability to re-colonize the roots and degrade or transform the herbicide.

As a starting point, Lotus corniculatus L. (birdsfoot trefoil) was previously selected and described as a glyphosate tolerant plant, suitable to grow in soils containing the highest concentrations of this herbicide that are found in agricultural fields (Massot et al., 2016). Lotus species and L. corniculatus in particular, have a worldwide distribution due to their introduction in non-native areas for use as highly productive crops in pasture systems in a diverse range of landscapes, including those of glyphosate-associated crops (Escaray et al., 2011).

To confirm our assumption, enrichment cultures containing glyphosate as the sole source of phosphorus were set up. The isolated and purified strains were subsequently biochemically characterized and the genomes of the best overall performing strains were sequenced and screened for traits related to glyphosate tolerance and glyphosate degradation, and also traits important to ensure the safety and traceability of the strains in the field (absence of plant pathogenicity clusters). To provide additional support for the selection of the most suitable strains for microbe-assisted phytoremediation, root colonization was investigated by confocal fluorescence and scanning electron microscopy followed by microcosm studies using field relevant concentrations of glyphosate.

This paper describes the whole process from the isolation of sixteen glyphosate tolerant bacterial strains from Lotus pastureland plots and characterization of their plant growth promotion potential, glyphosate tolerance and root colonization, to the assessment of the glyphosate degradation abilities of the two best performing ones (Ochrobactrum haematophilum P6BS-III and Rhizobium sp. P44RR-XXIV) in a microcosms assay. In addition, the whole genome sequencing underlines the novelty of the studied strains.



MATERIALS AND METHODS


Sampling Site and Bacterial Isolation

All samples were taking in August 2014 at the Manantiales Experimental Farm of the National Institute of Agricultural Technology (INTA), in Chascomús county, Argentina (35°34′30″S 58°00′32″W). Pastureland bulk soil and rhizosphere-associated soil samples were collected from four different agricultural plots where a long-term experiment was carried out with glyphosate, to promote Lotus spp. as legume pastures. A high dose of glyphosate (approximately 3.5 L ha–1) had been applied twice a year during the last 10 years. A total of nine samples per plot were collected. Each of them with approximately 30 cm of diameter and 30 cm deep, comprising the 0 and A soil horizons and including at least one Lotus specimen.

In the laboratory, Lotus plants were carefully removed from the soil. Subsequently, they were gently shaken to remove the soil weakly attached to the roots and their aerial parts were removed. Approximately 4 g of roots were placed in flasks containing 50 ml of a 9 mg ml–1 NaCl and Tween 80 0.01 v/v solution, and shaken at 200 rpm for 30 min. Finally, roots were removed from the flasks, and the suspension was named as “rhizosphere.” Once plants were removed from the samples, the remaining soil was sieved (mesh size 2.0 mm) and named as “pastureland bulk soil.” A physicochemical characterization of these soils was conducted (Supplementary Table 1).

Either rhizosphere or bulk soil were used for enrichment cultures in basal salt-glyphosate medium broth (MSB-Gly). The composition of the medium was (per liter): Glucose, 2.0 g; (NH4)2SO4, 0.5 g; MgSO4.7H2O, 0.5 g; NaHCO3, 0.175; FeCl3.H2O, 10 mg; CaCl2.H2O, 10 mg; MnCl2, 0.1 mg; ZnSO4, 0.01 mg; glyphosate, 500 mg as the sole source of phosphorous (pH 6.8) (Radosevich et al., 1995). During the first three subculture rounds, cycloheximide (100 mg L–1) was added to avoid fungal growth. A total of six sequential subcultures were performed for each sample.

Isolation of single colonies was done by plating the cultures in solid MSB-Gly (15 g L–1 agar) and incubation at 25°C for 5 days. Colony purity was verified by means of streaking on different rich agar media. The conservation of the pure colonies was performed using two different techniques starting from MSB-Glyphosate liquid cultures: resuspended pellets in MSB solution and 40% glycerol, and stored in cryotubes at −80°C; and resuspended pellets in a 10% milk powder solution and then stored in cryotubes, frozen at −80°C and later lyophilized.



DNA Isolation and Phylogenetic Analysis

Cultures of the pure strains were grown in MSB-Gly broth until reaching the stationary phase. Then 4 ml of each culture were centrifuged, and the pellet was re-suspended in 250 μl TEG (Tris, 10 mM-EDTA, 1 mM-Glucose, 50 mM) buffer (pH:8), supplemented with 5 μl lysozyme (300 mg ml–1), 5 μl of RNase (20 mg ml–1) and 20 μl of protease (7500 U ml–1) and incubated at 37°C for 30 min. Genomic DNA was isolated by using the Highway DNA PuriPrep-S Kit (Inbio Highway, Tandil, Argentina) according to the manufacturer’s instructions. Amplification of the 16S rRNA gene was performed by using the universal bacterial primers 27F (5′-AGAGTTTGATCMTGGCTCAG-3′) and 1492R (5′-TACGGYTACCTTGTTACGACTT-3′), T-Free DNA Taq polymerase and buffer (Inbio Highway, Tandil, Argentina), and the following PCR conditions: 3 min at 94°C, 35 cycles of 30 s at 94°C, 60 s at 55°C, and 120 s at 72°C, followed by a final extension step of 10 min at 72°C. PCR products were purified with the Highway DNA PuriPrep-GP kit (Inbio Highway, Tandil, Argentina). The amplification products were sequenced at the Genomic Research Unit of the Institute of Biotechnology CNIA-INTA (Argentina) using an automatic capillary sequencer model ABI3130XL (Applied Biosystems, Waltham, MA, United States).

The most probable taxonomic affiliation was obtained through the comparison of the obtained partial 16S rRNA gene sequences (a mean of 1350 base pairs, representing approximately 95% of the gene coverage) versus homologous sequences of prokaryote strains using the EzTaxon server of the EzBioCloud (Kim et al., 2007; Yoon et al., 2017) database and the Ribosomal Database Project server (RDP) (Cole et al., 2014).



In vitro Plant Growth Promotion (PGP) Potential

To assess the in vitro PGP abilities of the isolated strains, a set of seven different tests were performed. The 1-aminocyclopropane-1-carboxylate (ACC) deaminase activity was estimated according to Belimov et al. (2005). A qualitative assay of Indoleacetic Acid production (IAA) was performed according to Patten and Glick (2002). The Organic Acids production was investigated following the method suggested by Cunningham and Kuiack (1992). The production of acetoin was studied using the Voges–Proskauer test, according to modifications made by Romick and Fleming (1998). The Inorganic Phosphate solubilization assay was performed following the protocol described by Nautiyal (1999). The phytate mineralizing capacity was studied according to Jorquera et al. (2008). The qualitative assessment of siderophores production was based on the method described by Schwyn and Neilands (1987).



Glyphosate Minimal Inhibitory Concentration (MIC)

In order to assess the maximum concentration of glyphosate that each strain can tolerate, the MIC method proposed by Cockerill et al. (2012) was adopted (2012). Petri dishes with solid MSB-Gly medium containing increasing concentrations of glyphosate (>99%, Sigma-Aldrich, Buenos Aires, Argentina) were prepared (0, 100, 500, 1000, 2000, 3000; 5000, 7500, and 10000 mg glyphosate kg–1). To prepare the inoculum, strains were cultured in MSB-Gly medium until they reached cell densities between 1 × 108 CFU ml–1 to 2 × 108 CFU ml–1. Then, 2 μl of cell suspensions with an estimated total number of 1.104 CFU were dropped on the agar surface. Five replicates of each strain were performed for each concentration. Plates were incubated at 25°C for 6 days and the MIC end points were determined as the concentration where the growth of the colonies was inhibited with more than 50% compared to the control (MSB without glyphosate). Escherichia coli DH5α (Taylor et al., 1993) (an EPSPS Class I carrier strain) was selected as a negative control. E. coli EPSPS is naturally sensitive, and no tolerance and/or degradation mechanisms have been reported.



Whole Genome Sequencing and Analyses

High molecular weight genomic DNA was extracted from the cultures in the early exponential growth phase. The cells were lysed using an enzymatic lysis buffer (20 mM Tris, 2 mM EDTA, 1.2% Triton X-100, 18 mg ml–1 lysozyme, pH 8.0), for 30 min at 37°C. Then, the DNA was isolated using the DNeasy Blood and Tissue kit (Qiagen, Venlo, Netherlands) according to the manufacturer’s instructions. DNA concentrations were determined using the Qubit dsDNA HS Assay Kit (Thermo Fisher Scientific, Merelbeke, Belgium) and the purity using the UV-Vis NanoDrop 1000 (Thermo Fisher Scientific) spectrophotometer. The HWM DNA was subjected to the Nextera DNA Flex library preparation kit (Illumina, Eindhoven, Netherlands) according to manufacturer’s instructions. Subsequently, the indexed WGS products were sequenced on an Illumina NovaSeq 6000 system (Macrogen, Amsterdam, Netherlands).

Genome assembly was performed using the SPAdes algorithm, version 3.8.2 (Bankevich et al., 2012) (uniform coverage mode; k-mers 21, 33, 55, 77, 99). The Mauve software (Rissman et al., 2009) was used to reorder the contigs. CheckM was run to verify genome completeness and contamination (Parks et al., 2015), and a MultiQC report was generated based on the QUAST assembly statistics (Gurevich et al., 2013; Ewels et al., 2016). Genome annotation was performed using the Rapid Annotation using Subsystem Technology (RAST) annotation system (Aziz et al., 2008; Overbeek et al., 2014), NCBI Prokaryotic Genome Automatic Annotation Pipeline (PGAP) (Tatusova et al., 2016), and the MicroScope platform using the Magnifying Genomes tool (MaGe) (Vallenet et al., 2006). The Clusters of Orthologous Genes (COG) and the reconstruction of the metabolic pathways were performed using the MaGe KEGG, MetaCyc, and BioCyc tools (Caspi et al., 2016). The metabolic pathways of interest were found in this manner. For each query, homologous genes were defined according to a cut-off e-value of <0.0001, >20% of query coverage, and >50% sequence similarity. Genes in internal clusters were assigned using CD-HIT Suite v4.8.1 (Huang et al., 2010), genes with function prediction were found using EggNog 4.5.1 (Huerta-Cepas et al., 2016), genes with a Pfam domain were assigned using the HMMER server (Potter et al., 2018), genes with signal peptides were assigned using SignalP 5.0 server (Almagro Armenteros et al., 2019), and genes with transmembrane helices were predicted using TMHMM Server v. 2.0 (Krogh et al., 2001).

The JSpecies web server (Richter et al., 2015) and the Genome-to-genome distance calculator (Meier-Kolthoff et al., 2013) were used to select the closest genome to the strains under study.



Glyphosate Biotransformation in Culture Medium

Ochrobactrum haematophilum P6BS-III and Rhizobium sp. P44RR-XXIV strains were aerobically grown in MSB-Gly broth (50 mg l–1 glyphosate) at 25°C and 200 rpm. In total, six independent cultures were made of each microorganism and the optical density (O.D.) at 600 nm, the CFU ml–1 count and measuring the remaining glyphosate concentration in the culture medium were considered. For the latter, triplicate supernatant samples were collected at initial time (0 h) and at ending time (216 h) and glyphosate was measured by liquid chromatography tandem-mass spectrometry (LC-MS/MS). Briefly, 100 μl of the sample was transferred to a centrifuge tube of 15.0 ml with 9.0 ml of water and 1.0 ml of 0.1 M KOH, and vortexed for 1 min. Subsequently, 1.0 ml of the mixture was transferred to a new 15.0 ml plastic tube, adding 1.0 ml of H3BO3 buffer (pH 9) and 0.5 ml of FMOC solution (10 mM Fluorenyl-methyl-oxy-carbonyl chloride in acetonitrile) to perform the derivatization reaction overnight. The derivatization reaction was stopped by adding 100 μl of 2% H3PO4 and 100 μl of 0.1 M EDTA. The samples were analyzed using an Agilent 1260 Infinity HPLC system (Agilent Technologies, Santa Clara, CA, United States) coupled with a mass spectrometer 6460 Triple Quad (Agilent Technologies, Santa Clara, CA, United States) equipped with an electrospray ionization interface set up in negative polarity. For the chromatographic separation, an Agilent Poroshell 120 EC-C18 (3.0 mm × 50 mm, 2.7 μm) column was used. The mobile phase consisted of Solution A: 90% 5 mM NH4Ac in H2O / 10% 5 mM NH4Ac in methanol; Solution B: 90% 5 mM NH4Ac in methanol / 10% 5 mM NH4Ac in H2O. To perform the chromatographic separation, the gradient was set up as follows: start with 30% B; and hold for 5 min; from 5 to 15 min, increase to 90% B, with a flow rate 0.3 ml min–1. For data processing MassHunter Workstation Software, version B.06.00 Agilent Technologies was used. Data were analyzed using one-way analysis of variance. The difference between the start and the end time was considered significant at p < 0.05. The software used for the statistical analysis was GraphPad Prism Statistics version 5.01.



Root Colonization of Lotus corniculatus by GFP- and m-Cherry Labeled Strains

For the confocal microscopy experiments, the pMP4655 or pMP7604 plasmids carrying either the genes for green fluorescent protein (GFP) and tetracycline resistance (Bloemberg et al., 2000) or the mCherry gene and tetracycline resistance (Lagendijk et al., 2010), were transferred by conjugation to Rhizobium sp. P44RR-XXIV and Ochrobactrum sp. P6BS-III, respectively. These procedures involved the use of three strains: the donor strain, E. coli DH5α carrying either the plasmid pMP4655 with the gene that codes for green fluorescent protein (egfp) or the plasmid pMP7604 with a gene that codes for mCherry; the helper strain, E. coli DH5α carrying the plasmid pRK2013; and the recipient strains, P6BS-III or P44RR-XXIV, according to the conjugation. Selective media containing tetracycline (20 or 15 μg ml–1) and glyphosate (500 mg l–1) were used. The success of conjugation was verified by observing the fluorescence in selective media, BOX-PCR (Weyens et al., 2009; Supplementary Figure 1) and sequencing of the 16S ribosomal rRNA gene in the fluorescent strain. The stability of the transconjugants was tested by subculturing and microscopy.

Inoculations of L. corniculatus seedlings with fluorescent strains were performed in square plates with 120 mm sides. Gamborg B5 culture medium (Gamborg et al., 1968) was used for growing L. corniculatus in the plates. The bacterial strains were homogeneously distributed on the agar in a concentration of approximately 1 × 105 CFU ml–1. The seedlings were superficially sterilized beforehand and put on the upper part of the medium (Supplementary Figure 2). Subsequently, plates were placed vertically and incubated in a growth chamber (12 h of photoperiod, PAR of 170 μmol m–2 s–1, 65% of relative humidity and day/night temperatures of 22°C/18°C). Five replicates per strain were made, each one containing five seedlings. After 7–10 days, seedlings were removed from the plates, thoroughly washed with sterile Phosphate Buffered Saline (PBS, 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, pH: 7.4), placed in new plates with fresh medium and transported for analysis. Before analysis, roots were washed once again with sterile PBS solution and then placed on a glass slide to obtain images under an Ultra VIEW VoX microscope (Perkin Elmer, Zaventem, Belgium).

Scanning electron microscopy (SEM) images were also made. Fixation of inoculated roots was done in 4% glutaraldehyde in 1× PBS overnight. Afterward, samples were dehydrated using ethanol in an increasing gradient. Finally, the samples were frozen in tert-butyl ethanol at −20°C and sublimated later. Images were taken in a Quanta 200 FEG-SEM apparatus (FEI Company, Eindhoven, Netherlands).



Microcosm Experiment to Assess Glyphosate Removal From Soil

A microcosm assay was conducted to assess the glyphosate removal efficiency of two different plant-microbe associations: L. corniculatus – Ochrobactrum haematophilum P6BS-III and L. corniculatus – Rhizobium sp. P44RR-XXIV. To set up the microcosms, 200 g of non-polluted agricultural plot number 4 (Supplementary Table 1) were placed in 360 ml flasks and then subjected to three autoclave cycles for 40 min every 3 days. Final soil moisture was adjusted to approximately 85% of the field capacity (0.46 g H2O g–1 dry soil).

In parallel, seeds of L. corniculatus were surface sterilized and germinated in Murashige–Skoog medium (Murashige and Skoog, 1962). Seedlings with roots of approximately 1 cm were selected for the experiment.

Ochrobactrum haematophilum P6BS-III and Rhizobium sp. P44RR-XXIV were grown in BSM-Gly at 200 rpm agitation and 25°C until the late exponential stage. Then, the cell culture was centrifuged at 3000 rpm and the pellet was initially resuspended in sterile saline solution (9 mg ml–1 NaCl) to reach a concentration of approximately 1 × 108 CFU ml–1. A concentrated inoculation carrier solution was prepared according to the protocol mentioned by Sridhar et al. (2004) and mixed with the initial resuspended cell solution to reach a final estimated cell density of 1 × 107 CFU ml–1.

Seedlings were transplanted to the microcosm and grown until they reached the seventh true leaf (30 days). Then, commercial glyphosate (Roundup UltraMax®, Monsanto 74.7% ammonium salt) was spiked into the soil to a final concentration of 5.0 mg kg–1 in all experimental units. Glyphosate concentration was measured 20 days after application. The experimental units were watered once per week with 5 mL of sterile saline solution throughout the experiment.

For glyphosate and AMPA (aminomethylphosphonic acid) analysis in soils, 5 g of sample was placed in a 50 ml polypropylene tube and 100 μl of a 5 mg l–1 solution of 13C-15N-Gly (Sigma-Aldrich International GmbH) were added to each sample as an internal standard. The samples were extracted with 25 ml of a 100 mM solution of K2HPO4 adjusted to pH = 9 with 100 mM Na4B2O7. The extraction was carried out by sonication at 40°C for 15 min, then centrifuged and 2 ml of the supernatant was used for precolumn derivatization (Lupi et al., 2019). Analytes in a 15 ml polypropylene tube were derivatized with a solution of FMOC-CL (9-fluorenylmethyl chloroformate; 1 mg ml–1 in acetonitrile) in a sample:derivatizer ratio 1:1 overnight. Subsequently, the mixture was treated with 6 ml of dichloromethane, centrifuged, and the supernatant was filtered by 0.45 μm. For chemical analysis, a liquid chromatograph Aliance 2495 (Waters® Corporation, Milford, MA, United States) was used, coupled to a Quattro Premier XE tandem mass detector (Waters), with a positive mode ESI source using Nitrogen as drying gas at 410°C and Argon as collision gas at 0.35 ml min–1. For separation, a C18 X-SELECT column (Waters) of 75 mm × 4.6 ID was used at a flow rate of 0.5 ml min–1 with a water:methanol gradient, both added with 5 mM NH4Ac. For each analyte two mass transitions were applied, one of quantification and one of confirmation (Primost et al., 2017).

Pastureland bulk soils devoid of any roots were also inoculated, reaching an estimated final concentration of 1 × 107 CFU g–1. Non-inoculated experimental units where spiked with the sterile carrier solution.

Data were analyzed using one-way analysis of variance and post hoc comparisons were performed with Dunnett significant difference tests. The difference was considered significant at p < 0.05. The software used for the statistical analysis was GraphPad Prism Statistics version 5.01.



RESULTS


Identification and Biochemical Characterization of Glyphosate Tolerant Bacteria

Twenty-four strains were isolated from rhizosphere and pastureland bulk soil samples on solid medium, then preserved, and their survival was checked after 3 months of conservation at −80°C and freeze-drying. Sixteen colonies were able to re-grow showing a similar growth rate to that before storage (Table 1). From a total of sixteen pure strains identified using the 16S rRNA gene, eleven belonged to the genus Rhizobium, three to the genus Ochrobactrum, one to Phyllobacterium and one to Pedobacter (Table 1). Among all the Rhizobium species isolated, five of them have as the closest neighbor the Rhizobium vallis CCBAU 65647 strain type, and three of them Rhizobium miluonense HAMBI 2971 and CCBAU 41251.


TABLE 1. Origin, identification, in vitro plant growth promotion abilities and glyphosate tolerance of microorganisms associated to Lotus spp. roots.

[image: Table 1]After identification of the bacterial strains, in vitro plant growth promotion traits were tested (Table 1). Many positive results were observed, with IAA production, phosphate solubilization (mineral and phytate form) and production of siderophores as the most important ones, regardless of the origin of the strain. In addition, strains were tested for their tolerance to glyphosate. Six of them tolerated the highest glyphosate concentration applied (10000 mg kg–1). Among them are all strains belonging to the genera Ochrobactrum and Phyllobacterium sp. P30BS-XVII and two strains of Rhizobium, P16RR-IX and P44RR-XXIV. Another six strains tolerated glyphosate concentrations up to 7500 mg kg–1 (all of them belonging to the genus Rhizobium), while the remaining strains were inhibited by lower concentrations. The sensitive E. coli could only grow up to a glyphosate concentration of 100 mg kg–1, demonstrating that the concentration chosen for the isolation and enrichment processes was appropriate to select for tolerant microorganisms.



Genomic Characterization of Glyphosate Tolerant Bacteria

Seven of the sixteen strains were selected for whole genome sequencing to assess the genetic basis associated to glyphosate tolerance and plant-growth promotion potential following the in vitro tests (Table 1). According to prokaryote databases, the Rhizobium, Ochrobactrum, and Phyllobacterium genomes sequenced exhibit the expected genome size. Gapped identity to closest genome of the genomes ranged from 99.6 to 84.3%. The general information of the sequences is presented in Table 2. R. sp. P32RR-XVIII and R. sp. P38BS-XIX, shared less than 85% identity and R. sp. P44RR-XXIV a 95.1% with their closest neighbor genome deposited in GenBank, probably contributing to intra species diversity and therefore, increasing knowledge on these plant beneficial microorganisms.


TABLE 2. General features of the whole genome sequences.

[image: Table 2]The search for the nucleotide sequence of the enzyme 5-enolpyruvylshikimate-3-phosphate synthase (EPSPS, EC2.5.1.19), the enzyme inhibited by glyphosate, unveiled differences in the investigated strains. Ochrobactrum sp. P20RRXII, Phyllobacterium sp. P30BS-XVII, Rhizobium sp. P38BS-XIX, and Rhizobium sp. PP44RR-XXIV presented a single copy of the EPSPS. Rhizobium sp. P28RR-XV, Rhizobium sp. P32RR-XVIII, and Rhizobium sp. P40RR-XXII on the other hand, showed two copies in their genome. Among those genomes with two variants of the enzyme, Rhizobium sp. P28RR-XV and Rhizobium sp. P40RR-XXII (most likely neighbor Rhizobium milounense) possess the same pair of sequences.

The amino acid sequences were compared with those of E. coli and Agrobacterium sp. CP4. Figure 1A shows an alignment fragment of the highly conserved region XLGNAGTAXRXL which is critical for the attachment of phosphoenolpyruvate in Class I enzymes (Yi et al., 2016). Two different sequences can be distinguished, those similar to the typically sensitive EPSPS Class I of E. coli with an exception for the substitution P101F, and those similar to the naturally occurring tolerant EPSPS Class II of Agrobacterium sp. CP4, except for the G96A substitution associated to a complete insensitivity to glyphosate.


[image: image]

FIGURE 1. The Sequence of the 5-enolpyruvylshikimate-3-phosphate synthase (EPSPS, EC2.5.1.19) found in the fully sequenced genomes was aligned using the ClustalW algorithm, together with the most representative Class I (E. coli) and Class II (Agrobacterium CP4) enzymes. A fragment of twelve amino acids from position 91 to 102 (according to E. coli sequence) and including the 101 position is presented (A). A phylogenetic tree was build using 589 EPSPS reviewed sequences from UniProt (www.unirpot.org) and those found in the investigated genomes. Sequences were aligned using ClustalO v1.2.4, and the Maximum-Likelihood phylogenetic tree were calculated using IQ-Tree v1.6.12 selecting the best substitution model based on BIC score with the option -m TEST. Confidence levels for individual branches were determined by ultrafast bootstrap approximation with 10000 replicates. The image was magnified in those branches where the sequences of interest are located, which are indicated in numbered colored spheres (B). The EPSPS sequence of O. haematophilum P6BS-III was included in the analysis for comparative reasons.


A phylogenetic analysis of a total of 599 EPSPS protein sequences including the 10 obtained in this work, and the Ochrobactrum haematophilum P6BS-III single sequence (Massot et al., 2019) was carried out. The results grouped the sequences in two clusters, one of them including the sequence of the CP4, and the other one including sequences of the Rhizobium genus and at a significant distance of the typically sensitive EPSPS Class I of E. coli, with less than approximately 40% of amino acid identity (Figure 1B).

A further analysis on the sequences revealed that all of those closely related to CP4 EPSPS, presented all the critical domains important for glyphosate tolerance and phosphoenolpyruvate binding in Class II EPSPS (Sun et al., 2005).

A search of the homologous sequences corresponding to the operon phn, a Carbon-Phosphorus Lyase responsible for the metabolization of phosphonates such as glyphosate, was also performed. Ochrobactrum strains and Phyllobacterium sp. P30BS-XVII presented a unique possible transcriptional unit, while Rhizobium strains presented two possible transcriptional units with the exception of Rhizobium sp. P28RR-XV and P40RR-XXII, which showed a 3,458 bp length transcriptional unit containing the phnF, phnM, and a fragment of phnL (Figure 2). The operon structure of Ochrobactrum anthropi as well as Agrobacterium radiobacter were previously reported and compared (Hove-Jensen et al., 2014). The operon organization of the genus Phyllobacterium was never described in detail.
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FIGURE 2. Organization of C-P lyase pathway-encoding phn operons in the investigated microbial strains. Open reading frames are shown as arrows indicating the direction of transcription and including the specific letter designation of the phn operon inside. A Displacement of an open reading frame relative to the previous open reading frame indicates an overlapping of the reading frames. At the bottom of the figure, colored squares indicate the function of each open reading frame presented above in the figure. The color nomenclature corresponds to that presented in Hove-Jensen et al. (2014). The phn operon organization of O. haematophilum P6BS-III was included in the analysis for comparative reasons. *Hypothetical open reading frame not present in Rhizobium sp. P38BS-XIX.


All the Rhizobium genomes with an additional phn operon, presented a questionable 1-aminoalkylphosphonic acid catalytic activity, since they lack the aminoalkylphosphonate N-acetyltransferase activity provided by phnO. Closely related species like Mesorhizobium loti and Sinorhizobium meliloti bear plasmids containing phn operons but differing in structure compared to the additional operons found (Kaneko et al., 2000; Finan et al., 2001). The Phn operons of Rhizobium spp. P28RR-XV, P38BS-XIX, P40RR-XXII, and P44RR-XXIV have hypothetical genes which at first would not be related to their activity but were not previously observed in the genus.

Among all the studied strains, Ochrobactrum sp. P6BS-III and Rhizobium sp. P44RR-XXIV were selected for a more detailed characterization and plant-bacteria interaction tests. Ochrobactrum sp. P6BS-III, recently reported as Ochrobactrum haematophilum P6BS-III (Massot et al., 2019), showed various in vitro plant growth promotion abilities, such as production of IAA, phosphorus solubilization, and siderophores production. The Ochrobactrum genus was previously reported with the ability of degrading different organic compounds (Kiliç, 2009; Abraham and Silambarasan, 2016; Chudasama and Thaker, 2017). On the other hand, Rhizobium sp. P44RR-XXIV, identified according to its 16s rRNA gene as Rhizobium lusitanum (Valverde et al., 2006) showed the highest glyphosate tolerance (≥10,000 mg kg–1), as well as a wide range of in vitro PGP abilities (in particular, the ability to produce IAA, acetoin, and ACC deaminase activity).

A total of 29 contigs greater than 1000 bp, giving a consensus length of 7,408,308 bp and a mean genome coverage of 61.5 times was obtained for Rhizobium sp. P44RR-XXIV. The reordering of contigs was performed using the closest Rhizobium reference genome completely sequenced, Rhizobium tropici CIAT 899 (GCA_000330885.1). The P44RR-XXIV genome was also compared to two other genomes, the closest match according to the information of the 16s rRNA gene, R. lusitanum P7 (NZ_FMAF00000000.1), and the closest match according to results obtained using the ANIm, ANIb and GGDC analysis, Rhizobium sp. AC27/96 (NZ_LXKN00000000.1) (Supplementary Table 2 and Supplementary Figure 3).

Surprisingly, Rhizobium sp. P44RR-XXIV does not possess homologous genes related to nitrogen fixation (nif genes), nor NOD nodulation factors genes (nod genes). This may indicate that the strain is not capable of forming a symbiotic association with Lotus through nodule formation.

Even though this finding does not hinder the remediation strategy for which the use of these strains is intended, since P44RR-XXIV is phylogenetically close to the phytopathogen Rhizobium rhizogenes (Ream, 2009), an additional bioinformatic analysis was performed before performing further analyses. Strain P44RR-XXIV was then compared to the closest Rhizobium rhizogenes K599 (previously known as Agrobacterium rhizogenes), a strain that causes the “hairy root disease.” The ability to cause that disease relies on the possession of the Ri-plasmid (Hodges et al., 2006). A low synteny was observed in R. rhizogenes K599 with respect to the Rhizobium genomes in this study (Supplementary Figure 4). In order to study the presence of Ri-plasmid, queries of genes present in pRi1724 plasmid belonging to R. rhizogenes MAFF301724 (Moriguchi et al., 2001) were searched using BLAST. No evidence of sequences related to T-DNA, the opine synthesis “ocp_h2” and genes virA, virH, virF, and part of virD homologs were found. The absence of homologs of rol genes together with the absence of those necessary for the complete synthesis of any particular type of opine: genes virD1, virD2 or virE genes, plus the fact that the regions that present homology correspond to different contigs within the genome of P44RR-XXIV, would indicate the absence of a functional Ri-plasmid in P44RR-XXIV.

Rhizobium sp. P44RR-XXIV possesses a single copy of the gene acdS that codes for the enzyme ACC deaminase (1-aminocyclopropane-1-carboxylate deaminase, EC 3.5.99.7). Next to the acdS sequence, a homolog of the acdR protein regulator was found in 5′ region.

The presence of genes involved in different Indoleacetic Acid (IAA) synthesis pathways was studied. Homologs of the aldehyde dehydrogenase gene, aldA (indole-3-pyruvate pathway), the nitrile and nitrile hydratase genes, nit4 and nthA-nthB (indole-3-acetonitrile/indole-3-acetamide pathways), and a possible homolog of indoleacetamide hydrolase, iaaH (indole-3-acetamide pathway) were found.

There is a total of 87 genes involved in phosphorus uptake and metabolism. These are related to the high affinity phosphate transporter and the PHO regulon, the different phosphate metabolism pathways (including homologs of alkaline phosphatase), metabolism of polyphosphates and of alkylphosphonates (including the genes of the two phn operons).

Iron uptake is probably performed through several transporters, such as the ABC transporters pitA, pitD, pitC and the iron-B12-siderophore-hemin system. Genes related to the synthesis of siderophore Aerobactin were found.



Lotus corniculatus Root Colonization

Using fluorescence microscopy, the two strains showing promising glyphosate metabolization abilities were tested for their potential to colonize the roots of Lotus corniculatus. Fluorescence was observed in the transconjugants O. haematophilum P6BS-III and Rhizobium sp. P44RR-XXIV and consequently, these strains were identified as O. haematophilum P6BS-III mCherry+ and Rhizobium sp. P44RR-XXIV GFP+. Confocal fluorescence microscopy imaging (Figure 3 and Supplementary Figure 5) showed different colonization patterns of the microorganisms over the root surface after 1 week. P6BS-III mCherry+ biofilms were observed associated in small and dense cell clusters next to the cell wall junctions. P44RR-XXIV GFP+ seemed to be more uniformly distributed and possibly associated to hairy roots, mainly occurring as individual cells, and in lower numbers than P6BS-III mCherry+.
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FIGURE 3. Confocal fluorescence microscopy images of L. corniculatus roots inoculated with the glyphosate degrading microorganisms. On the left, O. haematophilum P6BS-III m-Cherry + close to the tip of the main root. On the middle, R. sp. P44RR-XXIV GFP+. On the right, L. corniculatus roots were inoculated with O. sp. P6BS III mCherry+ and R. sp. P44RR-XXIV GFP+, where different locations in the root can be observed for each microorganism.


The presence of Rhizobium sp. P44RR-XXIV and O. haematophilum P6BS-III on the roots of L. corniculatus was also corroborated using scanning electron microscopy (Figure 4).
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FIGURE 4. Scan electron microscopy images of L. corniculatus roots inoculated with O. haematophilum P6BS-III and R. sp. P44RR XXIV. Yellow arrows indicate the location of the microbial cells in the root surface. The image has been magnified 8000 times. On the left, O. haematophilum P6BS-III. On the right, Rhizobium sp. P44RR XXIV.




Glyphosate Biotransformation in Liquid Cultures and Soil Microcosms Studies by Two Selected Bacteria

In order to perform bacterial cell cultures in BSM-Gly broth, two pre-cultures were made to remove any possible source of phosphorus, and thus only glyphosate as the sole source of phosphorous was left. In parallel, negative controls (BSM without glyphosate) were included.

Ochrobactrum haematophilum P6BS-III reached the maximum growth on day two, showing approximately 2 × 1011 CFU ml–1 in the culture medium. Rhizobium sp. P44RR-XXIV showed a similar growth, reaching a maximum of 2.7 × 1010 CFU ml–1. The amount of glyphosate metabolized at the end point (day 9 of cultures) was 21 mg Kg–1 (42% of the initial concentration) for O. haematophilum P6BS-III and 24.5 mg kg–1 (49% of the initial concentration) for Rhizobium sp. P44RR-XXIV. Aminomethylphosphonic acid (AMPA) was not detected in the culture medium.

Microcosms assays were conducted using the two possible plant-bacteria associations, L. corniculatus – O. haematophilum P6BS-III and L. corniculatus – Rhizobium sp. P44RR-XXIV. Additionally, glyphosate concentrations were studied in microcosms in which bacteria were spiked directly on the bulk soil to evaluate the effects of the microbes themselves.

After 20 days post treatment, plant-bacteria association microcosms showed significant decreases in the glyphosate concentration, with the Lotus corniculatus – O. haematophilum P6BS-III combination yielding the higher glyphosate decrease (a mean of 97.4% of the total glyphosate was removed, P value < 0.01). L. corniculatus – Rhizobium sp. P44RR-XXIV generated a 58.7% lower glyphosate concentration (P value < 0.05). Autoclaved soils with non-inoculated Lotus plants showed no significant difference in glyphosate concentration at the end of the experimental period (P value > 0.05). Soil microcosms inoculated only with bacteria did not show significant differences compared to non-inoculated soils (Figure 5).
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FIGURE 5. Microcosm experiments. Effect of the plant-bacteria associations on the glyphosate metabolization in soil after 20 days (A). Effect of the bacteria bioaugmentation in soil after 20 days (B). *P value = 0.01 to 0.05 **P value = 0.001 to 0.01.




DISCUSSION

We characterized Lotus-associated rhizospheric bacteria obtained from a glyphosate chronically exposed pastureland to perform a successful microcosm phytoremediation assay using a realistic agronomic dose of the herbicide. This work presents the first plant-microbe assisted phytoremediation of glyphosate in which the presence of bacteria associated to roots and an effective glyphosate biotransformation has been demonstrated.

Despite the general and widespread use of glyphosate, its phytoremediation has been poorly investigated. Jacklin et al. (2020) evaluated the effects of glyphosate in 14 plant species in constructed wetlands. The planted wetlands removed an average of 96.8% of the 0.7 mg L–1 glyphosate while the unvegetated wetlands (control) removed 92.2%, suggesting the relevance of the glyphosate adsorption to the soil and the need to ensure the local biodegradation. The aquatic macrophyte Lemna minor was used to remove a commercial formulation of glyphosate from the growth medium, achieving 8% removal at the end of the experimental period (Dosnon-Olette et al., 2011). An attempt to realize a microbe-assisted phytoremediation system was made by Kryuchkova et al. (2014), in which Enterobacter cloacae K7, a glyphosate degrading strain which possessed a number of associative traits, including nitrogen fixation, phosphate solubilization, and IAA synthesis, was tested in Helianthus annuus and Sorghum saccharatum. The assay was carried out in Petri dishes, and no glyphosate degradation was evaluated. Such attempts sustain the need for am appropriate evaluation of the effects of microbial inoculation on plants together with the monitoring of glyphosate concentration. In this work, in vitro plant growth promotion abilities tests were performed as a part of a multipurpose strategy in which the plant-microorganism association should not only provide the degradation of the xenobiotic but should also possess traits that sustain its presence in the root and eventually contribute to increase the plant biomass. A similar procedure was followed by Becerra-Castro et al. (2011, 2013), who first isolated hexachlorocyclohexane tolerant and beneficial bacteria strains from Cytisus striatus and later selected those with the best performance to test the dissipation of the insecticide lindane in pot experiments.

Our work evidences the isolation procedure delivered great selectivity. Almost all the obtained bacteria belonged to the order Rhizobiales, in particular, Rhizobium and Ochrobactrum genera. Rhizobiales constitute a fraction of bacteria inhabiting the roots of plants (rhizobacteria); they are promoting the growth of and alleviating the stress experienced by their host plants and present a high relative abundance in Lotus species (Zgadzaj et al., 2016). The association between leguminous plants and rhizobia has been proposed for phytoremediation of contaminated soils (Brígido and Glick, 2015). In the case of soils contaminated with organics, some examples can be found in which Rhizobium and Ochrobactrum genera were used in combination with members of the Fabaceae family. Rhizobium meliloti ACCC17519 in association with Medicago sativa was reported to reduce the soil polycyclic aromatic hydrocarbon (PAHs) concentration by 51.4% compared with unplanted control soil (Teng et al., 2011). In a study by Madariaga-Navarrete et al. (2017), Phaseolus vulgaris was inoculated with a Rhizobium sp. previously isolated from roots, to investigate the atrazine removal. The treatment was able to remove an average of 61% of atrazine 50 from soil after 35 days. An Ochrobactrum sp. obtained from bulk soil from coking plant, was used in association with M. sativa to remove PAHs. The duo was able to remove 30% of the xenobiotics after 90 days (Xu et al., 2020). Rhizobium and Ochrobactrum genera were previously reported to degrade glyphosate, but not in combination with plants (Sviridov et al., 2015; Stosiek et al., 2020).

Whole genome sequencing represents an excellent approach to study and confirm the presence of the pesticide biodegradation pathways and other relevant traits in bacteria when it is coupled with biochemical and physiological tests. For instance, a genomic and functional approach study was carried out to understand the detoxification of atrazine by Arthrobacter sp. C2 (Cao et al., 2021) and DDT by Stenotrophomonas sp. DDT-1 (Pan et al., 2016). In our work, the glyphosate metabolization through the C-P lyase pathway was investigated searching homologous gene sequences in the genome of seven strains. At least one copy of the full version of the operon was found in each strain, including the PhnGHIJK component essential for the catalytic activity (Kamat et al., 2013). Despite being a widely distributed operon in bacteria, C-P lyases present in many of them are not capable to degrading glyphosate (Villarreal-Chiu et al., 2012), such is the case of E. coli (Chen et al., 1990). Therefore, the annotation of the total of 14 polypeptides present in the phn operon, phnCDEFGHIJKLMNOP, is not sufficient to indicate microorganisms are able to metabolize glyphosate by using the sarcosine pathway. The fact that the isolation of strains was conducted using enrichment cultures in which their only source of phosphorus was glyphosate, may indicates bacteria have an active C-P lyase pathway. However, for O. haematophilum P6BS-III and Rhizobium sp. P44RR-XXIV, the metabolization of glyphosate was verified measuring it on liquid cultures. The metabolization of glyphosate through the AMPA pathway was also investigated in the genomes of O. haematophilum P6BS-III and Rhizobium sp. P44RR-XXIV. Yet, no homologous gene sequences of the Glyphosate oxidoreductase (GOX), responsible for the glyphosate decarboxylation were found. This evidence was supported by the absence of AMPA in liquid cultures. Rhizobium and Ochrobactrum species without the ability to oxidize glyphosate through the AMPA pathway were previously reported (Liu et al., 1991; Firdous et al., 2017).

The epsps gene was also investigated in whole genome sequences. Results showed some microorganisms possessing two complete sequences of the epsps, a finding that has not being reported to date. Additionally, results also supported the discovery of a new cluster of glyphosate tolerant sequences that could provide a new source of genes and proteins with properties for environmental applications. Firstly, the highly conserved region XLGNAGTAXRXL was explored since some mutations in this region have been studied extensively and can be directly associated with glyphosate tolerance. For instance, the substitution G96A can increase the glyphosate tolerance to 100 folds, while the combination of the substitutions in T97 and P101 can provide the conformational changes and lead to high catalytic efficiency and glyphosate tolerance (Pollegioni et al., 2011; Yi et al., 2016). The alignment performed delivered two groups of sequences, one of them related to Class I, and the other group related to Class II enzymes. The substitution P101F found in Class I enzymes is not among the previously P101 reported mutations and provides a variable tolerance in Rhizobium strains that carried them. However, it seems that belonging to this group is enough to confer a high level of tolerance (7,500 to at least, 10,000 mg Kg–1 of glyphosate). All strains possessing Class II related sequences showed the highest level of tolerance tested. A phylogenetic analysis was conducted to find out how similar Class I enzymes are between themselves and, at the same time, how distant the complete hypothetical peptide sequences are from the sensitive Class I sequence of E. coli. Our findings unveiled a potential new cluster of naturally tolerant EPSPS sequences belonging to Class I group, significantly distant from the E. coli sequence. Other Rhizobium EPSPS sequences were found conforming the clade: Rhizobium etli CIAT 652, R. etli CFN 42 Rhizobium leguminosarum bv. trifolii WSM2304. Surprisingly, strains carrying two versions of the epsps gene, Rhizobium sp. P28RR-XV, Rhizobium sp. P32RR-XVIII, and Rhizobium sp. P40RR-XXII did not show the highest tolerance to glyphosate, leading to hypothesize the absence of a functional product of the Class II gene. Future studies must endeavor to further corroborate this.

Since they showed a broad set of plant growth promotion traits, tolerated the maximum concentration of glyphosate tested and also possess a single epsps gene copy representative of each class, O. haematophilum P6BS-III and Rhizobium sp. P44RR-XXIV were chosen to study root colonization using fluorescence microscopy. The metabolization of glyphosate by these strains was tested in liquid cultures prior to perform the microcosms assay, demonstrating significant glyphosate metabolization after 9 days of incubation. A peculiarity of Rhizobium sp. P44RR-XXIV is the absence of nif and NOD genes, suggesting that strain P44RR-XXIV is not able to establish a symbiotic association with Lotus through nodule formation, but possibly through different mechanisms. This finding has already been documented in Rhizobiaceae and is of great interest for the scientific community since the ecological role that such saprophytes play in the rhizosphere remains unknown (Giraud et al., 2007; Jones et al., 2016; Okazaki et al., 2016). It has been reported that Rhizobium etli strains lacking Sym plasmids were able to successfully colonize roots (López-Guerrero et al., 2012) as it turned out for R. sp. P44RR-XXIV in this work.

Plant inoculation should be combined with monitoring of the bacterial survival and establishment in the rhizosphere (Errampalli et al., 1999; Ramos et al., 2013). Fluorescent tagging was used as a marker to observe the colonization and spatial distribution of the strains at the Lotus primary roots. This method has been previously applied in the context of microbe-assisted phytoremediation. For instance, the endophyte Methylobacterium sp. Cp3-mCherry was demonstrated to colonize the root cortex cells and xylem vessels of the stem of Crotalaria pumila under metal stress (Sánchez-López et al., 2018). In another study conducted by Pawlik et al. (2020), Lolium perenne was inoculated with the GFP-tagged Rhizobium sp. 5WK collected from an aged petroleum hydrocarbon polluted soil to confirm the endophytic nature of the strain colonization capabilities. In our work two aspects guided the search for bacteria capable of establishing in the rhizoplane of Lotus: (1) no relevant glyphosate degradation is accomplished in plants (Sammons and Gaines, 2014) and (2) due the low hydrophobicity of glyphosate (logKow < −3.2), plant roots do not take it up at a rate surpassing passive influx into the transpiration stream. Therefore, it is not surprising that the inoculated glyphosate degrading strains remain in the rhizoplane of the host. The root colonization pattern observed by confocal fluorescence microscopy was supported using SEM imaging, corroborating the long-term interaction and bacteria adhesion to plant cell wall. The combination of fluorescence microscopy and SEM to gain a reliable characterization of the colonization patterns is commonly adopted in evaluations of beneficial bacteria (Palmqvist et al., 2015; Gamez et al., 2019).

Finally, the suitability of plant bacteria associations was tested in a microcosm study by investigating the glyphosate removal in a typical agricultural soil. The dose of the herbicide was based on a commercial product application of approximately 4 kg ha–1 homogenously distributed in the soil, leading to a final concentration of 5 mg Kg–1. Glyphosate concentrations commonly found in agricultural soils are usually below 5 mg Kg–1 (Aparicio et al., 2013; Silva et al., 2019). Therefore, the glyphosate concentration used in the microcosm experiment is most likely the highest concentration the plant-bacteria system will be faced with in the field. Significant decreases of the glyphosate concentration were observed in the microcosms in which plant-bacteria associations were used. On the other hand, microcosms using only bacteria spiked directly on the bulk soil (bioaugmentation approach) showed no significant metabolization of glyphosate after 20 days. In a similar experiment, Ermakova et al. (2010), found that Achromobacter sp. Kg 16 and Ochrobactrum anthropi GPK were able to aerobically degrade 65.8% and 49.5% of glyphosate, respectively, in soils contaminated with approximately 60 mg Kg–1 of the herbicide 21 days after treatment. In that case, the degradation of glyphosate was performed by the action of the indigenous microorganisms and the degrading bacteria. In our experiment, the remotion of the indigenous microorganisms by soil sterilization proved the inability of the inoculated microorganisms to remove for themselves the xenobiotic. The results obtained in the microcosms with plant-bacteria associations illustrate the relevance of the symbiosis with plants to boost the glyphosate metabolization by bacteria. Most likely, the roots exudates of Lotus generate an environment with a high availability of nutrients for the heterotrophic bacteria inhabiting the rhizosphere and colonizing the root, which is increasing the microbial biomass and enhancing the metabolic activity (Segura and Ramos, 2013). Additionally, plants increase the oxygen pressure, porosity, and permeability of the soil near the roots, therefore ensuring the occurrence of aerobic reactions (Gerhardt et al., 2009). The fact that there was no significant decrease of glyphosate in the microcosm units with L. corniculatus without inoculation of bacteria indicates that no significant plant uptake was taking place.



CONCLUSION AND PERSPECTIVES

Currently, agrochemicals in general and glyphosate in particular, are amongst the major environmental concerns in the agriculture-based economies. Glyphosate and its associated products being a core technology in the prevailing agricultural model, it is unlikely that their use will decrease in the near future. This work aimed to gather the necessary knowledge to design a biotechnological tool for the microbe-assisted phytoremediation of glyphosate in agricultural soils, attempting to take the first step toward generating progressive changes that result in an improvement of the agroecosystem through the reduction of environmental liabilities.

In this study, twenty-four bacterial strains were isolated from roots and soils chronically exposed to glyphosate and sixteen of them assessed according to their glyphosate tolerance and degradation capabilities, and plant growth promotion abilities. Almost all strains belong to the order of Rhizobiales, a promising result, since there exist many reports on plant beneficial microorganisms belonging to this group. In addition, all strains comply with a tolerance level several orders of magnitude higher than the maximum reported glyphosate concentration in soils and a considerable number of in vitro PGP abilities. All strains have not less than three positive results in the different in vitro PGP traits studied, where phosphorus solubilization stands out. The acquisition of new genomic data arising from microorganisms whose genomes have not been sequenced or studied before, contributes significantly to a better comprehension of the genus. O. haematophilum P6BS-III and R. sp. P44RR-XXIV were studied for their root colonization, indicating positive adherence to L. corniculatus roots. In vitro, both strains were able to metabolize almost 50% of the original glyphosate concentration of 50 mg l–1 in 9 days. Lastly, in a microcosm experiment using L. corniculatus, O. haematophilum P6BS-III performed better than R. sp. P44RR-XXIV, with 97% of glyphosate transformed after 20-days.

This paper presents an improved proposal to existing literature, linking the experimental data from the isolation of tolerant bacteria with performing plant-bacteria interaction tests to prove positive effects on glyphosate removal from the soil. The concatenation of all the information acquired leads the authors to propose that microbe-assisted phytoremediation of glyphosate is possible starting from the bioaugmentation of a properly described microorganism and followed by the inoculation of a plant species of commercial value.
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Soil microbes play a vital role in improving plant growth, soil health, ameliorate biotic/abiotic stress and enhance crop productivity. The present study was aimed to investigate a coordinated effect of compatible consortium [salt tolerating Rhizobium and rhizobacterium with 1-aminocyclopropane-1-carboxylate (ACC) deaminase] in enhancing plant growth promoting (PGP) traits, symbiotic efficiency, nutrient acquisition, anti-oxidative enzymes, grain yield and associated profitability in spring mungbean. We identified a non-pathogenic compatible Rhizobium sp. LSMR-32 (MH644039.1) and Enterococcus mundtii LSMRS-3 (MH644178.1) from salt affected areas of Punjab, India and the same were assessed to develop consortium biofertilizer based on salt tolerance, multifarious PGP traits, antagonistic defense activities and presence of nifH, acds, pqq, and ipdc genes. Indole Acetic acid (IAA), P-solubilization, biofilm formation, exo-polysaccharides, siderophore, salt tolerance, ACC deaminase activities were all found highly significant in dual inoculant (LSMR-32 + LSMRS-3) treatment compared to LSMR-32 alone. Under saline soil conditions, dual inoculant showed a higher seed germination, plant height, biomass, chlorophyll content and macro and micro-nutrient uptake, than un-inoculated control. However, symbiotic (nodulation, nodule biomass and leghaemoglobin content) and soil quality parameters (phosphatase and soil dehydrogenase enzymes) increased numerically with LSMR-32 + LSMRS-3 over Rhizobium sp. LSMR-32 alone. Dual bacterial inoculation (LSMR-32 + LSMRS-3) increased the proline content (2.05 fold), anti-oxidative enzymes viz., superoxide dismutase (1.50 fold), catalase (1.43 fold) and peroxidase (3.88 folds) in contrast to control treatment. Decreased Na+ accumulation and increased K+ uptake resulted in favorable K+/Na+ ratio through ion homeostasis. Co-inoculation of Rhizobium sp. LSMR-32 and Enterococcus mundtii LSMRS-3 significantly improved the grain yield by 8.92% and led to superior B: C ratio over Rhizobium sp. alone under salt stress. To best of our knowledge this is perhaps the first field report from Indian soils that largely describes dual inoculation of Rhizobium sp. LSMR-32 and Enterococcus mundtii LSMRS-3 and the same can be considered as a game-changer approach to simultaneously induce salt tolerance and improve productivity in spring mungbean under saline stress conditions.

Keywords: ACC deaminase, anti-oxidative enzymes, Enterococcus mundtii, nutrient acquisition, Rhizobium sp.


INTRODUCTION

Improving productivity and quality of crops to feed the growing population is a major limiting factor worldwide. Producing 70% food crops for the 2.3 billion population by 2050 is a great challenge to current agriculture (Shrivastava and Kumar, 2015; GAP Report, 2018; Albdaiwi et al., 2019). Enhancing crop productivity in agro-ecological systems is intricate and greatly affected by various environmental factors in terms of agro-climatic conditions, integrated nutrient management approaches and cropping systems (Egamberdieva et al., 2019; Gupta and Pandey, 2019a). In 21st century, increasing global population and lesser availability of cultivated land causing threats to sustainability due to loss of irrigation water resources, soil salinization, water and environmental pollution (Shahbaz and Ashraf, 2013). Among these, soil salinity is one of the most devastating stresses, which causes major reduction in crop productivity, quality and cultivated land area (Foyer et al., 2016; Nadeem et al., 2016; Singh and Jha, 2017). The ethylene conversion from, 1-aminocyclopropane-1-carboxylate [ACC] (immediate precursor) secreted as root exudates has been seen in all crops under biotic and abiotic stresses (Abiri et al., 2017). The stress hormone ethylene is involved in the regulation of various plant metabolic activities causing significant reduction in plant growth and development. If ethylene production is not optimized, it can result in plant senescence (Sharma et al., 2016). All over the world, soil salinity has affected more than 1000 million hectares of cultivated land (Gupta and Pandey, 2019a) causing loss of 27.3 billion US$ in crop production affecting 20 and 33% of total cultivated and irrigated agricultural lands, respectively (Qadir et al., 2014; Bhise and Dandge, 2019). Hence, it is essential to improve the salt tolerance in crops to ultimately minimize the grain yield losses.

Several techniques, including conventional breeding, gene cloning and genetic engineering have been used to improve salt tolerance in crop plants. However, such interventions often fail to alleviate stress, due to complex salinity tolerance processes and narrow germplasm genetic variability (Krishna et al., 2015; Sharma et al., 2016). Enhancing agricultural productivity through exploiting environment friendly approaches and improving irrigated land of agricultural importance is already practiced. The struggle to fight worldwide food scarcity and saline soil stress around the interest of researchers to salinity tolerance approaches (Rashid et al., 2016). Major challenge is to accelerate efficiency and sustainability of the present agriculture system affected by many abiotic and biotic stresses (Vaishnav et al., 2016). Therefore, there is an essential need to find alternative approaches that can ensure competitive grain yields, provide environmental safety, protection from phyto-pathogens as well as maintain long term ecological balance in the agro-ecological system. Use of potential indigenous salt tolerating microbial inoculants as bioenhancers/bioprotectants for enhancing agricultural sustainability is becoming a more widely accepted technique in intensive agriculture system (Gupta and Pandey, 2019a).

Salt tolerating microbes present in plant rhizosphere, rhizoplane and endosphere are proven alternatives to agro-chemicals and other conventional agronomic approaches in promoting plant growth and alleviating salt stress in plants (Etesami and Beattie, 2018; Gouda et al., 2018; Grobelak et al., 2018; Nagargade et al., 2018; Albdaiwi et al., 2019; Gupta and Pandey, 2019a). The plant growth promoting (PGP) effect of the salt tolerant plant growth promoting rhizobacteria (PGPR) is well explained by secretion of metabolites which directly induce growth. Various mechanisms have been postulated to explain how PGPR benefits the crop plants. These includes their ability to produce phyto-hormones or growth regulators such as Indole Acetic Acid (IAA), Cytokinins and Gibberellins (Albdaiwi et al., 2019), solubilization/mineralization of inorganic or organic phosphates, nutrients (zinc), biological nitrogen fixation (Etesami and Beattie, 2018) and antagonistic activities against phyto-pathogens viz., iron sequestration through siderophores (Shameer and Prasad, 2018) and synthesis of HCN, antibiotics, cell wall degrading enzymes and fungicidal compounds (Singh and Jha, 2016; Kumawat et al., 2019a; Nagpal et al., 2020).

Salt tolerating rhizobacteria are known to reduce environmental stress by lowering ethylene levels through hydrolyzing 1-amino-cyclopropane-1-carboxylic acid (ACC) using ACC deaminase enzyme. ACC is the immediate precursor of hormone ethylene in plants. Various PGPR with ACC deaminase enzymes can degrade ACC to ammonia and α-ketobutyrate, thus reducing the endogenous ACC level in plants (Sharma et al., 2016; Albdaiwi et al., 2019; Nagpal et al., 2019). Under salinity stress, PGPR alter the ion homeostasis of K+/Na+ ions; accumulation of compatible solutes or osmolytes, biofilm, exo-polysaccharide production (EPS), stabilize membrane lipids and induce the transcription factors as stress response mediators (Singh and Jha, 2016; Goswami and Deka, 2020). Beneficial microbes under abiotic stress conditions activate plant antioxidant mechanisms, regulate key enzymes, such as peroxidase, catalase and superoxide dismutase (SOD) enabling the host to scavenge high amounts of reactive oxygen species (ROS) and thereby protecting it from salt toxicity (Islam et al., 2016; Singh and Jha, 2016).

Therefore, salt tolerant microbial types with ACC deaminase are known to curb salt stress caused due to higher ethylene levels. Research literature suggests that salt tolerant bacterial strains with ACC deaminase activity mitigate various biotic and abiotic stresses such as attack by phyto-pathogens, salinity, drought and flood conditions in plants (Pourbabaee et al., 2016; Ravanbakhsh et al., 2017; Ghosh et al., 2018; Albdaiwi et al., 2019; Gupta and Pandey, 2019b; Paco et al., 2020). Implementation of biofertilizer able to tolerate salt stress can function as a promising technology in terms of economic, environmental and agronomic benefits and can largely be applied to partially replace agro-chemicals known to enhance economic yield under stress conditions. Indigenous potential bacterial strains can easily acclimatize to the natural conditions and synergise the plant-microbial interactions to promote plant growth (Zahid et al., 2015).

Mungbean [Vigna radiata (L.) R. Wilczek var. radiata] is an important short duration (55–60 days) leguminous crop rich in protein, minerals (Fe and Zn) and is widely cultivated in parts of Asia, especially India due to its ability to increase soil fertility through biological nitrogen fixation (Reetha et al., 2014). The present study was thus designed with following objectives (i) isolation and identification of salt tolerating Rhizobium and rhizobacteria with ACC deaminase enzyme activity from salt stress conditions in spring mungbean (ii) biocompatibility assessment of potential indigenous salt tolerating Rhizobium strain (LSMR-32) and Enterococcus mundtii (LSMRS-3) for multifarious PGP traits to develop consortium biofertilizer (iii) Assessment of consortium inoculants in enhancing growth, nodulation status, antioxidant enzyme activities, nutrient acquisition, productivity and profitability/economic benefit of spring mungbean under rice-wheat cropping system.



MATERIALS AND METHODS


Sample Collection Sites

Plant and soil samples were collected from salt affected spring mungbean fields from different sites of Regional Research Station (RRS), Bathinda (79.9455° East longitude, 30.2110° North latitude and 202 m altitude), Punjab Agricultural University (PAU), Ludhiana, Punjab, India, during April and May, 2015–2016. The region is characterized by semi-arid and very hot climate with 421 mm mean annual precipitation and temperatures above 44°C during summer (Singh et al., 2010). Five healthy spring mungbean plants (at flowering stage) were collected from salt affected areas along with the soil samples (0–15 cm depth) in the sterile plastic zip lock bags and placed in ice packs before their transfer to the Pulses Microbiology Laboratory, Department of Plant Breeding and Genetics, PAU, Ludhiana, Punjab, India. The large soil aggregates and non-rhizospheric soil was removed from plant samples. Rhizospheric soil was separated from the uprooted plants and mixed well to form one composite rhizospheric soil sample from salt stressed soil. Rhizospheric soil (0–15 cm depth) was analyzed for various chemical and physical properties. The soil texture, electrical conductivity (EC) and pH were analyzed by Hydro method (Estefan et al., 2014) and saturated paste extraction method, respectively (Bates, 1954; Richards, 1954). Organic carbon content was measured as per standard protocol (wet combustion) rapid titration method described by Walkley and Black (1934).



Isolation and Characterization of Salt Tolerating Rhizobium and Rhizobacteria

To isolate Rhizobium and rhizobacteria from soil, plant roots were washed to get rid of the loose soil aggregates leaving behind the rhizospheric soil. Soil (10 grams) was suspended and mixed in 90 mL of sterile distilled water containing 0.5% NaCl solution. Thereafter, 10 fold serial dilutions were prepared up to 10–7 and 100 μL of 10–6 diluent was placed on different media viz., Nutrient Agar (NA) for rhizobacteria (Kumawat et al., 2019a) and Congo Red Yeast Extract Mannitol Agar (CRYEMA) for Rhizobium (Nagpal et al., 2020) supplemented with 10% NaCl. The plates were incubated for 7 days at 28 ± 2°C and monitored regularly for colony formation (Fischer et al., 2007). Bacterial isolations were also done from nodules of spring mungbean roots washed with distilled water to remove rhizospheric soil. Nodule surface was sterilized by immersing in 70% ethanol for 2 min. followed by 2% sodium hypochlorite solution for 5 min and then washing with autoclaved distilled water (five times). Surface sterilization efficiency of the nodules was confirmed on the specific media by method described by Kumawat et al. (2019a).

Thereafter, 1 g of surface disinfected nodule was macerated aseptically in a sterile pestle mortar with 9 mL of 0.5% NaCl solution. Serial dilutions (upto 10–7) were prepared from macerated tissues and 0.1 mL aliquot from 10–6 dilution was spread on plates containing CRYEMA and NA media supplemented with 10% NaCl. The plates were incubated at 28 ± 2°C upto 7 days and observed for Rhizobium and rhizobacterial colonies (Ramadoss et al., 2013). All morphologically distinct colonies were screened for ACC deaminase activity on the autoclaved minimal Dworkin and Foster (DF) salt medium supplemented with 3 mM ACC instead of (NH4)2SO4 as sole nitrogen source (Dworkin and Foster, 1958; Penrose and Glick, 2003). Plates were incubated at 28 ± 2°C for 5 days and growth was monitored regularly. Colonies of Rhizobium and rhizobacteria growing on DF medium were taken as ACC deaminase producers and further purified by sub-culturing and maintained at 4°C. Commercially available dual inoculants of Rhizobium sp. LSMR-1 (NCBI accession no. KR072691.1) and Stenotrophomonas maltophilia RB-3 (NCBI accession no. KR080703.1) collected from Pulses Microbiology Laboratory, Department of Plant Breeding and Genetics, Punjab Agricultural University, Ludhina, Punjab, India were included in the study as references culture. On the basis of salt tolerance and qualitative ACC deaminase activity, Rhizobium sp. LSMR-32 (from nodules) and rhizobacterium LSMRS-3 (from rhizospheric soil) was selected and maintained on YEMA and Triticase Soybean Agar (TSA) medium, respectively in 3–5% glycerol and kept at −20 to −25°C for future use (Arora et al., 2014).



Identification of Potential Salt Tolerating Bacterial Isolates From Spring Mungbean

Morphological characteristics of salt tolerating Rhizobium and rhizobacterial isolates was done by Gram’s staining reaction according to Bergey’s manual of Determinative Bacteriology (VIIIth edition) (Vincent, 1970). Isolates were physiologically and biochemically characterized by different tests such as oxidase, nitrate reduction, catalase, starch hydrolysis, IMViC [Indole, Methyl red, Voges Proskauers) and citrate utilization], sugar utilization as per carbohydrate utilization kit (Kb-009, Himedia) and Intrinsic Antibiotic Resistance (IAR) spectra to different antibiotics [viz. tetracycline (10 and 30 μg), erythromycin (5, 10 and 15 μg), ciprofloxaxin (1, 5, 10 and 30 μg), chloramphenicol (10, 25, 30 and 50 μg), gentamycin (10 and 50 μg), ampicillin (2, 10 and 25 μg), streptomycin (10, 25 and 300 μg), penicillin (1, 2 and 10 μg), kanamycin (5 and 10 μg) and amoxicillin (10 μg) was done according to Sarode et al. (2009). Cell motility and colony shape were observed under the Labomed LX-200 LED binocular microscope at × 100 (Kumawat et al., 2019a).



Phyto-Pathogenicity Assay

In vitro pathogenicity test of selected potential indiginous salt tolerating bacteria was done by streaking on NA plates supplemented with 5% (v/v) sheep blood and incubated at 37 ± 2°C for 2–3 days. The assay was carried out in quadruplicate. Absence/presence of halo zones around the bacterial colonies was considered as negative/positive for hemolytic ability/pathogenicity for the humans.



Bio-Compatibility Assay of Salt Tolerating Rhizobium sp. LSMR-32 With Rhizobacterium LSMRS-3

Selected potential strains of salt tolerating bacterial isolates, rhizobacterium LSMRS-3 containing ACC deaminase was screened for its biocompatibility with Rhizobium sp. LSMR-32 on Modified Succinate Agar (MSA) medium (Subramanian et al., 2015). Mutual proto-cooperation was detected between rhizobacteria LSMRS-3 and Rhizobium sp. LSMR-32 for growth in terms of optical density (600 nm) at 3rd, 6th and 9th day of incubation in Modified Succinate Broth (MSB) as single or combined inoculants. Further, enumeration of Rhizobium LSMR-32 and rhizobacterium LSMRS-3 in compatible dual inoculated broth was done by serial dilution plating technique on CRYEMA and NA media, respectively and incubated at 28 ± 2C° for 9 days in quadruplicate.

The viable population of combined inoculants was calculated by following formula and results were recorded in log cfu mL–1.

[image: image]

Where a = mean number of specific bacterial colonies

bn = dilution factor.

Further, LSMR-32 and LSMRS-3 (single and in combination) were assessed for multifarious PGP traits, i.e., ACC deaminase, salt tolerance, drought tolerance, P and Zn – solubilization, Indole Acetic Acid (IAA), siderophore, exo-polysaccharide, biofilm formation, HCN and cell wall degrading enzymes (viz. β-1-4-glucanase and protease) production as per standard protocols with minor modifications (incubated at 28 ± 2°C for 5–7 days) along with commercially available cultures (LSMR-1 and RB-3).



Quantitative Estimation of ACC Deaminase Enzyme Activity

Quantitative ACC deaminase activity of the isolates was estimated spectrophotometrically in terms of α-ketobutyrate estimated at 540 nm and compared with standard α-ketobutyrate (Sigma-Aldrich, United States) ranging between 0.1 and 1.0 mM according to method described by Shrivastava and Kumar (2013) with minor modifications (incubated at 28 ± 2°C for 4–5 days). The assay was carried out in quadruplicate. According to the standard curve, a unit of ACC deaminase activity was expressed as the amount of α-ketobutyrate produced in mMol per microgram of cellular protein/hour.



In vitro Bioassay for Salinity and Drought Tolerance


Osmoadaption Assay

Osmoadaptation assay of salt tolerating bacterial isolates Rhizobium sp. LSMR-32 and rhizobacterium LSMRS-3 as single and combination treatments of was assessed for their salinity tolerance at 0, 4, 8, 12 dS m–1 salt concentrations as per protocol described by Zahir et al. (2010). Growth of bacterial isolates was recorded in terms of optical density (540 nm) at 28 ± 2°C for 2–3 days in Luria Bertani (LB) broth amended with different salt concentrations in quadruplicate. Bacterial isolates were also streaked on LB agar medium amended with different NaCl concentrations (@ 1, 5, 7.5, and 10%). Plates were incubated for 4–5 days at 28 ± 2°C in quadruplicate and assessed of different growth patterns according to Kaur et al. (2014).



Drought Tolerance

For evaluation of drought tolerance, exponential growth phase of single and dual bacterial inoculants were streaked on LB agar medium supplemented with different concentrations of Polyethylene Glycol (PEG 6000 @ 1, 5, 7.5, 10, 15 and 20%) to develop different osmotic potentials ranging from −0.045 to −0.90 MPa. Twenty percent Polyethylene Glycol (PEG 6000) was supplemented in the medium for inducing drought stress (−0.90 MPa) (Michel and Kaufmann, 1973; Ali et al., 2014). The plates were incubated for 4–5 days at 28 ± 2°C in quadruplicate and observed for different cell growth patterns of potential bacterial isolates.



Screening of Selected Potential Salt Tolerant Bacterial Isolates for Multifarious PGP Traits

In vitro bioassay for auxin production as IAA equivalent was assessed for selected ACC deaminase producing (Rhizobium sp. LSMR-32 and Enterococcus mundtii LSMRS-3) bacterial isolates as single or combined treatments along with reference cultures in the presence of L-tryptophan (an immediate precursor of IAA) as per standard method described by Gordon and Weber (1951). Qualitative and quantitative phosphate solubilizing activity was measured according to method described by Jackson (1973) and Nautiyal (1999) with minor modifications (incubated at 28 ± 2°C for 15 days). Qualitative and quantitative (catecholate type) siderophore production by bacterial isolates was assessed and yellow color intensity estimated at 560 nm (Arnow, 1937; Schwyn and Neilands, 1987). Zinc solubilization efficiency using Zinc Oxide (ZnO) and Zinc phosphate (Zn3PO4) separately supplemented in Tris-minimal medium was assayed with minor modification (incubated in dark at 28 ± 2°C for 7 days) according to Kumawat et al. (2019a). The selected ACC deaminase producing bacterial isolates were also characterized for indirect multifunctional PGP traits, i.e., Protease (Chaiharn et al., 2008), β-1-4-glucanase (cellulase) (Ariffin et al., 2006) and Hydrogen Cyanide (HCN) production (Bakker and Schippers, 1987). Further, potential ACC deaminase producing Rhizobium sp. strain (LSMR-32) and Enterococcus mundtii (LSMRS-3) individually as well as in combinations along with reference cultures (LSMR-1 and RB-3) were screened for exopolysaccharide production (Meneses et al., 2011) and biofilm formation (O’Toole and Kolter, 1998). All the bioassays were carried out in quadruplicate.


16S rRNA Sequencing and Phylogenetic Tree Analysis of Selected Potential Salt Bacterial Isolates

The selected salt tolerating isolates were identified by partial 16S rRNA sequencing and phylogenetic tree was constructed. Genomic DNA of two potent ACC deaminase producing bacterial isolate (Rhizobium sp. LSMR-32 and rhizobacteria LSMRS-3) was extracted with Wizard®Genomic DNA purification kit (Promega, Madison, WI, United States). The quantity and quality of genomic DNA from bacterial isolates was analyzed by gel electrophoresis on 0.8% agarose gel and visualized by UV light under the gel documentation system. The amplification of universal 16S rRNA gene region (approximately 1500 bp) was performed in a Polymerase Chain reaction (PCR) using universal primers: Forward 8F (5′-AGAGTTTGATCCTGGCTC-3′) and reverse 1492R (5′-ACGGCTACCTTGTTACGACTT-3′) according to Giongo et al. (2010). The amplified PCR product of 16S rRNA genes was purified by using Qiagen minelute gel extraction kit (Qiagen, Thermo Fisher Scientific, United States). The final purified PCR products were sequenced from both direction by Sanger’s di-deoxynucleotide sequencing method using Bigby terminator V3 cycle sequencing kit (Applied Biosynthesis, United States) and on Applied Biosystems, 3730 automated sequencer analyzer (Applied Biosystem, United States) at Xcelris gene sequencing laboratory, Ahmedabad, India. The homology searches for the forward and reverse sequences were performed manually using Basic Local Alignment Search Tool (BLASTn tool) and compared against sequence available in the GenBank from National Centre for Biotechnology Information (NCBI)1. Phylogenic analysis of 16S rRNA sequences of bacterial isolates with closely related reference sequences was carried out using Molecular Evolutionary Genetic Analysis (MEGA 6.0 software package) (Tamura et al., 2013). The sequences were aligned using multalin algorithm and output was used to construct a phylogenetic tree by calculation distance metrics for Neighbors Joining (NJ) technique with the Kimura two parameter models and a bootstrapping analysis with 1000 replicates to test robustness of internal branches between the reference sequences. The consensus sequences of ACC deaminase producing Rhizobium sp. LSMR-32 and Enterococcus mundtii LSMRS-3 obtained in our study were submitted in NCBI GenBank database and assigned the NCBI accession numbers MH644039.1 and MH644178.1, respectively.



PCR Amplification of acds, pqq, ipdc, and nifH Genes of Selected Bacterial Strains

Amplification of the acds (ACC deaminase enzyme), pqq (Pyrroloquinoline quinine), ipdc (indole pyruvate decarboxylase) and nifH (dinitrogenase reductase) genes was performed in 20 μL of reaction mixture containing 1.0 μL (100 pM/μL) of each primer, 2 μL (30 ng/μL) of genomic DNA, 8 μL of master mix (Master mix kit containing 50 units/ml of Taq DNA polymerase, 400 μM dNTP and 3 mM MgCl2) (Promega, United States) and 9.0 μL of sterilized double distilled water. PCR profile for different gene specific primers is mentioned in Supplementary Table 1 with different annealing temperature. The presence and band size of specific genes from amplified PCR product was confirmed by gel electrophoresis on 1.5% agarose gel stained with Goodview dye (BR Biochem Life Science Pvt. Ltd.) and visualized under gel documentation.


Effect of Salt Tolerant Bacterial Strains on Growth, Nodulation Efficiency, Nutrient Acquisition, Soil Enzymes and Grain Yield Under Normal v/s Saline Soil Conditions

Field experiment were carried out continuously in the same field for three consecutive years (2017–2018 to 2019–2020) in saline soils during the spring season at Regional Research Station, Bathinda, Punjab and at Pulses Research Farm, PAU, Ludhiana, Punjab (on normal soil). The physico-chemical properties of saline and normal soils of experimental sites are described in Supplementary Table 2. The experimental plots were arranged (0.15 hectare area) in Randomized Block Design (RBD) with quadruplicate of each treatment. Seeds of recommended variety of spring mungbean (SML-668) were surface sterilized with 70% (v/v) ethanol for 1 min. followed by immersion in 2% (v/v) sodium hypochloride solution (NaClO) for 5 min. and finally washed with sterile double distilled water (4–5 times). Surface sterilized spring mungbean seeds (SML-668) were inoculated (for 30–45 min.) with bacterial inoculant suspension (108–109 cfu mL–1 in a 1:1 ratio) grown in DF salt minimal medium amended with 3 mM ACC substrate and air dried aseptically in laminar air flow. All the agronomic package of practices were followed for growing spring mungbean (Bhatti and Kaur, 2020). Observations on seed germination (%) were recorded at 10 days after sowing (DAS) and plant height, dry weight of shoot and root, chlorophyll content (Witham et al., 1971) were noticed at flowering stage (35 DAS). Symbiotic traits such as nodulation, nodule biomass, leghaemoglobin content (Wilson and Reisenauer, 1963), macronutrients accumulation viz. N, P and K (McKenzie and Wallace, 1954; Jackson, 1967, 1973) and micronutrients such as Na+, Zn, Fe, Mn, and Cu content in shoot were recorded at flowering stage (35 DAS) (Isaac and Kerber, 1971; Munns et al., 2010). Soil enzyme activities viz. soil dehydrogenase (Tabatabai, 1982) and phosphatase (Tabatabai and Bremner, 1969) were also registered at flowering (35 DAS) stage. Yield attributing traits such as number of seed pod–1, number of pod plant–1, 100 seed weight, seed protein content and grain yield of spring mungbean was observed at harvest (60 DAS).



Effect of Salt Tolerant Bacterial Strains as Single and Combined Inoculation on Proline Content and Antioxidant Enzyme Activities


Proline content

Proline content of salt stressed leaves was estimated by previously described standard protocol (Bates et al., 1973). One gram of fresh leaf tissues were crushed in 6 mL of 5% (w/v) sulfosalicylic acid. Centrifugation was done at 10,000 rpm for 8–10 min. Supernatant extract (1 mL) was made 2 mL with sterile distilled water and gently vortexed with Ninhydrin (2 mL). The mixture was then incubated at 100°C for 45 min. After completion of incubation, mixture was cooled and equal volume of toluene was added to the supernatant. Pink chromophore in the upper aqueous phase was used to measure color intensity at 520 nm (Elico, UV-VIS spectrophotometer). The bioassay was carried out in quadruplicate. The proline content was estimated by comparing the absorbance with a standard curve of L-proline (Sigma-Aldrich, United States).



Antioxidant bio-assay

Plant root samples (1.0 g) were extracted in 10 mL of 0.1 M phosphate buffer (pH 7.5) amended with 1% polyvinyl pyrrolidone (PVPP). The root extract was centrifuged for 15 min. at 10,000 rpm (4°C) and supernatant was used for antioxidant assay. SOD activity was monitored by the capacity to decrease absorbance due to color formation by nitro-blue tetrazolium (NBT) (Dhindsa et al., 1981). The reaction mixture contained 100 μL of crude enzyme extract, 0.2 mL of 200 mM methionin, 0.1 mL of 2.25 mM NBT, 0.1 mL of 3 mM EDTA, 1.5 mL of 100 mM phosphate buffer (pH 7.8), 0.1 mL of 1.5 M Na2CO3 and 0.1 mL of 2 μM riboflavin. The final volume was made 3 mL with distilled water and incubated at 28 ± 2°C under 15 W two fluorescent tubes for 10 min. to allow the development of purple color formazon and absorbance measured at 560 nm against the blank. Hundred microliter distilled water was used as blank instead of crude enzyme extract. The SOD enzyme activity was measured in terms of 50% inhibition of NBT photooxidation at 560 nm and expressed as a unit μmol O2 mg–1protein.

The peroxidase (POD) activity in the root extract was determined by the method of Onsa et al. (2004). The enzyme reaction mixture consisted of 0.1 mL of crude enzyme extract with 0.1 M phosphate buffer (pH7.0), 0.1 mM pyrogallol, 5 mM H2O2 which was incubated at 28 ± 2°C for 5–10 min. Hundred microliter of 2.5 N H2SO4 was added for turning off the reaction and indigo color intensity was measured at 420 nm (Elico UV-VIS spectrophotometer) against the blank containing water instead of enzyme extract. Catalase (CAT) enzyme activity was estimated by monitoring the decrease in absorbance of H2O2 at every 10 s. interval for 1 min. at 240 nm wavelength (Elico UV-VIS spectrophotometer) (Aebi, 1984). The reaction mixture (3 mL) consisted of 100 μL crude enzyme extract with 1.5 mL of 100 mM potassium phosphate buffer, pH 7.5), 0.1 mL of 3 mM EDTA and 0.5 mL of 0.75 mM H2O2 and volume made up to 3 mL with autoclaved distilled water. The catalase activity was calculated based on extinction coefficient of 0.04 mM–1 at 240 nm. All the bioassays were carried out in quadruplicate.
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ΔEM−1 = Change in optical density per minute; W, weight of tissue in gram; U, μ moles H2O2 oxidized.



Profitability of Spring Mungbean Cultivation (Economic Return Analysis)

Gross return (Rs ha–1), net return (Rs ha–1), and benefit cost (B: C) ratio were calculated on the basis of existing cost of spring mungbean cultivation.

Gross return (Rs ha–1) = Grain yield (Kg ha–1) × pooled mean of minimum support price of spring mungbean.

Net return (Rs ha–1) = Gross return -Total variable cost of cultivation (Rs ha–1) as per treatment.

Benefit cost (B: C) ratio = Net return ÷ Total variable cost of cultivation (Rs ha–1) as per treatment.

Minimum support price of spring mungbean was INR 5575 quintal–1, INR 6975 quintal–1, and INR 7050 quintal–1 during 2017–2018, 2018–2019, and 2019–2020, respectively. Economic return was estimated by considering average price of spring mungbean for 3 years, i.e., INR 6533 quintal–1. Total variable cost (Rs ha–1) was taken as the common cost per 100 kg involved for growing spring mungbean (e.g., herbicide, pesticides, irrigations, field preparation, hoeing, seeds, fertilizers and labor etc.) along with biofertilizers as per treatment.



Statistical Analysis

All the parameters are represented as quadruplicate of mean ± SD (standard deviation) by using Microsoft excel 2016. Further, pooled analysis of 3 years data of various growth parameters was subjected to analysis of variance (ANOVA) using SPSS (version 15.0). The significant difference between mean of single and combined inoculation treatments was analyzed with high range statistical domain (HSD) using Tukey’s tests. The treatment means were separated by the least significant difference (LSD test at P < 0.05).



RESULTS


Isolation, Morphological, Physiological, Biochemical Characterization and Pathogenicity Test of Selected Potential Bacterial Isolates of Spring Mungbean

The healthy plants were collected from severely salt affected area of Punjab, i.e., Rauli (Bathinda), Bhagsar (Bathinda) and Muktsar, Punjab, India. The soil of all the collection sites was sandy loam in texture. Soil pH, Ec and organic matter content are summarized in the Supplementary Table 3. Maximum Ec was recorded at Bhagsar (Bathinda) followed by Muktsar and Rauli and witnessed reduced plant growth as well as symbiotic efficiency.

A total of 21 Rhizobium and 42 rhizobacteria were isolated from nodules and rhizospheric soil on CRYEMA and NA medium supplemented with 10% NaCl. Out of total 53 bacterial isolates, Rhizobium sp. LSMR-32 and rhizobacterium LSMRS-3 were selected on the basis of salt tolerance (@10% NaCl concentration) and high growth on DF minimal salt medium containing ACC (Supplementary Table 4).

Selected potential bacterial isolates, i.e., LSMR-32 (Rhizobium sp.) and LSMRS-3 (rhizobacteria) from nodule and soil of spring mungbean plants from salt stress soil, capable of utilizing ACC as N source on DF minimal salt medium were further characterized on the basis of morphological, physiological and biochemical assays. Isolate LSMR-32 exhibited rod, motile, entire shaped, white translucent, odorless, medium size, convex, mucoid and regular margin on the CRYEMA, whereas rhizobacteria LSMRS-3 produced coccus, cream, round and raised shaped, mucoid, entire margin, small and odorless colonies on NA medium amended with 10% NaCl (Supplementary Figures 1a–d). Based on Bergey’s Manual of Determinative Bacteriology, Rhizobium LSMR-32 was Gram negative and was positive for oxidase, catalase, indole, amylase, nitrate reduction, urease, cellulase (β-1-4-gluconase), protease (casein) and citrate utilization, but was negative for methyl red and Voges Proskauer’s test. Whereas rhizobacterium LSMRS-3 was Gram positive and indole, Voges Proskauer’s, citrate utilization, amylase, nitrate reduction, cellulase (β-1-4-gluconase) and protease (casein) tests were positive, but the isolate was found negative for urease, methyl red, catalase and oxidase tests as described in Supplementary Table 5.

Examining the carbohydrate use patterns, it was found that salt tolerant Rhizobium LSMR-32 and rhizobacterium LSMRS-3 utilized different carbon sources depicted in Supplementary Table 5. The IAR spectra of the Rhizobium LSMR-32 showed its resistance to ampicillin, streptomycin, penicillin, amoxicillin whereas sensitivity to tetracycline, erythromycin, ciprofloxacin, chloramphenicol, gentamicin and kanamycin at different concentrations (Supplementary Table 5). Similarly, antibiotic sensitivity profiling of rhizobacterium LSMRS-3 showed its sensitivity to tetracycline, gentamicin, ciprofloxacin, chloramphenicol, streptomycin, kanamycin, erythromycin and resistance to ampicillin, amoxicillin and penicillin (Supplementary Table 5 and Supplementary Figures 2a–g).



Bio-Compatibility Interaction Assay of Rhizobium sp. (LSMR-32) With Enterococcus mundtii (LSMRS-3)

Salt tolerant Rhizobium sp. (LSMR-32) and Enterococcus mundtii (LSMRS-3) did not show any inhibitory effect for growth toward each other on MSA in disk plate method (Figure 1A). Mutual proto-cooperation was detected between Enterococcus mundtii (LSMRS-3) and Rhizobium sp. (LSMR-32) interms of optical density (OD) 600 nm at different intervals of time. Highest optical density was registered with LSMR-32+LSMRS-3 in comparison to single inoculant of LSMR-32 and LSMRS-3 at 9th day of incubation (Figure 1B). At 9th day of incubation, maximum population density as viable number of cells was noticed with combined inoculation of LSMR-32 + LSMRS-3 in contrast to monoculture inoculation of LSMR-32 and LSMRS-3 on respective media (Figure 1B).
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FIGURE 1. (A) Compatibility of Rhizobium sp. LSMR-32 with rhizobacterium LSMRS-3 and (B) Optical density at 600 nm and population density (log cfu mL–1) of single and dual inoculants at different intervals of time.




ACC Deaminase Enzyme Activity and in vitro Tolerance to Salinity and Drought

Single as well as combined inoculations showed variation in ACC deaminase activity in the range of 0.37 ± 0.05–0.75 ± 0.06 mM α-ketobutyrate μg–1protein h–1 (Figure 2A). Combination of LSMR-32 + LSMRS-3 exhibited significantly higher ACC deaminase activity over the single inoculant Rhizobium sp. LSMR-32.
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FIGURE 2. Quantitative estimation of (A) ACC deaminase enzyme activity, (B) IAA production, and (C) phosphate solubilization of selected potential single and dual salt tolerating bio-inoculants from spring mungbean in respective Dworkin and Foster (DF) minimal salt, LB-Trp and Pikovaskaya’s medium. Columns represent mean values while bars represent standard deviation (n = 3). Different letters show statistically significant different values (P < 0.05) from each other as evaluated from Turkey’s test.


Rhizobium sp. LSMR-32 and Enterococcus mundtii LSMRS-3 individually as well as their combinations were assessed for their salinity tolerance at different (0–12 dS m–1) salinity levels and are depicted in the Supplementary Table 6. Growth response in terms of optical density at 8 dS m–1 salinity level ranged from 0.89 ± 0.02 – 1.88 ± 0.04 (Table 1). At 8 dS m–1 salinity level, combined inoculation of LSMR-32 + LSMRS-3 exhibited significantly higher growth response over single inoculants LSMR-32 and reference culture Rhizobium sp. LSMR-1. Further, selected potential bacterial isolates were screened for their response to different salt concentrations (1–10%) on agar plates and summarized in the Supplementary Table 6 and Table 1. Similarly, drought tolerance bioassay was carried out to assess tolerance to different concentration of PEG 6000 (1–20%) by plate assay method (Supplementary Table 6). Combination of LSMR-32 + LSMRS-3 showed highest drought tolerance in terms of growth pattern followed by monoculture of LSMR-32 and LSMRS-3 at 5% PEG6000 (−0.23 mPa). None of the isolates could tolerate high concentration of PEG6000 (20% PEG i.e., −0.90 mPa) on LB agar plates.


TABLE 1. Multifarious PGP traits, salt and drought tolerance of selected ACC deaminase producing bacterial isolates from spring mungbean.
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Multifarious PGP Traits, Molecular Characterization and Detection of acds, pqq, ipdc, and nif H Genes

In our study, maximum IAA production was noticed in the presence of L-tryptophan in comparison to absence of tryptophan in LB broth medium. IAA production ranged between 33.44 ± 5.07 – 84.09 ± 2.23 μg mL–1 with L-tryptophan after 6th day of incubation in all individual and dual combinations. Combined inoculation (LSMR-32 + LSMRS-3) resulted in significantly higher IAA followed by reference inoculant LSMR-1+RB-3 with Salkovaski’s reagents (Figure 2B and Supplementary Figure 3a).

Salt tolerant Rhizobium and rhizobacterial isolates along with reference cultures were screened for their phosphate solubilization activity on NBRIP medium amended with 0.5% TCP as inorganic phosphorus (Supplementary Figure 3b). Yellow clear halo zone of P-solubilization was displayed around the colonies indicating P-solubilization and maximum P-solubilization index (PSI) was exhibited by dual combination of LSMR-32 + LSMRS-3 followed by LSMR-1+RB-3 (Figure 2C). Selected TCP solubilizers were further estimated quantitatively in Pikovaskaya’s broth as shown in Figure 2C. The results showed that P-solubilization potential ranged between 43.30 ± 0.33 – 122.0 ± 1.53 mg L–1 in all inoculants (Figure 2C). Dual combination of LSMR-32 + LSMRS-3 showed significantly higher P-solubilization followed by LSMR-1 + RB-3 at 12th day of incubation. Our results indicated that dual combinations with high P-solubilization index on NBRIP agar plates showed enhanced quantitative phosphate solubilization in Pikovaskaya’s broth. The solubilization of inorganic TCP by different treatments led to significant reduction in pH (4.4 ± 0.02 – 3.2 ± 0.02) from an initial neutral pH (7.0 ± 0.02). Maximum reduction in pH was associated with LSMR-32 + LSMRS-3 followed by LSMR-1+RB-3 (Figure 2C). Negative correlation was noticed between pH and P-solubilization activity due to the production of microbial metabolites including organic acids which led to the decrease in pH of the culture broth.

Selected strains of Rhizobium sp. LSMR-32 and Enterococcus mundtii LSMRS-3 strains were found positive for multifarious PGP traits viz., Zn solubilization, siderophore, exo-polysaccharide, biofilm formation, β-1-4-glucanase (cellulase), protease (casein), IAR spectra and HCN production (Supplementary Figures 3c–j). The results showing multifarious PGP traits depicted in Table 1 suggest high PGP activities with combination of LSMR-32 + LSMRS-3 over single inoculants. Whereas, maximum PGP traits, i.e., siderophore, zinc solubilization efficiency [with Zno and Zn3(PO4)2], biofilm formation and EPS was noticed with LSMR-32 + LSMRS-3 [4.63, (64.04 and 7.41), 20.95, 57.11%, respectively] treatment in contrast to Rhizobium sp. strain LSMR-32 alone. The IAR spectra of dual combination LSMR-32 + LSMRS-3 indicated 47.8% resistance to diverse antibiotics (Table 1). All the isolates produced β-1-4-glucanase (cellulase), protease (casein) and HCN on CMC, Skimmed milk and King’s B agar media, respectively (Table 1).

The partial sequence analysis of 1500 bp fragment length (Supplementary Figure 4a) of 16S rRNA gene in selected salt tolerant bacterial isolates (LSMR-32 and LSMRS-3) was analyzed by nucleotide blast using blastin and clustal omega. The sequence of isolates LSMR-32 and LSMRS-3 showed similarity with Rhizobium sp. and Enterococcus mundtii, respectively and were submitted to GenBank under NCBI accession number MH644039.1 and MH644178.1, respectively. Based on ≤99% consensus sequence homology of the 16S rRNA gene sequence available in the NCBI GenBank database, strain LSMR-32 was identified as Rhizobium sp. and strain LSMRS-3 was assigned as Enterococcus mundtii. The 16S rRNA gene sequences of LSMR-32 and LSMRS-3 were aligned with sequences of other relevant PGPR of different genera and species with genera available in the GenBank database. The phylogenetic tree of selected isolates constructed using MEGA 6.0 version software revealed their proximity with other PGPR strains of respective species (Figure 3).
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FIGURE 3. Phylogenetic tree of bacterial 16S rRNA sequence revealing Rhizobium sp. LSMR-32 and Enterococcus mundtii strain LSMRS-3 evolutionary divergence. Manually refined 16S rRNA sequences were aligned using MEGA-6 and tree was constructed using the neighbor joining method (approximately 1521 bp length fragment after refinement). GenBank accession numbers are given in parentheses.


Genes acds, pqq, ipdc, and nifH responsible for ACC deaminase production, P-solubilization, IAA production and nitrogenase enzyme, respectively were PCR amplified with gene specific primers. PCR amplified product produced single bands with approximate length of 860 bp, 1000 bp, 1.7 kb and 760 bp each for acds, pqq, ipdc and nif H gene, respectively on 1.5% agarose gel stained with Goodview dye under UV light hence confirming the presence of all genes in the selected potential bacterial isolates along with the reference cultures (Supplementary Figures 4b–e). Presence of these genes suggested the capacity of selected potential salt tolerating bacterial isolates to produce ACC deaminase and nitrogenase enzyme with ability to solubilize phosphates and secrete phytohormones for improving the PGP activities and symbiotic attributes of spring mungbean under salt stress conditions.



Effect of Salt Tolerant Bacterial Inoculants on Growth and Symbiotic Traits in Spring Mungbean

The deleterious effect of salinity stress resulted in reduction in plant growth and symbiotic efficacy (i.e., emergence count, plant height, dry weight of shoot and root, chlorophyll content, nodulation status, nodule biomass and leghaemoglobin content) of spring mungbean in contrast to non-stressed conditions. Pooled mean of 3 years data showed, numeric enhancement in growth and symbiotic traits with ACC deaminase producing bacterial inoculants under saline and normal soil conditions (Figures 4A–H). Numeric increment in emergence count at 10 DAS was recorded with dual combination of LSMR-32 + LSMRS-3 (10.85%) followed by recommended consortium (LSMR-1 + RB-3) (6.42%) (under normal conditions) as compared to un-inoculated control treatment (Figure 4A). Maximum improvement in plant height (Figure 4B) and dry weight of root (Figure 4D) respectively was obtained with combined inoculation of LSMR-32 + LSMRS-3 (1.34 and 1.31 folds, respectively) followed by LSMR-1 + RB-3 (1.17 and 1.25 folds, respectively) in contrast to uninoculated control under salt stress conditions. Similarly, dry weight of shoot (Figure 4C) and chlorophyll content of leaves (Figure 4E) were also significantly (P ≤ 0.05) enhanced by 1.24 and 1.99 times, respectively in combined inoculant LSMR-32 + LSMRS-3 in comparison to corresponding control treatment. Under normal conditions, PGP traits of spring mungbean inoculated with single as well as dual combinations did not show any significant difference over the uninoculated control treatment.
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FIGURE 4. Effect of potent salt tolerant bacterial inoculants on growth and symbiotic traits: (A) Emergence count (%); (B) Plant height; (C) Dry weight of shoot plant–1; (D) Dry weight of root plant–1; (E) Chlorophyll content; (F) Number of nodule plant–1; (G) Dry weight of nodules plant–1 and (H) Leghaemoglobin content. Columns represent mean values while bars represent standard deviation (n = 3). Different letters show statistically significant values (P < 0.05) between treatments as evaluated from Duncan’s test.


An improvement in symbiotic efficacy of plants was noticed with ACC deaminase producing bioinoculants. Combined inoculation of LSMR-32 + LSMRS-3 resulted in enrichment in nodulation and nodule biomass (20.40 and 17.68%, respectively) followed by LSMR-1 + RB-3 (6.94 and 1.88%) as compared to single LSMR-32 inoculant treatment under saline soil condition (Figures 4F,G). Significantly (P ≤ 0.05) higher leghaemoglobin content (62.8%) was observed with LSMR-32 + LSMRS-3 followed by LSMR-1 + RB-3 (60.8%) in contrast to single bioinoculant LSMR-32 treatment (Figure 4H). However, under normal soil conditions, nodule biomass and leghaemoglobin content (except nodulation status) in spring mungbean showed significant (P < 0.05) difference between the single and dual bacterial inoculants.



Effect of Salt Tolerant Bacterial Inoculants on Macro and Micro-Nutrient Uptake of Spring Mungbean

The content of macro (N, P, and K) and micro-nutrients (Na+, Mn, Zn, Fe, and Cu) in the shoot of spring mungbean was negatively correlated under salt stress conditions (Table 2). Plant nutrient analysis showed that in salt stressed conditions, the N (19.14%), P (1.38%), K (0.68%), Na+ (21.05%), Mn (2.28%), Fe (8.08), Zn (9.49%), and Cu (31.83%) content were significantly less with combination of LSMR-32 + LSMRS-3 as compared to normal soil conditions. However, in comparison to uninoculated control treatment the inoculation of spring mungbean plants with dual combination of LSMR-32 + LSMRS-3 enhanced the uptake of N (170.54%), P (79.01%), K (20.98%), Mn (100%), Fe (49.65%), Zn (65.96%), and Cu (89.52%) content of shoot under salt stress condition. Significant reduction in Na+ content of shoot was noticed with combination of LSMR-32 + LSMRS-3 followed by LSMR-1 + RB-3 over uninoculated control under salt stress (Table 2). Similarly, under normal soil conditions, the inoculation of spring mungbean with dual combination of LSMR-32 + LSMRS-3 significantly increased the shoot macro and micro-nutrients over the uninoculated control treatment (Table 2).


TABLE 2. Effect of single vs. dual salt tolerant bacterial inoculants on nutrient acquisition parameters in spring mungbean.
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Effect of Salt Tolerant Bacterial Inoculants on Soil Enzyme Activities Under Normal vs. Saline Soil Conditions

Soil dehydrogenase, acid and alkaline phosphatase enzyme activities varied significantly among the single as well as combination of bacterial strains under normal and saline soil conditions. Under saline soil conditions, maximum percent enhancement in soil dehydrogenase enzyme activity (58.34%) was recorded with LSMR-32 + LSMRS-3 followed by LSMR-1 + RB-3 (42.26%) as compared to uninoculated control treatment. Similarly, significantly (P ≤ 0.05) higher acid and alkaline phosphatase enzyme activities were noticed with dual combination of LSMR-32 + LSMRS-3 (50.75 and 27.38%, respectively) followed by LSMR-1 + RB-3 (44.63 and 14.72%, respectively) in contrast to uninoculated control treatment (Table 3). Under normal soil conditions, increase in the soil enzyme activities, i.e., dehydrogenase (1.57 fold), acid phosphatase (1.55 fold) and alkaline phosphatase (1.38 fold) was noticed with combined inoculation of LSMR-32 + LSMRS-3 over the uninoculated control treatment in spring mungbean (Table 3).


TABLE 3. Effect of single vs. dual salt tolerant bacterial inoculants on soil enzyme activities in spring mungbean.
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Effect of Salt Tolerant Bacterial Inoculants on Protein Content and Yield Attributing Traits

Under salt stress condition, high protein content and yield attributing traits, i.e., number of pod plant–1, number of seed pod–1 and 100 seed weight were registered with combined inoculation of LSMR-32 + LSMRS-3 as compared to uninoculated control treatment (Table 4). Significantly (P ≤ 0.05) higher percent enhancement in grain yield (15.39%) was observed with combination of LSMR-32 + LSMRS-3 followed by recommended consortium LSMR-1 + RB-3 (8.39%) in contrast to un-inoculated control treatment (Table 4). Similar trend was seen in the protein content and yield parameters under normal soil condition which is summarized in Table 4. Present study did not reveal any significant difference between single and dual combination treatments for protein content and yield attributes (except 100 seed weight and grain yield) under normal soil conditions (Table 4).


TABLE 4. Effect of single vs. dual salt tolerant bacterial inoculants on protein and yield attributing traits in spring mungbean.
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Effect of Salt Tolerant Bacterial Inoculants on Osmolyte Accumulation (Proline) and Anti-oxidative Enzyme Activities

In our investigation, single and dual combinations increased the proline content under both normal and saline stress conditions. Co-inoculation of LSMR-32 + LSMRS-3 resulted in remarkable (2.05 fold) increase in the leaf proline content of spring mungbean followed by LSMR-1 + RB-3 (1.51 fold) over uninoculated control treatment under salt stress condition. Whereas, under normal conditions, the single as well as dual combination treatments, enhanced the leaf proline content by 1.42–1.86 folds in contrast to uninoculated control treatment (Figure 5A).
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FIGURE 5. Effect of potent salt tolerant bacterial inoculants on proline content and anti-oxidant enzyme activities under stress conditions (A) Proline content; (B) Superoxide dismutase; (C) Catalase; and (D) Peroxidase enzyme activities. Columns represent mean values while bars represent standard deviation (n = 3). Different letters show statistically significant different values (P < 0.05) between treatments as evaluated from Duncan’s test.


Significant difference in the anti-oxidative enzyme activities was observed between inoculated and uninoculated treatments under salinity stress condition. Significantly high SOD enzyme activity under salt stress was recorded in the spring mungbean plants inoculated with LSMR-32 + LSMRS-3 (43.08%) followed by LSMR-1 + RB-3 (17.19%) in contrast to single inoculant LSMR-32 (Figure 5B). Similarly, dual combination showed significant increase in the enzyme activities such as CAT (43.13%) and POX (287.58%) as compared to uninoculated control spring mungbean plants under saline stress condition (Figures 5C,D). However, under normal conditions, the bioinoculant treatments (single or dual combination) increased SOD, CAT and POX anti-oxidative enzyme activities (77.31, 88.65 and 142.04%, respectively) as compared to uninoculated control treatment.



Economic Return (Profitability) of Spring Mungbean Cultivation

In our study, economic return of spring mungbean cultivation was high in the normal soil as compared to saline soil due to reduction in grain yield under stressed condition (Table 5). Highest gross return and net return were obtained with combined inoculation of LSMR-32 + LSMRS-3 over the uninoculated control treatment under saline soil conditions. Maximum B: C ratio (1.87) and additional profits (9,372.85 Rs ha–1) were calculated with combined application of Rhizobium sp. LSMR-32 + Enterococcus mundtii strain (LSMRS-3) as compared to un-inoculated control treatment under saline soil conditions. Similar results were seen in gross return, net return and B:C ratio under normal soil conditions which are summarized in Table 5.


TABLE 5. Benefit: cost ratio of potential salt tolerating bacterial inoculants application in spring mungbean.
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DISCUSSION

Soil salinization is one of the key limiting factors for agricultural production in arid and semiarid tropics. Diverse array of salt tolerating PGPR, form an integral part of soil microbiota that interact with legume plants and help in mitigating the harmful impact of salt stress, improving the growth and symbiotic efficiency. These salt tolerating bacteria are known to have multifunctional PGP traits and stress tolerance that facilitate the plants to survive under inhibitory levels of salt stress (Ali and Kim, 2018; Etesami and Beattie, 2018; Maxton et al., 2018; Nascimento et al., 2018; Saleem et al., 2018; Zhang et al., 2018). Therefore, the role of salt tolerating bacterial isolates is enormously considerable in the current agricultural system, affected by many biotic and abiotic stresses. In the last decade, several beneficial microbes belonging to different taxonomic groups such as Rhizobium, Bacillus, Azospirillum, Pseudomonas, Azotobacter, Pantoea, Burkholderia, Paenibacillus, Serratia, Variovorax, Sphingobacterium, Enterobacter, Enterococcus, Stenotrophomonas, Alcaligenes and Ochrobactrum etc. have been studied showing their favorable results on plant growth and for inducing salt stress tolerance in different crops (wheat, chickpea, alfalfa, soybean, mungbean, groundnut and tomato etc.) (Panwar et al., 2016; Egamberdieva et al., 2017; Chandra et al., 2018; Saikia et al., 2018; Ansari et al., 2019; Gupta and Pandey, 2019a; Khan and Bano, 2019; Vaishnav et al., 2019, 2020; Goswami and Deka, 2020; Nagpal et al., 2020).

In the present investigation, salt tolerating strains of LSMR-32 and LSMRS-3 had significant multifarious PGP traits and salt tolerance proving potential their as effective biostimulators. IAA is one of the most important plant growth hormone synthesized by 80% of rhizospheric microflora which affect the endogenous level of IAA in the plant (Pandey et al., 2019). IAA alters the root architecture promoting the formation of lateral and adventitious roots that improve the water use and nutrient uptake efficiency of plants under stress conditions (Saikia et al., 2018; Gupta and Pandey, 2019a). Endogenous plant IAA along with that produced by salt tolerating microbes enhance the secretion of plant root exudates that serve as energy sources for root associated growth promoting bacterial isolates, improving their early colonization efficiency (Etesami et al., 2015; Chandra et al., 2018).

The IAA acts as a transcription factor for ACC synthesis, which is the immediate precursor for ethylene stimulated ACC deaminase enzyme in rhizobacteria (Abd-Allah et al., 2017; Egamberdieva et al., 2018). Therefore, ACC deaminase enzyme activity and IAA production by rhizobacteria are considered as most important PGP attributes under stress conditions (Saikia et al., 2018; Albdaiwi et al., 2019). Several strains of genus, i.e., Rhizobium, Bradyrhizobium, Nostoc, Leclercia, Azotobacter, Enterococcus, Stenotrophomonas, Rahnella, Azospirillum, Pseudomonas, and Arthrobactor etc. were reported to produce IAA under salt stress conditions (Majeed et al., 2015; Zahid et al., 2015; Sharma et al., 2016; Verma et al., 2018; Kumawat et al., 2019a). Kumawat et al. (2019a) documented maximum IAA production with dual inoculants of Bradyrhizobium sp. LSBR-3 + L. adecarboxylata LSE-1 and enhanced growth, symbiotic efficiency and stress tolerance in soybean due to ACC and IAA producing capability of rhizobacteria. According to Lee et al. (2015) indole acetic acid and gibberellin secreting Enterococcus faecium strain LKE-1 enhanced plant length and biomass through endogenous secondary metabolite regulation in rice cultivars. Salt tolerating microbial diversity can tolerate high salt (NaCl) concentrations because of their capability to break immediate precursor of ethylene, i.e., ACC into α-ketobutyrate and ammonia and accumulate compatible osmolytes to maintain intracellular osmotic balance under various abiotic and biotic stresses (Albdaiwi et al., 2019; Pandey et al., 2019; Vaishnav et al., 2020).

Phosphorus (P) functions as the second most crucial macronutrient after N having role in multiple plant metabolic processes such as rootstock development, flower pollination, N2 fixation and resistance against many phytopathogens. The abundant phosphorous (organic and inorganic) present in soils can not be utilized because plants absorb only monobasic (H2PO4–) and dibasic (HPO4–2) forms of phosphorus (Kumawat et al., 2019a). Phosphorus solubilizing bacteria (PSB) convert different forms of phosphorus into plant accessible forms. Dual inoculant LSMR-32 + LSMRS-3 treatment released significant amount of PO4–3 from inorganic Tri-calcium phosphate (TCP) in Pikovaskaya’s broth as compared to single inoculants. This activity could influence P uptake of shoot enhancing growth, nodulation and N2 fixing efficiency. P-solubilization by salt tolerating bacterial isolates is accompanied by a drop in pH of the medium, indicating production of organic acids (gluconic acid, oxalic acid, and citric acid) in the medium for solubilizing insoluble P forms and mineralizing organic forms by phosphatases and phytases (Chen et al., 2016; Paul and Sinha, 2017; Wei et al., 2018; Gupta and Pandey, 2019a; Kumawat et al., 2019a; Nagpal et al., 2019; Goswami and Deka, 2020). Salt tolerating bacterial isolates produced phosphatase enzyme aiding release of P-ions from P-mineral reservoir by H+ substitution for cation bound to phosphate (Mahdi et al., 2011). The results of present study are in accordance with numerous published reports on phosphate solubilization by species of Paenibacillus, Aneurinibacillus, Halomonas, Halobacillus, Enterobacter, Bradyrhizobium, Rhizobium, Bacillus, Acinetobacter, Ochrobactrum and Cladosporium etc. (Desale et al., 2014; Korir et al., 2017; Singh et al., 2017; Enebe and Babalola, 2018; Numan et al., 2018; Zhao et al., 2018; Vaishnav et al., 2019). Two salt tolerating PGPR strains closely related to Enterococcus faecium and Pantoea dispersa were able to solubilize significant amounts of phosphate with positive effect on mungbean growth under salt stress conditions (Panwar et al., 2016).

Zn is considered as an essential micronutrient for growth and biological nitrogen fixation in legumes. Selected potential strains had the Zn solubilizing ability to solubilize ZnO and Zn3(PO4)2 on Tris minimal medium. Iron occurs abundantly in ferric (Fe+3) form in the aerobic environment as hydroxides and oxy-hydroxides rendering it inaccessible to both plants and rhizobacteria (Kumawat et al., 2019a). Low molecular mass iron chelating compounds (siderophores) produced by rhizospheric microbes can bind to most of the iron available in the rhizosphere with very high acidity, inhibiting the proliferation of phytopathogens due to lack of available iron. Application of zinc solubilizers and siderophore producers is an environment friendly and sustainable approach over agrochemicals by satisfying the biological availability of zinc and iron to plants, hence contributing in plant growth and nutritional status of legume and cereal crops (Panwar et al., 2016; Kotasthane et al., 2017; Priyanka et al., 2017; Vaishnav et al., 2019; Goswami and Deka, 2020). In present investigation, salt tolerating bacterial strains (LSMR-32 and LSMRS-3) produced cell wall degrading enzymes (β-1-4-glucanase and protease), HCN and showed antibiotic resistance spectra, signifying their capacity for competition against the phytopathogen for nutrition, early colonization sites on root tips for better establishment in the rhizosphere and activating cellular defense mechanisms under stressful conditions. The production of cell wall lytic enzymes (chitinase and protease) and other antagonistic substances by salt tolerating PGPR against pathogen lead to leakage of cell contents and ultimately collapse of the evading pathogen since cell wall is responsible for maintaining the cellular integrity (Choudhary et al., 2015; Saikia et al., 2018; Bhise and Dandge, 2019; Egamberdieva et al., 2019; Nagpal et al., 2019, 2020).

Salt tolerating microbial diversity had ability to produce exopolysaccharides and biofilm during environmental stress act as a contributing factor toward the plant adjustment to salt induced osmotic shocks. The polysaccharide molecules and biofilms are produced by microbes in bid to protect themselves from desiccation causing microbial aggregation. Beneficial microbes are known to reduce the Na+ ion toxicity and abundance of toxic ions in rhizosphere by aggregating in mass of cell at both living and non-living surfaces present in the root environment contributing indirectly to stress tolerance (Chakraborty et al., 2016; Kasim et al., 2016; Qin et al., 2016; Naseem et al., 2018; Khan and Bano, 2019). Some salt tolerating bacterial isolates, i.e., Planomicrobium sp., Rhizobium sp., Mesorhizobium sp., Bacillus sp., Bradyrhizobium sp., Pseudomonas sp., Marinobacter sp., Halomonas sp., Planococcus sp., G. diazotrophicus, and Enterobacter sp., etc. are known to produce exopolysaccharides as well as biofilms in legumes and cereals for early colonization and adjusting plant under abiotic (salt and drought) stress conditions (Qurashi and Sabri, 2012; Egamberdieva et al., 2016; Kasim et al., 2016; Yang et al., 2016; Enebe and Babalola, 2018; Atouei et al., 2019; Chu et al., 2019; Khan and Bano, 2019). Biofilm aided by EPS production enhance resistance of PGPR to biotic and abiotic stress (Sandhya and Ali, 2015) but the role of EPS in tolerance mechanisms need more extensive investigations (Ilangumaran and Smith, 2017).

Using 16S rRNA, blast similarity searches and phylogenetic tree analysis, it was established that salt tolerating bacterial isolates in our research, belonged to Rhizobium sp. (LSMR-32) and Enterococcus mundtii (LSMRS-3), respectively. The results of present study are comparable with several previous researches who observed the most important taxonomic genera of PGPR as Leclercia, Pseudomonas, Pantoea, Paenibacillus, Aneurinibacillus, Oceanobacillus, Halomonas, Enterococcus, Stenotrophomonas, Klebsiella, Ochrobacterum, Enterobacter, Clostridium, Arthrobacter, Micrococcus, Aavobacterium, Azospirillum, Rhizobium, Azotobacter and Sphingobacterium etc. (Zahid et al., 2015; Panwar et al., 2016; Singh and Jha, 2016; Egamberdieva et al., 2017; Sreevidya and Gopalakrishnan, 2017; Gupta and Pandey, 2019a; Kumawat et al., 2019a,b; Pandey et al., 2019; Vaishnav et al., 2020). In the present study, Rhizobium sp. strain LSMR-32 and Enterococcus mundtii strain LSMRS-3 produced an amplified fragment of nifH, acds, ipdc, and pqq genes with specific primers. These genes (nifH, acds, ipdc and pqq) are involved in multifunctional PGP traits and enzyme activities such as nitrogen fixation, ACC deaminase, IAA production and P-solubilization in salt tolerating rhizobacteria improving growth as well as plant nutrition under normal and stress conditions.

Nitrogenase encoding nifH gene in Azospirillum sp. from the rhizosphere of wheat has a highly conserved Fe protein for nitrogenase and used as a marker gene for biological nitrogen fixation (Ayyaz et al., 2016). Abdel-Salam et al. (2013) reported B. licheniformis strain having pqq gene with expected amplified PCR product of 1202 bp for efficient phosphate solubilization. According to Gang et al. (2017) Klebsiella SGM81 strain showed the presence of ipdc gene and confirmed bacterial production of IAA with improvement in PGP traits of D. caryophyllus. In addition to acds gene, various strains of Mesorhizobium, Rhizobium, Sinorhizobium, Microbacterium, Klebsiella, Enterococcus, and Pseudomonas etc. are under the transcriptional control of nifA promoter responsible for activating the transcription of nitrogen fixation genes, promoting plant growth and nodulation by lowering ethylene levels under abiotic stress conditions (Shrivastava and Kumar, 2013; Glick, 2014; Khosravi et al., 2014; Chandra et al., 2018). Improved shoot and root length and biomass and relative water content were observed with Klebsiella sp. strain IG 3 in oat (Avena sativa) at NaCl stress (100 mM) with higher expression of acds (ACC deaminase activity) and ipdc (IAA production) genes in Klebsiella (Sapre et al., 2018).

Field experiment conducted under normal and saline soil conditions in present study reported symbiotic tripartite interaction of Rhizobium sp. LSMR-32, Enterococcus mundtii strain LSMRS-3 and host plant spring mungbean. Synergistic interaction between the microorganisms is a universal phenomenon in microbial ecosystems via augmenting PGP traits due to proto-cooperation with salt tolerating bacteria (Gupta and Pandey, 2019a; Samaddar et al., 2019). Our results illustrated that the coinoculation of Rhizobium sp. LSMR-32 and Enterococcus mundtii LSMRS-3 had higher potential to improve plant growth, symbiotic traits, nutrient acquisition, soil enzyme activities and yield attributing traits ultimately mitigating the harmful effects of salinity.

High number of bacterial cells in dual inoculant results in better PGP activities and symbiotic efficacy under abiotic and biotic stress conditions (Barra et al., 2016; Panwar et al., 2016; Grobelak et al., 2018; Saikia et al., 2018). Similar reports suggested that application of salt tolerating rhizobacteria enhance soil water-plant-relationship, alter phytohormone signaling, nutrient solubilization and trigger several other mechanisms that work in an integrated fashion to enhance salt and drought stress tolerance in plants (Forni et al., 2017; Vaishnav et al., 2019). Present investigation is similar with Mahmood et al. (2016) who demonstrated combined application of Enterobacter cloacae and Bacillus drentensis with 2 Kg Si ha–1 resulted in enhancement of mungbean physiology, growth and yield under salt stress conditions. Ahmad et al. (2011) revealed that under axenic condition, co-inoculation of Pseudomonas sp. (MK1, M20 and M25) and Rhizobium sp. (M1, M6 and M9) with ACC deaminase activity, significantly increased plant growth promotion as well as symbiotic parameters as compared to uninoculated control treatment at 6 dS m–1 salinity level in mungbean. Similarly, Shaharoona et al. (2006) reported that coinoculation of ACCD possessing PGPR with Bradyrhizobium sp. improved symbiotic traits in mungbean by lowering ethylene production as compared to Bradyrhizobium sp. alone. Trdan et al. (2019) reported that dual inoculants Pseudomonas fluorescens and Azospirillum brasilense enhanced shoot height, fresh and dry weight of shoot, yield and antioxidant enzyme activities in potato as compared to uninoculated control plant under abiotic stress condition. Tahir et al. (2019) also reported that rhizobacterial strains BN-5 and MD-23 secreting, ACC deaminase, IAA, P-solubilization, biofilm formation and exo-polysaccharide (EPS) production boosted the grain yield and quality of maize under salt as well as drought stress conditions. Present investigation is well coherent with Chandra et al. (2019) who reported three ACC deaminase containing bacterial strains (Pseudomonas palleroniana DPB 16, Pseudomonas sp. UW 4, and Variovorax paradoxus RAA3) enhancing growth, nutrient uptake, osmolytes as well as antioxidant enzyme activities and grain yield of wheat under salt stress conditions in contrast to uninoculated control treatment. Priming of salt tolerating Pseudomonas knackmussii MLR-6 to Arabidopsis thaliana enhanced growth and reduced oxidative damage due to salt stress as compared to uninoculated control plants (Rabhi et al., 2018). Similarly, Wang et al. (2018) reported that biopriming of pepper seedling with Bacillus sp. promoted the growth in terms of enhanced fresh and dry weight, shoot and root length under saline conditions.

The salt tolerating dual inoculant of LSMR-32 and LSMRS-3 besides improving root architecture and promoting higher nodulation efficiency also showed elevated nutrient (N, P, K, Mn, Zn, Fe and Cu) content in spring mungbean shoot over single LSMR-32 and uninoculated control treatment. Enhancement of nutrient availability in plant as well as soil by rhizobacteria could be due to regulation of phytohormone production, solubilization of nutrients, siderophore for iron seizure and enlarged lateral root surface area by the various biological mechanisms of plant microbe interaction under saline stress conditions (Shabayev, 2015; Sathya et al., 2017; Solanki et al., 2017; Omara et al., 2017; Egamberdieva et al., 2018). The improved macro and micro-nutrient content with dual inoculation in present research is closely correlated with Safronova et al. (2012) who demonstrated combined inoculation of Mesorhizobium loti and V. paradoxus 5C-2, possessing ACC deaminase activity having synergistic and additive effects on nodulation, root growth and nutrient acquisition (N, P, Ca, Mn, Zn and Cu) in shoot of L. edulis and L. ornithopodioides. Similarly, Rana et al. (2015) observed an improvement of 13–16% in Fe, Zn, Cu, and Mn concentration with co-inoculation of Providencia sp. PR-3+B. diminuta PR-7 + O. anthropi PR-10 in rice.

Significant reduction in shoot Na+ and increment in K+ was observed with dual inoculant (LSMR-32 + LSMRS-3) application under saline stress conditions. Under stressful conditions, excessive Na+ ions compete with K+ ions leading to nutrition disproportion and metabolic disorder thus negatively affecting the crops. ACC deaminase producing microbes can encourage growth of plants by altering selectivity of ions and maintaining higher K+ concentration as compared to Na+ (Panwar et al., 2016). The decreased Na+ accumulation and high K+/Na+ ratio by the salt tolerating rhizobacteria can be attributed to the bacterial biofilm and exopolysaccharides which bind cations (especially Na+) in roots, thus preventing their movement to survive the high salt concentration (Islam et al., 2016). Present illustrations are well supported by Singh and Jha (2017) who observed that inoculation of Stenotrophomonas maltophilia strain SBP-9 significantly decreased the accumulation of Na+ by 25–32% along with enhanced K+ uptake by 20–28% in both shoot and root of wheat grown under salinity stress. Similarly, Panwar et al. (2016) demonstrated significant decrease in Na+ accumulation with dual inoculation of Pantoea dispersa and Enterococcus faecium over the uninoculated control in Vigna radiata under salt stress condition.

Soil enzyme activities indicate the number of living microbial diversity in the plant rhizosphere. They play an important role in catalyzing metabolic reactions associated with the biomass decomposition as well as hydrolysis of organic polyphosphates and could be involved in the enhancement of plant nutrient acquisition from soil (Marinkovic et al., 2016; Siczek and Lipiec, 2016; El-Nohrawy and Omara, 2017; Bargaz et al., 2018). Significant higher soil enzymes activities were obtained with dual combination of LSMR-32 + LSMRS-3 as compared to uninoculated control treatment. Results are well coherent with earlier finding of Islam et al. (2016) where significant increase in soil dehydrogenase and phosphate enzyme activities was registered in Vigna radiata with B. cereus strain Pb-25 as compared to control treatment under saline soil condition.

Salt stress is associated with oxidative pressure overproducing ROS (OH–, O2– and H2O2), harmful for plants (Panwar et al., 2016). ROS plays a significant role as signaling molecules at low concentration, but at higher level they cause oxidative damage and affect membranes, lipids, nucleic acids and proteins (Del Rio, 2015). Several reports have confirmed that the ability of plant cell and microbes to mitigate the effects of oxidative burst occurs by improving the accumulation of osmolytes and antioxidant enzymes (Egamberdieva et al., 2017; Singh and Jha, 2017; Saikia et al., 2018; Khan and Bano, 2019; Khanna et al., 2019; Rajput et al., 2019; Vaishnav et al., 2019; Zahir et al., 2019; Nagpal et al., 2020). Our study illustrated that dual inoculants of LSMR-32 + LSMRS-3 reduced osmotic and oxidative stress in spring mungbean plants by inducing accumulation of proline and antioxidant enzymes (CAT, POX and SOD) in roots, exposed to salt stress. Beneficial salt tolerating microorganisms can overcome harmful effects of salinity by maintaining a favorable ratio of K+/Na+ ions amenable for plant growth under high salt concentrations. Accumulation of compatible solutes, stabilizing membrane lipids, maintenance of redox potential, free radical scavenging by antioxidant enzymes, binding of toxic metals and induction of transcription factors are some of the mechanisms used by bacteria to suppress salt stress conditions (Singh and Jha, 2017; Albdaiwi et al., 2019; Ansari et al., 2019; Gupta and Pandey, 2019b; Goswami and Deka, 2020; Vaishnav et al., 2020).

In this study, increased protein content as well as yield attributing traits was recorded in Vigna radiata with dual inoculation of Rhizobium sp. LSMR-32 and Enterococcus mundtii LSMRS-3 which might be due to synergistic potential as well as reduced osmotic and oxidative stress through ROS production under salt stress conditions. Ahmad et al. (2013) demonstrated that combined inoculation of P. fluorescence (MK20) and Rhizobium phaseoli (mg6), showed synergistic effects and improved yield by 62% over control treatment in mungbean under saline soil conditions. Similarly, Aamir et al. (2013) documented that co-inoculation of Rhizobium (A2) and PGPR containing ACC deaminase improved plant growth, symbiotic traits and yield of mungbean by reducing the stress induced by ethylene production. Ahmad et al. (2014) also demonstrated that coinoculation of Rhizobium and rhizobacterium containing ACC deaminase induced salt tolerance and led to increased plant growth and yield attributes in mungbean. Another study performed by Tittabutr et al. (2013) also revealed that combined inoculation of mungbean with Bradyrhizobium sp. and PGPB containing stress induced ACC deaminase alleviated effect of different environmental stress conditions. Dual inoculation of Mesorhizobium ciceri IC-53 + B. subtilis NUU4 (Egamberdieva et al., 2017) and Rhizobium sp. RH4 + PGPR strain P5 (Ullah et al., 2016) enhanced plant growth, symbiotic efficacy and yield attributing traits in chickpea over the uninoculated control treatment under salt stress condition. In our study we obtained maximum B: C ratio (1.87) and net return (24.40%) with salt tolerating dual inoculant of LSMR-32 + LSMRS-3 in comparison to the control treatment in spring mungbean under salt stress condition. Overall, it can be concluded that use of indigenous salt tolerating Rhizobium sp. LSMR-32 and Enterococcus mundtii LSMRS-3 in spring mungbean have more potential to adapt and reduce ethylene levels in plants, thus alleviating the harmful effects of salt stress. In the context of enhancing concern of providing sufficient food and other environmental issues, dual combination of Rhizobium sp. LSMR-32 and Enterococcus mundtii LSMRS-3 can be used as a novel consortium biofertilizer/bioprotectant minimizing requisite of agrochemicals in spring mungbean in salt affected Indo-Gangetic alluvial plains of India.



CONCLUSION

To the best of our knowledge, till date, ours is perhaps the first field report from Indian soils describing the beneficial effect of dual bio-inoculant, Rhizobium sp. LSMR-32 and E. mundtii LSMRS-3, especially in spring mungbean under highly unfavorable salt stress conditions. The dual bio-inoculant was found highly effective in terms of enhancing grain yield, higher B: C ratio (1.87), which no doubt helps farmers to realize additional incomes. Our results provide a convincing evidence (as per our own confirmative in vitro and in vivo assays) that the dual bio-inoculant mitigates salt stress by altering phytohormone levels, accelerate production of antioxidant enzymes, osmolytes, reducing sodium uptake and regulating functional metabolic and physiological pathways. Nonetheless, it is important to develop new strategies and we assume our current research output perhaps provide an impetus, for more specific and efficient salt tolerating microbes that can be employed as a proxy, for saline and drought regions under Trans-Gangetic Agro-climatic belts of India, for enhancing productivity and profitability of spring mungbean crop. It is indicative that bio-inoculants have a greater potential in increasing food security and resource use efficiency.
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Plant endophytic bacteria have received special attention in recent decades for their ability to improve plant response to multiple stresses. A positive effect of endophytes on plant’s ability to cope with drought, salinity, nitrogen deficiency, and pathogens have already been demonstrated in numerous studies, and recently this evidence was consolidated in a meta-analysis of published data. Endophytic bacteria have also been implicated in increasing resistance to heavy metals in plants; despite the important biotechnological applications of such effect in heavy metal bioremediation and agriculture, efforts to systematically analyze studies in this field have been limited. In this study, we address this task with the objective of establishing whether the findings made for other types of stresses extend to the response to heavy metals. Specifically, we seek to establish if plant inoculation with plant-growth promoting endophytic bacteria have an impact on their tolerance to heavy metal stress? We carried out a meta-analysis of the effect size of inoculation with endophytic bacteria on the host plant biomass in response to heavy metal stress (aluminum, arsenic, cadmium, copper, chromium, manganese, nickel, lead, and zinc), which included 27 (from 76 published in the last 10 years) studies under controlled conditions that evaluated 19 host plants and 20 bacterial genera. Our results suggest that endophytic bacteria increase the biomass production of host plants subjected to different heavy metals, indicating their effectiveness in protecting plants from a wide range of metal toxicities. Stress mitigation by the bacteria was similar among the different plant groups with the exception of non-accumulating plants that benefit most from the symbiotic association. Host identity and heavy metal concentration seem to influence the effect of the bacteria. Our analysis revealed that bacterial consortia provide the greatest benefit although the most common biotechnological applications are not directed towards them, and support the value of endophytic bacteria as an alternative to mitigate heavy metal stress in a wide variety of hosts.
Keywords: endophytic bacteria, effect size, heavy-metal stress, meta-analysis, plant biomass
INTRODUCTION
Plants are constantly affected by different types of stress, both biotic and abiotic, which induce an alteration in their metabolism and functioning, and consequently reduce their productivity, generating large losses in crop yields (Rejeb et al., 2014). Abiotic stress refers to the pressures exerted by the environment that alter plant physiology, and negatively impact the development and productivity of plants. It is estimated that reductions in growth and yield can exceed 50 and 70%, respectively, in most plant species, severely affecting all crops (Wang et al., 2003). Major types of abiotic stress include drought, salinity, and heavy metal toxicity.
Heavy metals such as zinc, copper, molybdenum, manganese, cobalt, and nickel are naturally found in soils and are essential for the functioning of important biological processes. However, these elements in combination with more toxic heavy metals (arsenic, lead, cadmium, mercury, chromium, aluminum, and beryllium) can reduce crop productivity when their concentrations exceed optimal values for plant functioning, causing morphological abnormalities and metabolic disorders that increase the production of reactive oxygen species (Tiwari and Lata, 2018). Both essential and non-essential metals, when present at phytotoxic concentrations, generate common adverse effects such as chlorosis, growth inhibition, reduced photosynthesis, low biomass accumulation, altered water balance, senescence and ultimately plant death (Singh et al., 2016). Although the availability of heavy metals depends largely on soil characteristics, their accumulation is favored by the use of agrochemicals (Mustafa and Komatsu, 2016), hence the need for a transition to more sustainable agricultural practices. Besides, human activities and industrialization in recent decades have led to an excessive release of these elements into the environment, so rapidly that plants face pressure to develop mechanisms to cope with their phytotoxicity.
Therefore, the responses and tolerance mechanisms of plants to this type of stress have been extensively studied. Using tools such as omic technologies (proteomics, transcriptomics, metabolomics, and iolomics) it has been possible to identify several genes involved in the response to heavy metals in several plant species (Singh et al., 2016). The presence of heavy metals activates several signaling pathways, such as the reactive oxygen species (ROS) pathway and hormone signaling pathways that enhance the expression of stress response genes (Kumar and Trivedi, 2015). These findings have been used to develop heavy metal resistant genotypes through classical genetic improvement or genetic engineering; however, these processes are labor and time intensive (Tiwari and Lata, 2018). New strategies need to be developed to increase tolerance to heavy metals in crops so that their performance is not strongly affected. The association of plants with various microorganisms (fungi, yeasts, and bacteria) represents a sustainable strategy to cope with this type of stress. Plant-bacteria interaction is a natural and complex phenomenon involving different biotic, abiotic, and genetic factors that have been studied for decades. Understanding the effect of this association is of great interest due to applications at the agricultural level. In recent years, a diversity of efficient microorganisms have been identified, including endophytic bacteria, rhizobacteria, fungi, and others, capable of promoting the growth of the plants with which they are associated, even under conditions of abiotic and biotic stress (Tanya Morocho and Leiva-Mora, 2019).
Endophytic bacteria are then proposed as a sustainable and effective alternative to promote the growth of crop species and increase stress tolerance. This type of bacteria is characterized by residing most of its life cycle inside the plant tissues in an asymptomatic way without causing damage to its host; although variable among bacterial species, endophytic bacteria tend to form small aggregates dispersed in the tissues/organs of the plant where the exchange of nutrients occurs, promoting the metabolic activity of the microorganism and, in turn, the physiological activities of the host plant (Perez et al., 2013). These microorganisms can be associated with a wide range of plants in a very specific (specialist) or general (generalist) way and transmitted to the next generations (Johnston and Raizada, 2011). Endophytic bacteria can be diazotrophic organisms, that is, biological fixers of atmospheric nitrogen (N2) that convert this element into more available forms for the host plant (ammonia), thus benefiting its productivity (Hernández-Rodríguez et al., 2017). In addition to nitrogen fixation, endophyte bacteria can promote plant growth and improve stress response and disease resistance through various mechanisms including mineral solubilization, phytohormone synthesis, and production of siderophores (metal-chelating substances) (Ahemad and Khan, 2012).
Previous studies have confirmed the plant growth-promoting ability of endophytic bacteria (termed PGPB) in various crop species (Yan et al., 2018; Zhu and She, 2018). These bacteria have been found to increase plant growth under salinity or heavy metals stress and can maintain their metabolic activity (Tirry et al., 2018; Soldan et al., 2019). In Arabidopsis thaliana, it was determined that the association with PGBPs induced the overexpression of genes related to aluminum stress, so the plant-bacteria association improves the tolerance mechanisms exhibited by the plant (Farh et al., 2017). Due to this, there is a growing interest in the use of these microorganisms in agriculture and bioremediation. Currently, a great deal of information has been generated concerning the positive effects that endophytic bacteria have on plant tolerance to various types of stress and their biomass.
Stress tolerance mediated by endophytic bacteria is considered the most effective because it is environmentally sustainable, low cost, and socially well accepted (Singh et al., 2016). Bacteria have adapted well to environments polluted with heavy metals and the resistance mechanisms they exhibit include bioaccumulation and enzymatic reduction or oxidation to non-toxic forms (Tiwari and Lata, 2018). In addition to these mechanisms, some microorganisms have been described as promoting the metal accumulation in plants and enhancing the expression of stress-related genes (Srivastava et al., 2013). Also, the alteration of the levels of 1-aminocyclopropane-1-carboxylate (ACC) by various bacteria can affect heavy metal tolerance directly through the manipulation of ethylene levels in plants (Zhang et al., 2011).
Similar conclusions have been reached for other types of stress such as drought and salinity (Sukweenadhi et al., 2015). Rho et al. (2018) through a meta-analysis of effect size, found that several endophytes (bacteria, fungi, and yeasts) do indeed have a positive effect on a wide range of plant species under different types of stress, particularly drought, salinity, and nitrogen deficiency. This same type of analysis has been previously carried out for specific endophyte species, such as the dark septum fungi (DSE) as promoters of tolerance to various types of stress (Newsham, 2011). These meta-analyses, which have considered a great diversity of variables and types of stress, take data from different experimental studies to be analyzed collectively with statistical methods and allow determining the magnitude of response to a treatment (Rosenberg et al., 2000). However, the efficacy of endophytic bacteria to mitigate the adverse effects of heavy metals has not been studied at this level, nor has its specificity, so there is a gap in knowledge in this area. Therefore, this study sought to determine if the findings made by Rho et al. (2018) extend to heavy metal tolerance, specifically our goal was to determine if endophytic bacteria are a real and robust alternative for increasing heavy metal stress tolerance. To this end, research data related to heavy metal tolerance mediated by endophytic bacteria from the last 10 years were collected and an effect size analysis was performed. The results obtained show an overall positive effect of inoculation with endophyte bacteria on the growth and tolerance to heavy metals in different plant species, although some influence of the type of host plant (hyperaccumulator vs. non-hyperaccumulator) and the heavy metal identity was evidenced.
MATERIALS AND METHODS
Methodology implemented in this study is an adaption from Rho et al. (2018).
Data Collection
We carried out a search of scientific literature related with plant growth-promoting endophytic bacteria that increase tolerance to heavy metal stress, following PICO’s framework (Supplementary Table S1; Miller and Forrest (2001) and PRISMA checklist (Supplementary Table S2; Moher et al., 2009). The keywords used in the search were “endophytic bacteria,” “heavy metal stress” and “plant growth promotion.” The different heavy metals (cadmium, lead, zinc, aluminum, etc.) were also added as independent terms, while the words “fungi” and “fungal” were used as exclusion terms. In addition, selection filters were applied to publication period time (2010–2020) and article type (Research article). The time period was selected considering that it includes the largest production of relevant articles in this topic, as shown by robust reviews that have addressed the topic in a descriptive way (Zaets and Kozyrovska, 2012; Ma et al., 2016; White et al., 2019). We retrieved a total of 76 articles from the specialized databases of International Acknowledgment Springer Link (www.link.springer.com/), SCOPUS (www.scopus.com), Science Direct (www.sciencedirect.com), and PubMed (www.ncbi.nlm.nih.gov/pubmed/).
Figure 1 depicts the flow of articles, exclusions, and the reasons for exclusion (PRISMA Flowchart, Liberati et al., 2009). The following inclusion criteria were used to further screen the collected articles:
i. Studies had to report the standard deviations (SD) or standard errors (SE), as those values were required to perform the meta-analysis.
ii. Studies had to report experiments under controlled environments—a lab, growth chamber, or greenhouse environment, to be sure that the responses of the plants are due to the inoculation without the influence of other factors present in the uncontrolled environments.
iii. Studies had to report an experimental design that included control and inoculated groups grown under stress and non-stress conditions. This to make the results comparable, and estimate the effect size.
iv. Studies had to report biomass data, particularly dry weight (DW). Biomass was considered proxy of plant performance.
v. Studies had to be published as full research articles in indexed journals (grey literature was not considered).
[image: Figure 1]FIGURE 1 | PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) flowchart showing the selection of studies eligible for a meta-analysis of the effect size of inoculation with endophytic bacteria on the host plant biomass in response to heavy metal stress (aluminum, arsenic, cadmium, copper, chromium, manganese, nickel, lead, and zinc).
Each combination of an endophytic bacteria strain, a plant species and a heavy metal in one article was regarded as one data set to be analyzed. Graphical data in figures were extracted using ImageJ v.1.52 with the “Figure Calibration” plugin package (Schneider et al., 2012).
Conversions of concentration and biomass units were realized for make results from different articles comparable. Metal concentration unit were fixed in millimoles (mM) and biomass unit were grams (g). All information (data from tables and figures) was collected and arranged in an Excel spreadsheet.
Estimation of Effect Size
Inoculation with endophytic bacteria was counted as a fixed effect in different environmental and experimental conditions; thus, a fixed-effect model was implemented for analyzing the data. The mean values, standard deviations (SDs), standard errors (SEs) and the number of replicates were additionally processed to be imported to the R platform v. 3.6.3 (R Core Team, 2020) to execute the statistical analysis. Shoot biomass of host plants was set as the response variable. The following formula was used to calculate Hedges (d)—non-biased and scaled differences addressing sample sizes of datasets (Crawley, 2007):
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where [image: image] and [image: image] are the media responses corresponding to treatment (inoculated) and control groups (Eq. 1). S is the pooled within-study SD and J is a correction factor for small samples (Eq. 2). Symbols [image: image] and [image: image] in the equation represent the number of samples for the treatment and the control groups.
The variance of d (Vd) was calculated with the next Eq. 3:
[image: image]
The bias-corrected versions of Hedge’s mean differences and their variances—g and Vg—were calculated by simply multiplying J and J2 to d and Vd. Calculated Vg was used in the estimation of 95% confidence intervals (CIs) of each g (Eq. 4). These weighted measures correct the bias that could affect the effect size estimates derived from the different sample sizes in individual studies.
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The reciprocals of Vds were used as the weights (W = 1/Vg) for determining the summary fixed effects. The sum of the products of the weights and the effects (WY = W × g) was divided by the sum of the weights to finally determine the summary effect (M) as follows:
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The variance of the summary effect (VM) is just the reciprocal of ∑W.
Standard errors of M (SEM) is,
[image: image]
Finally, the sum of W was used to calculate SE of the mean summary effects to further compute the z-test statistic (z = M/SEM). In the cases where the effect size was found to be significant at α = 0.05, we calculated the fail-safe number (nfs) to estimate the publication bias using the “metafor” package in R (Viechtbauer, 2010). If nfs is above 5n + 10, is safe ignore publication bias like is described in Rosenberg et al. (2000), where n is the number of studies analyzed.
The effects were divided in sub-categories according to the type of host plant used in the experiments. Group 1 compared the effect on accumulating vs. non-accumulating species, following by group 2 that compared the effect on host vs. non-host plants. Group 3 compared the effect on crop vs. non-crop plants. The effect sizes without stress and vs. stress were also compared using a paired t-test procedure in the R platform. To investigate the effect of endophytic bacteria on host plants under stress for high toxicity heavy metals, a heat map showing the combined measures of the selected three most toxic heavy metals cadmium, arsenic and lead was constructed.
RESULTS
General Information
Because our study was limited to the last 10 years, we cannot infer the year in which the trend of investigating the effect of endophytic bacteria on plant tolerance to heavy metal stress began. The trend presented in Figure 2 shows that the number of studies focused on this area has increased in the last 4 years; the decrease observed in 2020 is explained by the fact that it is the current year. According to this trend, by the end of this year we would expect to have a greater number of articles than those reported for 2019.
[image: Figure 2]FIGURE 2 | Number of articles published per year on endophytic bacteria and heavy metal tolerance. Blue line shows articles found in the databases (n = 76) and red line articles that were included in the analysis (n = 27).
Of the 76 articles found in the databases, only 27 were used to carry out the meta-analysis (Supplementary Table S3) because the rest did not meet the requirements established in the methodology. The most astringent selection filter of the articles was the experimental design, since it was established that the studies should include a control group in a non-stressful condition. In addition, some of the articles did not contain information on the standard deviation or did not have results related to the plant biomass (dry weight), since they focused on the evaluation of the activity of several genes and enzymes involved in tolerance to heavy metals (Supplementary Table S4).
The inoculum density used in the studies varied between 1 × 104 – 1 × 1012 CFU/ml, with most studies reporting a density of 1 × 108 CFU/ml (Table 1). None of the articles reported symptoms of pathogenicity in host plants due to inoculum application. The most widely used strain in the studies was Sphingomonas SAMR12 (n = 4), although it is not the most tested bacterial genus or the strain that conferred the greatest benefit.
TABLE 1 | General statistics of articles found in the databases about the effect of endophytic bacteria on plant heavy metal tolerance.
[image: Table 1]In our meta-analysis we included studies that evaluated a variety of heavy metals with phytotoxic effect; the most studied metal was Cadmium (37%), followed by Zinc (14%), Copper and Lead (11%) (Figure 3A). None of the articles analyzed evaluated the simultaneous contamination of soil by several heavy metals—although some evaluated the individual application of different elements in the same experiment. The metals were applied at concentrations in the range of 0–500 mM (Table 1).
[image: Figure 3]FIGURE 3 | General information about the studies included in the analysis (n = 27) for (A) Type of metal. (B) Strains in the inoculum. (C) Host type in terms of its metal accumulation capacity.
The choice of the host plant in the studies was inclined towards plants with innate capacity to accumulate heavy metals (hyperaccumulators), since the non-hyperaccumulating plants corresponded only to 19% of the sample, compared to 81% corresponding to the hyperaccumulating plants (Figure 2C). A marked bias was also observed with respect to the number of strains used in the inoculum; very few studies evaluated the effect of bacterial consortia (7%, n = 2) (Figure 3B). In general, the tendency has been to evaluate the effect of a single bacterial species.
As for the data groups that used only one bacterial strain (n = 170), 20 bacterial genera were evaluated, being Enterobacter (21%) and Bacillus (12%) the most investigated genera. Figure 4 shows the seven genera that were studied in more than one data set. The category “Others,” which represents 30%, includes the remaining 13 genera among which are Mesorhizobium, Methylobacterium, Acinetobacter, Ralstonia, Agrobacterium, etc., which were only included in one data set (n = 1). Interestingly, although the genus Enterobacter stands out as the most representative, there are no indications that it confers greater benefits to the host (Table 1).
[image: Figure 4]FIGURE 4 | Most representative bacterial genera used in the experiments. The genera used in only one study (n = 1) were grouped in the category “Others.”
Effect Size
In general, there is a significant and positive effect of inoculation with endophyte bacteria on the biomass of host plants under both stressed (d = 1,179) and non-stress conditions (d = 1,043). It was determined that for the analysis there is no publication bias. The fail-safe number obtained was 10,866, quite high compared to the criterion (145). For all groups the effect size values were above zero (Figure 5), which supports the hypothesis that endophytic bacteria are able to promote metal stress tolerance in a wide variety of plants.
[image: Figure 5]FIGURE 5 | Analysis of the size of the cumulative effect under stress caused by different metals in the functional plant groups. The open and closed symbols present the effect sizes of endophytes on host plants in the absence and presence of stress, respectively. The size of the symbols indicates the number of combined studies to calculate the measurements. The overall summary effect sizes without (n = 54) and with stress (n = 123) are presented in gray. The horizontal error bars represent the ±95% confidence intervals (CIs). If the CIs do not cross the vertical dotted lines (d = 0), the effect size for a combination of a certain functional group is significant at p < 0.05.
For all three groups of plants the response to inoculation differed between stress and non-stress treatments. There was a general trend towards a larger effect size in the stressed plants compared to the non-stressed plants. However, there is an exception for non-cultivable plants (d = 1,019 and d = 1,015) and non-host plants (d = 1,182 and d = 1,159) whose results do not differ between plants exposed to heavy metals and control plants. Hence, an overlap of effect size points for these groups is shown in Figure 5.
Although a similar effect size value was obtained for all plant groups, non-accumulating plants show a better performance under heavy metal stress conditions compared to the other groups. This group, in spite of having a reduced sample size (n = 5), reports the highest effect size (d = 1,972 and d = 1,243 for the stress and control treatments, respectively), a value that exceeds that of the other groups and the total sample (Figure 5).
In relation to the three most toxic heavy metals, it was found that 13 of the 19 plant species and 17 of the 20 bacterial genera have been evaluated for these metals, covering most of the research conducted in this area. The species Brassica napus and Solanum nigrum are those in which the effect of more than one bacterial genus has been evaluated on tolerance to more than one of the three heavy metals analyzed, as shown in Figure 6. Of the 35 combinations plotted, six had a negative effect on the plant host.
[image: Figure 6]FIGURE 6 | Size of the effect of the bacterial genus on plant species under stress from the three most toxic metals: Cadmium ( FENVS_fenvs-08-603668_fx1 ), Arsenic ( FENVS_fenvs-08-603668_fx2 ) and Lead ( FENVS_fenvs-08-603668_fx3 ). A total of 35 combinations of 17 bacteria genre and 13 host plants were obtained. The gray scale indicates the level of transparency of the different combinations according to the value of the effect size. *Sedum alfredii (N.H) is a non-accumulator ecotype.
A version of Figure 6 that covers all the host plants and bacterial genera used in the studies included in the analysis, without discriminating by the type of metal used as a stress agent, only includes 43 combinations of the 380 possible combinations (19 × 20 = 380), indicating that only 11% of the combinations have been described in the literature (Supplementary Figure S1). The maximum value of effect size was obtained by the combination Consortium-Solanum nigrum under stress by Arsenic (d = 6.05) and the minimum effect size was obtained by the combination of Pseudomonas and Orychophragmus violaceus in the presence of Cadmium (d = −3.18) (Figure 6). This coincides with what is reported in Table 1 for the genera that confer the greatest and least benefit to the host.
DISCUSSION
General Statistical Information
The publication of articles related to the positive effects of endophytic bacteria on plant growth and plant tolerance to heavy metal toxicity has a tendency to increase over time, demonstrating the growing interest in this topic. The trend observed in Figure 2 coincides with that found by Rho et al. (2018) for other types of stress, and is expected to continue in the coming years. Thus reflecting the recognition of endophytic bacteria as a promising alternative to replace traditional cultivation practices, while improving soil properties and plant productivity (Tiwari and Lata, 2018).
Although the trend is for more articles to be published on this topic, many of the studies published to date do not have complete experimental designs. As can be seen in Figure 1 and Supplementary Table S4, about 40 articles were discarded because they did not include an adequate control to compare against stress conditions. The lack of this information limits the analysis and understanding of the real impact of the research, since the evaluation of the effect of endophytic bacteria on host plants under stress and non-stress conditions allows a correct comparison and estimation of the size of the inoculation effect. The estimation of the effect size allows a better interpretation of the results, in terms of efficacy, that a certain treatment has under different conditions (Coe and Soto, 2003).
Interestingly, there are not many studies evaluating the effect of bacterial consortia on host plant response to heavy metals. This is an important difference from the findings of Rho et al. (2018), who reported a preponderance of studies of bacterial and fungal consortia, based on the hypothesis that they exhibit a positive synergistic effect. This trend has not been followed for heavy metals (Figure 3B). However, it should be noted that our study focused on the effect of endophytic bacteria, and therefore articles evaluating the effect of bacteria-fungal consortia were not included in the analysis.
The most studied heavy metal in the different works was cadmium (Figure 3A). According to Gill and Tuteja (2011) this is because cadmium is considered one of the most toxic heavy metals due to its high solubility in water and because low concentrations are required to generate harmful effects on plants. In addition, this element has toxic effects on human health and yet it is commonly released into the environment as a result of industrial activities (Tiwari and Lata, 2018). Although several metals were used in the articles analysed, others, such as mercury and beryllium, have been little studied, probably because they have similar effects to other elements and are of a rare nature.
Most of the studies conducted focused on phytoremediation and the use of endophytic bacteria as enhancers of heavy metal accumulation or removal. Because of this, in the analysis we found a tendency to use plants hyper accumulating heavy metals. Figure 3C shows that only 19% of the host plants used in the experiments are non-accumulating plants. This bias is due to the fact that some of the heavy metal hyper accumulating plants produce little biomass and exhibit slow growth (Rajkumar et al., 2009). Therefore, the experimental approach has been to increase the effectiveness of phytoremediation of these plants using either endophyte bacteria capable of promoting plant growth and/or increasing metal tolerance.
Nevertheless, it is important to understand whether the effects on plants with an innate ability to accumulate metals can be extrapolated to plants that do not accumulate heavy metals, which require even more of the protective functions that endophytic bacteria have against heavy metals. Few studies have used non-accumulating host plants and therefore a knowledge gap exists, opening opportunities for further research. Just as it is important to improve the ability to accumulate metals in hyper accumulating plant species, it is also necessary to increase the tolerance of non-accumulating plants of agronomic interest in order to expand the areas of cultivation to potentially arable land strongly affected by the presence of heavy metals.
Effect Size
The results obtained in our meta-analysis support the hypothesis that endophytic bacteria provide tolerance to heavy metals in host plants, regardless of the identity of the heavy metal, a finding consistent with that reported by Rho et al. (2018) and Larimer et al. (2010). Also, the measurement of the effect of inoculation obtained when comparing growth under stress and non-stress conditions was higher than 0, indicating that endophytic bacteria are indeed able to maintain their functionality and provide benefits to their host (Figure 5). However, 16 data sets corresponding to 9% of the total analyzed reported a detrimental effect on the host (Figure 6; Supplementary Table S5).
According to Nadeem et al. (2014), some endophytes have a negative effect on their host as a result of overproduction of auxins and other metabolic derivatives. However, 10 of the 16 data sets that reported a detrimental effect on the plant represented combinations of bacterial strains inoculated into plants other than their natural hosts. Mayerhofer et al. (2013) made a similar finding regarding fungal endophytes, describing that their positive effect may be host-specific. Interestingly, in our meta-analysis we found that the same combinations of bacteria that had an effect size value below 0 did not cause a detrimental effect when evaluated at higher or lower concentrations of heavy metals (Supplementary Table S5). These results suggest that the benefits provide by endophytic bacteria may be host-specific, and also depend on the intensity of the stress faced. In the case of drought, salinity, and nitrogen deficiency, low host specificity was established by Rho et al. (2018), that compared with the results obtained indicates that plant-bacteria interaction in the context of heavy metal stress may be more specific compared to the types of stress evaluated by Rho et al. (2018).
Despite the above, the efficacy of endophytic bacteria to increase tolerance to heavy metal stress—although host specific-is corroborated considering the low percentage of data with negative effect size and the evidence that they were able to promote the growth of the various groups of plants both under stress and without it (Figure 5). There is ample evidence that the beneficial effect of endophytic bacteria on their host plants is mediated by various mechanisms including the production of auxins, siderophores and other nutrient solubilizing compounds, increased activity of the enzyme ACC deaminase and even changes in root morphology (Sessitsch et al., 2013; Tiwari and Lata, 2018). Furthermore, Sessitsch et al. (2013) suggest that an increase in biomass could be directly associated with an increase in phytoextraction efficiency and stress tolerance to heavy metals.
Although the general trend is to investigate bacterial effect on accumulating plants, it is the non-accumulating plants that benefit most from the interaction as shown in Figure 5. Non-accumulating plants are naturally more affected when they are subjected to stress, so the benefits of plant-bacteria interaction are more evident in these organisms. Lindblom et al. (2014) found that the non-accumulating specie showed positive and significant growth response to bacterial inoculation compared to the accumulating specie that did not respond. It has also been described that non-accumulating plants tend to have a higher growth potential (Chandra and Kumar, 2018), which explains their higher growth response compared to accumulating plants. The results show the importance of research on non-accumulating plants response to inoculation with endophytes.
We found that Brassica napus and Solanum nigrum are the species most studied for the three most toxic heavy metals (Figure 6). Both are model species for hyperaccumulators due to their short growth cycle and abundant biomass, so there is a wealth of information about their tolerance level and defense mechanisms against metal stress (Mourato et al., 2015; Shi et al., 2016). Also, Brassica napus is an edible plant that for its phytoextraction capacity, has been useful to understand metal contamination in the food chain (Mourato et al., 2015).
Figure 6 confirms the trend to study metal of high toxicity and with adverse effects on human health. More than half of the host plants and bacterial genera included in our meta-analysis have been evaluated for the metals cadmium, arsenic and lead, which are the three most toxic of the nine heavy metals analyzed (Figure 5). But, it is necessary to continue expanding the literature related to this field since, as shown in Supplementary Figure S1, less than 15% of the possible combinations of plant-endophytic bacteria have been studied.
The maximum value of the effect size was for a combination that integrated a bacterial consortium (Table 1; Figure 6). This supports the hypothesis raised in other meta-analyses (Larimer et al., 2010; Rho et al., 2018), which proposes that the interaction of several symbionts/variants maximizes the benefits, so it would be advisable to direct the research towards it. For this reason, although there has been a clear tendency not to evaluate the effect of bacterial consortia (Figure 3B), already described previously by other authors (Sessitsch et al., 2013), the results suggest that it should be modified over time.
In conclusion, our study supports that endophytic bacteria are a sound alternative for increasing heavy metal stress tolerance, regardless of the metal used as a stress agent and with low host specificity. Of course, there are exceptions that should not be overlooked and require further studies, for example, some bacterial strains have a detrimental effect on plant growth or their effect is host-specific and dose-dependent. Our meta-analysis showed a strong tendency to evaluate 1) single-strain inoculum and 2) hyper-accumulating plants as hosts. However, we found clear evidence that bacterial consortia maximize benefits compared to individual strains and that non-accumulating plant species gain greater advantages from the symbiotic association, so the trends should change. On the other hand, it is of great importance to continue research in this area since only 11% of the possible plant-bacteria combinations have been reported in the literature. At the same time, most of the articles lack complete experimental designs which make difficult the analysis of the information. Other variables other than biomass should be investigated because, although it is an indicator of stress tolerance and is directly related to accumulation capacity, there is currently a great deal of information related to the effects of bacteria on gene expression and on the enzymatic function of the plant to be exploited. Finally, the positive effect of bacteria determined in this document may be limited by the restriction to studies conducted under controlled conditions, which avoids estimating the precise impact on natural systems.
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The contamination of soil with total petroleum hydrocarbons (TPH) may result in dramatic consequences and needs great attention, as soil rehabilitation would need more effort from a sustainability perspective. However, there is still no known general method since the remediation technology is strictly site-specific. Adaptive biological system dynamics can play a key role in understanding and addressing the potential of situ-specific biological combinations for soil pollutants removal. The potential worst-case of TPH contamination reflects soil affected by heavy industrial activities, such as oil refineries. Therefore, the experimental trial was conducted on a 2,000 m2 area from a contaminated site located in northern Italy. We evaluated the remediation potential over time (270 days) assessing (i) the phytoremediation efficiency of two species of Poaceae (Festuca arundinacea Schreb. and Dactylis glomerata L.) and two species of Fabaceae (Medicago sativa L. and Lotus corniculatus L.) and (ii) the role of the indigenous bacteria flora and endo-mycorrhizae consortium addition in plant growth promotion. We also induced resistance to contamination stress in a field experiment. Thirty-three indigenous bacteria selected from the contaminated soils showed marked plant growth promotion. Moreover, functional metagenomics confirmed the metabolic capability of hydrocarbon-degrading microorganisms living in the polluted soil. Our data showed that soil enzymatic activities increased with hydrocarbon degradation rate after 60 days. Both Poaceae and Fabaceae resulted in remarkable remediation potential. Stress markers and antioxidant activity indicated that the selected plant species generally need some time to adapt to TPH stress. In conclusion, our evaluation implied both the rhizosphere effects and functional features of the plant and suggested that plants should (i) have marked tolerance to specific contaminants, (ii) be characterized by an extensive root system, and (iii) be susceptible to arbuscular mycorrhizal fungi (AMF) infection.
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INTRODUCTION

The soil pollution produced by total petroleum hydrocarbons (TPH), as aliphatic, aromatic, heterocyclic, and asphaltene/tar hydrocarbons are together termed, constitutes a serious issue worldwide due to eco-toxicity caused by their strong persistence in the environment (Hussain et al., 2019). Most of this pollution has resulted from oil exploration, transport, and refining as well as via the lack of waste oil recycling and the disposal of hazardous oil wastes into landfill areas without sufficient management (Khudur et al., 2019; Grifoni et al., 2020). All these anthropic activities have further increased the number of contaminated sites (Koshlaf and Ball, 2017). The consequences of this pollution can be dramatic for soil ecological function since it can lead to a drastic reduction of the soil microbial biomass or the stunted growth of plants (Hussain et al., 2018). Among TPH, long-chain aliphatic hydrocarbons are a group of very recalcitrant compounds that reduce the availability of nutrients in soils, significantly increase water content, and immobilize hydrophobic complexes, thus indirectly affecting the soil’s ecological role (Devatha et al., 2019). Soil pollution also affects food security, both by reducing the agricultural production of the soil (as a consequence of plant metabolism impairing and microbial biomass harming) and by making crops unsafe for consumption (Kiamarsi et al., 2020). Hence, detoxification of TPH-contaminated soils has long been a worldwide challenge and has been addressed in various ways in recent years. Therefore, physical-chemical methods have been widely used and are still applied, including excavation, desorption, thermal destruction, soil washing, soil flushing, stabilization, soil vapor extraction, and many others (Vidonish et al., 2016; Ossai et al., 2020). These traditional methods have the advantage of solving the problem in a short amount of time, but costs could be high and the environmental matrices are usually compromised. However, a group of biological technologies capable of degrading hydrocarbons is currently emerging (Guarino and Sciarrillo, 2017; Wang et al., 2019; Ossai et al., 2020). The key benefits are that they act in situ, are low cost, and have a low environmental impact (Palmroth et al., 2006; Gaur et al., 2018). There are different biological approaches to the remediation of TPH contamination, such as bio-pile, biostimulation, bioaugmentation, and phytoremediation, all with a single final objective: the complete mineralization of hydrocarbons (Guarino et al., 2017). Lately, numerous laboratory scale studies have clarified in different ways the potential of these technologies in well-controlled environments but field applications are still not widespread and are considered less attractive than physic-chemical methods (Hoang et al., 2021). Currently, the rising understanding of soil biology and of the natural partnerships existing between the various living organisms occurring in soil (both plants and microbiota) is leading to a growing interest in the application possibilities of adaptive biological dynamics in remediation (Burges et al., 2017; Guarino et al., 2017). However, a greater effort to study these soil dynamics, which primarily affect the rhizosphere, is required to meet the challenge of soil rehabilitation. Generally, the rhizosphere zone has a strong physical and bio-chemical activities network influencing degradation mechanisms of xenobiotics such as hydrocarbons. Degrading bacteria, growth promoters, and ecto- and endophytic fungi are the protagonists (together with plants and, in particular, roots) of interesting degradation co-metabolic processes (Pawlik et al., 2017). In this context, plants play a key role as they shape the conditions for a specific microbial colonization through root exudation (Guyonnet et al., 2018). In addition, root colonizing symbiotic microorganisms, such as arbuscular mycorrhizal fungi (AMF), can play a crucial role in (i) improving the growth stages of the plant, (ii) increasing the biodegradation activity in the rhizosphere, and (iii) enhancing hydrocarbons’ uptake at the root level (Rajtor and Piotrowska-Seget, 2016).

The rhizosphere effect is therefore of primary importance in soil reclamation from TPH contamination and is based on mutual benefits brought about by the various organisms through the occurrence of roots exudates, bacterial degrading enzymes, production of growth promoters. and many other molecules which play an important role in regulating the soil bioactivity (Pawlik et al., 2017). It is also necessary to correctly associate this strong potential with the opportunities offered by preparing the land in the best conditions to receive these biological complexes (Liu et al., 2015). In fact, biological systems integrated with suitable agronomic practices could be the keystone for future biological remediation of organic xenobiotic species. Most phytoremediation studies have focused on industrial contaminated soils, which represent the worst-case scenario. In these contexts, a complex approach simultaneously involving agricultural practices and integrated biological systems appears as a suitable strategy to both decrease pollutant concentrations and restore agricultural soil functions over time. However, in situ research of phytoremediation at the metaorganism level (hosting plant and associated microbiome) has long been underestimated and most current studies in the field of hydrocarbons remediation have targeted only one specific group of TPH (i.e., PAHs) (Thijs et al., 2016; Hoang et al., 2021). With this study, we aimed at extending a laboratory-scale experiment (Guarino et al., 2017), in which an evaluation of three bioremediation approaches (natural attenuation, biostimulation, and bioaugmentation) of a TPH-contaminated soil was conducted, to the real-scale. In this in-field experimental study, the remediation of TPH-impacted soils has been evaluated by testing the interaction of four plant species (Festuca arundinacea, Dactilys glomerata, Lotus corniculatus, and Medicago sativa), with indigenous bacteria and inoculated mycorrhizal fungi in the rhizosphere. Our study aimed to (i) examine the TPH rhizodegradation suitability of the experimented plant-microbiome partnership, (ii) determine bacterial diversity and how our treatment would shift it, (iii) assess the potential benefit of synergistic cooperation between the metaorganism in the presence of abiotic stresses (soil pollution), and (iv) propose a method well-suited to field experimentation.



MATERIALS AND METHODS


Experimental Design

The in-field experimental trial was conducted on a 2,000-m2 area from a decommissioned refinery in the north of Italy (Supplementary Figure S1) characterized by a history of pollution by petroleum hydrocarbons (predominantly diesel). The area was composed of four experimental subzones (named A, B, C, and D) of about 500 m2 each.

The experimental design included the use in all subzones of optimum agronomic practices (landfarming and fertilization) and selected plant species (phytoremediation). Mycorrhizae were employed to guarantee plant development promotion as well as beneficial outcomes linked to contamination stress resistance. Landfarming was performed at the beginning of the experiment in all four subzones by the turning of the soil up to a depth of 1.20 m. This operation was carried out three times at regular intervals with the aid of an excavator. The time interval (weekly) between one repetition and another of the intervention was performed to favor better aeration of the substrates, allowing the reconstitution of the microflora in a pervasive manner (United States Environmental Protection Agency [USEPA], 2017).

Fertilization with the mixture of NPK (105 kg/ha of N, 85 kg/ha of P, and 85 kg/ha of K) was carried out with the aforementioned soil turning interventions to ensure a good supply of macronutrients for plants and edaphic microflora.

Irrigation water, which conformed to the Italian legislation (Legislative Decree, 152/2006, data not shown), was supplied using an automatic drip irrigation system (3 liters per square meter). In all subzones, the bioaugmentation process made use of a chosen rhizosphere microorganism mixture (15 g for m2) composed of fungal endomycorrhizae (Acaulospora colombiana, Rhizophagus clarus, Rhizophagus intraradices, Rhizophagus irregularis Claroideoglomus etunicatum, Funneliformis mosseae, and Funneliformis geosporum) to investigate partnering of mycorrhizal fungi with native bacteria. Festuca arundinacea, Dactilys glomerata, Lotus corniculatus, and Medicago sativa plant species were chosen for soil phytoremediation since the efficiency of Fabaceae and Poaceae in both stimulating the rhizodegradation process and accumulating the hydrocarbons has been recognized by scientific literature (Gao and Zhu, 2004; Hall et al., 2011). Festuca arundinacea seeds (40 g/m2) were planted in subzone A, Dactilys glomerata (40 g/m2) in subzone B, Lotus corniculatus (57 g/m2) in subzone C, and Medicago sativa (57 g/m2) in subzone D. A neighboring uncontaminated area (CPH) was used as control.

To assess the advancement of the remediation process, soil samples were gathered prior to the experimental trial (BPH) and after the experimental trial (APH) at different periods: days 0 (pretrial-Control, January 2017, T0), 90 (March 2017, T1), 150 (May 2017, T2), 210 (July 2017, T3), and 270 (September 2017, Tf). The soil samples were collected at a 0.40 cm depth in glass jars, labeled, and stored at 4°C for further analysis.

To evaluate the effects of plant stress, in each sub-area, thirty-five plant samples (separated in roots and leaves) were collected as indicated (black dots) in Supplementary Figure S1. The roots and leaves of each plant were collected, stored in labeled jars at approximately 4°C, avoiding cross contamination, and transported to the laboratory until analyzed. All samples were analyzed in triplicate.

Metagenomic survey for the analysis of microbial community composition and function of soil included the sampling of (i) contaminated soil prior to the experimental trial (BPH), (ii) after the experimental trial (APH), and (iii) on soil of neighboring uncontaminated area (CPH) used as control. Each sample was composite (as recommended by Vestergaard et al., 2017 and references therein) and represented four randomly selected sampling locations within the indicated areas. Soil samples were immediately placed on ice in a cooler and transported to the laboratory. A half of each sample was frozen in liquid nitrogen and stored at −80°C for subsequent molecular analysis. The remaining half was air-dried and then sieved through a 2-mm-pore-size sieve and finally stored at 4°C for further analysis. Along with metagenomics, the physical-chemical assessment of soil samples from control as well as contaminated soils (both before and after the treatment) were carried out (following recommendations of Vestergaard et al., 2017). All samples were analyzed in triplicate.



Analyses


Isolation of the Autochthonous Soil Bacteria

A quantity of 1 g of homogenized and sieved rhizosphere soil of the contaminated chosen area prior (BPH) to the experimental design was suspended in Erlenmeyer flasks (in duplicate) containing 50 ml of a mineral media at pH 6.8 with the addition of 5% crude oil as a carbon source. Following the method described in Guarino et al. (2017), cultures were transferred in Erlenmeyer flasks containing 250 ml of a mineral media and incubated in an orbital shaker at 28 °C and 200 rpm for 5 days. Subsequently, in order to isolate the maximum number of strains and avoid the overlooking of slower growing colonies, 100 ml of serial 10-fold dilutions of bacterial cultures were spread on two different solid media: LB and R2A (Sigma-Aldrich, Milan Italy). After 9 days of incubation at 28°C, a total count of colonies was done. Fifty-one colonies per media had been achieved and preserved and they were randomly selected and maintained as pure cultures per samples.



Molecular Analysis of Autochthonous Bacteria

The molecular identification of the autochthonous bacteria present in the contaminated soil prior (BPH) and after (APH) the experimental design was obtained following the method reported in Guarino et al. (2019). Two grams of soil were used for the isolation of genomic DNA using the PowerSoil DNA Isolation Kit (MoBio Laboratories Inc., United States), which is effective at removing PCR inhibitors from even the most difficult soil types, according to the producer’s protocol. The isolated DNA were quantified by Nanodrop 1000 Spectrophotometer. 16S rRNA gene amplification was performed by using the eubacterial-specific primers (F27a: AGAGTTTGATCCTGGCTCAG; R14 92a: GGTTACCTTGTTACGACTT). Polymerase chain reaction (PCR) were conducted with GoTaq® Polymerase (Promega) according to the manufacturer’s instructions. PCR-amplified DNA was sequenced with a BigDye® Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems Inc., United States) adopting an automated DNA sequencer (ABI model 3500 Genetic Analyzer). Nucleotide sequences were edited and assembled with Lasergene version 11.2.1 (DNASTAR®) and The BLAST search server1 was used to search for nucleotide sequence homology of the 16S region for bacteria.



In vitro Assessment for Plant Growth Promoting (PGP) Activities

The isolated bacteria from BPH soil samples were tested individually for PGP activities to depict bacteria features which might indirectly enhance plant growth. Indolacetic acid (IAA) production, siderophores release, exopolysaccharides (EPSs), and ammonia production were screened following the method of Guarino et al. (2017).



Library Preparation and Sequencing TPH Degrading Genes

Library preparation and sequencing were performed in soil of the contaminated chosen area prior (BPH) and after (APH) the experimental trial and in soil of a neighboring uncontaminated area (CPH) used as control. Analysis were centered on the genes engaged in hydrocarbon degradation research (Guarino et al., 2020).

The Ovation® Ultralow V2 DNA-Seq kit (Nugen, San Carlos, CA) was adopted for producing libraries. The samples were quantified and quality tested using the Qubit 2.0 Fluorometer (Invitrogen, Carlsbad, CA) and Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA). The sequencing run was performed on MiSeq (Illumina, San Diego, CA), sequencing 300 cycles per read. Base calling and demultiplexing were performed on integrated analysis software (Guarino et al., 2019, 2020). The sequenced genes, obtained from Uniprot, are listed below: Alkane-1 monooxygenase (Uniprot code O05895 and P12691), Cytochrome P450 alkane hydroxylase (Uniprot code A9CMS7 and Q2MHE2), Protocatechuate 3,4-dioxygenase (Uniprot code P20372 and Q8NN15), Catechol 1,2-dioxygenase (Uniprot code P07773 and P95607), Catechol 2,3-dioxygenase (Uniprot code Q53034 and P06622), Gentisate 1,2-dioxygenase (Uniprot code Q0SFK9 and Q13ZY3), Homogentisate 1,2-dioxygenase (Uniprot code Q828S5 and B8H072), and Protocatechuate 4,5-dioxygenase (Uniprot code P20371 and P22635). The gene sequences from the isolates were deposited on European Nucleotide Archive (ENA) and are available at www.ebi.ac.uk/ena/submit/sra/#home.

The short reads were determined by BLAST. All readings with an e-value of less than 0.1 were retained.



Determination of Petroleum Hydrocarbons in Soil and in Plant

The procedure followed for hydrocarbons’ quantification in soil was the one described by Guarino et al. (2017). Sieved soil samples were mixed with sodium sulfate (Na2SO4) to remove excess moisture. Two dichloromethane (CH2Cl2) in series extraction were stirred (20 ml of CH2Cl2 for 5 g of soil) in a Turbula for 2 h. The clean-up process was performed in silica gel column. Extracts were concentrated under a nitrogen stream at 35°C for 50 min using a Zymark TurboVap Evaporator and the residue reconstituted a final volume of 10 ml and was analyzed by GC-MS (7890 A, Agilent, United States) according to the method used for the SimDist analysis (Guarino et al., 2017, 2019). Different hydrocarbon fractions were determined (see Table 1).


TABLE 1. Concentrations of different hydrocarbons fractions in A, B, C, and D subzone’s soils over time and removal rate of hydrocarbons fractions (T0, T1, T2, T3, TF).

[image: Table 1]For plant analysis, 2 g of each sample were pulverized with sodium sulfate anhydrous (Na2SO4) by a ceramic mortar and pestle, then extracted and cleaned as described by Guarino et al. (2019) and analyzed by GC-MS (7890 A, Agilent, United States).



Analysis of Enzyme in Soil

The polyphenol oxidase (PPO), dehydrogenase (DHO), urease (URE), alkaline phosphatase (ALP), and catalase (CAT) activities were assayed in triplicate air-dried samples as described by Liu et al. (2015).

For DHO activity assessment, 0.03 g of and 0.5 mL CaCO3 of 3% TTC were mixed with a soil sample and incubated at 37°C in the dark for 24 h. After adding 5 mL of methanol, the solution was filtered using a glass funnel capped with absorbent cotton until no red color remained. The samples were diluted to a final volume of 50 mL, adding methanol, and then colorimetrically measured at 485 nm. Control assays (without CaCO3 and TTC) were simultaneously conducted. For URE activity, a solution of toluene, citrate buffer, and urea were mixed with soil and subsequently incubated at 37°C for 24 h. The produced ammonium was determined colorimetrically using the blue Indophenol at 578 nm. A urea-free control was used for each sample. For ALP activity, the soil was mixed with disodium phenylphosphate and borate buffer and incubated at 37°C for 2 h. Potassium hexacyanoferrate in alkaline solution was used to extract and oxidize the phenol produced. Measures were done by the 4-aminoantipyrin colorimetric method at 510 nm. Tests without soil and disodiphenyl phosphate were simultaneously assessed as controls. The catalase activity was spectrophotometrically tested in terms of disappearance of the substrate (hydrogen peroxide). (CAT) activity was tested spectrophotometrically and was measured as nmol of H2O2 mg–1protein min–1. An enzymatic unit was calculated as the amount of enzyme that catalyzed the consumption of 1 μmol of H2O2 per g of medium per hour (Guarino et al., 2018).



Assessment of Activity of Stress Marker and Antioxidant Enzyme in Leaves

Fresh leaves (250 g) of each of the four plants were finely ground in liquid nitrogen into a fine powder and were subsequently centrifuged at 19,000 rpm for 30 min. The activity of stress marker and antioxidant enzymes, such as Glutathione S-Transferase (GST), Phenylalanine Ammonia Lyase (PAL), Proline and Lipid peroxidation (MDA), (Superoxide dismutase (SOD), Catalase (CAT), Ascorbate peroxidase (APX), and Guaiacol peroxidase (GPX), were assessed as described by Guarino et al. (2018, 2020).



Staining and Microscopy of Mycorrhizal Fungal Colonization

Roots of Festuca and Lotus species were sampled 150 days after planting to observe the development of host root colonization.

The fresh fine root segments were fixed in FAA (Formalin: acetic acid: ethanol). The fixed roots were then processed with the staining procedures described by Vohník et al. (2016). Mycorrhizal colonization was estimated after clarifying (10% KOH) at 121°C for 15 min, acidifying (% HCl) for 20 s, and staining in 0.05% Trypan blue solution in lactoglycerol (lactic acid/glycerol/deionized water in a mixing ratio of 1:1:3) for 5 min. The excess stain was removed in clear lactoglycerol at room temperature and roots were subsequently placed on glass slides for microscopic observation. The percentage of intracellular hyphal colonization was assessed using a Nikon Eclipse E600 microscope.



Statistical Data Analysis

The data presented are the mean ± SE. The data were statistically analyzed by means comparison by the parametric ANOVA (considering conservative F statistics for determining significance) and non-parametric Kruskal–Wallis tests (with Bonferroni correction of the p-value). Duncan’s post-hoc test was used for pairwise comparison. Results of both parametric and non-parametric analyses were quite comparable. Although non-parametric analyses are beneficial because they are free of the assumptions of parametric ones, they are generally considered less robust than parametric analyses (Field, 2009; DePoy and Gitlin, 2016). Hence, only ANOVA analyses results were considered in our study. A one-way ANOVA was adopted to assess whether the hydrocarbons accumulation/translocation (concentration in roots and leaves, respectively) differed among plant species. The two-way ANOVA analyses were performed to test whether the experimental time, plant species, and the interaction between these two factors have an effect on (i) hydrocarbons contamination levels in the pot experiment and (ii) plant antioxidant response (enzymatic activity). A significant difference was considered at the level of p < 0.05.



RESULTS


Determination of the Physic-Chemical Parameters

The parameters of control soil (CPH) and contaminated soils before (BPH) and after treatment (APH) sites are shown in Supplementary Table S1. It has been observed that the application of NPK fertilizers increased soil nutrients (BPH and APH) with respect to the control soil. In addition, soil with TPH contamination without treatment (BPH) is characterized by a higher nitrogen (1.5 times) and potassium (1–3 times) content as compared to soil after the experimental trial (APH). The lower N levels in APH may be imputed to the uptake of N and P by vegetation, and therefore to their storage function, which could have been enhanced by the AMF activity. In fact, after the treatment, these parameters tend to be very close to those of the control soil. Total organic carbon (TOC) was 1.10 and 0.79% for polluted soil without treatment and uncontaminated soil, respectively. After the treatment, TOC was 0.98%, which is very similar to control sample value.



Bacterial Diversity and Functional Analyses of TPH Degrading Genes

The three DNA libraries (contaminated soil before and after treatment) were performed. GAIA and KRAKEN analyzed the taxonomic sequenced reads. The reads were assigned to the superkingdom Bacteria for contaminated soil (before and after treatment) (∼95.8%). The dominant phyla were Proteobacteria (60%) followed by Firmicutes (18.2%), Actinobacteria (6.2%), Bacteroidetes (6.6%), and Acidobacteria (0.5%). In hydrocarbon-contaminated soil, there is an enhancement of Proteobacteria, frequently dominated by Gammaproteobacteria, which positively reacts to the influx of hydrocarbon substrates and supplemental nutrients supply (Greer et al., 2010; Bell et al., 2014). The presence of Alphaproteobacteria was also noticeable (about 30%) with the Sphingomonadales, Rhospirales, and Rhizobiales orders. Among the Betaproteobacteria, the Burkholderiales order was predominant. Within the Firmicutes, the Bacillales order with the families Bacillaceae and Penibacillaceae were prevailing; among the Actinobacteria, Microccaceae (gen Arthrobacter) and Nocardiaceae were the uppermost families. Lower percentages of Bacteroidetes and Acidobacteria were also present. Furthermore, in the context of bacterial diversity, Chloroflexi, Chlorobi, and Nitospirae were present with modest percentages (1–1.3%). In any case, the soil showed interesting amounts of Apicoplexa (protozoa), Chlorophyta (algae), and fungi belonging to Ascomycota and Basidiomycota.

After the treatment (APH), the Proteobacteria quota increased by about 15% with an increase in Rhizobiales and this was attributable to the nitrogen-fixing species introduced (Medicago and Lotus), but Pseudomonadales and Burkholderiales also consistently grew. Firmicutes with the Bacillaceae family also showed a significant increase. However, the panorama of microbial diversity changed in relation to the presence of Glomeromycota (microbial consortium introduced) as proof of the mycorrhization success. The presence of Basidiomycota and Ascomycota, despite being low, was constant. The microscopic analysis (Figure 1) of both Festuca and Lotus roots clearly demonstrate root colonization, highlighting the presence of typical VAM structures. Figures 1A,B depict Festuca root fragments and show intraradical vesicles (v) and hyphae (h). In Figure 1B, an intracellular microsclerotia structure (m) with rounded hyphae cells is also visible. On the other hand, Figures 1C–F represent Lotus roots showing an effective nodulation, with nodules heavily infiltrated by Rhizobium bacteria. Nodulation evidence demonstrates that our treatment is suitable for nodule formation and contains Lotus-compatible rhizobia.


[image: image]

FIGURE 1. Mycorrhization of Lotus and Festuca roots and Rhizobium nodules of Lotus roots detected by Trypan Blue staining and light microscopy. (A,B) show the mycorrhize colonization in Festuca roots. Intraradical vesicles (v) and hyphae (h) developing intracellular microsclerotia structure (m), with rounded hyphae cell, are visible in root fragments. (C,D) show Intraradical hyphae (h) depicting an advanced arbuscule colonization in Lotus roots. (E,F) display Lotus root nodules. Outer, lighter stained, cortex of nodule is well-distinguished from the symbiotic region that is heavily infiltrated by Rhizobium bacteria.


In the context of bacterial diversity, the genera most represented after the treatment were Pseudomonas, Comamonas, Achromobacter, Acetobacter, Sphingobium, Burkholderia, Bacillus, Rhizobium, and Bradyrhizobium, most of which have been recognized as mycorrhizal helper bacteria or root growth stimulators (Poole et al., 2001; Johannsson et al., 2004; Labbé et al., 2011). Obviously, the increase in the fungal component with the Glomeromycota has strongly changed the rhizosphere dynamics. Our data also demonstrate that the uniformity of soil bacterial community rises as TPH removal increases, in accordance with previous studies (e.g., Siles and Margesin, 2018). This may be the outcome of a well-established bacterial community in the studied soil, adapted to the existing conditions and to the use of the contaminants present in the system as carbon and energy sources (Serrano et al., 2008). In addition, TPH contents guide the shifts in bacterial community composition.

In soil there is a multitude of enzymes that are important in the conversion of organic substances and energy (Gu et al., 2009). The main class of oxidoreductases are dehydrogenases that are the indicators of global soil microbiological activity (Kaczyñska et al., 2015). Our data demonstrated a high gene abundance of several oxidoreductases involved in hydrocarbon removal, suggesting the degradation prospect of native soil microorganisms. As matter of fact, our data (Figure 2) demonstrate that in hydrocarbon-contaminated soils, both in APH (contaminated soil after treatment) and BPH (contaminated soil before treatment) the degrading genes are far superior than those of CPH (control soil). The APH and BPH soils show abundant amounts of the genes encoding for dehydrogenases, such as naphthalene 1,2-dioxygenase, extradiol dioxygenase, benzoate 1,2 dioxygenase, protocatechuate 4,5-dioxygenase (alpha and beta chain), and 1,2-dihydroxynaphthalene dioxygenase (Figure 2). Therefore, in accordance with our data, it is possible to hypothesize a particular sensitivity of dehydrogenases to the existence of petroleum-related compounds in the soil (as also observed by Kaczyñska et al., 2015). This provides evidence that dehydrogenases have the ability to accelerate the microbiological degradation of such contaminants. We observe the substantial increase in enzymatic activity in correlation with the hydrocarbons’ degradation. These results are in agreement with the current literature, which has shown a strong correlation between the presence of TPH in soils and the abundance of degrading genes produced both by the native micro-channels present and by those introduced as inoculum. In the latter case, co-metabolism factors are triggered, affecting the increase in the enzymatic fitness. In fact, our treatment improved the abundance of hydrocarbon-degrading genes, proving to be suitable for an enhanced soil remediation.
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FIGURE 2. TPH-degrading genes from soil of the contaminated area prior (BPH) and after (APH) the experimental trial and in soil of neighboring uncontaminated area (CPH) used as control.




Determination of the Isolated Hydrocarbon Degrader’s Bacteria in Soil

The in vitro tests carried out to show their plant growth promotion potentiality revealed that 72% of the isolated strains are able to produce the phythormones IAA, whereas 66% lead to EPS’s production. In addition, the 78% of isolates exhibit production of siderophores and more than half of them (about 60%) are able to release Ammonia (Supplementary Table S2).



Degradation of Petroleum Hydrocarbons in Soil

Table 1 shows the TPH levels and their fractions in the four subzones. In all the experiments, the concentrations of hydrocarbon with C < 12 are essentially insignificant (Table 1). Concentrations of hydrocarbon with C > 12 show removal percentages very close to total petroleum hydrocarbon. Statistical analyses revealed that time plays a key role in hydrocarbon concentration levels in soil. The results suggested that grasses’ (Fes and Dac) and legumes’ (Lot and Med) growth increases the removal of TPH from polluted soils. Indeed, cultivated soils had significantly lower hydrocarbons after 90 days with a final TPH removal rate ranging from 87 to 89%.



Soil Enzyme Activity

Supplementary Figure S2 shows the variation in PPO, DHO, ALP, URE, and CAT activities in rhizosphere soil in relation to days of growth. Rhizosphere soil PPO activity generally rose over time in all subzones with a significant (p < 0.05) increase after 90 days (T1). It can be associated with the progressive reduction of TPH concentrations in soil. In fact, the correlation between PPO activities of rhizosphere soil (Supplementary Figure S2) and degradation of TPH in soil (Table 1) indicates that soil adapted to TPH pollution by developing polyphenol oxidase after plants growth.

The soil DHO activity did not vary in the different plant species but was affected by TPH degradation amount over diverse growth periods. The DHO activity showed a significant increase after 150 days (T1) and continued to rise until the end of the experiment (Supplementary Figure S2).

The soil alkaline phosphatase (ALP) activity significantly enhanced (p < 0.05) after 90 (T1) and 150 (T2) days (Supplementary Figure S2).

The urease activity in rhizosphere soil was largely enhanced after T1 (90 days) and T2 (150 days). These results denote that the presence of hydrocarbons in the soil did not discourage URE activity at the initial stage of plant growth, suggesting the existence of a stabilized portion of urease that is extremely resistant to pollutants. Results also show that soil URE activity of the four species continuously rose over time (Supplementary Figure S2). The rise of URE activity is helpful for plants because it supports the hydrolysis of nitrogen and carbon in contaminated soil, facilitating the degradation hydrocarbons in soil.

The dependence of catalase (CAT) soil activity over time showed an increasing trend. Statistical differences were observed after 90 and 150 days. CAT is another intracellular enzyme developed by all aerobic bacteria and most facultative anaerobes, and is an indicator of the soil community activity and soil fertility (Woliñska et al., 2016).

We share the opinion that increased enzymatic activity of soil is a footprint of the highly consolidated associations between plants and microorganisms, both symbiotic and plant growth-promoting rhizobacteria (Gianfreda, 2015). This interaction also improves the transformation and/or degradation of polluting compounds. Therefore, our data shows that soil enzymatic activities were more substantial after 90 days (T1) and enhanced at the end of the experiment (270 days), a tendency that is correlated to the amount of TPH degradation rate in soil.



Petroleum Hydrocarbons in Plants

The concentrations of total petroleum hydrocarbons (TPH) found in plant samples (roots and leaves) are shown in Figure 3. Our results indicated that Festuca arundinacea, Dactilys glomerata, Lotus corniculatus, and Medicago sativa have good remediation potential in TPH-polluted soils. Statistical analyses revealed that a significant difference between Festuca and the other plant species was found in terms of overall hydrocarbons root concentrations. In fact, TPH concentrations in Festuca samples ranged between 13 and 38 mg/kg in roots and 1.5–10 mg/kg in leaves from 90 days (T1) to 270 days (Tf). In Dactilys, TPH concentrations in samples ranged between 14 and 30 mg/kg in roots and 5–11 mg/kg in leaves from 90 days to 270 days.
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FIGURE 3. Levels of TPH in roots and leaves of Festuca arundinacea, Dactylis glomerata, Medicago sativa, and Lotus corniculatus after 90 (T1), 150 (T2), 210 (T3), and 270 (Tf). Means ± SE with different letter indicate significant difference according to Duncan’s test (p < 0.05).


In Lotus, TPH concentrations were between 15 and 31 mg/kg in roots and 3–9 mg/kg in leaves from 90 days to 270 days. In Medicago, TPH concentrations in samples ranged between 13 and 31 mg/kg in roots and 3–9 mg/kg in leaves from 90 days to 270 days. These results showed that TPH concentrations in plant samples were higher in roots and lower in leaves.

Comparing the TPH content in both analyzed parts (roots and leaves) of the plant, a higher accumulation of TPH through the roots occurs. These results indicate that the uptake of petroleum hydrocarbons in roots is enhanced through a rhizodegradation mechanism. In rhizodegradation, organic pollutants are degraded in soil through the bioactivity of the rhizosphere, which derives from the production and exudation of enzymes and proteins by plants or soil microorganisms such as bacteria or fungi (Guarino et al., 2020). The lower levels of TPH in leaves may be related to the hydrocarbons phytotransformation or phytodegradation occurring within the plant itself.



Stress Marker and Antioxidant Enzyme Activity in Plants

Reactive oxygen species (ROS) are generated in several redox reactions in plants since they play the role of signaling molecules involved in various phases (e.g., growth and development). However, environmental stress, such as pollution of soil in which plants grow, can favor the intracellular levels of ROS due to the alteration of the equilibrium between ROS production and scavenging (Hayat et al., 2012). To avoid cellular damage caused by oxidative stress, plants accumulate osmolytes (e.g., proline, glycine-betaine, polyamines, and sugars) to safeguard the cellular machinery and inhibit the production of harmful ROS. In our experiment, antioxidant enzymes and stress marker activities were determined in leaves of the four plant species (Supplementary Figure S3) to evaluate the defense strategy set under abiotic stress (such as TPH pollution) to regulate ROS toxic levels and avoid oxidative damage. Statistical analyses highlight that the variations in the activities of all the evaluated enzymes were related to the progression of the experimental time. The activity of SOD in all studied species decreased significantly (p < 0.05) over experimental time. The enhanced SOD activity in leaves at T1 (90 days) could be related to a higher TPH exposure, even in the presence of microorganisms able to promote plant growth. CAT activity in the leaves of both Poaceae and Fabaceae showed decreasing patterns similar to SOD activity, lowering over time. GPX and APX pattern unveiled that a significant reduction is observed over longer periods of time.

In order to estimate the level of oxidative stress, the malandialdehyde content (MDA), Glutathione S-Transferase (GST), Phenylalanine Ammonia Lyase (PAL), and Proline content were determined, and our results indicate a decreasing pattern over the experimental time. MDA is a widely used marker of oxidative lipid damage caused by enhanced levels of ROS under stress. After 270 days, MDA level decreased in leaf samples of all the investigated plant species. These findings are in accordance with other research highlighting that MDA levels in leaves increased with increasing crude oil concentration in soil and decreased with exposure time (Shukry et al., 2013; Guarino et al., 2020). The decreasing MDA trend over time may indicate that, under hydrocarbons’ degradation, repairing mechanisms start to keep pace with oxidative damage. As regards proline, at an earlier time we observed higher contents, which decreased as TPH concentration diminished in the soil. Our data may suggest that the investigated plants suffer stress at early stages due to the high levels of soil contamination and thereafter respond by enhancing their tolerance and inhibiting the production of harmful ROS.



DISCUSSION

For effective phytoremediation, it is mandatory to gather key information from field experiments. A theoretical approach based only on laboratory data may not be sufficient. Unfortunately, the geo-environmental conditions are site-specific, and therefore bioremediation models must be contextualized to the actual location where reclamation will take place. Using integrated remediation systems is very useful, especially when pollutants are hydrocarbons. In fact, the choice to use landfarming first and then biostimulation is based on two main objectives: (1) to obtain a quota of degradation through thermal (solar) and oxygenation processes and (2) to create an environment more conducive to the microbial growth of the potential autochthonous microflora present on site. Also. the identification of particular microorganisms in soils to be reclaimed that have both a degradation activity and/or act as Plant Growth-Promoting Rhizobacteria (PGPR) is essential for the success of the intervention. In our case, 33 bacteria were isolated, showing different and marked activities such as production of IAA (Indole Acetic Acid), siderophores capacity, or production of EPSs (Extracellular Polymeric Substances).

The significance of nutrients in hydrocarbon-contaminated soils has long been recognized since they support microbial activities. Macronutrients, such as N-P-K, are also essential for the production of amino acids and the transport of energy (such as adenosine triphosphate, which is needed for symbiotic N-fixation). In fact, many authors have described that soil fertilization with NPK fertilizer results in enhanced TPH rhizoremediation up to 65% (Vaajasaari et al., 2006). Hence, nutrient external supplements to enhance the development of microbial flora and improve plant growth has been considered to promote the hydrocarbons’ removal. The plant species chosen in this study for hydrocarbons’ phytoremediation are characterized by suitable features, such as (i) a remarkable tolerance to specific contaminants, (ii) extensive root systems, and (iii) a marked susceptibility to AMF (Arbuscular Mycorrhizal Fungi) infections. In particular, Poaceae have a fibrous root system (with a high specific surface) and are able to actively explore deeper soil layers (up to 100 cm), which improves the contact between contaminants and degrading microbes (Cougnon et al., 2017). In addition, the chosen Poaceae can emit high quantities of soluble organic substances and secondary metabolites in the rhizosphere, which are directly and indirectly involved in the degradation of pollutants. The root infection with mycorrhizal fungi was also a goal of our experiment since it is well-recognized that mycorrhization can (i) enhance the hydrocarbon degradation in soils, (ii) improve nitrogen fixation (especially for Fabaceae), which is of particular interest for its ecological and agronomic implications (Hernández-Ortega et al., 2012), and (iii) alleviate hydrocarbon toxicity on plants.

Many authors have highlighted the role of Fabaceae in phytoremediation as these taxa offer wide perspectives of adaptations to soils contaminated by oil (Hall et al., 2011). The symbiotic association between rhizobia and Fabaceae may result in N fixation and thus in soil fertility and productivity improvement. Therefore, the plant species chosen in this field experiment have all the characteristics of suitability for soil function rehabilitation. Medicago sativa has an extensive and efficient root system both in terms of production of compounds (exudates) very useful for the native microbial flora and for the ability to develop symbiosis with nitrogen-fixing bacteria. Lotus corniculatus is among the most frequent species in disturbed areas of the Mediterranean basin, a rustic and N-fixing species. Both Festuca and Dactylis represent pioneer plants of nutrient-poor soils and polluted soils and have been used in various field and laboratory experiments due to their efficiency in TPH degradation. In our in-field experiment, Festuca arundinacea (Poaceaer family) with inoculation of endophytic fungi showed more root biomass and enhanced hydrocarbons’ root accumulation and degradation.

Because of hydrocarbon hydrophobicity, there could have been problems for plants in the assimilation of water and nutrients. However, many studies have shown that these issues can be overcome by introducing mycorrhizae. Furthermore, the beneficial effects of mycorrhizae on the growing process of plants exposed to abiotic stress is reflected in the ability to obtain a new homeostatic equilibrium with the regulation of stress markers. The microorganism-plant associations improve the transformation and/or degradation of polluting compounds, ultimately resulting in their removal and thereby in lower level of abiotic stress for plants. As a matter of fact, our data showed that as soil enzymatic activity grows over time, a reduced antioxidant response in plants can be observed (Figure 4). Our observations are in accordance with other studies (e.g., Balseiro-Romero et al., 2017; Rusin et al., 2018) which observed that plant-microbial interactions could decrease antioxidant enzymes activity in plant growing in diesel-contaminated soil. The significant reduction of enzyme activities in plants may reveal an enhanced abiotic stress tolerance, which is directly related to the growing dissipation of hydrocarbons and indirectly linked to the rhizosphere effect. Moreover, the degradation of hydrophobic petroleum compounds may have improved the water holding capacity in soils (Hussain et al., 2019), resulting in increased available water content for plants. In addition, the co-activity of plants and associated microorganisms enhances nutrient availability in soil (Gkorezis et al., 2016), with a direct effect on the biofortification of plants.
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FIGURE 4. Scatterplot matrix showing the relationship between the soil enzymatic activity and plant stress markers over experimental trial time [0 days (T0), 90 days (T1), 150 days (T2), 210 days (T3), and 270 days (Tf)].


The degradation of hydrocarbons in our site may be mainly based on AMF-mediated rhizodegradation. The mycelium produced by mycorrhizae fungus increases the rhizosphere surface allowing a greater root exploration, forming the hyphosphere which represents a favorable habitat for soil microorganism activity and proliferation (Andrade et al., 1997).

In rhizodegradation, both the enzymes of the microbiota and those produced by the roots contribute to the progress of hydrocarbon degradation. Monitoring the enzymatic activities at the rhizosphere level is essential to understand the evolution of the degradation process and the success of the experiment. In the structure of the hyphosphere, the high activity of oxidoreductase, such as dehydrogenase, catalase, polyphenol oxidase, peroxidase, dioxygenase and superoxide dismutase, was observed. In our case, the enzymatic activities found in rhizosphere soil (PPO, DHO, ALP, and URE) increase proportionally with the development of rhizosphere biomass and the degree of infection of AMF. In fact, the more this symbiotic relationship is consistent, the more it will increase rhizosphere biomass and the consequent enzymatic activities.

The integrated biological systems of phytoremediation exploit the synergistic effect of the plant-bacteria-mycorrhizae relationship. In this context, bacteria can act as “mycorrhizae helpers.” Some endophytic PGPR that release cellulose and pectinase (Yu et al., 2011) can also facilitate the penetration of the root by fungal hyphae. This observation was also found in our experiment due to the presence of different bacterial strains with marked qualities of PGPR. A small plant root section (1 cm) can be colonized by many fungal species with different mutual benefits. The occurrence of the mycorrhizo-rhizobic associations is very evident in the root apparatuses of Fabaceae used in our experiment.

Although the common paradigm is that plants are not able to uptake hydrocarbons from the soil, our findings suggested that plants themselves may play a role in taking up a fraction (even small) of TPH into their tissues, in accordance with the evidence provided by many studies (Hunt et al., 2019 and references therein). Our experiment showed that hydrocarbon translocation into the aerial part of plants is limited and fixation occurs mainly in roots (Zhang et al., 2017), mainly due to the high molecular mass and hydrophobic properties. In our experiments the mycorrhizae colonization may have promoted the accumulation of hydrocarbons in plants roots, although this pathway represented only a partial fraction of their overall removal from soil. It is noteworthy that the conformation and the structure of hydrocarbons is a factor determining the success of the experiment. In our study, the presence of heavier hydrocarbons (C > 12) strongly influenced the degradation rate of TPH. Indeed, in all the four subzones, the degradation chrono-sequence revealed that hydrocarbons with shorter chains (C < 12) are better degraded than the more recalcitrant ones which may require a longer time.



CONCLUSION

The integrated biological systems used for the reduction of hydrocarbons in soils are an interesting form of technology with great prospects, which may result in improving environmental quality, protecting human health, and restoring agricultural soil functions through relatively low-cost protocols. In order for these systems to achieve positive effects on bioremediation, the right combination of different biological elements and good agronomic practice must be well-designed. First, preliminary site investigations, to acquire an understanding of all aspects involved, are fundamental for the success of the work. Moreover, the chronosequence of the various operations is necessary for the final effectiveness. Therefore, land-farming-biostimulation-phytoremediation with assisted HMF are phases of a single process which, with the progress of the work, increases its effectiveness more and more, since it is an extremely efficient system in adapting to the site conditions.

The AMF-assisted land-farming-biostimulation-phytoremediation design should include (i) the right combination of nutrients and (ii) the best plant-microorganism combination, which may enhance ecotype resistance to toxic organic pollutants. Special consideration should be given to the features of the plant root system, which should meet the requirements of having (i) a rapid and maximum extension, (ii) considerable biomass renewal, (iii) susceptibility to AMF infections, and (iv) a high rate of root exudates release, which represent a source of hydrophobic petroleum compounds degrading enzymes and easily available C.

The extension of rhizosphere capacity through the hyphae networks produced by mycorrhizae results in the development of a native hydrocarbon-degrading microbial flora and/or PGPR that participate directly or indirectly in the degradation and extraction of hydrocarbons. The monitoring activities that we propose in our biological system are very effective in understanding the synergistic and progressive mechanism that is established at the level of rhizosphere soil. These multiple and progressive biological systems allow us to address bioremediation problems which had previously been unsolvable due to the lack of knowledge. The importance of real-scale experimentation is fundamental for a correct technological transfer of the combinations adopted. This is the only way to understand the real mechanisms of symbiotic aggregation, of plant homeostatic response, and consequent activity of the rhizosphere complex. Our full-scale experiment has actually produced positive effects on the degradation of TPH and provided a wealth of knowledge on the dynamics of the various synergistic activities (PGPR, rhizosphere enzymes, etc.) existing in the soil environment under abiotic stress conditions. The signaling path between plants and associated microorganisms would be a promising line of research for future studies aimed at improving the rehabilitation of industrial soil and offering more sustainable management in agriculture conditions.
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Paddy-upland rotation is an effective agricultural management practice for alleviating soil sickness. However, the effect of varying degrees of flooding on the soil microbial community and crop performance remains unclear. We conducted a pot experiment to determine the effects of two soil water content (SWC) and two flooding durations on the soil microbial community attributes and yield in cucumber. In the pot experiment, cucumber was rotated with cress single (45 days) or double (90 days) under 100 or 80% SWC. Then, the soil microbial were inoculated into sterilized soil to verified the relationship between cucumber growth and microorganisms. The results indicated single cress rotation resulted in a higher cucumber yield than double cress rotation and control. Cress rotation under 80% SWC had higher soil microbial diversity than cress rotation under 100% SWC and control. Flooding duration and SWC led to differences in the structure of soil microbial communities. Under 80% SWC, single cress rotation increased the relative abundance of potentially beneficial microorganisms, including Roseiflexus and Pseudallescheria spp., in cucumber rhizosphere. Under 100% SWC, single cress rotation increased the relative abundance of potentially beneficial bacteria, such as Haliangium spp., and decreased potential pathogenic fungi, such as Fusarium and Monographella spp., compared with double cress rotation and control. Varying degrees of flooding were causing the difference in diversity, structure and composition of soil microbial communities in the cucumber rhizosphere, which have a positive effect on cucumber growth and development.

Keywords: cucumber, rhizosphere soil microbial community, cress rotation, plant–soil feedback, plant–soil microbial interaction


INTRODUCTION

Soil sickness caused by continuous monocropping, which often manifests as decreased yields, is mainly the result of soil deterioration from a reduction in the number of key taxa and an accumulation of pathogens in the crop rhizosphere (Banerjee et al., 2019). The structures of microbial communities in the rhizosphere are greatly affected by both fluctuating biotic (e.g., rhizosphere protists) and abiotic (e.g., phenolic acids) factors (Wu et al., 2020; Jin et al., 2020). The application of biocontrol agent (Kohl et al., 2019), chemical induction (Bai et al., 2020), green manuring (Jin et al., 2019) and etc. were used to prevent soil sickness. However, crop rotation is considered the easiest to implement and proven beneficial for alleviating soil sickness (Tiemann et al., 2015).

Paddy-upland rotation is a popular agricultural management practice that involves the sowing of other crops in the gaps between rice plants in an appropriate growing season and reduces the sharing of diseases and pests between the rice and upland crops (Zheng et al., 2016). The rotation system can reduce the amount of greenhouse gas emissions (Xu et al., 2016) and soil pollution (Ni et al., 2021), and more concerns about it are focused on fertilization measures (Alam et al., 2020). Drylands are especially sensitive to the changes in hydrology because flooding drastically affects both above – and underground ecosystem processes (Hou et al., 2017; Feng et al., 2020), such as the changes in the redox potential of the soil following flooding can eliminate toxic substances and soil pathogens (Lee et al., 2020). However, we lack a deep understanding of soil water strategy on dryland. This study will reveal the significance of soil water and its possible impact, and help agriculture predict the possible impact of soil water changes on soil microbial and crop performance.

Water and its availability are important factors affecting the spatial distribution of soil microorganisms (Bahram et al., 2018; Zhou et al., 2018a). The diversity of soil microbial communities increases with increasing soil water content (SWC) in arid and semi-arid ecosystems, but SWC has no major effect on the diversity of soil microbial communities in wetland ecosystems (Cregger et al., 2012; Manzoni et al., 2012). Increasing evidences have fulfilled the gap between the short- and long-term flooding effects on soil microbial communities (Peluola et al., 2013). In environmental ecology, it is observed that flooding has important effects on the underground microbial environment (Shen et al., 2021), but the impact of varying degrees of flooding in agriculture ecology on the crop performance and microbial characteristics is still little known. Understanding the relationships between varying degrees of flooding and soil communities can provide insight into the effects of soil water management strategies on aboveground plant performance and underground microbial communities.

Rhizosphere microbial communities can both sense and affect the health of plants. An important factor affecting plant rhizosphere health is the order of colonization of microorganisms in the rhizosphere; this “priority” effect directly affects plant performance (Toju et al., 2018). The presence of beneficial soil microbial colonies increases plant biomass and interferes with pathogens located on the host through information sensing mechanisms (Turra et al., 2015). Paddy-upland rotation can alter assembly characteristics of microorganisms in the plant rhizosphere, but what these changes affect plants remains unclear.

The continuous cropping of cucumber (Cucumis sativus L.) decreases yields (Liu et al., 2020a). Cress [Oenanthe javanica (Blume) DC.] can be rotated with cucumber under different water regimes (Chuan and Li, 2019). In this study, we investigated how varying degrees of flooding of cress affected the microbial community in the cucumber rhizosphere. We propose the following hypotheses: (1) soil microbial community attributes will be differentiated according to varying degrees of flooding (2) a longer flooding duration (90 days) and higher water content (100%) have a stronger effect on soil microbial communities in the cucumber rhizosphere; and (3) cress rotation induces changes in the soil microbial community that improve cucumber rhizosphere health and crop growth.



MATERIALS AND METHODS


Cress Rotation Experiment


Soil and Plant Preparation

An experiment was conducted in a greenhouse located at the Facilities Horticultural Engineering Center of Northeast Agricultural University, Harbin, China (45°41′N, 126°37′E) in November, 2017. Soil was collected from the upper soil layer (0–20 cm) and sieved (2 mm); cucumber has been planted in the greenhouse since 2006. The soil was sandy loam and contained [image: image], [image: image], available P 109.31 mg⋅kg–1, available K 173.54 mg⋅kg–1, organic carbon 29.89 g⋅kg–1, pH 6.78 (1:2.5, w/v), and electrical conductivity (EC) 0.54 mS⋅cm–1 (1:2.5, w/v).

Cress [Oenanthe javanica (Blume) DC, United States.] seeds were provided by Yangzhou University. Before sowing, the seeds were processed by the university to ensure normal germination. The seeds were then evenly spread in a seedling tray. When the cress seedlings reached a height of 10 cm, they were transplanted into pots. Cucumber (Cucumis sativus L. cv. Jinzao 1) seeds were soaked in water at 55°C for 30 min and then germinated in a growth incubator at 28°C. Four days later, cucumber seedlings with two cotyledons were used for transplanting.



Experimental Design

The experiment was conducted in a pot (upper inner diameter: 23 cm; lower inner diameter: 17 cm; height: 19.5 cm) placed at the same height as the ground and simulating the same environment. Each pot contained 5 kg of soil in which five cress seedlings were cultivated under 100 or 80% SWC. The pots were sealed at the bottom. Rotation with cress was cultivated single (40 days) and double (2 × 40 days: 80 days) until harvest. Three holes were made in the pots with a hole punch when and cucumber was cultivated maintained an SWC of 65%. SWC was detected every 3 days using soil moisture tester (MEET-1000+ soil moisture equipment) provided by Dalian Qifeng Technology Co., Ltd. There were five treatments (two flooding duration, two different SWCs, and one control) in total: (i) cress (80% SWC) – cucumber (SH8); (ii) cress (80% SWC) – cress (80% SWC) – cucumber (SSH8); (iii) cress (100% SWC) – cucumber (SH1); (iv) cress (100% SWC) – cress (100% SWC) – cucumber (SSH1); and (v) continuous cucumber cropping (CK). The experiment was randomly designed with three replicates per treatment and five pots per replication. In total, there were 75 pots (5 treatments × 5 pots × 3 replications).



Cucumber Yield and Rhizosphere Collection

Cucumber yield was measured throughout the growing season. After 62 days of cucumber growth.

The cucumber rhizosphere soil from five cucumber plants was mixed into one sample for each replicate and collected using a 2-mm sieve. There were three cucumber rhizosphere soil samples for each treatment. One part of samples was stored at −80°C and used for DNA extraction and used in another experiment aimed at monitoring the effect of changes in the cucumber rhizosphere microbial communities on cucumber seedling growth.



DNA Extract, Illumina Miseq Sequencing, and Data Processing

Total soil DNA was extracted from 0.25 g of soil using a Power Soil®DNA Isolation Kit (MO BIO Laboratories Inc., Carlsbad, CA, United States) per the manufacturer’s instructions. Each replicate soil sample was extracted in triplicate and the extracted DNA solutions were pooled.

Soil bacterial and fungal community compositions were analyzed using high-throughput amplicon sequencing. Primer sets F338/R806 (Bokulich and Mills, 2013) and ITS1F/ITS2 (Schöler et al., 2017) were used to amplify the V3–V4 regions of the bacterial 16S rRNA gene and the ITS1 regions of the fungal rRNA gene, respectively. Each composite soil sample was independently amplified and the products of the triplicate polymerase chain reaction (PCR) were pooled and purified using 2% agarose gel electrophoresis and an agarose gel DNA purification kit (Agarose Gel DNA Purification Kit, TaKaRa, Mountain View, CA, United States). Next, Tris–HCl precipitation and 2% agarose electrophoresis detection with QuantiFluorTM – ST (Promega Corp., Madison, WI, United States) were used for detection and quantification. The purified amplified fragments were constructed according to the Illumina MiSeq platform (Illumina, San Diego, United States) standard operating procedures to construct PE2 ∗ 300 libraries, including (i) connecting the “Y”-shaped connector, (ii) screening to remove linker self-ligated fragments, (iii) enrichment of library templates using PCR amplification, and (iv) sodium hydroxide deformation to produce single-stranded DNA fragments.

The sequenced data were analyzed using Quantitative Insights Into Microbial Ecology (QIIME), Version 1.9.0 software. Before using FLASH software for processing following the methods of Zhou et al. (2017), the original sequence reads were demultiplexed, and quality filtering was carried out to remove low-quality fragments. Finally, FLASH software was used for stitching, and the Cluster Database at High Identity with Tolerance (CD-HIT) was used to perform operational taxonomic unit (OTU) clustering at a similarity level of 97% (Edgar, 2013). Identification and removal of chimeric sequences were carried out using USEARCH 6.1 in QIIME (Zhou et al., 2017). The sequence was normalized effort according to the samples that having minimum sequence number. The bacterial and fungal data sets were deposited in the NCBI-Sequence Read Archive with the submission Accession Numbers SRP269321 and SRP270425, respectively.



Growth Responses of Cucumber Seedlings to Soil Biota

The experiment was conducted in a sterilized airtight artificial climate chamber. The chamber was maintained at 28°C during the day for 16 h and at 18°C during the night for 8 h, with a light intensity of 21,000 lux. To avoid cross-infection by soil organisms, the environment, cultivated pots, trays, tools, and seeds were all sterilized. Trays were placed under the pots (16 cm diameter, 14 cm height) contained 650 g soils.


Soil and Cucumber Seedling Preparation

The field soil was collected from an open field (0–20 cm in depth) of planted wheat using a 1-cm sieve, and called “background soil” as described by Zhou et al. (2017). The “background soil” was autoclaved three times at 121°C and 103 kPa pressure for 30 min (Inderjit, 2006).

Cucumber seeds (cv. Jinzao 1) were sterilized with 2.5% sodium hypochlorite (NaClO) solution for 10 min and then washed thoroughly with distilled water. The seeds were germinated in the dark at 28°C. Fourteen hours later, the germinated cucumber seeds were transferred to sterilized sand. Seven days later, cucumber seedlings with two cotyledons were transplanted. The same sterilization method was used to handle rhizosphere soils from the above rotation experiment (Ndoye et al., 2013). Each pot was used to cultivate one cucumber seedling.



Experiment 1: Effects of Soil Sterilization on Cucumber Seedling Growth

The effect of soil microbes on the growth of cucumber seedlings was explored by eliminating soil microbial activity. There were a total of ten treatments: each of the five treatments (CK, SH8, SSH8, SH1, and SSH1) from the above cress rotation experiment was divided into non-sterilized (NS) and sterilized (S) soil treatments. There were three replicates of each treatment and ten pots for each replication. In total, there were 300 pots (10 treatments × 3 replicates × 10 pots).



Experiment 2: Effects of Inoculated Soil Biota on Cucumber Seedling Growth

Differently treated soil (6% w/w) (CK, SH8, SSH8, SH1, and SSH1) was mixed with sterilized (S) or not sterilized (NS) background soil (94% w/w) and incubated in the dark for 3 days before transplant the cucumber seedlings (van de Voorde et al., 2012). There were three replicates of each treatment and 10 pots for each replication. In total, there were 300 pots (10 treatments × 3 replicates × 10 pots).



Cucumber Seedling Dry Weight Determination

The cucumber seedlings were irrigated with sterile water during the entire cultivation period, and each pot was kept at 50% SWC. The potting position was changed every 3 days. The dry weights of the cucumber seedlings were measured at 10 and 20 days following drying in an oven at 70°C.



Statistical Analysis

Bacterial and fungal OTUs were compared using the Silva (Release138.21) and Unite 7.2 (Release 8.22) databases. The threshold used was 0.7. We used UCHIME3 to identify and delete chimeric sequences. For the Illumina MiSeq sequencing data, alpha diversity was calculated using QIIME (Zhou et al., 2012). For beta diversity, microbial community composition (bacterial and fungal number of OTUs) was analyzed using principal coordinates analysis (PCoA) based on the Bray–Curtis distance dissimilarity, and analysis of similarity (ANOSIM) and multi-response permutation procedure (MRPP) were used to compare microbial community differences between the five treatments (three samples per treatment) with the Bray-Curtis distance and 999 permutations, which were performed in R using the vegan package (Oksanen et al., 2014). The relative abundances of the taxonomic levels of bacterial and fungal phyla and genera between treatments used the “ALDEx2” program package in R to compare and select bacterial and fungal genera (with relative abundances >1% and 0.5% as dominant phyla and genera, respectively) (Fernandes et al., 2014) and analyze differences between rotations with the same/different stubble cress cultivation and the different/same SWCs. The OTUs shared and unique among treatments were counted, and their distributions were illustrated in a Venn diagram with the “Venn Diagram” package in “R” (Yu et al., 2019). Fungal OTUs were assigned to ecological guilds using FUNGuild at the genus and species level (Nguyen et al., 2013). The soil bacterial functional was predicted by PICRUSt from 16S rRNA markers gene sequences on the Galaxy platform, and the biological functions were annotated in the KEGG database (Langille et al., 2013; Kanehisa et al., 2012).

Microsoft Excel (MS Office 2016) was used to organize the raw data. Comparison of the data means between treatments was performed based on the Tukey’s honest significant difference (HSD) test at the 0.05 probability level with IBM SPSS Statistics 27.0 (IBM, Armonk, NY, United States). The drawing of the column charts was carried out using Origin Pro8.5 software.



RESULTS


Effect of Rotation With Cress on Cucumber Yield

Cress rotation under 80% SWC and single cress rotation under 100% SWC increased the cucumber yield significantly compared with the control (P < 0.05). Single cress rotation also increased the yield significantly compared with double cress rotation (Figure 1) (P < 0.05).


[image: image]

FIGURE 1. Effect of rotation with cress on cucumber yield. CK represent cucumber continuous cropping, SH8, SSH8, SH1, and SSH1 represent single or double cress rotation under 80% or 100% soil water content. Different letters are significantly different (P < 0.05, Tukey’s HSD test).




Alpha and Beta Diversities of Bacterial and Fungal Communities in Cucumber Rhizosphere

The α-diversities of bacteria and fungi community were significantly higher in cress rotation under 80% SWC than in the control and cress rotation under 100% SWC (P < 0.05) (Figure 2A and Supplementary Table 1). However, there is no difference between the control and double cress rotation under 100% SWC (Figure 2A and Supplementary Table 1).


[image: image]

FIGURE 2. Alpha (A) and beta diversities (B) of cucumber rhizosphere bacterial and fungal communities. Beta diversities based on the Bray-Curtis distance dissimilarity were visualized by principal component analyses. OTUs were delineated at 97% sequence similarity. Different letters indicate statistically significant differences among treatments (P < 0.05, Tukey’s HSD test). CK represent cucumber continuous cropping, SH8, SSH8, SH1, and SSH1 represent single or double cress rotation under 80 or 100% soil water content.


For both the bacterial and fungal communities, PCoA revealed that samples from the same treatment were grouped together, and samples from the five treatments could be clearly distinguished (Figure 2B). Non-parametric multivariate statistical test analyses demonstrated that the compositions of the bacterial and fungal communities in the cucumber rhizosphere differed among treatments (bacterial community: ANOSIM, R = 0.68, P = 0.001; MRPP, Delta = 0.21, P = 0.003; fungal community: ANOSIM, R = 0.69, P = 0.001; MRPP, Delta = 0.21, P = 0.001).



Compositions of Bacterial and Fungal Communities in Cucumber Rhizosphere

Miseq sequencing data was classified at the 97% similarity level included forty bacterial phyla and five fungal phyla.

For the bacterial phylum community, double cress rotation under 80% SWC showed a lower relative abundance of Actinobacteria and a higher relative abundance of Firmicutes than single cress rotation under 80% SWC, and double cress rotation had a significantly lower relative abundance of Actinobacteria than the control. Single cress rotation under 80% SWC had a significantly lower relative abundance of Bacteroidetes than the other rotation treatments. Single rotation with cress had a higher relative abundance of Gemmatimonadetes than the control and cress rotation under 80% SWC had a lower relative abundance of Cyanobacteria than the control (P < 0.05) (Figure 3A).
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FIGURE 3. Relative abundances of main bacterial (A) and fungal (B) phyla and Venn diagram analyses of bacterial (C) and fungal (D) in cucumber rhizosphere soils treated with different treatments. Bacterial and fungal phyla with average relative abundance>1% were shown and does not contain unclassified taxa. Data are represented as the means of three independent replicates. Venn diagram (C,D) demonstrated the numbers of shared and unique observed OTUs at 97% similarity among treatments.


For the fungal phylum community, single cress rotation under 80% SWC had a lower relative abundance of Ascomycota than double rotation with cress under 80% SWC and single rotation with cress under 100% SWC, and the control had the highest relative abundance. Basidiomycota had a higher relative abundance in single cress rotation than in double under 100% SWC. Cress rotation under 80% SWC had a higher relative abundance of Zygomycota compared with cress rotation under 100% SWC and the control (P < 0.05) (Figure 3B).

Among all samples, single cress rotation under 100% had the highest number of unique OTUs (225) and the control had the lowest number of unique OTUs (193) in bacterial (Figure 3C). Double cress rotation under 80% had the highest number of unique OTUs (45) and the double cress rotation under 100% had the lowest number of unique OTUs (33) in fungal (Figure 3D).

Both single and double cress rotation under 80% SWC had lower relative abundances of Kribbella and Mycobacterium spp. than the control, and both single and double rotation with cress had higher relative abundances of Roseiflexus and Nitrospira spp., respectively, under 80% SWC. Moreover, single cress rotation under 100% SWC had higher relative abundances of Pseudoduganella spp. than the control. The relative abundance of Streptomyces, Niastella, Cellvibrio, Fluviicola and Clostridium-sensu-stricto-1 spp. were higher in 80% SWC than in 100% SWC (P < 0.05) (Table 1).


TABLE 1. Relative abundances of main bacterial genus in cucumber rhizosphere soils.

[image: Table 1]At the genus level, 243 fungal taxa were detected. Ilyonectria spp. was higher in both the single and double cress rotation under 80% and 100% SWC than in the control. Pseudallescheria, Mortierella, Pseudaleuria, Cryptococcus, and Mycothermus spp. were higher under 80% SWC than in the control. Fusarium and Monographella spp. were lower in the singly rotated cress under 100% SWC than in the control. Pseudallescheria spp. had the highest relative abundance in single cress rotation than in other treatments (P < 0.05) (Table 2).


TABLE 2. Relative abundances of main fungal genus in cucumber rhizosphere soils.
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Microbial Ecological Guilds in the Cucumber Rhizosphere

There are six types of primary functional layers, including metabolism, environmental information processing, genetic information processing, cellular processes, human diseases, and organismal systems (Figure 4), and 19 secondary functional layers (Supplementary Table 2).
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FIGURE 4. Soil bacterial function prediction of cucumber rhizosphere in different treatments (Hierarchy level 1).


In the primary metabolic pathway, the relative abundance of metabolism was significantly lower in the single cress rotation under 100% SWC and the double cress rotation cress than in the control (P < 0.05) (Figure 4). Metabolism of terpenoids and polyketides and lipid metabolism were lower in the double cress rotation than in the control. Nucleotide metabolism and metabolism of cofactors and vitamins were lower in the single cress rotation than in the control (P < 0.05) (Supplementary Table 2).

A total of 251 out of 300 fungal OTUs (83%) were used for function prediction. Cress rotation changed the fungal ecological function in the cucumber rhizosphere. Most taxa were classified as plant pathogens, and plant pathogens were lower in cress rotation under 80% SWC than under 100% SWC and the control (P < 0.05) (Figure 5).
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FIGURE 5. Effect of cress rotation on the relative abundance of fungal ecological functional in cucumber rhizosphere soil.




Effects of Total Soil Biota on Cucumber Seedling Growth

Cucumber seedlings grown in the NS soil cress rotation under 80% SWC had a significantly higher dry biomass than in the S soil cress rotation under 80% SWC at 10 and 20 days, and the NS soil single cress rotation under 100% SWC had higher dry biomass compared with the S soil of the single cress rotation at 20 days (P < 0.05) (Figures 6A,B). Single cress rotation and cress rotation under 80% SWC had higher dry biomass than the control in NS soil (P < 0.05) (Figures 6A,B).
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FIGURE 6. Effect of soil sterilization on cucumber seedling dry weight. (A,B) stand for soil sterilized (S) and non-sterilized (NS), respectively. (C,D) stand for 94% sterile background soil mix with 6% soil sterilized and 6% non-sterilized (NS). SH8, SSH8, SH1, and SSH1 represent single or double cress rotation under 80 or 100% soil water content.


Cucumber seedlings grown in soil inoculated with the NS soil (6%) of the single cress rotation and cress rotation under 80% SWC had higher dry biomass than in the control and in soil inoculated with the S soil (6%) at 10 d and 20 d (P < 0.05) (Figures 6C,D).



DISCUSSION

Controlled SWC can enhance water use efficiency and increase crop yield (Song et al., 2021). As well as rotation can increase “temporary” plant diversity over short periods of time and reassemble the soil microbial community in the crop rhizosphere, which is also conducive to rhizosphere health and increase crop yields (Zhou et al., 2017, 2018b). Our study found that a single cress rotation and rotation under 80% SWC increased the cucumber yield. Research indicated that increasing precipitation and soil water availability can increase crop performance and the increase is related to the pattern of crop rotation (Wei et al., 2021; Xuan et al., 2012). Therefore, cress cultivated with varying degrees of flooding was rotated with cucumber could affect cucumber development.

Soil water management strategies can affect SWC as well as oxygenation levels, which in turn can mediate microbial diversity is likely to be different (Wang et al., 2014). Appropriated soil water management can balance both aerobic and anaerobic taxa and lead to the higher microbial diversity in the cucumber rhizosphere, as indicated by the higher microbial diversity in cress rotation under 80% SWC compare with cress rotation under 100% SWC and the control. Heterogeneity of the soil habitat can also increase microbial diversity (Shen et al., 2021), as well as SWC is the main factor affecting the diversity of microorganisms in the cucumber rhizosphere. These results had similar trends observed in most previous studies (Jiao et al., 2019). Higher diversity usually shapes more ecological functions (Nazaries et al., 2021), we can speculate that cress rotation under 80% SWC renders soil microorganisms and crop performance more “plastic.” The bacteria diversity in the cucumber rhizosphere was higher in single cress rotation than in double under 80% SWC, the opposite in fungi. This observation may be related to the abiotic factors, such as anaerobia degree of soil environment affects the difference of microorganism taxa (Kogel-Knabner et al., 2010). Bacteria and fungi in cucumber rhizosphere were respond differently to the degree of flooding.

Varying degrees of flooding can exert a selective pressure on the distribution of soil microbial communities, and microbial structure changes accordingly (Ali et al., 2019). Principal coordinate analysis demonstrated that the structure of soil microbial communities was separated in order of flooding duration and SWC along first and second axes, respectively. The structure of the soil microbial community produced different environmental niches due to flooding duration and SWC, such that microorganisms enriched their own unique community structure in the cucumber rhizosphere. This provides additional support for the argument that environmental changes lead to heterogeneous changes in the distribution of species in that community.

Interestingly, the diversity of soil microbial communities in double cress rotation under 100% was no different from control, and the structure is more similar closer to control. Generally, large-scale fluctuations in soil microorganism populations accumulate with extended periods of flooding and eventually result in changes in the microbial community. Obviously, our result did not support this argument and was contrary to our second hypothesis. The possible reason was soil microorganisms experience greater physiological stress in cress rotation under 100% SWC than in cress rotation under 80% SWC, which can result in the death of microorganisms or force them to enter a dormant stat (Che et al., 2020). The longer of flooding duration, the longer it will take for microorganisms to recover from the hypoxic stress caused by the flooding to achieve a higher respiratory intensity and activity rate than before (Lucía and Ana, 2015). This result explained that double cress rotation under 100% SWC may eliminate the difference in microbial diversity from dry land.

The soils in different habitats each have a unique community composition and OTU number. These unique dominant taxa shape the unique functions of this group. The relative abundances of Mycobacterium, Kribbella, Streptomyces, Amycolatopsis, and Aeromicrobium spp. were lower in double cress rotation under 80% SWC than in the control, and all of these taxa are members of Actinobacteria and are common in dry alkaline soils (Bhatti et al., 2017). Blame this on flooding reduces the oxygen flux in soil are suppressive the survival of Actinomycetes in double cress rotation, resulting in the reduction of bacterial functional genes related to metabolism in our result. Cress rotation under 100% SWC had higher relative abundance of Basidiomycota than the control. Zhao et al. (2018) showed that rainfall increased the numbers of Basidiomycota which is consistent with our result. The Zygomycota and Mortierella spp. which is benefits improve crop performance (Liu et al., 2020b) had higher relative abundance in cress rotation under 80% SWC than in the control; however, the Ascomycota and Ilyonectria spp. which is potential pathogens (Carron et al., 2020) had higher in control than in the other treatments. Meanwhile, the relative abundance of guilds related to plant pathogens had no changed in single cress rotation under 100%, instead, it was reduced in the cress rotation under 80%. This can be explained in the soil with higher diversity in the cress rotation under 80%. Thus, our study highlights the fact that differences in the soil environment can increase the heterogeneity in the spatial distribution of microorganisms and that ecological effects can be predicted from differences in soil environments.

The relative abundance of bacteria Roseiflexus spp. and fungi Pseudallescheria spp. were the highest in single cress rotation under 80% SWC then higher in double than in the control, that are known to potentially beneficial microbial, both of which enhance the absorption of nutrients in the rhizosphere by increasing competition to promote crop growth (Xu et al., 2012; Li et al., 2020; Shi et al., 2020; Zhu et al., 2020). Besides, the relative abundance of bacteria Haliangium spp. was higher and fungi Fusarium and Monographella spp. were lower in single cress rotation under 100% than in double and control. Haliangium spp., as biocontrol genera, can produce haliangicin to inhibit the growth of various fungi (Fudou et al., 2001) and fungi Fusarium and Monographella spp. were the potentially pathogenic fungi (Li et al., 2016; Zhu et al., 2019). The mechanism of the increase or decrease of potential beneficial microbial or pathogens due to varying degrees of flooding is still unclear, which is worthy of further discussion in the future.

Soil microorganisms can directly affect plant performance by forming symbiotic, parasitic or reciprocal relationships with plants (van der Heijden et al., 2008). The soil microbial communities induced by flooding were changes, however, what effect of soil microbial caused by varying degrees of flooding on cucumber seedling growth is unknown. We found that dry biomass of cucumber seedlings was increased in unsterilized soil of cress rotation under 80%, indicating that the microbial changes effect cucumber seedling growth. At 20 days, dry biomass also higher in unsterilized soil of single cress rotation under 100% than in sterilized soil of single cress rotation under 100%, may be due to slow-growing organisms such as Gemmatimonadetes were colonize microcosms lower than fast-growing organisms such as Firmicutes (Fierer et al., 2007; Bevivino et al., 2014). Therefore, single cress rotation under 100% also affects cucumber growth. On the other hand, dry biomass of cucumber seedlings was increased when grown in 6% unsterilized soil of cress rotation under 80% and single cress rotation. These results indicated that, single cress rotation and cress rotation under 80% can promote cucumber growth through inducing positive plant-soil microbial interaction.



CONCLUSION

Overall, microbial community characters were significantly different when varying degrees of flooding were conducted, and yet only single cress rotation and cress rotation under 80% SWC increased cucumber yields. Regulating SWC under 80% of cress cultivation could thus be an efficient way to promote the colonization of potentially beneficial bacteria such as Roseiflexus and Pseudallescheria spp. It is also possible to reduce potential pathogenic fungal such as Fusarium and Monographella spp. in single cress rotation under 100% SWC. These results indicate that changing the heterogeneity of the soil-water environment in dryland is beneficial to increasing crop productivity via alterations in microorganisms; the mechanism underlying these effects requires further study. Additional work is needed to explore changes in plant performance mediated by different microbial mechanisms under different SWCs.
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The soil microbiome consists of a vast variety of microorganisms which contribute to essential ecosystem services including nutrient recycling, protecting soil structure, and pathogen suppression. Recalcitrant organic compounds present in soils contaminated with fuel oil can lead to a decrease in functional redundancy within soil microbiomes. Ecopiling is a passive bioremediation technique involving biostimulation of indigenous hydrocarbon degraders, bioaugmentation through inoculation with known petroleum-degrading consortia, and phytoremediation. The current study investigates the assemblage of soil microbial communities and pollutant-degrading potential in soil undergoing the Ecopiling process, through the amplicon marker gene and metagenomics analysis of the contaminated soil. The analysis of key community members including bacteria, fungi, and nematodes revealed a surprisingly diverse microbial community composition within the contaminated soil. The soil bacterial community was found to be dominated by Alphaproteobacteria (60–70%) with the most abundant genera such as Lysobacter, Dietzia, Pseudomonas, and Extensimonas. The fungal community consisted mainly of Ascomycota (50–70% relative abundance). Soil sequencing data allowed the identification of key enzymes involved in the biodegradation of hydrocarbons, providing a novel window into the function of individual bacterial groups in the Ecopile. Although the genus Lysobacter was identified as the most abundant bacterial genus (11–46%) in all of the contaminated soil samples, the metagenomic data were unable to confirm a role for this group in petrochemical degradation. Conversely, genera with relatively low abundance such as Dietzia (0.4–9.0%), Pusillimonas (0.7–2.3%), and Bradyrhizobium (0.8–1.8%) did possess genes involved in aliphatic or aromatic compound degradation.
Keywords: Ecopiling, bioremediation, phytoremediation, microbiome, metagenomics
INTRODUCTION
Soil contamination is an ongoing and increasing issue that is of great concern from societal, economic, and environmental perspectives. Contaminants of the greatest concern are petroleum hydrocarbons, heavy metals, pesticides, herbicides, and chlorinated hydrocarbons (Devatha et al., 2019). Due to worldwide demand, population growth, and extensive use of petroleum products, the petrochemical industry has continued to grow and continues to pollute both aquatic and terrestrial environments. This can happen during production, transport, usage, or disposal of the oil (Ramadass et al., 2018; Baoune et al., 2019). Contamination of soil by petroleum hydrocarbons is especially problematic for a variety of physical and chemical reasons and is detrimental to ecosystems due to their lipophilic, mutagenic, and carcinogenic effects of its constituents. When the soil or sediment is contaminated with oil, liquid transfer and air diffusion within the porous spaces of the soil are hindered. This impacts the physical properties of soil such as permeability and moisture content, in addition to chemical properties such as pH and the availability of nutrients such as nitrates, phosphates, and sodium. These physical and chemical changes result in reduced growth of microorganisms and plant life within the soil (Baoune et al., 2019; Devatha et al., 2019). The physical and chemical changes caused by pollution of a pristine ecosystem occur rapidly, greatly impacting the functionality of ecosystem services in that environment. Some sensitive autochthonous microbes are quickly killed or inhibited by the petroleum hydrocarbons, reducing the robustness of the microbial community (Hou et al., 2018; Xu et al., 2018). In addition to this, plants are directly affected by factors such as contaminant toxicity, access to light, and an inability to acquire nutrients and water blocked by oil contamination. These factors significantly impact the plants’ ability to grow. Without a functional microbial community and healthy plant life, the environment is unlikely to support much higher-order lifeforms (Girsowicz et al., 2018; Truskewycz et al., 2019).
Bioremediation can remove large percentages of petroleum hydrocarbons for a relatively low cost and with much less ecological impact than the chemical and physical alternatives. Bioremediation utilizes microorganisms such as bacteria and fungi, often combined with plants, to remove contaminants from the environment (Quintella et al., 2019). The nature and scale of contamination are environment specific, and bioremediation treatments may not be suitable in all cases. As some ecosystems are contaminated by weathered hydrocarbons, which are less bioavailable, it is important to devise functional and efficient microbial consortia for remediation of these sites as microbes are not guaranteed to respond to the fresh and weather hydrocarbons in the same way (Khan et al., 2018; Ramadass et al., 2018).
Total petrochemical hydrocarbon (TPH) concentrations can be a poor indicator of the actual risk associated with toxicity of the bioavailable fraction of the hydrocarbons. Due to their prevalence and intimate contact with the soil, the abundance and diversity of eukaryotic organisms such as fungi and nematodes can provide valuable insights into the toxicity of the contaminants in soils. Nematodes are the most abundant and species-rich metazoan taxon of terrestrial environments. Nematode assemblages typically comprise species with different feeding types and life strategies, as well as different levels of tolerance to changes in environmental conditions (Ekschmitt and Korthals, 2006; Wang et al., 2009). Because of their limited mobility, nematodes are unable to escape pollution events and are in direct contact with their surrounding microhabitat, both through ingestion and due to the permeability of their cuticle to many chemicals, and may react in diverse ways to contaminants. All those reasons justify the use of nematodes as sentinels for toxicity impact studies. The diversity and abundance of nematodes in soil can be a very good indicator of the degree of toxicity associated with hydrocarbon contaminants (Urzelai et al., 2000).
Metagenomics data can provide a huge amount of information on the genetic potential of microbial communities in soil to degrade a pollutant, allowing researchers to determine which community members are potentially degrading the pollutants at the time of sampling. Detection and characterization of key microbial species pinned to specific physiological pollutant-degrading processes will allow us to discover new metabolic pathways and identify previously unknown or ignored microbes that play critical supporting roles in the metabolism and cometabolism of toxic hydrocarbons in soil (Devarapalli and Kumavath, 2015).
The site used in the current study was a former industrial site in Ireland (latitude, 52.8523; longitude, −6.9270). The site was a former food manufacturing site on which pockets of mineral oil-contaminated subsoil (2–4 m below the surface) were discovered. Ecopiles had been used previously on this site in 2009 to successfully remediate TPH-contaminated soil (Germaine et al., 2015). Further site investigations in 2019 resulted in the discovery of additional areas of contamination. Approximately 6,600 m3 of contaminated soil was excavated and stockpiled in preparation for remediation. The source of the hydrocarbons was suspected to be heavy fuel oil used in the heat generators on the site. It is likely that, over time, weathering (evaporation, leaching, and biodegradation) would have removed most of the low molecular components. The remediation target levels were set based on soil guideline values (SGV) using the United Kingdom Environment Agency’s Contaminated Land Exposure Assessment (CLEA) methodology for category 4 screening levels (C4SLs). This sets a target level for various aliphatics and aromatics fractions. The site risk assessment showed that there was a possible source–pathway–receptor linkage in relation to a river running adjacent to the site (classified as a good ecological status), and therefore, the site required remediation. Ecopiling was again chosen as the desired technology to remediate the soil.
The aim of the work described here is to determine the microbial (bacterial and fungal) and nematode community composition within TPH-impacted soil at a former food industry site in Ireland. We also wanted to evaluate the hydrocarbon degradation potential of the indigenous bacterial populations by defining the genes and pathways that are present in Ecopiled soil and their taxonomic assignment. The purpose of this analysis is to use these data as a baseline to determine any temporal changes in community composition as the soil was being remediated.
MATERIALS AND METHODS
Seven samples of the stockpiled soil were analyzed for TPH and polycyclic aromatic hydrocarbon (PAH) concentration. Analysis and speciation were carried out by an accredited external commercial laboratory (ALS Environmental, United Kingdom). Briefly, TPH extraction was carried out on 10 g of soil sample using a hexane:acetone (50:50) solvent, and the extracts were analyzed using gas chromatography-flame ionization detection (GCxGC-FID). For PAH speciation, 5 g of soil samples was subjected to microwave extraction using a hexane:acetone:trimethylamine (50:45:5) solvent mixture and analyzed by GC-mass spectroscopy (GC-MS). The contaminated soil was amended with chemical fertilizer (24:5 N:P to achieve a 100:10:1 C:N:P ratio). The soil was used to construct seven Ecopiles (Figure 1) as described in Germaine et al., 2015.
[image: Figure 1]FIGURE 1 | (A) Stockpiled soil contaminated with TPH (February 2019) at a former industry site in Ireland. (B) Ecopiles constructed to passively remediate the soil (June 2019).
Ecopile Sampling
For each Ecopile, nine soil samples (∼200 g) were collected (3 from either side and 3 from the top). These soil samples were mixed to create one composite sample. From this composite sample, 2 subsamples were collected for analysis. Each subsample was sieved using a 2 mm sieve and analyzed for aerobic heterotrophic bacterial counts, TPH degrader counts, nitrate and phosphate content, soil pH and conductivity, and % organic matter. Samples were taken for DNA extraction and subsequent microbiome and metagenome analysis.
Processing of Soil and Total DNA Extraction
Soil samples from Ecopiles were first sieved and manually homogenized. Total DNA extraction was achieved using the FastDNA® Spin Kit for Soil (mpbio) following the kit specifications with some modifications. Briefly, 2 g of soil was first resuspended in 5 ml NaCl 0.85% followed by 15 min of vortex. The sample was then centrifuged at 300 × g for 30 s to pellet soil debris. The supernatant was centrifuged again at 8.000 × g for 10 min, and the pellet was resuspended in 1 ml of PBS. An additional incubation with 60 μL/ml of lysozyme (1 mg/ml) at 37°C for 1 h was carried out before continuing with the extraction as described by the manufacturer. The homogenization step in the FastPrep Instrument was repeated four times, reducing the speed of the machine to 5.5.
Sequencing, Filtering of Reads, and Assembly
For bacteria, fungal, and nematode microbiome analyses of the soil DNA samples were sent to Novogene (United Kingdom) for sequencing. For bacterial 16S and fungal analysis community analysis, Novogene standard primer sets were used. For bacterial analysis, the V3-V4 region was amplified using primers 341F 5′-CCTAYGGGRBGCASCAG-3′ and 806 R 5′-GGACTACNNGGGTATCTAAT-3′. For fungal 18S analysis, the V4 region was amplified with a primer set: 528 F 5′-GCG​GTA​ATT​CCA​GCT​CCA​A-3′ 706 R 5′-AATCCRAGAATTTCACCTCT-3′. Finally, for the nematode community analysis, primer sets MN18 F 5′-CGCGAATRGCTCATTACAACAGC-3′ and 22(R) –5′-GCC​TGC​TGC​CTT​CCT​TGG​A-3′ were used, as described in Bhadury et al., (2006).
For metagenomic analysis, total DNA extracted from the soil was sequenced at Parque Científico de Madrid (Spain) using the Illumina MiSeq 2x300 system and TruSeq kit for the shotgun library preparation, which were also carried out by the sequencing company. Raw reads were quality filtered using Trimmomatic software v0.39 (Bolger et al., 2014) to remove sequencing adapters and those reads with less than 150 nt, remaining parameters as default. Filtered and trimmed paired reads were assembled with metaSPAdes software v3.13 (Nurk et al., 2017) default parameters. Assembly quality and overall statistics were assessed using QUAST v5.0.2 (Gurevich et al., 2013).
Paired-end reads were merged using FLASH (V1.2.7) (Magoč and Salzberg, 2011). Quality filtering on the raw tags was performed under specific filtering conditions to obtain the high quality clean tag according to the QIIME (V1.7.0) quality control process (Bokulich et al., 2013; Caporaso et al., 2010). The tags were compared with the reference database (Gold database) using the UCHIME algorithm (UCHIME Algorithm) (Edgar et al., 2011) to detect the chimera sequences, and then, the chimera sequences were removed (Haas et al., 2011). Sequences analyses were performed by Uparse software (Uparse v7.0.10) (Edgar et al., 2011) using all the effective tags. Sequences with ≥97% similarity were assigned to the same OTUs. Representative sequence for each OTU was screened for further annotation. For each representative sequence, Mothur software was performed against the SSUrRNA database of SILVA database (version 132) (Wang et al., 2007) for species annotation at each taxonomic rank (threshold: 0.8∼1) (Quast and Pruesse, 2013) (kingdom, phylum, class, order, family, genus, and species). To obtain the phylogenetic relationship of all OTUs representative sequences, MUSCLE (version 3.8.31) (Edgar, 2004) can compare multiple sequences rapidly. OTUs abundance information were normalized using a standard of sequence number corresponding to the sample with the least sequences. Subsequent analyses of alpha diversity and beta diversity were all performed based on this output normalized data.
Metagenome Analyses
Contigs longer than 500 bp were submitted to the SqueezeMeta v1.1.0 (Tamames and Puente-Sanchez, 2019) pipeline for functional annotation. Briefly, gene prediction was achieved with prodigal (Hyatt et al., 2010) and rRNAs using barnap (Seemann, 2014). The resulting rRNA sequences were classified using the RDP classifier (Wang et al., 2007). Diamond (Buchfink et al., 2015) searches against the taxonomic and functional databases GenBank nr NCBI database, eggNOG (Huerta-Cepas et al., 2016), and KEGG (Kanehisa and Goto, 2000) were performed. HMMER3 (Eddy, 2009) was also used for classification against the PFAM database (Finn et al., 2014). Taxonomic assignments of genes were performed using the LCA algorithm and the diamond results against the GenBank nr database. Cutoff identity values were identified for the assignment of taxonomic ranks as previously described (Luo et al., 2014; Tamames and Puente-Sanchez, 2019). Coverage and abundance estimations for each gene were calculated by mapping reads into genes using Bowtie2 (Langmead and Salzberg, 2012) and further processed with BEDTools (Quinlan and Hall, 2010) and SqueezeMeta scripts (Tamames and Puente-Sanchez, 2019) to compute average coverage and normalized TPM (transcripts per kilobase million) values for genes.
The taxonomic profiling of the metagenome was based on the number of reads mapped against classified CDSs (coding DNA sequences), as reported by the SqueezeMeta analysis. Sankey network visualization was achieved using Pavian web application (Breitwieser and Salzberg, 2016). Bar plots of abundance at specific taxonomic ranks were visualized using ggplot2 R package (Wickham, 2011).
Metagenome coverage and sequence-based diversity were determined with the redundancy-based approach implemented in Nonpareil 3 software (Rodriguez-R et al., 2018). Forward filtered reads were used to calculate metagenome coverage and diversity, establishing a similarity threshold of 95%, a minimum overlapping percentage of 50%, and a maximum number of query sequences of 10,000.
Sequence Accession Numbers
The bacterial, fungal, and nematode microbiome sequence data generated in this study are deposited in the National Center for Biotechnology Information (NCBI) under the Bioproject number PRJNA664743. Bacterial 16S datasets are archived under biosample numbers SAMN16231369–16231382, fungal 18S datasets under SAMN16233626–16233639, and nematode 18S datasets under SAMN16234236–16234249. Metagenomic sequence data have been deposited in the NCBI Sequence Read Archive (SRA) under the accession number SRR12703469.
RESULTS
Soil Conditions and Ecopile Construction
The hydrocarbon-impacted soil was generally found to be granular in nature, fine to medium sandy loam (sand 84%, silt 11%, and clay 5%), and contained 5–15% organic matter (mean = 7.94 ± 3.6%) (Table 1). The soil was found to have relatively high pH (average pH 8.9) due to the presence of lime waste from the industrial processes that had taken place on the site. This high pH, coupled with the petroleum contaminants, may explain the relatively low numbers of culturable bacteria present in the soil samples (106–107 g−1 soil). Analysis of the soils before Ecopiling showed average TPH levels (C10–C40) of 9,294 mg·kg−1 (Table 2). The wide range of TPH levels (∼2,000–26,700 mg·kg−1) detected in the seven soil samples demonstrated the heterogeneous dispersal of the hydrocarbons in the soil. TPH analysis showed that the vast majority of the hydrocarbons present were high molecular weight compounds (C16-C35 aliphatics and aromatics, but mostly aromatics).
TABLE 1 | Physico-chemical conditions of the contaminated soil.
[image: Table 1]TABLE 2 | Hydrocarbon concentrations in the soil samples.
[image: Table 2]Microbiome Analysis
Seven Ecopiles were constructed from the contaminated soil. Soil samples were taken from each of the seven Ecopiles, and DNA was extracted from two 0.25 g subsamples per Ecopile (2 technical replicates per Ecopile, 14 samples in total). These were analyzed for bacteria, fungi, and nematode microbiome analysis.
The sequence quality metrics for the 16S marker gene data are given in Supplementary Table S1. In the bacteria microbiomes, nine phyla represented 99% of the bacterial community. The remaining 1% consisted of more than 36 different phyla. Bacteria in the Proteobacteria phylum made up 60–75% of the reads. The Actinobacteria phylum was the next largest group (12–24%, an average of 17%), while Firmicutes made up 3–8% of the community. 734 different bacterial genera were identified in the TPH-contaminated soil with 489 ± 42 identified genera per Ecopile. These made up (on average) 50% of the total sequencing reads per Ecopile sample. At the genus level, the 14 samples had similar bacterial communities (Figure 2). Given that all these Ecopiles are constructed from the same contaminated soil, this similarity in bacterial community is to be expected. 10 genera made up between 39% and 55% of the identified genera found in soil samples (an average of 46%). Lysobacter, a gram-negative genus, was the most identified individual genus across all 14 Ecopile samples (14–39%). Lysinomonas, Luteimonas, Mycobacterium, Pseudomonas, and Extensimonas typically made up 1–6% of the bacterial communities. A total of 1850 different bacterial OTUs were identified across the 14 samples, of which 1,115 OTUs (60%) were common to all 14 samples. Ecopile 5 had the most unique bacterial microbiome with 236 OTUs (12%) that were specific to it. Analysis of the alpha diversity of the seven Ecopiles showed that there was a significant difference between the observed OTUs, Simpson, ACE, and PD whole tree indices of Ecopile 2 and Ecopile 7. There were statistically significant differences between some of the other Ecopiles. However, as there were only two replicates per Ecopile, inference of trends and differences between Ecopiles is not possible. The value of the data is only scientifically valid when looking at overall trends across all 14 samples.
[image: Figure 2]FIGURE 2 | The top ten most abundant bacterial genera (relative abundance) in each of the Ecopiles (n = 2). The last bar represents the average bacterial composition across all Ecopile soil samples (n = 14).
The sequence quality metrics for the fungal 18S marker gene data are given in Supplementary Table S2. Analysis of the fungal microbiome of Ecopile soils based on 18S rDNA sequencing found that, on average, 55% (range: 48–64%) of the sequence reads could be assigned to the kingdom Fungi. The remaining sequences were assigned to other eukaryotic soil organisms such as protists, plants, and animals. The fungal microbiome of the Ecopiles identified 7 fungal phyla in the soil. Unidentified fungal reads accounted for 5–50% of the fungal reads (an average of 17%). Reads assigned to the phyluma Ascomycota made up the vast majority (an average of 70%) of the reads in all but not in one Ecopile (Ecopile 5, 37%). At the genus level, 145 different fungal genera were identified in the TPH-contaminated soil with 66–90 different genera per sample. Figure 3 shows the most abundant fungal genera in the Ecopile soil samples. 66 of these genera belonged to the phylum Ascomycota, 39 belonged to Basidiomycota, 17 were unassignable at the phylum level, 12 belonged to Chytridiomycota, 4 belonged to Glomeromycota, 3 belonged to Entomophthoromycota, and 2 belonged to Cryptomycota. The top ten most abundant fungal genera across all Ecopile samples were Ochroconis, Fusarium, Pseudallescheria, Cochliobolus, Boeremia, Cladosporium, Powellomyces, Gaertneriomyces, Spizellomycetales, and Paramicrosporidium.
[image: Figure 3]FIGURE 3 | Fungal composition (relative abundance) of each Ecopile at the genus level (n = 2).
The sequence quality metrics for the nematode 18S marker gene data are given in Supplementary Table S3. On average, 6-7 different nematode genera could be identified in each Ecopile sample. Figure 4 shows the distribution of the nematode sequence reads assigned at the genus level. On average, 60% of the nematode reads were assigned to the genus Rhabditida, 25% to Diplgasteridae, and 10% to Tylenchida. With the exception of genus Monhysterida in Ecopile 1 (22% of nematode reads), the remaining genera combined made up less than 2% of the nematode reads. Sequences representing 15 individual species of nematode were identified in these soil samples and included Poikilolaimus oxycercus, Rhabditida sp., Ditylenchus destructor, Panagrolaimus detritophagus, Paratylenchus dianthus, Paralamyctes sp., Ditylenchus dipsaci, Acrostichus sp., Prismatolaimus dolichurus, Demaniella sp., Ceroglossini sp., and Aphelenchus avenae.
[image: Figure 4]FIGURE 4 | Nematode composition (relative abundance) of each Ecopile at the genus level (n = 2).
Metagenome Sequencing Overview and Taxonomic Profiling
A combined sample from different Ecopiles was used for DNA extraction and sequencing. After filtering and trimming, 5,477,721 paired reads (90, 11% of total raw reads) that range from 150 nt to 301 nt were maintained for subsequent assembly. The assembly resulted in 394,033 contigs longer than 500 bp (summing a total length of 362 Mbp). The longest contig was 550,098 bp in length, and the N50 parameter was 870. A total of 656,748 ORFs were predicted, of which 392,806 were annotated against KEGG database, 515,483 against COG database, and 318,861 against Pfam database. 226 rRNAs, 59 of them corresponding to 16S rRNAs, and 3,132 tRNAs were found.
Taxonomic profiling of the metagenome based on reads mapped against classified CDSs is represented in Figure 5A–C. Eukaryota and Archaea domains are irrelevant in the metagenome when comparing their abundances (1.26 and 0.92 thousand reads, respectively) to the number of reads belonging to the Bacteria domain (7.8 million reads). The relative abundance of reads assigned to the class level shows that the metagenome is clearly dominated by Gammaproteobacteria (29.90%), Actinobacteria (19.43%), Betaproteobacteria (17.12%), and Alphaproteobacteria (15.16%). The most abundant family is Xanthomonadaceae (20.70%), followed by Alcaligenaceae (12.26%) and Dietziaceae (7.21%), but other relevant families include Microbacteriaceae, Sphingomonadaceae, and Nocardioidaceae (4.63%, 3.56%, and 2.28%, respectively). Lysobacter (10.34%), Dietzia (7.20%), and Pusillimonas (4.69%) are the most represented genera. On the other hand, the estimated metagenome coverage based on sequence diversity is roughly 51%, with an estimate sequencing effort of 142 Gbp to achieve at least 95% of coverage (Figure 5B). This was not unexpected, as similar coverages are common in metagenomes derived from environmental samples (Rodriguez-R and Konstantinidis, 2014; Johnston et al., 2016).
[image: Figure 5]FIGURE 5 | Taxonomic profiling of the metagenome based on reads mapped against classified CDSs and metagenome diversity. (A) Sankey network of reads visualized with Pavian. The heights of the rectancles indicate the number of read assigned per taxa and rank, also indicated above/next to each taxa. The scale shows the Domain (D), phyllum (P), class (C), order (O), family (F) and genus (G) taxonomic ranks. Only a maximum of 23 taxa per rank is shown. (B) Nonpareil curve of the average metagenome coverage as a function of sequencing effort. The circle represents the coverage obtained. The line following the circle represents the projection of the fitted model. Horizontal dotted lines represent 100% (gray) and 95% (red) coverage. The model was calculated using only the forward sister of the reads pair, a similarity threshold of 95%, a minimum overlapping percentage of 50% and a maximum number of query sequences of 10,000. (C) Stacked barplot of relative abundance of reads mapping CDSs assigned to class, family and genus ranks. Taxa with a relative abundance lower than 0.05 for class and lower than 0.5 for family and genus are grouped under the “other” category.
Metagenome Functional Characterization
An assessment of the metagenome functional potential was based on the distribution of KEGG metabolic pathways in the predominant families of the metagenome (Figure 6). The most abundant categories according to the number of genes include those of central metabolic pathways, such as carbohydrate and amino acid metabolism, replication and repair, membrane transport, and signal transduction. Interestingly, two categories with a prevalent representation among the dominant families are xenobiotic biodegradation and metabolism and lipid metabolism pathway categories, which, respectively, include aromatic compounds degradation and central lipid metabolism, in which the degradation of alkanes is funneled. Aliphatic and aromatic compounds are the main components of petroleum hydrocarbons. Therefore, we searched the metagenome to identify genes and pathways involved in the degradation of these compounds and assign them to specific populations.
[image: Figure 6]FIGURE 6 | Distribution of pathways in the predominant families of the metagenome. Heatmap showing log2 of gene count in families with a relative abundance >0.2%. Pathways according to the Brite classification based on KEGG metabolic pathways. Empty tiles indicate genes of pathways not appearing in the shown families. Sum of gene counts and TPM per family and per pathway is displayed at the left and bottom of the heatmap, respectively. Pathways not assigned to the selected families and genes not assigned to any pathway are not shown.
Metabolism of Alkanes
The results of the identification of genes encoding alkane-degrading enzymes in the metagenome are summarized in Figure 7 and Supplementary Table S4. AlkB (alkane 1-monooxygenase) is a nonheme iron integral membrane protein that carries out the initial hydroxylation of C5-C12n-alkanes, oxidizing them to 1-alkanols (Kok et al., 1989; Van Beilen et al., 1994; Van Beilen et al., 2003). Although almost half of the 55 copies of alkB identified within the metagenome have not been assigned to the family level, the ones which have been classified belong predominantly to Nocardioidaceae (eight copies predominantly assigned to the genus Nocardioides), Immundisolibacteraceae (five copies assigned to the genus Immundisolibacter), Moraxellaceae (five copies), and Nocardiaceae (four copies assigned to the genus Williamsia). LadA (long-chain alkane monooxygenase) also participates in the terminal oxidation pathway of n-alkanes. LadA is a flavoprotein monooxygenase that utilizes dioxygen to insert an oxygen atom into long-chain alkanes (Li et al., 2008; Ji et al., 2013). Seventeen of the 42 copies of ladA identified in the metagenome belong to the Microbacteriaceae family, with seven of them assigned to the genus Microbacterium. On the other hand, short-chain alkanes (<C5) are usually metabolized by methane monooxygenases (MMOs), which are responsible for the first step in their catabolism. Genes encoding the three polypeptides that constitute the pMMO (pmoABC) have been found in the metagenome, while only the α subunit of the hydroxylase component (mmoX) of sMMO has been identified (Figure 7). Moreover, mmoX has been found three times in the metagenome (two of them assigned to the Methylocystaceae family), while copies of the pmoABC cluster (six of pmoA, nine of pmoB, and 13 of pmoC) are distributed mainly within Ectothiorhodospiraceae (three pmoA, three pmoB, and seven pmoC), Nitrosomonadaceae (one pmoA, two pmoB, and two pmoC), and Methylocystaceae (two pmoC) families. The limited presence of sMMO genes compared to pMMO is in agreement with previous works, since whereas pMMO is ubiquitous in methanotrophic bacteria, sMMO has been isolated from only certain strains of methanotrophs (Hanson and Hanson, 1996). In addition, the prmABCD gene cluster encodes the components of a dinuclear iron-containing multicomponent monooxygenase that plays an essential role in propane oxidation via subterminal oxidation to 2-propanol and then further to acetone (Kotani et al., 2003; Kotani et al., 2007). This prmABCD gene cluster has a discrete presence in the metagenome, with a single copy of all the subunits (except prmB, three copies), most of which are only classified at the class level, belonging to Actinobacteria (Figure 7A). Finally, another gene cluster, acmAB, encodes a Baeyer–Villiger monooxygenase and esterase, involved in the metabolism of the acetone derived from propane oxidation (Kotani et al., 2007). Their abundance is also limited to five and ten copies, respectively, assigned mainly to Actinobacteria, Gammaproteobacteria, and Alphaproteobacteria.
[image: Figure 7]FIGURE 7 | Abundance, in terms of number of genes and TPM values, of genes encoding alkane-degrading enzymes identified in the metagenome and classified at class (A), family (B), and genus (C) levels.
Metabolism of Aromatic Compounds
Ring-hydroxylating dioxygenases and monooxygenases identified within the metagenome are shown in Figure 8 and Supplementary Table S5. Biphenyl 2,3-dioxygenase (encoded by bphAa, found nine times in the metagenome, three of them belonging to the genus Immundisolibacter) and toluene monooxygenase (encoded by tmoA, found two times) are involved in the conversion of biphenyl and toluene, respectively, to benzoate. The benzoate ring is further oxidized by benzoate 1,2-dioxygenase (encoded by benA, with 102 copies identified, 21 of them belonging to the genus Immundisolibacter, five to genus Pusillimonas, and four to genus Sphingopyxis) and hydroxybenzoate 3-monooxygenase (encoded by pobA, with 66 copies identified with eight of them assigned to Microbacteriaceae family, six to Alcaligenaceae, and five to Hyphomicrobiaceae). Naphthalene 1,2-dioxygenase (encoded by nahAc) was found to be present only once in the metagenome. This enzyme is implicated in a wide range of different aromatic substrates degradative reactions (Resnick et al., 1996; Ferraro et al., 2017). These reactions include the conversion of naphthalene to salicylate, which is further hydroxylated by salicylate hydroxylases (18 copies of nagG and 80 copies of nahG were found in the metagenome, principally belonging to Alcaligenaceae, Comamonadaceae, Hyphomicrobiaceae, Microbacteriaceae, Phyllobacteriaceae, and Sphingomonadaceae families). Other genes encoding relevant ring-hydroxylating enzymes also found in the metagenome include those involved in the degradation of ethylbenzene (21 copies etbA), phenanthrene (three copies of nidA), phenol (one copy of poxA), and terephthalate (seven copies of tphA2, five of them belonging to Comamonadaceae family). Furthermore, ring cleavage dioxygenases involved in the peripheral degradation pathways of the abovementioned compounds have also been found (Figure 8; Supplementary Table S5).
[image: Figure 8]FIGURE 8 | Abundance, in terms of number of genes and TPM values, of genes encoding enzymes involved in aromatic compounds degradation pathways identified in the metagenome and classified at class (A), family (B), and genus (C) levels.
In regard to central metabolism of the intermediates derived from peripheral metabolism of aromatic compounds, the most abundant ring cleavage dioxygenases found in the metagenome were catechol 1,2-dioxygenase (catA), catechol 2,3-dioxygenase (catE), gentisate 1,2-dioxygenase (gdoA), and homogentisate 1,2-dioxygenase (hmgA) with 39, 86, 66, and 99 CDSs, respectively (Figure 8; Supplementary Table S5). Protocatechuate 3,4 dioxygenase (pcaG), protocatechuate 4,5-dioxygenase (ligA), ethylbenzene 1,2-dioxygenase (etbC), and hydroxyquinol 1,2-dioxygenase (chqB) were also found in the metagenome (18, 18, 16, and 16 CDSs, respectively). Most of these central aromatic degradation enzymes that have been taxonomically classified at the family level belong to Alcaligenaceae family (especially Pusillimonas and Eoetvoesia genera), with other families such as Microbacteriaceae (Microbacterium genus), Comamonadaceae, Xanthomonadaceae, Caulobacteraceae (Brevundimonas genus), Hyphomicrobiaceae (Devosia genus), and Nocardioidaceae (Nocardioides genus) being also representatives.
Benzoate aerobic mineralization via the benzoyl-CoA pathway first involves the ligation of acetyl-CoA to benzoate by benzoate-CoA ligase (encoded by badA) and 4-hydroxybenzoate-CoA ligase (encoded by hbaA gene), which is further epoxidated by benzoyl-CoA 2,3 epoxidase (encoded by boxABCD gene cluster) (Rather et al., 2010). The enzymes responsible for this benzoate degradation pathway have been identified in the metagenome (45 CDSs of badA, 4 of hbaA, 20 of boxA, 31 of boxB, 28 of boxC, and 14 of boxD) (Figure 8; Supplementary Table S5), with most of the genes belonging to Alcaligenaceae and Comamonadaceae families.
Figure 9 summarizes the implication of the main families and genera in the different pathways for the degradation of TPHs according to the metagenomic data. It is interesting to note that several families that are relatively abundant do not seem to participate in TPHs degradation, since no genes implicated in these pathways have been found within these families. These families include Alcanivoracaceae, Sphingobacteriaceae, Acidimicrobiaceae, Oxalobacteraceae, Rhodobiaceae, Rhodanobacteraceae, Intrasporangiaceae, Micrococcaceae, and Planococcaceae. Since many of these families are among the major constituents of soils microbiota (Delgado-Baquerizo et al., 2018), they should be performing other soil functions not related with TPHs degradation.
[image: Figure 9]FIGURE 9 | Summary of aliphatics, peripheral, intermediate, and central aromatic compounds biodegradation pathways in the most abundant families present in the metagenome. Color scale bar represents number of genes assigned to each family. *Aliphatics initial degradation consists in the sum of alkB, ladA, and pmo and prm genes.
DISCUSSION
The introduction of inorganic and organic pollutants such as heavy metals or petroleum hydrocarbons can adversely affect both the diversity of microorganisms present in the soil and their ability to carry out these essential ecosystem roles. Organic compounds, which dominate the complex mixture of molecules represented by petroleum hydrocarbons, can provide certain soil microbes with a source of carbon for their respiration (Sima et al., 2019). Consequently, microbial communities in soils are essential in the degradation of contaminants, and the key to successful microbial bioremediation is to harness the naturally occurring catabolic capability of microbes to catalyze transformations of soil pollutants. Microbial bioremediation is a cost-effective and ecofriendly technology that provides sustainable ways to clean up contaminated soils (Ying and Wei 2019).
The current study utilized molecular tools to profile the bacterial, fungi, and nematode microbiomes present in soil contaminated with petrochemicals. High throughput sequencing of microbial communities allows for the detection of both culturable and unculturable microorganisms. This, in turn, allows for the possibility of identifying rarely studied microbes which are actively involved in decontamination of the soil and which can be further used to optimize the existing bioremediation strategies and to develop new ones (Stenuit et al., 2008).
16S rDNA analysis of the soils used in our study found high abundances of bacteria classified to Proteobacteria, Actinobacteria, and Firmicutes, and this is similar to previous reports on the bacterial microbiome studies of petrochemical-contaminated soils (Jung et al., 2016; Siles and Margesin, 2018 and Borowik et al., 2019). Lysobacter made up the largest individual genus across all 14 Ecopile samples (14–39%). This taxon has previously been reported as the most dominant genus in diesel-contaminated soils (Borowik et al., 2019), where it is observed that Lysobacter brunescens comprised as much as 29.9% relative abundance in soil samples. While we were unable to link this genus with any pollutant degradation ability, it has been suggested that abundant taxa play a dominant role in the stability and maintenance of soil microbial communities, while rare taxa served as a diverse pool to enhance both bacterial resilience and resistance under environmental disturbances (Jiao et al., 2019). With the exception of commonly reported genera such as Pseudomonas, Sphingomonas, and Mycobacteria, many of the other genera present in the Ecopile soil (taxa such as Glutamicibacter, Paeniglutamicibacter, Extensimonas, Luteimonas, and Lysinimonas) are rarely reported as dominant members of the soil community. The genus Extensimonas, for example, is a member of the family Comamonadaceae, which belongs to the Betaproteobacteria class. This family contains numerous genera, including Acidovorax, Brachymonas, and Comamonas, which are widely reported in contaminated soil microbiomes. Extensimonas, on the other hand, has rarely been reported in soil microbiomes, and there has only been a handful of studies on their involvement in hydrocarbon degradation (Zhang et al., 2013; Gauchotte-Lindsay et al., 2019). This soil therefore potentially presents a rich source of unusual species with potentially novel hydrocarbon-degrading abilities.
The mycobiome structure in the Ecopile soil mainly consisted of members of Ascomycota and Basidiomycota and a high proportion of unclassified fungal reads, which is consistent with studies of similar contaminated soils. Unsurprisingly, Ascomycota was by far the most dominant fungal phylum in each of the Ecopile soil samples. Ascomycota has been reported as the largest fungal phylum with over 64,000 identified species in almost 6400 genera and the most dominant fungal phylum in soils. Siles and Margesin (2018) reported a fungal profile in which Ascomycota made up 0.6–95.3% and Basidiomycota made up 0.7–62.7% of the soil mycobiome. Consistent with the findings in the current study, they also reported a very high incidence of unclassified fungal reads. Wang et al., (2018) also found that Ascomycota was the dominant fungal phylum (∼71%) in crude oil-contaminated soil and that the abundance of this phylum increased in the presence of oily sludge. The dominant fungal genera found in the Ecopile soil were Ochroconis (∼15%), Pseudallescheria (9%), Gaertneriomyces (9%), and Fusarium (7%), many of which have been reported to be present in contaminated soils. Borowik et al., (2017) showed that hydrocarbon-polluted soil was dominated by fungi from the genera Fusarium (37.9%), Candida (13.8%), Microsporum (13.8%), and Penicillium (13.8%), while Ogbonna et al., (2020) identified a number of hydrocarbon-degrading fungi in oil-contaminated soil including some species of Fusarium, Penicillium, Kodamaea, and Lentinus.Wu et al., (2020a) and Wu et al., (2020b) reported the presence of Ochroconis species in two different petroleum-contaminated soils in China at relative abundances of 1–5%. Aranda et al., (2015) reported the ability of Pseudallescheria isolates to degrade PAHs, and Covino et al., (2015) found that a species of Pseudallescheria was highly efficient (71% removal rates) at degrading aliphatic hydrocarbons from clayey soils. The presence of these groups of fungi in the Ecopile soil suggests that they have a possible role in hydrocarbon degradation.
Nematode communities offer a potent ecological tool for assessing soil disturbances and for the development of a biomonitoring system. There are many records of specific nematode species showing a preference for certain environmental factors as well as many studies on changes of nematode community composition in response to soil pollution (Urzelai et al., 2000). In our analysis, the primer set used to analyze the nematode communities was not specific to the phylum Nematoda. On average, just 41% of the reads were assigned to this phylum, although the percentage of reads assigned differed significantly from sample to sample (12–69%). The presence of 15 different nematode species in the Ecopile soil samples was identified, with representative species that were bacteriovorous, fungivorous, insect parasitic, and plant parasitic. Blakely et al., (2002) also observed nematodes from all tropic levels in soils that were contaminated with PAHs. Contrary to their predictions, PAHs affected nematodes communities indirectly by altering the physical habitat of the nematodes rather than the direct chemical toxicity of PAHs. Increased bulk density of soil and hydrophobic properties of PAHs decrease the amount of habitable space within soil pores affecting the mobility and hence the distribution of nematodes. Monteiro et al., (2018) studied the effect of crude, diesel, or motor oil on the survival of free-living nematodes in soil. They observed that most species exhibited moderate to extreme mortality levels in oil treatments and experienced an increased mortality with time. Species sensitivities to oil did not follow patterns of taxonomic relatedness, contradicting the idea that closely related species should intrinsically respond similarly to pollution. Out of 6 species of Rhabditidae tested, only Bursilla monhystera was highly tolerant, while C. elegans and cryptic species of Litoditis marina were among the most sensitive taxa. In contrast to their study, 60% of the nematode reads in the Ecopile samples were from the genus Rhabditida. The dominance of this group of nematodes in the Ecopile soils samples may be due to the fact that the hydrocarbon contaminants mainly consisted of aged high molecular weight compounds which tend to be less toxic than freshly contaminated soil. Monteiro et al., (2018) recommended that future effect studies do not focus on a single model species but instead incorporate multiple species for a better and more robust assessment of pollutant effects.
Metagenomic analysis presented here has shown that bacteria are the main constituents of the Ecopiles soil community, representing most of the biomass. The composition of the bacterial community at the Ecopiles soil, according to metagenomic analysis, is consistent with the composition determined in different Ecopiles by analyzing 16S amplicons, and the same genera and families were detected. Furthermore, the major genera identified are bacteria previously shown to participate in the degradation of organic pollutants. Members of the genus Lysobacter, the most abundant genus in both analyses, have been previously isolated from pesticide sludge (Ye et al., 2015), chlorothalonil-contaminated soil (Wang et al., 2011), and oil-contaminated soil (Chaudhary et al., 2017). Bacteria affiliated to other abundant genera, such as the genus Dietzia, have also been isolated from petroleum-contaminated soils (Von der Weid et al., 2007; Bihari et al., 2010) and oil reservoirs worldwide (Bødtker et al., 2009; Wang et al., 2011), and several Dietzia strains described to date have been shown to degrade a wide variety of aliphatic hydrocarbons with chain lengths that range from C6 to C40 (Bihari et al., 2010; Wang et al., 2011), aromatic compounds (Von der Weid et al., 2007; Fathi et al., 2016), and conventional crude oil (Wang et al., 2011). Oil-degrading bacteria belonging to the genus Pusillimonas have been found in petroleum-contaminated sites (Cao et al., 2011; Obi et al., 2016), and the ability of some members of this genus to metabolize alkanes and aromatic compounds has been reported (Stolz et al., 2005; Li et al., 2013; Obi et al., 2016).
The identification and phylogenetic assignation of genes encoding the main enzymes participating in each of the pathways have allowed us to model the main degradation routes for aliphatic and aromatic compounds. Regarding aliphatic hydrocarbons degradation, the main role in degradation appears to be performed by bacteria from the Ectothiorhodospiraceae, Microbacteriaceae, and Nocardioidaceae families and to some extent by the Immundisolibacteraceae, Nocardiaceae, Moraxellaceae, and Sphingomonadaceae families. The relevance of Ectothiorhodospiraceae can be attributed to the degradation of short chain alkanes since most of the pmoABC genes found in the metagenome were classified to the Ectothiorhodospiraceae family and have been further assigned to “Candidatus Macondimonas” at the genus level. “Candidatus Macondimonas” was proposed by Karthikeyan et al., (2019) as a novel genus within Gammaproteobacteria. The type strain, “Ca. Macondimonas diazotrophica” KTK01T, was isolated from crude oil-contaminated sediments. The limited presence of sMMO genes compared to pMMO is in agreement with previous works, since whereas pMMO is ubiquitous in methanotrophic bacteria, sMMO has been isolated from only certain strains of methanotrophs (Hanson and Hanson, 1996). The other families seem to participate in the degradation of medium to long chain alkanes. Their role in alkane degradation is not unexpected. The isolation of bacterial strains with hydrocarbon-degrading capabilities from oil-contaminated sites has been reported for Nocardioides (Jung et al., 2002), Williamsia (Obuekwe et al., 2009), and Microbacterium (Ali et al., 2020) genera. Moreover, regarding the genus Nocardioides, genes encoding alkane monooxygenases have been previously identified in several strains (Kimbrel et al., 2013; Brown et al., 2017). On the other hand, the Immundisolibacter genus was first described by Corteselli et al., (2017), and I. cernigliae T3.2T was isolated from a PAH-contaminated bioreactor-treated soil and described as a high-molecular-weight PAH-degrading bacterium. Although the presence of genes encoding alkane monooxygenases in I. cernigliae has not been reported before, the analysis of a metagenome, derived from a polluted sediment dominated by I. cernigliae, showed several copies of putative n-alkane-degrading genes alkB and ladA (Gacesa et al., 2018).
Regarding the degradation of aromatic compounds, only five families appear to be participating in peripheric (upper) pathways. These families are Alcaligenaceae, Sphingomonadaceae, Caulobacteraceae, Comamonadaceae, and Immundisolibacteraceae, all of them belonging to the Proteobacteria phylum. The majority of the formally described genera of aromatic hydrocarbon-degrading bacteria belong to the large Proteobacteria phylum (Prince et al., 2019). Within Betaproteobacteria, Alcaligenaceae and Comamonadaceae are the most representative families harboring aromatic compound-degrading genes identified in the metagenome. Regarding the Alcaligenaceae family, the classification of several copies of different genes belonging to both peripheral and central pathways and the benzoyl-CoA pathway to the genera Pusillimonas and Eoetvoesia are significant (Figure 8). Moreover, the genus Pusillimonas is one of the most represented genera within the general taxonomic profile of the metagenome, and its aromatic hydrocarbon-degrading capability has been previously described (Stolz et al., 2005). The presence of the genus Eoetvoesia in petroleum-contaminated soil has also been reported (Liu et al., 2020). On the other hand, most genes assigned to the Comamonadaceae family have not been further classified at the genus level, but it is worth mentioning that several copies of different genes involved in the three types of pathways represented belong to this family. Some of the most common genera within Betaproteobacteria which are known to degrade hydrocarbons and related substituted molecules under aerobic conditions belong to Comamonadaceae family, including Acidovorax, Comamonas, Delftia, and Polaromonas (Tan and Parales, 2019). Furthermore, in a study reported by Mukherjee et al., (2017), Comamonadaceae was found to make significant contribution to the abundance of hydrocarbon degradation genes in oil sand tailing ponds samples.
Within Alphaproteobacteria, Sphingomonadaceae and Hyphomicrobiaceae are the most representative families. Members of Sphingomonadaceae have been known for many years as degraders of aromatic hydrocarbons (many belonging to Sphingomonas, Sphingobium, Novosphingobium, and Sphingopyxis genera) and particularly of PAHs in contaminated soil environments (Kertesz et al., 2019). Specifically, Sphingopyxis was found to be one of the genera with a greater number of genes encoding aromatic-degrading enzymes identified in the metagenome (Figure 8). The genetic potential for the degradation of aromatic compounds of Sphingopyxis has been previously analyzed (Yang et al., 2020). The genes assigned to Hyphomicrobiaceae family mostly belong to the genus Devosia. The growth of some strains of Devosia with aromatic compounds as the sole carbon and energy source has been previously reported, for instance, with naphthalene (Chen et al., 2019) and fluoranthene (Zhao et al., 2016).
Within Gammaproteobacteria, Immundisolibacter is the most representative genus regarding aromatic compound degradation found in the metagenome, although it should be noted that all the genes belonging to this genus are only involved in peripheral pathways. The PAH-degrading capability of Immundisolibacter has been previously described (Corteselli et al., 2017).
In addition to the Proteobacteria phylum, another relevant taxon in the metagenome is Actinobacteria and within this phylum, the Microbacteriaceae family. Specifically, Microbacterium is one of the genera present in the metagenome with more aromatic hydrocarbon-degrading genes. The degradation of different PAHs by Microbacterium members has been reported (Salam et al., 2014; Jin et al., 2017). The presence of these genes within the soil microbiome suggests that the indigenous soil microflora have significant potential for degrading the petroleum-derived contaminants.
CONCLUSION
Microbe-assisted phytoremediation promises to be the most sustainable and environmentally friendly approach for removing organic contaminants from polluted soils/sediments. Ecopiling utilizes both biostimulation of the indigenous pollutant-degrading microbial community and microbe-assisted phytoremediation to remove petroleum hydrocarbons and PAHs from contaminated soils. Our analysis of the initial Ecopile soil found that it contained diverse bacterial and fungal communities, but these communities were dominated by a small number of genera. Lysobacter was the single most abundant bacterial genus across all 14 soil samples (based on 16S microbiome data). This was also observed in the metagenome data where 10% of the CDSs were assigned to this genus. Although our ability to draw conclusions is limited due to the low genome coverage, this group does not seem to have a major role in hydrocarbon degradation as no genes involved in aliphatic or aromatic catabolic pathways were assigned to this group. On the other hand, less abundant genera of bacteria such as Pusillimonas, Dietzia, and Bradyrhizobium were found to be associated with hydrocarbon degradation genes in the metagenome. These groups represent possible novel targets for isolation and development into efficient consortia for bioaugmentation of hydrocarbon-contaminated soil.
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High concentrations of non-essential heavy metals/metalloids (arsenic, cadmium, and lead) in soils and irrigation water represent a threat to the environment, food safety, and human and animal health. Microbial bioremediation has emerged as a promising strategy to reduce the concentration of heavy metals in the environment due to the demonstrated ability of microorganisms, especially bacteria, to sequester and transform these compounds. Although several bacterial strains have been reported to be capable of remediation of soils affected by heavy metals, published information has not been comprehensively analyzed to date to recommend the most efficient microbial resources for application in bioremediation or bacterial-assisted phytoremediation strategies that may help improve plant growth and yield in contaminated soils. In this study, we critically analyzed eighty-five research articles published over the past 15 years, focusing on bacteria-assisted remediation strategies for the non-essential heavy metals, arsenic, cadmium, and lead, and selected based on four criteria: i) The bacterial species studied are part of a plant microbiome, i.e., they interact closely with a plant species ii) these same bacterial species exhibit plant growth-promoting characteristics, iii) bacterial resistance to the metal(s) is expressed in terms of the Minimum Inhibitory Concentration (MIC), and iv) metal resistance is related to biochemical or molecular mechanisms. A total of sixty-two bacterial genera, comprising 424 bacterial species/strains associated with fifty plant species were included in our analysis. Our results showed a close relationship between the tolerance level exhibited by the bacteria and metal identity, with lower MIC values found for cadmium and lead, while resistance to arsenic was widespread and significantly higher. In-depth analysis of the most commonly evaluated genera, Agrobacterium, Bacillus, Klebsiella, Enterobacter, Microbacterium, Pseudomonas, Rhodococcus, and Mesorhizobium showed significantly different tolerance levels among them and highlighted the deployment of different biochemical and molecular mechanisms associated with plant growth promotion or with the presence of resistance genes located in the cad and ars operons. In particular, the genera Klebsiella and Enterobacter exhibited the highest levels of cadmium and lead tolerance, clearly supported by molecular and biochemical mechanisms; they were also able to mitigate plant growth inhibition under phytotoxic metal concentrations. These results position Klebsiella and Enterobacter as the best potential candidates for bioremediation and bacteria-assisted phytoremediation strategies in soils contaminated with arsenic, cadmium, and lead.
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INTRODUCTION
Soil pollution by heavy metals represents a threat to the environment and food security due to the fast growth of industry and agriculture, and the disruption of natural ecosystems by anthropogenic pressure linked to the growth of human populations (Sarwar et al., 2017). Environmental pollution and human exposure associated with heavy metals are attributed to different anthropogenic activities that include mining, industrial production, and the use of metal-containing compounds in domestic and agricultural settings (Tchounwou et al., 2012). Throughout the world, there are 5 million sites of soil contaminated by heavy metals/metalloids with current concentrations above the regulatory levels (Li et al., 2019). Contamination by heavy metals poses many risks to the ecosystem and humans and affects food chain safety, food quality, and the ability to use the land for agricultural production, which in turn affects food security and exacerbates land tenure problems (Wuana and Okieimen, 2011).
Heavy metals are a group of elements with metallic properties that include transition metals, metalloids, lanthanides, and actinides (Singh et al., 2011). Some of them are essential cofactors for different enzymes, while others are non-essential (Theron et al., 2012). The first group includes the trace elements cobalt, copper, iron, manganese, molybdenum, selenium, and zinc, whose concentrations are closely regulated by interactions with binding proteins since they represent potential risks to cell function (Theron et al., 2012). The second group comprises arsenic, cadmium, lead, mercury, plutonium, tungsten, and vanadium; non-essential metals that constitute potent toxins and enter the cells/tissues thanks to their physicochemical properties, like ionic charge (Duce and Bush, 2010; Johri et al., 2010). The latter, deserve special attention since they do not have any essential function in living organisms, are highly toxic at low exposure levels, and are considered as the main threat to life forms (Atobatele and Olutona, 2015). According to the Environmental Protection Agency (EPA), arsenic, cadmium, lead, and mercury, are among the most toxic metals in the environment (Goyer, 2004). Moreover, the United States Agency for Toxic Substances and Disease Registry (ATSDR) lists more than 20 heavy metals with pronounced toxicity but four are of particular concern to human health; arsenic (As), lead (Pb), cadmium (Cd) and mercury (Hg); out of these four, arsenic is the most common cause of acute heavy metal poisoning and hence ranked number 1 on ATSDR’s “top 20 list”, lead is number 2 on the list and cadmium ranks in seventh place (Fay and Mumtaz, 1996; Flora et al., 2011); therefore, arsenic, cadmium and lead are objects of study in this paper.
Arsenic (As) is a natural and abundant element of the Earth’s crust that is chemically classified as a metalloid for its metallic and nonmetallic properties (Nriagu et al., 2007; Kesici, 2016). In the soil, As is present in both, organic and inorganic forms, being the latter, a highly toxic form (Shrivastava et al., 2015). In well-drained (oxic) surface soils, As occurs predominantly as oxyanions of As5+ (arsenate), whereas As3+ (arsenite) species are more abundant in reducing environments, such as waterlogged soils (Roberts et al., 2010). The relative abundance of As5+ and As3+ critically influences As mobility, toxicity and environmental behavior, with inorganic As3+ species generally considered to be more mobile and toxic than inorganic As5+ species (Shumlas et al., 2016; Johnston et al., 2019). As5+ is less mobile than As3+ because it forms complexes on mineral surfaces, especially on hydroxides and oxides of iron (III) as well as on calcite (Bowell, 1994; Guo et al., 2009). Under iron reducing conditions arsenic is released from those surfaces into groundwater and remains mobile after subsequent reduction to As3+ (Biswas et al., 2011; Maier et al., 2019). Moreover, by binding to thiol or sulfhydryl groups on proteins, arsenite can inactivate over 200 enzymes while arsenate can replace phosphate, which is involved in many biochemical pathways (Tchounwou et al., 2012).
Cadmium (Cd) constitutes a non-essential element, and a significant pollutant due to its high toxicity and solubility in water (Pinto et al., 2004; Benavides et al., 2005). It is a metal that tends to form stable dissolved complexes with inorganic and organic ligands, which inhibits its sorption and precipitation (Kubier et al., 2019). Furthermore, cadmium can interrupt enzyme activities and inhibit the DNA-mediated transformation in microorganisms; its primary anthropogenic sources in soils are the direct input of waste material from mining, industry, and agricultural application (Kabata-Pendias, 2010; Kubier et al., 2019).
Lead (Pb) is a toxic non-essential heavy metal, that is widely distributed and induces a wide range of negative effects on living organisms at morphological, physiological and biochemical level since it is highly persistent in water and soil, accumulates in the upper eight inches of the ground and is highly immobile (Zeng et al., 2007; Pourrut et al., 2011; Tangahu et al., 2011). Although it is a naturally occurring element, anthropogenic activities like mining, fossil fuel burning, and manufacturing, contribute to its increased concentrations in soils (Tchounwou et al., 2012).
Microorganisms play an important role in the biogeochemical cycle of metals and the remediation of environments contaminated by heavy metals (Spain and Alm, 2003). Despite the toxic effect they exert, microorganisms can survive in their presence thanks to several types of mechanisms to reduce or tolerate their toxicity (Spain and Alm, 2003). According to Bruins et al. (2000) and Choudhury and Srivastava (2001), there are five main mechanisms of resistance to heavy metals in bacteria: 1) Extracellular barriers: the cell wall, plasma membrane or capsule can prevent the entry of metal ions to the cell; 2) Active transport of metal ions (efflux): constitute a mechanism to export toxic metals from the cytoplasm that include proteins belonging to three families: P-type ATPases, CDF (Cation Diffusion Facilitator) and RND (Resistance, Nodulation, Cell Division); 3) Extracellular sequestration: consists on the accumulation of metal ions by cellular components in the periplasm, the outer membrane or complexation of metal ions as insoluble compounds; 4) Intracellular sequestration: is based on the accumulation of metals in not bioavailable forms within the cytoplasm to prevent exposure to essential cellular components, two examples exist for this form of metal resistance: metallothionein production in Synechococcus sp. and cysteine-rich proteins in Pseudomonas sp. (Rouch et al., 1995; Silver and Phung, 1996) and 5) Reoxidation of metal ions. Oxidation of metals such as Cu and As is also important detoxification mechanisms, for instance, oxidation of Cu(I) to Cu(II) by CueO, and oxidation of As(V) to As(III) then efflux A(III) out of cells (Bruins et al., 2000; Choudhury and Srivastava, 2001; Barkay et al., 2003; Viti et al., 2003; Ianeva, 2009).
The mechanisms used by bacteria can be classified into biochemical and molecular (Ma et al., 2016). Biochemical mechanisms include those by which microorganisms interact with extracellular soluble metal ions and have a role in microbe tolerance through metal detoxification, mobilization, immobilization, transformation, transport, and distribution (Ma et al., 2016; White et al., 2016). Molecular mechanisms constitute the genetic determinants of heavy metal resistance that can be localized either on the chromosome or extrachromosomal genetic elements (Ianeva, 2009). In addition to biochemical and molecular mechanisms, heavy metal tolerance by bacteria can be assessed in terms of the Minimum Inhibitory Concentration (MIC), defined as the lowest concentration of the metal that prevents the growth of bacteria (Parameswari et al., 2010). Many studies have assessed the tolerance of heavy metals in terms of the MIC of microorganisms (Mejias Carpio et al., 2018); therefore, the present study will not be the exception.
The remediation of heavy metals in soils is essential to preserve the environment and protect living organisms (Glick, 2010). Traditional remediation methods include physical and chemical techniques and engineering repair; which are fast but expensive and deficient since they cause secondary pollution and negative effects on soil properties (Singh and Prasad, 2015; Ullah et al., 2015). Conversely, biological methods are considered as an effective technique for heavy metal remediation, which include: bioremediation, a process that makes use of microorganisms to eliminate pollutants from soils, and phytoremediation, a process that uses plants that can remove heavy metals (Doble and Kumar, 2005; Adams et al., 2015; Nakbanpote et al., 2016). Microbial bioremediation is an efficient, economic, and environmentally friendly procedure that reduces the cost of the cleanup process associated with heavy metal contamination (Kumar Mishra, 2017). The mechanisms behind microbial remediation of heavy metals mainly encompass biosorption (which includes precipitation, chemical adsorption, and ion exchange, surface precipitation, the formation of complexes with organic ligands, and redox reactions), biomineralization (that covers both bioleaching, involved in the mobilization of heavy metal ions from insoluble ores by dissolution or complexation), and bio-oxidation (Jin et al., 2018). On the other hand, phytoremediation, often depends on the climate and water and soil conditions, proving to be a very slow and seasonally effective method (Salt et al., 1995; Chintakovid et al., 2008). Phytoremediation includes various processes in function of the plant-soil-atmosphere interactions; for heavy metal contaminated soil, four processes of phytoremediation are known: phytoextraction, phytostabilization, phytovolatilization, and rhizofiltration (Laghlimi et al., 2015). In this context, microbial methods represent an advantageous alternative for the remediation of heavy metals from soils.
Plant-microorganism interactions play a key role in the adaptation to heavy metal polluted environments and thus, can be investigated in depth to improve microbe-assisted phytoremediation methods (Ma et al., 2016). Plant associated microorganisms, particularly, Plant Growth-Promoting Rhizobacteria (PGPR), play an important role in the remediation of polluted soils and the enhancement of plant growth by different mechanisms that include biological nitrogen fixation, phosphate solubilization, phytohormone production [Indole-3-acetic acid (IAA), cytokinins and gibberellins], siderophore production, production of 1-aminocyclopropane-1-carboxylic acid (ACC) deaminase, among others (Goswami et al., 2016; El-Mehy et al., 2019). PGPR represent important metal resistant bacteria and phytoremediation enhancing agents in heavy metal contaminated soils, whose application can lead to a marked improvement in metal mobilization or immobilization in soils and plant biomass (Ma et al., 2011; Ma et al., 2016).
Despite that some bacterial strains with the potential to remediate soils with heavy metals have been reported, three key aspects need to be addressed: i) new microbial resources are needed for application in bioremediation or bacteria-assisted phytoremediation strategies, ii), most studies include strains resistant to few metals, and polluted soils exhibit multi-contamination with heavy metals (Tirry et al., 2018) and iii) published information has not been comprehensively analyzed to date to recommend the most efficient microbial resources for remediation strategies in heavy metal contaminated soils. Therefore, this study aims to characterize and select genera associated with the plant microbiome with potential for bioremediation or bacteria-assisted phytoremediation strategies of soils contaminated with arsenic, cadmium, and lead, through a literature review and an analysis of the metal-tolerance level of bacteria in terms of the Minimum Inhibitory Concentration (MIC) and the biochemical and molecular mechanisms they use to deal with toxicity by these metals.
MATERIALS AND METHODS
Bibliographic Research and Data Collection
Data were collected from research articles selected from the Science Direct, Taylor & Francis, Springer, and Google Scholar databases, the search results are highlighted as a PRISMA flowchart (Liberati et al., 2009) in Figure 1 together with exclusions, and the reasons for exclusion. The keywords used in the search were: “bacteria”, “plant growth-promoting bacteria” and “minimum inhibitory concentration”. “Arsenic”, “cadmium”, “lead”, and “heavy metals” were also added as independent variables in the keywords to refer to the stress factor. A total of eighty-five research articles from 2005 to May 2020, met our selection criteria:
i. The bacterial species studied are part of a plant microbiome, as this would allow its use in both bioremediation and phytoremediation. Additionally, these microorganisms could be considered as “naturally occurring” by associating with plants (in the rhizosphere or their tissues) as opposed to bacteria from other environments, for example, marine or extreme environments. Together, these aspects would enhance their potential use in heavy metal remediation strategies.
ii. These bacterial species exhibit plant growth-promoting characteristics because there is evidence that the capacity of bacteria to promote the growth of plant species to which they are associated is positively correlated with the efficiency of phytoremediation; and as described in the previous criterion, the interest of this work is to identify bacteria with utility in both bioremediation and phytoremediation.
iii. Bacterial resistance to the metal(s) is expressed in terms of the Minimum Inhibitory Concentration (MIC). Our goal is to analyze the remediation capabilities of bacteria quantitatively and for this we require a quantitative indicator of bacterial resistance to heavy metals. MIC has been extensively used in this area of study.
iv. Metal resistance is related to biochemical or molecular mechanisms. Only publications that have included this relationship were considered.
v. Studies had to be published as full research articles in indexed journals (grey literature was not considered).
[image: Figure 1]FIGURE 1 | PRISMA Flowchart showing the selection of the research articles that met our selection criteria: The bacterial species studied are part of a plant microbiome, exhibit plant growth-promoting characteristics, bacterial resistance to the metals (arsenic, cadmium, and lead) is expressed in terms of the Minimum Inhibitory Concentration (MIC) and metal resistance is related to biochemical or molecular mechanisms.
From the exhaustive search of the aforementioned databases, a general report of the literature reviewed is presented in Supplementary Table S1.
In each study the MIC values differed in their units, therefore, it was necessary to convert them to a common unit: milliMolar (mM), using the ENDMEMO calculation tool.
Analysis of Bacteria Tolerance Level
The data collected from the literature were analyzed through a one-way analysis of variance (ANOVA) and Tukey’s post hoc test with a level of significance of 95% (α = 0.05) in RStudio 3.5.1 (Allaire, 2012). Differences at p ≤ 0.05 were considered statistically significant. Supplementary Table S2 presents the categorical and dependent parameters applied to the analyses.
Analysis of Metal Type and Minimum Inhibitory Concentration Values
The first analysis involved the total of data collected from the literature, 655 MIC values that belong to different strains/species of bacteria (Supplementary Table S3). Information of strains/species of bacteria used in the research articles is presented in Supplementary Table S4. As shown in Supplementary Table S2, these data were classified into four groups of heavy metals (arsenite, arsenate, cadmium, and lead); the type of metal represented the categorical parameter and the MIC data the dependent parameter. Before the ANOVA, the assumptions of normality and homogeneity of variances were corroborated through the Shapiro and Bartlett tests, respectively, and since they were not fulfilled, a natural logarithm conversion of the MIC data was carried out to get a normal distribution (Supplementary Figure S1). Finally, the ANOVA was performed to establish if there was a significant effect of the metal type variable on bacterial tolerance in terms of the MIC values, and the Tukey Post Hoc test was done to identify which metals had the highest and lowest MIC values.
Since a variety of culture media for MIC evaluation were reported in the studies finally included in the analyses (Supplementary Table S5), we evaluated the influence of media type on MIC. The influence of the growth medium on the MIC values is mainly determined by the chemical interactions that are established between heavy metals, in cationic form, and other components of the growth medium, which can reduce the concentration of free metals and consequently result in the overestimation of the MICs. These interactions are more common in rich media enriched with different supplements. Based on this, we collected information regarding the growth medium from the eighty-five research articles reviewed and classified the media as i) Minimum, those composed of salts and only one carbon source, without the addition of amino acids, and ii) Rich, those which provide salts, different sugars, and other biomolecules. We performed an ANOVA with the 655 MIC values, where the type of medium was the categorical parameter, and the MIC data the dependent parameter (Supplementary Table S6). As in the previous analyses, the assumptions of normality and homogeneity of variances were not fulfilled; therefore, a natural logarithm conversion of the MIC data was carried out to get a normal distribution (Supplementary Figure S2), and finally, the Tukey Post Hoc test was applied (Supplementary Table S7). Additionally, the influence of the type of medium on the reported MIC values for each metal was evaluated, discriminating the MIC values by type of medium and type of metal (arsenite, arsenate, cadmium, and lead). The discriminated data were analyzed with a two-way ANOVA (Supplementary Table S8), including again a natural logarithm conversion of the MIC data (Supplementary Figure S3), and the Tukey Post Hoc test (Supplementary Table S9). The results of these analyses did not show a significant influence of the type of media on the MICs for the heavy metals arsenite, arsenate, and cadmium, but for lead. The subsequent analyses (MIC and bacterial genotypes) were conducted with the full MIC data set and the influence of media type on bacterial resistance to lead discussed in detail.
Analysis of Metal Resistance by Bacterial Genus and Minimum Inhibitory Concentration Values
A second analysis that aimed to determine if different bacterial genera have different metal resistance, was done using a sample of the total data collected (655), in this case, 463 MIC values from different bacterial genera (Supplementary Table S3). Out of sixty-two genera collected from the literature, only those with the highest amount of MIC values were used for the analysis, which included: Acinetobacter, Agrobacterium, Arthrobacter, Bacillus, Enterobacter, Klebsiella, Mesorhizobium, Microbacterium, Pseudomonas, Rhizobium, Rhodococcus, and Variovorax. As in the first analysis, the assumptions of normality and homogeneity of variances were not fulfilled; therefore, a natural logarithm conversion of the MIC data was carried out to get a normal distribution (Supplementary Figure S4). Finally, the ANOVA was performed using the bacterial genera as the categorical parameter and the MIC values as the dependent variable, and the Tukey Post Hoc test was done to determine which genera had the highest MIC values.
Average Minimum Inhibitory Concentration of the Most Resistant Bacterial Genera
To establish against which specific metal (arsenite, arsenate, cadmium, and lead) each genus exhibited greater or less resistance, the average of the MIC values for each heavy metal was calculated for the genera that showed differential resistance to metals from the second statistical analysis.
Biochemical Mechanisms
Data Collection
We included all the reports regarding biochemical mechanisms that contributed to explain the bacterial metal tolerance presented in the selected articles. Most of the reported mechanisms were associated with plant growth-promoting (PGP) traits such as biological nitrogen fixation, phosphate solubilization, production of auxins, biosurfactants, siderophores, exopolysaccharides, hydrogen cyanide (HCN), indole acetic acid (IAA), and ACC deaminase, as well as enzymatic mechanisms that included: phosphatase, oxidase, catalase, amylase, pectinase, cellulase, chitinase, protease, and lipase.
Analysis of Biochemical Mechanisms
After data collection, only the bacterial genera that showed differential resistance to metals were included in the analysis, as well as the most reported mechanisms in the articles which included the PGP traits: nitrogen fixation, phosphate solubilization, ACC deaminase, production of siderophores, IAA, and enzymatic properties such as oxidase and catalase (Supplementary Table S10). For the analysis, the quantitative data were transformed into qualitative data (presence or absence) and the percentage of strains with activity for the selected mechanisms for each genus was calculated using Eq. 1.
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Molecular Mechanisms
Gene Searching
Forty-five reference genome assemblies that included forty-nine chromosomal and plasmid sequences of different strains/species of bacteria from the most resistant genera were downloaded from GenBank NCBI (Supplementary Table S11). The analysis was carried out with the reference genomes given the lack of genomic information for several strains/species of the selected genera. For the gene analysis, the feature table for the chromosomal or plasmid sequence of each reference genome was downloaded from GenBank and imported into NCBI Genome Workbench (https://www.ncbi.nlm.nih.gov/tools/gbench/), where the Generic Tabular View tool was used to search and query the genes of interest belonging to the ars, cad and pbr operons for arsenic, cadmium and lead resistance, respectively. For the search, the keywords “ars”, “cad” and “pbr” were used and then filtered to show only the query results which included the genes of interest (Supplementary Table S12). Finally, the percentage of total genes corresponding to each operon by genus was calculated (Eq. 2), as well as the percentage of each gene in each genus (Eq. 3).
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Sequence Identity Confirmation
We did an additional analysis to confirm the sequence identity of the ars and cad operon genes found in the 45 reference genomes. To do this, we manually downloaded different protein sequences corresponding to each gene for each genus (Agrobacterium, Bacillus, Enterobacter, Klebsiella, Microbacterium, Pseudomonas, and Rhodococcus) from the Uniprot database (including both manually curated and no-curated sequences) and uploaded them to the Galaxy Europe platform (Afgan et al., 2016); on this platform, we used the MEME tool (Motif Discovery Tool) (Bailey et al., 2006) to find a conserved region (a motif) (Supplementary Table S13). Then, to confirm the identity of the studied genes, we carry out a protein blast (BLASTP) with the consensus sequences on the protein sequences of the reference genomes (Supplementary Table S14). As the motifs are short sequences (between 24 and 50 nucleotides), we modified two parameters of the BLASTP algorithm: the expectation threshold (10) and the word size (3).
RESULTS AND DISCUSSION
Effect of Media Composition on Minimum Inhibitory Concentration Values Exhibited by Bacteria Under Heavy Metal Stress
Different factors affect the form and toxicity of metals, these include pH, the concentration of chelating agents, the concentration of inorganic anions, and competition from other cations; moreover, many natural and synthetic chelating agents can reduce the toxicity of heavy metals and it has been theorized that MIC values vary with the type of media used, since components of bacterial growth media can form a complex with heavy metals, remove them from solution, and reduce their concentrations in the media (Kumar et al., 2013; Aljerf and AlMasri, 2018). Metals may also have their toxicity reduced by components of nutrient media, for example, Leitão and Sá-Correia (1997) found that growth of Pseudomonas aeruginosa in the presence of inhibitory concentrations of copper was improved by increasing the concentrations of nutrients in the medium. These interactions between the components of the medium and the heavy metals would cause the MIC values to be overestimated (as the bacteria would be subjected to lower concentrations of heavy metals than reported) and therefore the results obtained by different studies would not be comparable (Dean-Ross and Mills, 1989).
The ideal solution to this problem would be to establish international standards for the characterization of bacteria for heavy metal remediation. However, to date, such standards do not exist, and assessments are conducted under a wide variety of culture media. Although the culture media used varies in the identity of its components, the effects caused by these are common (complex formation, precipitation, etc.), and the interactions of the heavy metal-culture media depend on the pH and whether or not the media is rich in nutrients.
The research articles reviewed in this work used different types of media (Supplementary Table S5), therefore, to make valid comparisons, these were grouped into minimal and rich media; minimum media is composed of salts and one carbon source, generally without the presence of amino acids; whereas rich media contain salts, different sugars and other biomolecules from cell extracts (Mejias Carpio et al., 2018). We performed an analysis of the effect of the culture medium (minimal vs. rich) on the MIC values through statistical analysis and found that, as theorized, the culture medium affects bacterial heavy metal resistance (Figure 2). The results showed that there is a statistically significant difference between the growth media at a p-value of 1.03e-05. However, a detailed analysis of each heavy metal (arsenite, arsenate, cadmium, and lead) revealed that the effect is only significant for lead (Figure 3). Thus, for the rest of the analyses presented in this study, the conclusions for arsenate, arsenite, and cadmium are independent of the culture medium used in the studies, while for lead; there could be an influence of the growth medium on MIC.
[image: Figure 2]FIGURE 2 | Bacterial metal tolerance in terms of the logarithm of the Minimum Inhibitory Concentration (MIC), as a function of the type of media (Minimum and Rich) analyzed with ANOVA in RStudio 3.5.1. We present an analysis of 655 MIC values obtained from different research articles of different strains/species of bacteria associated with the plant microbiome. The number of reports for each media is indicated in parentheses.
[image: Figure 3]FIGURE 3 | Bacterial metal tolerance in terms of the logarithm of the Minimum Inhibitory Concentration (MIC), as a function of the type of media (Minimum and Rich) and the type of metal (As3+. As5+. Cd2+, Pb2+) analyzed with a two way ANOVA in RStudio 3.5.1. We present an analysis of 655 MIC values obtained from different research articles of different strains/species of bacteria associated with the plant microbiome.
Relationship Between Bacterial Metal Tolerance and the Type of Metal
The ability of microorganisms, such as bacteria, fungi, or algae to remove heavy metals or to transform them into less toxic forms, has attracted the attention of environmental scientists and biotechnologists for years (Mustapha and Halimoon, 2015). It is important to identify if bacterial metal tolerance is associated with the type of metal evaluated since metals (cadmium and lead) and metalloids (arsenic) are being considered in this study.
The first analysis showed a statistically significant difference between the type of metal and bacterial tolerance with a p-value <2e-16 (Supplementary Table S15). As presented in Figure 4, cadmium and lead were the most toxic metals since they had the lowest MIC values, and according to Tukey’s test, there is a significant difference between them (p = 0.035). Conversely, the least toxic metal was arsenic, being arsenate less toxic than arsenite and showing a significant difference from each other (p = 0.00), as well as between cadmium and lead with both arsenic forms (Supplementary Table S16). These results coincide with the reported by Mejias Carpio et al. (2018), who showed a statistically significant difference between the metals studied (As, Cd, Cr, Cu, Ni, Pb, Zn) and the overall microbial tolerance, being cadmium one of the most toxic metals, while arsenic and lead grouped showing the least toxicity. Nevertheless, for this study, lead together with cadmium represented the most toxic metals.
[image: Figure 4]FIGURE 4 | Bacterial metal tolerance in terms of the logarithm of the Minimum Inhibitory Concentration (MIC), as a function of the type of metal (As3+. As5+. Cd2+, Pb2+) analyzed with ANOVA in RStudio 3.5.1. We present an analysis of 655 MIC values obtained from different research articles of different strains/species of bacteria associated with the plant microbiome. The number of reports for each metal is indicated in parentheses.
Relationship Between Bacterial Resistance and Bacterial Genus
After the analysis of the type of metal, it was evaluated whether the bacterial genus affected the MIC values. According to the results, there is a significant statistical difference between bacterial metal tolerance and the bacterial genus (p = 0.000205) (Supplementary Table S17). Through Tukey’s post hoc test (Supplementary Table S18) we found that the genera Agrobacterium, Bacillus, Enterobacter, Klebsiella, Microbacterium, Pseudomonas, and Rhodococcus showed statistically significant differences with Mesorhizobium (Figure 5), a genus that has reported resistant species to only one or two heavy metals (Zn, Cd, or As), including M. metallidurans, Mesorhizobium sp. AH5, and M. amorphae (Fan et al., 2018). Among the genera evaluated, they were the most resistant to arsenic, cadmium, and lead, and were included in subsequent analyses of the average MIC values and biochemical and molecular mechanisms.
[image: Figure 5]FIGURE 5 | Bacterial metal tolerance expressed as the logarithm of the Minimum Inhibitory Concentration (MIC) as a function of the most commonly reported bacterial genera (Acinetobacter, Agrobacterium, Arthrobacter, Bacillus, Enterobacter, Klebsiella, Mesorhizobium, Microbacterium, Pseudomonas, Rhizobium, Rhodococcus, and Variovorax), analyzed with ANOVA in RStudio 3.5.1. The data presented correspond to a total of 463 MIC values obtained from the selected research articles. The number of reports for each genus is indicated in parentheses.
Analysis of the Average Minimum Inhibitory Concentration Values for the Most Resistant Genera
Once the statistical analyses were carried out, we proceeded to identify towards which metal the most resistant genera had greater or less tolerance by obtaining the average of the MIC values for arsenite, arsenate, cadmium, and lead for each genus. In the first place, for arsenite, Figure 6A shows that the genus with the highest resistance was Agrobacterium (38.5 mM) followed by Bacillus (25.3 mM) while the others exhibited MIC values ranging from 12.9 to 20.7 mM. The lowest MIC (12.9 mM) was exhibited by Pseudomonas. For arsenate (Figure 6B), Rhodococcus (423.3 mM) followed by Pseudomonas (328.6 mM) and Enterobacter (212.3 mM) presented the highest averages while the others exhibited values below 200 mM; the lowest MIC (89.8 mM) was exhibited by Bacillus.
[image: Figure 6]FIGURE 6 | Bacterial metal tolerance expressed as the average of the MIC values (mM) with the standard error for (A) Arsenite (As3 +), (B) Arsenate (As5 +), (C) Cadmium (Cd2 +) and (D) lead (Pb2+) for the genera with the highest resistance against heavy metals (Agrobacterium, Bacillus, Klebsiella, Enterobacter, Microbacterium, Pseudomonas, Rhodococcus).
For cadmium (Figure 6C), the genera with the highest resistance were Klebsiella (15.8 mM) and Enterobacter (10.1 mM), while the others showed MIC values below 5 mM. Similarly, for lead (Figure 6D), Klebsiella (13.1 mM) followed by Enterobacter (9.2 mM) showed the highest values and the other genera exhibited average values below 5 mM. Among the genera, Rhodococcus had the lowest average for cadmium (0.5 mM), while for lead, no MIC values were reported for this genus according to the literature reviewed.
Analysis of Biochemical and Molecular Mechanisms
Regarding the biochemical mechanisms, the percentage of strains with activity for the different PGP traits (nitrogen fixation, phosphate solubilization, and production of ACC deaminase, siderophores, and IAA) and enzymatic properties (oxidase and catalase) is presented in Figure 7 for the most resistant genera.
[image: Figure 7]FIGURE 7 | Percentage of strains with activity for the most commonly reported PGP traits (ACC deaminase, phosphate solubilization, siderophore production, nitrogen fixation and IAA production) and enzymatic properties (oxidase and catalase) in function of most resistant bacterial genera (Agrobacterium, Bacillus, Klebsiella, Enterobacter, Microbacterium, Pseudomonas and, Rhodococcus).
Plant growth-promoting traits are involved in plant growth promotion and mitigation of the toxic effects on plants exerted by heavy metals (Tirry et al., 2018). PGP mechanisms have been grouped traditionally into direct and indirect mechanisms: any mechanism that increases plant growth by producing growth regulators or providing nutrients are considered direct mechanisms (Goswami et al., 2016). On the contrary, mechanisms that help the plant to grow healthfully under different environmental stresses are portrayed as indirect mechanisms (Goswami et al., 2016). Among the five PGP traits studied, biological nitrogen fixation, phosphate solubilization, and IAA belong to the direct mechanisms; conversely, siderophore and ACC deaminase production are indirect mechanisms of PGPR (Goswami et al., 2016). The enzymatic mechanisms studied (oxidase and catalase), represent important properties in heavy metal resistance since these environmental pollutants produce oxidative stress in most soil bacteria causing an alteration of the cellular redox status; nonetheless, the antioxidant enzymes are capable of maintaining the cellular redox state and alleviate the damages by counteracting the detrimental effects of Reactive Oxygen Species (ROS) (Behera et al., 2014).
For the molecular mechanisms, Figure 8 shows that the genes associated with the ars operon were present in all the genera. The ubiquitous distribution of arsenic compounds in the environment has constituted a selective pressure for microorganisms, therefore, they have acquired or evolved multiple arsenic resistance genetic systems that include the ars operons; groups of genes widely present in species of bacteria and archaea (Ben Fekih et al., 2018). For this operon the best-characterized genes include arsR, arsA, arsB, arsC, arsD, arsH, and arsM: the arsR gene encodes an As(III)-responsive transcriptional repressor, arsA and arsB form an oxyanion-translocating complex, in which arsA functions as an ATPase, while arsB is a membrane efflux transporter, arsC encodes a arsenate reductase, that converts arsenate to arsenite, arsD functions as an arsenic metallochaperone transferring As(III) to arsA and increases the rate of arsenic extrusion, arsH encodes an NADPH-flavin mononucleotide oxidoreductase and arsM encodes an arsenite S-adenosylmethionine methyltransferase that contributes to arsenic detoxification in bacteria (Wang et al., 2009). Similarly, the cad operon was present in all genera studied (Figure 8). The cad operon is a two-component operon that essentially harbors two genes: cadA and cadC (Zheng et al., 2019). The CadA protein constitutes an ATPase that transports cadmium outside the cells, whereas the CadC protein is a transcriptional regulator that up-regulates cadA expression (Nucifora et al., 1989; Endo and Silver, 1995). In addition to cadA and cadC, the cadB and cadD genes contribute to cadmium resistance (Nies, 1992; Crupper et al., 1999; Zheng et al., 2019).
[image: Figure 8]FIGURE 8 | Total percentage of genes by operon: ars, cad, and pbr for arsenic, cadmium, and lead resistance, respectively, in function of the most resistant bacterial genera (Agrobacterium, Bacillus, Klebsiella, Enterobacter, Microbacterium, Pseudomonas, and Rhodococcus).
As presented in Figure 8, the lead operon was absent in all the genera. The absence of pbr genes in the bacterial genomes can be explained by the fact that the molecular mechanisms behind lead resistance have not been studied in depth (Borremans et al., 2001; Hynninen et al., 2009; Hynninen, 2010). One of the few lead resistance systems reported was found in Cupriavidus metallidurans CH34, and it is a system involved in uptake, efflux, and accumulation of Pb2+ that harbors four main resistance genes: 1) a pbrT gene, that encodes a Pb2+ uptake protein; 2) a pbrA gene, encoding for a Pb2+ efflux ATPase; 3) a pbrB, that encodes an integral membrane protein and 4) a pbrC, encoding for a prolipoprotein signal peptidase (Borremans et al., 2001). Hynninen et al. (2009) examined the metal specificity and functions of pbrABCD in a C. metallidurans strain DN440 and showed that the activity of pbrA (an efflux transporter for Zn2+, Cd2+, and Pb2+) and pbrB (a C55-PP phosphatase) is required to effectively detoxify Pb2+, which is accomplished by transporting Pb2+ ions out of the cell with pbrA and sequestering them with phosphate ions produced by pbrB. It has been suggested that lead detoxification by ATPases and phosphatases is a widespread mechanism for lead tolerance in these microorganisms (Hynninen et al., 2009), therefore, more studies are needed to elucidate these metal resistance genes and systems in different bacterial genera.
Figure 9, shows that most cadmium resistance genes corresponded to cadA, a gene encoding for a cadmium efflux pump (a Cd2+/ATPase protein transporter) that can be found in the plasmid or the chromosome (Oger et al., 2001); which according to the results presented by Oger et al. (2001), can increase its copy number in bacteria after exposure to a high concentration of dissolved cadmium. In addition to cadA, several genes belonging to the ars operon were found in the different genera studied (Figure 9); among them, the arsBC genes are of great importance since a main microbial arsenic detoxification mechanism involves the reduction of arsenate to arsenite through a cytoplasmic arsenate reductase (arsC) and a membrane-associated arsB efflux pump, which after reduction of arsenate, will extrude As3+ (Selvi et al., 2014).
[image: Figure 9]FIGURE 9 | Percentage of genes involved in arsenic and cadmium resistance in function of the most resistant bacterial genera (Agrobacterium, Bacillus, Klebsiella, Enterobacter, Microbacterium, Pseudomonas, and Rhodococcus).
Analysis of Biochemical and Molecular Mechanisms for the Most Resistant Genera
Agrobacterium and Bacillus
Biochemical Mechanisms
Agrobacterium and Bacillus displayed the highest resistance to arsenite and in general, low resistance to the other metals. Figure 7 shows that Agrobacterium exhibited the highest percentage of strains with activity for siderophore production (73.68%) among the genera studied, while Bacillus reported strains with activity for all the PGP and enzymatic properties, being particularly high the percentage of strains with activity for IAA (54.64%) and siderophores (51.55%).
According to the reported results by Gu et al. (2018), Agrobacterium and Bacillus were the most highly arsenite-resistant bacteria (MIC > 45 mM) among genera of bacterial endophytes isolated from the roots of Pteris vittata L, which also displayed high levels of IAA and siderophore production. IAA can directly promote root growth by increasing cell division or plant cell elongation, and therefore, can improve the absorption of arsenic by the roots (Wang et al., 2011). Siderophores, on the other hand, constitute organic molecules with a high affinity for Fe3+ ions that form complexes with other metals, and thus, are involved in the mobilization of nutrients and the availability of metals for plants (Schalk et al., 2011). Regarding these molecules, Román-Ponce et al. (2018) assayed the ligands production of Arsenic Resistant Endophytic Bacteria (AREB) and proposed the term “arsenophore” [arseno from (arsenic) + phore (carry)], referring to the ability of a ligand to chelate arsenite and arsenate.
Molecular Mechanisms
Regarding the molecular mechanisms (Figure 9), Agrobacterium reported the cadA gene and Bacillus the cadAC genes for cadmium resistance. For arsenic, both genera exhibited various genes: Agrobacterium showed the arsBCH genes, while Bacillus presented arsBCR.
In the literature, there are reports of Agrobacterium’s high resistance to arsenite as well as the presence of different ars genes (Cai et al., 2009). Cai et al. (2009) identified arsenite-oxidizing bacteria from Agrobacterium, Achromobacter, and Pseudomonas that showed high arsenite tolerance levels, and found out that the bacteria carrying an arsenite oxidase (aoxB) and an arsenite transporter gene (ACR3 or arsB) exhibited higher arsenite resistance than those with just an arsenite transporter gene. On the contrary, regarding the Bacillus genus, Bhat et al. (2011), reported the presence of two functional chromosomal encoded ars gene clusters in Bacillus sp. CDB3 strain. According to the authors, cluster 1 exerted a much higher resistance to arsenic than cluster 2, and it seems to be the largest cluster characterized so far in bacteria (Bhat et al., 2011). Moreover, in a related study that investigated the presence, diversity, and phylogenetic relationships of genes associated with arsenic resistance, the detection of the arsB and arsC genes in 21 of the 37 Bacillus strains analyzed was correlated with arsenic hyper resistance values that corresponded to 32 and 128 mM of arsenite and arsenate, respectively (Prieto-Barajas et al., 2018).
Enterobacter and Klebsiella
Biochemical Mechanisms
Enterobacter and Klebsiella were the genera with the highest resistance against cadmium and lead and reported a high percentage of strains with activity for all PGP traits and enzymatic properties (Figure 7). Particularly, among the genera studied, Enterobacter presented the highest percentage of strains for IAA production (94.12%), phosphate solubilization (70.59%), and catalase activity (23.53%). Conversely, Klebsiella displayed the highest percentage of strains with ACC deaminase (66.67%) and nitrogen fixation (33.33%), as well as the highest percentage for oxidase (33.33%) and catalase (50%) activity.
Regarding the Enterobacter genus, Pramanik et al. (2018) isolated a potent cadmium resistant PGPR bacteria identified as Enterobacter aerogenes K6; a strain that exhibited a high degree of resistance to cadmium, lead, and arsenite according to the MIC values reported: 36, 18 and 20 mM, respectively. Moreover, it showed several important PGP traits even under high cadmium stress, including IAA and phosphate solubilization activity (Pramanik et al., 2018). IAA improves nutrient acquisition by increasing root development and is capable to alleviate cadmium toxicity in plants by stimulating antioxidant enzymes (Chmielewska-Bak et al., 2014). On the other hand, the phosphate solubilizing activity constitutes an ability of bacteria that enhances plant growth in polluted soils by providing phosphorus; these bacteria dissolve inorganic phosphates by secreting organic acids that increase phosphate solubility and in particular, organic acid anions that can form complexes with metal cations like cadmium and release phosphate phosphorus (Ahemad, 2015; Yang et al., 2018; Belimov et al., 2019).
Pramanik et al. (2017) reported the most resistant PGPR strain to cadmium so far described: Klebsiella pneumoniae K5, a strain that displayed a MIC value of 36 mM for cadmium, exhibited several PGP traits and demonstrated multiple resistance to heavy metals such as lead and arsenite with MIC values of 19 and 20 mM, respectively. In the study, the strain showed high enzymatic hydrolysis of ACC by ACC deaminase, an essential property for promoting plant growth under cadmium stress and tolerance toward this metal (Pramanik et al., 2017). ACC is a precursor of ethylene, a plant hormone that under stress conditions, such as heavy metal pollution, increases its concentration and inhibits plant growth, however, microorganisms possessing the ACC deaminase enzyme, can hydrolyze ACC to ammonia and α-ketobutyrate and in this way, reduce the hormone’s concentration in plants and counteract its detrimental effect (Glick et al., 1994; Belimov et al., 2019). Like K. pneumoniae K5, Klebsiella michiganensis MCC3089 represents a strain with high resistance to cadmium and a considerable extent to lead and arsenic and exhibits various PGP traits such as nitrogen fixation capacity, a common mechanism in this genus since Klebsiella species are known to be free-living nitrogen fixers (Mitra et al., 2018). Furthermore, in the study, the authors reported that the strain enhanced the growth of rice seedlings under cadmium stress and decreased oxidative stress (Mitra et al., 2018). As noted before (Figure 7), this genus reported high enzymatic activity (oxidase and catalase), an advantageous mechanism that plays a fundamental role against the oxidative stress generated by heavy metals (Hussein and Joo, 2013).
Molecular Mechanisms
Regarding the molecular mechanisms (Figure 9), Enterobacter only showed the cadR gene (found in the plasmid), while Klebsiella reported the highest number of cad genes among the genera studied with cadABC (found on the bacterial chromosome).
In the literature search, we found very few articles that report molecular mechanisms regarding the cad operon to explain cadmium resistance in Enterobacter and Klebsiella. Conversely, mostly biochemical mechanisms such as those previously described, are reported as a source of resistance against cadmium toxicity in these genera. Among the few studies found, Haq et al. (1999) detected the presence of resistance genes for cadmium in plasmids of Klebsiella sp. and Enterobacter cloacae strains that displayed high removing capacity of cadmium; these results are by those reported in our study since the cadR gene was detected in the plasmid for the Enterobacter genus. In a related study, a heavy metal translocating ATPase gene (hmtp) was identified in an Enterobacter strain, a gene that may be involved in bacterium heavy metal resistance since its overexpression could increase zinc and cadmium tolerance (Chien et al., 2013). Moreover, for Klebsiella, the presence of the cad operon containing the cadABC genes has been reported in Klebsiella pneumonia participating in the organism adaptation to intestinal colonization and gastrointestinal stress (Hsieh et al., 2010).
As seen in Figure 9, Enterobacter and Klebsiella also reported multiple genes for the ars operon. For Enterobacter the arsABCDHR genes were identified at the chromosomal level while the arsBCH genes were reported for Klebsiella, and among them, arsCH were found in the plasmid. Unlike the cad operon, the ars operon is well established in these genera (Selvi et al., 2014). Selvi et al. (2014) proposed the use of Enterobacter strains as candidates for bioremediation processes and the efficient removal of arsenic from contaminated sites based on the presence of the ars operon encoding an arsenite oxidizing gene (aoxA) and arsenate reducing gene (arsC). For Klebsiella, the arsC gene has been detected on both, the chromosome as well as on the plasmid in Klebsiella pneumonia (Daware and Gade, 2015) which coincides with the results presented here.
It is worth noting that these genera were the only ones in which resistance genes for the heavy metals studied were found at plasmid level: arsCH for Klebsiella and cadR for Enterobacter, according to the available information. The localization of metal resistance genes on plasmids suggests that these genes could be transferred between bacteria by Horizontal Gene Transfer (HGT) (Ianeva, 2009). Plasmids play an important role in HGT since they increase bacterial adaptation by transferring important traits between strains and species (Harrison and Brockhurst, 2012). In the literature, it is suggested that when the oxygen appeared in the atmosphere, the arsC gene (arsenate reductase) was added to the original ars operon (arsRB) and that subsequent HGT and sequence divergence, gave rise to the different arsC classes that exist in the present day (Rosen, 2002; Jackson and Dugas, 2003).
Microbacterium
Biochemical Mechanisms
Microbacterium exhibited low resistance to cadmium, lead, and arsenate and moderate to arsenite. Moreover, this genus reported the least percentage of strains with activity for PGP traits, which only included ACC deaminase (23.08%), phosphate solubilization (7.69%), siderophore (30.77%), and IAA production (30.77%) and did not report enzymatic properties (Figure 7). Nevertheless, there is evidence that strains of this genus may exhibit different mechanisms of resistance to arsenate and arsenite, which would involve differences in the competition between PO43− and As5+ for the phosphate anion transporters, and also differences in the impact of PO43− on As5+ reduction. Román-Ponce et al. (2018) evaluated the reciprocal impact of PO43− and As5+ on their uptake rates in two endophytic strains of arsenate-resistant Microbacterium sp. called NE2E2 and NE2E3, which exhibited similar metal resistances (>100 mM As5+, >20 mM As3+); for NE2E2 they found that PO43− uptake decreased with the increase of As5+ concentration in the medium, while reduction of As5+ to As3+ was decreased as PO43− concentration increased, as reported for other arsenic resistant bacterial genera. For NE2E3, however, they observed completely opposite patterns. Although no mechanical explanation is given for these differences, the authors suggest that some strains of the genus Microbacterium mitigate the toxic effects of arsenite by increasing intracellular phosphate concentration.
Molecular Mechanisms
Due to the lack of genomic information for Microbacterium, it was only possible to study the presence of genes in one reference genome (M. paraoxydans), which had a single gene for arsenic: arsB, as well as for cadmium: cadA (Figure 9). Achour-Rokbani et al. (2010) reported a set of arsenic resistance genes in Microbacterium sp. strain A33, an ars system with notable characteristics that include: 1) the presence of genes required to provide electrons for the reduction of arsenate in a single operon, 2) an arsenate reductase and 3) an ArsRC2 fusion protein that functions as an arsenic-dependent transcriptional repressor.
Pseudomonas
Biochemical Mechanisms
Pseudomonas was the most commonly reported genus in the literature reviewed with 164 strains. It was the second genus most resistant to arsenate, the least resistance to arsenite, and showed low tolerance for cadmium and lead. As seen in Figure 7, this genus displayed a percentage of strains with activity for all the mechanisms represented (PGP and enzymatic). The results of this study coincide with the reported by Wevar Oller et al. (2013), where Pseudomonas strains were highly resistant to arsenate, displayed different PGP traits such as siderophores, phosphate solubilization, IAA production, and ACC utilization, and was the most represented genus, which is explained by the fact that Pseudomonas constitute ubiquitous bacteria with great adaptability to various environments (Wevar Oller et al., 2013). In a related study, the authors isolated Pseudomonas strains for their tolerance to different heavy metals (As3+, As5+, Cr2+, Hg2+, and Cd2+) and PGP properties, and showed that the isolates reported maximum tolerance to arsenate and least tolerance to Mercury (Adhikary et al., 2019).
Molecular Mechanisms
Since it was the most representative genera, it was possible to evaluate the presence of resistance genes in various reference genomes, such as cadA and cadR for the cad operon (Figure 9). Sequence analysis carried out by Lee et al. (2001), revealed two divergently transcribed genes, cadA, and cadR, from Pseudomonas putida 06909. Furthermore, the mutational analysis revealed that cadA and cadR were completely responsible for cadmium resistance, and cadmium transporter ATPase homologs were detected in many Pseudomonas species (Lee et al., 2001).
Pseudomonas also showed a high percentage of arsenic resistant genes: arsABCHR (Figure 9). In Pseudomonas fluorescens MSP3, the authors observed an ATP-dependent efflux mechanism of detoxification encoded from an operon consisting of an arsenite inducible repressor that regulates arsC expression and an inner membrane arsenite export system encoded by arsB (Prithivirajsingh et al., 2001). Cánovas et al. (2003) reported two highly homologous ars operons in different locations in the genome of Pseudomonas putida KT2440, specifically, two copies of an arsRBCH operon, whose presence suggests that each copy could be active over different arsenic exposure levels. Similarly, in a related study, the authors presented evidence that the operons of P. putida KT2440 (ars1 and ars2) encode arsenic regulatory genes and extrusion systems that confer resistance to arsenite and arsenate, and identified that the ars1 operon, seems to only occur in the KT2440 strain, whereas the ars2 operon, is part of the core genome of P. putida (Fernández et al., 2014).
Rhodococcus
Biochemical Mechanisms
Rhodococcus showed high resistance to arsenic since it was the most resistant genus to arsenate and the third most resistant to arsenite. As seen in Figure 7, this genus reported a high percentage of strains with activity for IAA production (88.89%) and in lower percentage for ACC deaminase (33.33%) and siderophores (44.44%), while for the enzymatic mechanisms only reported strains with catalase activity (11.11%). Wevar Oller et al. (2013), showed that Enterobacter, Pseudomonas, and Rhodococcus strains grew in the presence of high concentrations of arsenite and arsenate; arsenite was used at concentrations from 12 to 38 mM, whereas arsenate resistance was tested in the range of 400–700 mM and the bacterial strains showed resistance to concentrations of up to 24 mM for arsenite and up to 400 mM of arsenate. Rhodococcus erythropolis AW3 was the most arsenic resistant strain since it was able to remove and accumulate the greatest amounts of the metalloid; moreover, the strain reported catalase activity but did not display PGP traits (Wevar Oller et al., 2013). In a related study that investigated the potential of arsenic resistant bacteria to improve arsenic phytoremediation, a Rhodococcus strain exhibited IAA, ACC deaminase, and siderophore production, and was resistant to a high concentration of arsenite (Mesa et al., 2017).
Molecular Mechanisms
Figure 9 shows that Rhodococcus displayed various arsenic resistance genes: arsABCD, while for cadmium, only reported the cadA gene. Bacterial strains of Rhodococcus can cope with increased concentrations of toxic metalloids like arsenic, however, the molecular systems behind arsenic resistance have not been studied in depth (Firrincieli et al., 2019). Among the few studies, Firrincieli et al. (2019) reported that Rhodococcus aetherivorans BCP1 tolerated high concentrations of arsenate (up to 240 mM); a remarkable feature attributed to three gene clusters implicated in arsenic resistance that include three arsenate reductase genes (arsC1/2/3).
A Caution About Minimum Inhibitory Concentration Values, Culture Media, and In Vitro Studies of Heavy Metal Tolerance in Bacteria
Several biotic and abiotic factors can affect the toxicity of metals to microorganisms; biotic factors include tolerance, size and life stages, species, and nutrition-related to the test organisms, whereas abiotic factors include organic substances, pH, temperature, alkalinity and hardness, inorganic ligands, interactions, sediments, and others (Wang, 1987). Also, the chemical species and the availability of metal can be influenced markedly by physical and chemical conditions, which include conditions in the field and of the experimental assay under controlled conditions. Thus, researchers using microorganisms to assess the toxicity of heavy metals should specify the experimental conditions in detail, and they should be very similar to in situ conditions (Cooney and Pettibone, 1986).
As we have warned in the initial sections of this article, the studies analyzed used different culture media and this variability could influence the reported MIC values, specifically for the heavy metal lead, for which our analyses showed an influence of the type of media (minimum vs. rich). Beyond the context of this study, such variability in experimental conditions invites researchers in this area to reflect on the need to work together in establishing standards for the characterization of microorganisms with bioremediation and phytoremediation potential. This type of effort would contribute to the generation of valuable information for the design of bioprospecting studies, but above all for the effective use of microorganisms. Examples of such joint efforts exist for different areas of scientific research, including microbiology.
CONCLUSION
The Minimum Inhibitory Concentration (MIC) is an important parameter in the evaluation of bacterial heavy metal tolerance, however, when studying this parameter, it is relevant to take into account the culture medium since it can influence bacterial heavy metal resistance. In this study, after an analysis of the MIC values retrieved from the literature, it was shown that the most resistant bacterial genera against arsenic, cadmium, and lead were Agrobacterium, Bacillus, Klebsiella, Enterobacter, Microbacterium, Pseudomonas, and Rhodococcus. Among these, Klebsiella and Enterobacter exhibited the highest resistance to cadmium and lead, Rhodococcus showed the highest resistance to arsenate, and Agrobacterium to arsenite. Moreover, the genera displayed different biochemical and molecular mechanisms that included the presence of PGP properties and enzymatic mechanisms, as well as groups of genes associated with the cad operon for cadmium resistance and a high diversity of ars genes in the different genera, showing that arsenic is among the non-essential heavy metals most tolerated by the bacteria studied.
Microorganisms have evolved different strategies to cope with heavy metal toxicity, and their multiple mechanisms of microbial detoxification can be applied to design different remediation strategies. In the present study, based on the high resistance to the most toxic non-essential heavy metals studied (cadmium and lead) and the presence of various biochemical and molecular mechanisms, we propose Klebsiella and Enterobacter as the best candidates for bioremediation and bacteria-assisted phytoremediation strategies in soils contaminated with arsenic, cadmium, and lead. Additionally, more studies are needed to elucidate the molecular mechanisms behind cadmium and lead resistance in these genera.
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We assessed the effects of EDTA and selected plant growth-promoting rhizobacteria (PGPR) on the phytoremediation of soils and sediments historically contaminated by Cr, Ni, and Cu. A total of 42 bacterial strains resistant to these heavy metals (HMs) were isolated and screened for PGP traits and metal bioaccumulation, and two Enterobacter spp. strains were finally selected. Phytoremediation pot experiments of 2 months duration were carried out with hemp (Cannabis sativa L.) and giant reed (Arundo donax L.) grown on soils and sediments respectively, comparing in both cases the effects of bioaugmentation with a single PGPR and EDTA addition on plant and root growth, plant HM uptake, HM leaching, as well as the changes that occurred in soil microbial communities (structure, biomass, and activity). Good removal percentages on a dry mass basis of Cr (0.4%), Ni (0.6%), and Cu (0.9%) were observed in giant reed while negligible values (<100‰) in hemp. In giant reed, HMs accumulated differentially in plant (rhizomes > > roots > leaves > stems) with largest quantities in rhizomes (Cr 0.6, Ni 3.7, and Cu 2.2 g plant–1). EDTA increased Ni and Cu translocation to aerial parts in both crops, despite that in sediments high HM concentrations in leachates were measured. PGPR did not impact fine root diameter distribution of both crops compared with control while EDTA negatively affected root diameter class length (DCL) distribution. Under HM contamination, giant reed roots become shorter (from 5.2 to 2.3 mm cm–3) while hemp roots become shorter and thickened from 0.13 to 0.26 mm. A consistent indirect effect of HM levels on the soil microbiome (diversity and activity) mediated by plant response (root DCL distribution) was observed. Multivariate analysis of bacterial diversity and activity revealed not only significant effects of plant and soil type (rhizosphere vs. bulk) but also a clear and similar differentiation of communities between control, EDTA, and PGPR treatments. We propose root DCL distribution as a key plant trait to understand detrimental effect of HMs on microbial communities. Positive evidence of the soil-microbe-plant interactions occurring when bioaugmentation with PGPR is associated with deep-rooting perennial crops makes this combination preferable over the one with chelating agents. Such knowledge might help to yield better bioaugmented bioremediation results in contaminated sites.

Keywords: phytoremediation, bioaugmentation, heavy metals, plant-root-microbes interactions, plant uptake and accumulation, Arundo donax (L.), Cannabis sativa L., plant growth-promoting rhizobacteria


INTRODUCTION

Soil represents a crucial but limited resource for human activities; erosion, loss of organic matter, landslides, and contamination are critical problems that limit its utilization. Among the inorganic compounds, heavy metals (HM) have a great importance in industrial application (Lebeau et al., 2008; Rajkumar et al., 2012; Ali et al., 2013), but their release into the environment poses a serious risk to human health and other living organisms (Duruibe et al., 2007; Liu et al., 2013).

Nickel (Ni) is a heavy metal widely distributed in the environment and is released from both natural sources and anthropogenic activity (Sarwar et al., 2017). Chromium (Cr), being very resistant to corrosion is broadly utilized in various industrial applications (Emsley, 2011). Chromium is essential for living organisms, but it is toxic in excessive concentrations; in particular for humans, Cr deficiency could negatively affect lipid and sugar metabolisms (Anderson, 1997). Copper (Cu) is an essential trace element in plants and animals, but high quantities of copper salts produce acute toxicity in humans and animals (Wuana and Okieimen, 2011), possibly due to the generation of reactive oxygen species (ROS) (Liu J. et al., 2018). Cu contamination in soils could derive from natural sources like rock phosphate, from Cu-based fungicides (Komárek et al., 2010) or from zinc fertilizer application in agricultural land (Ali et al., 2013; Sarwar et al., 2017).

Traditional soil remediation technologies, such as contaminant immobilization, pollutant stabilization, soil washing, and vitrification are expensive and detrimental for the chemical properties of soil and for its biodiversity (Cunningham and Ow, 1996; Ali et al., 2013; Mahar et al., 2016). On the contrary, phytoremediation, the use of plant to immobilize or remove the contaminants in soils, is a green technology that improves chemical, physical, and organic soil properties, and that is cheaper than traditional remediation techniques (Cunningham et al., 1995; Salt et al., 1995; Barbosa et al., 2015). Several methods to improve phytoremediation efficiency have been proposed, one is the assisted phytoremediation (Lebeau et al., 2008; Shahid et al., 2014), where the availability of the contaminants is increased by the addiction of different chelating agents (CA). One of the most utilized CA to improve phytoextraction efficiency and to reduce the duration of the phytoremediation process is the ethylene diamine tetraacetic acid (EDTA), which increases the metal solubilization in soils (Shahid et al., 2014). A negative aspect of EDTA-assisted phytoremediation is the low degradability of EDTA (Lombi et al., 2001) that could be toxic for plants and animals (Lasat, 2002; Römkens et al., 2002; Evangelou et al., 2007). A promising alternative to EDTA-assisted phytoremediation can be obtained by stimulating the degradative microbial population naturally evolved in polluted soils, a process called rhizoremediation (Kuiper et al., 2004; Vergani et al., 2017; Terzaghi et al., 2019). This process can be further improved by selecting and adding to the soil selected microorganism with high degradation or biosorption abilities, an approach that can be defined as bioaugmented rhizoremediation (Lebeau et al., 2008; Rajkumar et al., 2012; Truu et al., 2015; Sarathambal et al., 2017). This technique has been proposed in case of organic pollutants (Passatore et al., 2014; Truu et al., 2015; Schwitzguébel, 2017) but only recently for heavy metals (Abhilash et al., 2012; Truu et al., 2015; Pandey et al., 2016; Tripathi et al., 2016).

Bioremediation that utilizes living organisms and/or their products to improve removal of pollutants from the environment is an emerging low-input biotechnology for ecosystem revitalization (Abhilash et al., 2012). Different microbes with plant growth-promoting traits (Tak et al., 2013), the so-called PGPR rhizobacteria (Gullap et al., 2014), have been studied for their potential to stimulate plant nutrient uptake, alleviate metal toxicity, immobilize/mobilize heavy metals in the soil, improve plant health and regulate plant pathogens (Manoj et al., 2020; Sahib et al., 2020; Prakash, 2021).

A crucial aspect in phytoremediation trials is the choice of the most appropriate plant species, as the tolerance to contaminants and accumulation capacity vary greatly among species and at times also within the same species (Pietrini et al., 2010; Shi et al., 2012). The success of phytoremediation depends on the combination of yield vs. HM uptake, for which the following crop categories have been proposed: field crops (Vamerali et al., 2010), aromatic plants (Pandey et al., 2019), Brassica species (Marchiol et al., 2004; Mourato et al., 2015), hyperaccumulator plants (Cheng, 2003; Peer et al., 2006) and biomass crops, either annual or perennial (Shi and Cai, 2009; Pandey et al., 2016; Tripathi et al., 2016).

Here in thus study, we choose two model non-food high-yielding crop for phytoremediation to address the contamination by Cr, Zn, and Cu of two distinct environmental matrices: hemp for soil and giant reed for sediment. Hemp (Cannabis sativa L.) can tolerate high heavy metal content in soil (Angelova et al., 2004), and it can be considered a good candidate crop in phytoremediation experiments (Linger et al., 2002; Rheay et al., 2020) because of its fast growth (Struik et al., 2000), HM stress tolerance genes (Ahmad et al., 2016), and fine and deep rooting systems (Amaducci et al., 2008). Phytoremediation with hemp permits to produce biomass for multipurpose bioenergy applications (Amaducci et al., 2015; Rheay et al., 2020), simultaneously with the reduction of soil contaminants (Citterio et al., 2003; Linger et al., 2005). Giant reed (Arundo donax L.) is a perennial plant with a high biomass yield in marginal land with low inputs (Amaducci et al., 2017), high belowground C storage potential (Martani et al., 2020) and is tolerant to heavy metals (Papazoglou et al., 2005, 2007; Yang et al., 2012; Barbosa et al., 2015; Cristaldi et al., 2020) thanks to its ability to store HMs in belowground organs (Fiorentino et al., 2017). Giant reed especially in wetland and sediments along riverbanks, where it naturally grows (Barney and DiTomaso, 2008; Nackley et al., 2013), is a good candidate for phytoremediation (Mirza et al., 2010; Bonanno, 2012; Truu et al., 2015).

Contaminated soil and sediments from an industrial area of Northern Italy were used to isolate, screen, and select metal-chelating plant growth-promoting bacteria. A pot experiment on the same soil was performed to compare the phytoremediation potential of both traditional (crop alone) and assisted phytoremediation techniques (PGPR and chelating agent) in order to quantify (1) HM uptake and (2) understand the plant-soil-microbe interactions. We hypothesized that bioaugmentation with PGPR, more than with chelating agents, can alleviate HM stress on plant growth of these two high-yielding non-food crops and its combination with such deep-rooted crops can help in increasing their phytoremediation potential of HM-contaminated soils and sediments. If decreasing stress on root growth and plant photosynthesis this should led to (1) a fine root system more similar to those of the same crops grown on non-contaminated matrices, (2) a higher HM uptake in plant tissues, and (2) a less marked effect of HMs on the microbial community structure and activity of rhizosphere soil.



MATERIALS AND METHODS


Soil Collection Site and Plants Preparation

Surface soil (0–60 cm) and sediment (0–30 cm) for pot experiment were collected within the polluted area around an industrial site operating in the sector of plastic galvanization in Northern Italy. Contaminated and non-contaminated soil and sediments were collected respectively 100 m after and before a factory’s discharge point into the river. Both soil sites (dystric cambisols) are hay meadows while sediment has been colleted within the 5-m-wide sandy flood bed of the river. Soil and sediment samples were air dried and then sieved at 8 mm, mixed, and homogenized, then aliquots were further sieved at 2 mm to eliminate the skeleton and analyzed for their main physiochemical properties and HM levels (Table 1). Soil samples were mainly contaminated by Cr, Ni, and Cu while sediment mainly by Cu according to the Italian legislative limits for public areas (Table 1). Giant reed (Arundo donax L.) rhizomes to be grown in sediments were collected from a 9-year field trial (Ferrarini et al., 2020), washed, cut into 3-cm-length pieces and precultivated in peat for 7 days using a modified Hoagland solution to check for growth rate homogeneity. Hemp (Cannabis sativa L.) seeds of commercially available variety Futura (Hemp-it, France) were used in the experiment.


TABLE 1. Main physiochemical parameters of for contaminated (C) and non-contaminated (NC) soil and sediments and their total chromium (Cr), nickel (Ni), and copper (Cu) concentrations (mg kg–1) at the beginning of the experiment.
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Isolation, Screening, and Selection of Metal-Chelating Plant Growth-Promoting Bacteria

A sequential screening approach was carried out in order to select from the contaminated soil and sediment bacterial strains with the ability to grow under selective pressure of Zn, Cu, and Cr; the resulting strains were then screened and quantified for plant growth-promoting traits (P solubilization), minimum inhibitory concentrations (MICs), and biosorption abilities toward the three tested metals.

Isolations were carried out using three replicates of the same contaminated soil and sediment used for greenhouse pot experiment. Ten grams of soil or sediment were added with 100 ml of sterile physiological solution and placed on a horizontal shaker for 24 h. The obtained slurries were then diluted decimally and plated on tryptone soy agar (TSA) plates containing 100 ppm of each metal as NiCl2⋅6H2O, CuSO4, and CrCl3⋅6H2O salts (Carlo Erba reagents, RPE, analytical reagent grade). Representative colonies were picked and dereplicated with random amplified polymorphic DNA (RAPD) amplification as detailed in Spini et al. (2018).

The resulting unique strains were then screened for their phosphate solubilization abilities by spotting them on GY/tricalcium phosphate medium containing Ca3(PO4)2 as insoluble source of phosphorus: the plates were incubated at 30°C, and after 7 days, the P solubilization ability was quantified by measuring the halos diameter as previously described (Ambrosini and Passaglia, 2017; Guerrieri et al., 2020). Isolates without a halo were considered non-solubilizers (−); isolates with a halo between 1 and 2 cm as level 1 (++); isolates between 2 and 3 cm as level 2 (++); and isolates with > 3 cm as level 3 (+++).

The ability of all isolates to withstand increasing metal concentrations was quantified with a modification of the MIC method usually applied for antibiotic. Each strain was grown overnight in tryptone soy broth (TSB), and 100 μl of a 1/10 dilutions were dispensed in 96-well microplates together with 100 μl of TSB at increasing concentrations of 0, 200, 400, 800, 1,600, and 3,200 ppm of NiCl2, CuSO4, and CrCl3. Each strain was tested in 10 replicates.

A screening was carried out by selecting strains that had a P solubilizing ability of level 1 or higher and the ability to withstand the metal mixture with a MIC higher than 200 ppm concentration. The retained strain were then tested for their metal biosorption abilities with the method described by Ma et al. (2015). Briefly, strains grown overnight in TSB were washed twice with distilled water and resuspended in 2 ml of distilled water containing 200 ppm of NiCl2, CuSO4, and CrCl3. After 8 h of incubation at 30°C, the tubes were centrifuged and the unsorbed metals remaining in the cells free supernatant quantified as described below. The bacterial pellet was dried and weighted to measure the biomass and normalize accordingly the data obtained.

Two strains showing the best biosorption abilities were finally selected from the soil and the sediment batches respectively, and were identified by means of Sanger sequencing of 16S rRNA PCR amplicons as described in Spini et al. (2018). The amplification was carried out using the primers P0 (5′-GAG AGT TTG ATC CTG GCT-3′) and P6 (5′-CTA CGG CTA CCT TGT TAC-3′) described in Di Cello and Fani (1996) prior to their use in the microbial-assisted phytoremediation experiments; the two strains were grown overnight in TSB to an exponential phase. They were then washed twice with distilled water and finally resuspended in distilled water to an OD at 600 nm as determined by UV-VIS Spectrophotometer (AT1409001, Aurogene, Italy) corresponding to 1010 CFUs L–1. In the PGPR-treated thesis, the resuspension was added to the soil pots in order to reach a final bacterial load of 108 CFUs kg–1 of soil.



Greenhouse Pot Experiment

The comparison of the phytoremediation potential with common practices (crop alone) as compared with assisted phytoremediation techniques (PGPR and chelating agent) was conducted through a pot experiment performed under controlled conditions. Hemp seeds and rhizome of giant reed were transplanted into filled pot of 16 L (60 cm height, 16 cm diameter) and cultivated 60 days (25:16°C day:night temperature, with a photoperiod of 16 h). One rhizome/seed were transplanted/sown per pot. Pot dry weights were respectively 6 and 7.2 kg for giant reed and hemp, respectively. Soil has been maintained at 60% of water holding capacity while sediment at 100% WHC to simulate sediment water conditions. This implies that the findings derived from this study will require field validation. In particular, sediment pots with a collecting tube for leaching were built at the bottom of the top to collect leachate solutions before and after treatments. The use of, e.g., EDTA mobilizing agents, indeed, in field trials is sensitive and requires adequate greenhouse evaluation prior to upscaling to the field scale. Four main treatments (n = 4 replicates) were applied to sediment and soil respectively grown with giant reed and hemp (n = 32 pots, Supplementary Figure 1): not contaminated with crop alone—control (NC), contaminated with crop alone (C), contaminated and treated with PGPR (C+PGRP), and contaminated and treated with EDTA (C+EDTA). Three additional pots for both soil and sediment (C and NC) were kept for the duration of the experiment without plant to characterize microbial diversity without plants (Supplementary Figure 1). Pots were inoculated with PGPR and irrigated with EDTA twice during the experiment: 22 and 51 days after transplanting (DAT) for the giant reed pots and 34 and 53 days after sowing (DAS) for the hemp pots. PGPR were inoculated via irrigation of pots of 1 L solution of 108 UFC ml–1 of selected bacteria strain (Section “Isolation, Screening, and Selection of Metal-Chelating Plant Growth-Promoting Bacteria”). EDTA (Carlo Erba reagents, RPE, analytical reagent grade) were applied as 1 L solutions at 0.5 g kg–1 concentration as suggested by Shahid et al. (2014) for the same HMs and C3 plants. Both solutions were inoculated at the end of the lighting period in order to allow the plants to adapt to the solutions and to show the inoculation effects on photosynthetic performances the following day.



Plant and Soil Sampling for Pot Experiment Monitoring


Heavy Metals Determination on Plant, Soil, and Leachate Samples

Leachate solution were collected in 1 L flask from the bottom of the n = 16 giant reed pots 17, 26, 38, and 60 DAT solutions were immediately filtered at 0.45 μm and stored at −18°C until analysis.

At the end of the experiment (78 DAT and respectively 56 and 28 days after first and second applications), aboveground (ABG) and belowground (BGB) biomass were harvested from all pots (n = 32). Leaves and stems were sampled separately for giant reed, while hemp samples were sampled from leaves, stem, and flowers. Aboveground biomass sample were dried at 65°C to determine dry matter content and then samples were milled and sieved at 1 mm for HM analysis. Belowground samples (roots for hemp and rhizome+root for giant reed) were carefully washed with distilled water before root analysis (Section “Fine Root System Characterization”).

The rhizosphere soil (RS) was collected for each pot according to previously described methodology (Barillot et al., 2013; Marasco et al., 2018; Guerrieri et al., 2020). Briefly, bulk soil (BS) was removed by shaking plants by hand for 10 min vigorously, paying attention to the roots’ integrity, as long as the roots’ non-adhering soil particles were completely removed. In order to collect rhizosphere soil, the root system was washed with 500 ml of 0.9% NaCl added and afterward 150 ml of bacterial suspension were incubated at 25°C for 90 min with shaking at 180 rpm. BS and RS were immediately dried at 65°C for HM analyses and stored at −18°C until soil enzyme activities and DNA extraction for bacterial diversity analysis. Soil and sediment total Cr, Ni, and Cu concentrations were analyzed at beginning (Tzero) on BS samples and at the end of experiment (Tfinal) on either BS and RS samples. Soil and sediment samples were digested with a solution of aqua regia (HCl:HNO3 in a volume ratio 3:1) and heated under reflux, after pretreatment with H2O2; Ni, Cr, and Cu concentrations were determined in all samples by graphite furnace atomic absorption spectrometry (GFAAS) (Perkin-Elmer AA-600).

Above and belowground dry samples (1 g subsamples from each individual pot sample) were analyzed for total Ni, Cr, and Cu concentrations as in Watanabe et al. (2015). The samples were digested in a solution of 6 ml of concentrated HNO3 and 1 ml of H2O2, the solution was heated at 110°C for 2 h, and then distilled water was added to reach the volume of 50 ml, the solution was filtered at 0.45 μm and then read with ICP-MS (Agilent 7900).

To assess the performance of the phytoextraction-assisted bioaugmentation with PGPR and addition of chelating agents, the following factors (Lebeau et al., 2008; Ali et al., 2013) were calculated for hemp and giant reed: plant biomass (mg pot–1), concentration (mg kg–1) and amount of metal extracted by plants (μg pot–1 in each plant component), bioconcentration (BCF), and translocation (TF) factors defined, respectively, as the metal in AGB to the metal in soil ratio and the metal in AGB to the metal in BGB ratio. BGB in hemp was only roots while root and rhizomes in giant reed.



Whole-Canopy Gas Exchange Measurements

The day before the first EDTA/PGPR application, hemp and giant reed pots were placed into a semi-automated gas exchange platform to measure whole-canopy gas exchanges for 7 days. Canopy net assimilation rate (Pn) and transpiration rate (E) were determined with a self-assembled multichamber gas exchange apparatus (fully described in Fracasso et al., 2017). In brief, in this system, air is drawn from outside and blown into the chambers while a CIRAS-DC double-channel absolute CO2/H2O infrared gas analyzer (PP-System) combined to a datalogger measures continuously, 24 h day–1, CO2 and H2O concentrations at the inlet and outlet of each chamber. Pn and E were calculated from flow rates and CO2 and water vapor differentials using the formula provided by Long and Hällgren (1993).



Fine Root System Characterization

Once cleaned, roots were hand recovered from the water using a 2-mm mesh sieve. Determination of root length density (RLD, cm cm–3) and root diameters was performed with the software winRHIZO Pro 2019. The images were acquired using the TWAIN interface at 600 dpi and with a scanner (model: Epson Expression 10000xl) equipped with a double light source to avoid roots overlapping. Fine roots dry biomass weight was determined gravimetrically, after taking scanned images, drying the roots at 60°C until constant weight. The dried fine root sample were then analyzed for total HM concentration as in Section “Heavy Metals Determination on Plant, Soil, and Leachate Samples.” The diameter class length (DCL, mm cm–3) was calculated for very fine (0.0–0.5 mm), fine (0.5–2 mm), and coarse (>2 mm) diameters for both crops. The DCL was calculated for 13-diameter classes from 0 to 3.15 mm (with a 0.15-mm increase per class). To describe crops’ DCL distribution as affected by treatments, the DCL data of hemp and giant reed were fitted with the non-linear regression extreme value model (Curve expert Professional 2.6.4) as suggested by Zobel et al. (2007) and successfully applied to biomass crops by Chimento and Amaducci (2015):
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where x refers to diameter class (mm). In general, the coefficient a (baseline) is the value approached by DCL as x approaches positive or negative infinity, b is the DCL peak value minus a, c is diameter class at peak value (the x-axis location of b), and d (amplitude of the curve) is related to the width across the curve at half maximum (b / 2 + a) so that width at half maximum equals 2.446 d (Zobel et al., 2007).



Microbial Biomass and Enzyme Activities of Bulk and Rhizosphere Soils

Twenty soil enzymatic activities (EA) involved in key steps of soil C, N, P, and S cycling were measured: (i) α-glucosidase (agluc, EC 3.2.1.20), β-glucosidase (bgluc, EC.3.2.1.21), α-galactosidase (alfaGAL, EC 3.2.1.22), β-galactosidase (betaGAL, EC 3.2.1.23), α-mannosidase (alfaMAN, EC 3.2.1.24), β-mannosidase (betaMAN, EC 3.2.1.25), β-D-glucuronidase (uroni, EC 3.2.1.31); β-1,4-glucanase (cell, EC 3.2.1.4), β-1,4-xylanase (xilo, EC 3.2.1.8) involved in C cycling; (ii) N-acetyl-b-D-glucosaminidase (chit, EC 3.2.1.14), leucine amino-peptidase (leu, EC.3.4.11.1.), trypsin-like protease (tryp, EC 3.4.21. 4) involved in N cycling; (iii) acid (acP, EC.3.1.3.2) and alkaline phosphomonoesterase (alkP, EC.3.1.3.1), phosphodiesterase (bisP, E.C.3.1.4.1.), pyrophosphodiesterase (piroP, EC.3.6.1.9.), inositol-P phosphatase (inositP, EC 3.1.3.25) involved in P cycling; (iv) arylsulfatase (aryS, EC.3.1.6.1.) involved in S cycling; and (v) non-anoate (nona) and palmitate (palmit) esterase (EC 3.1.) involved in the hydrolysis of ester bonds. EA were determined on soil extracts (Bardelli et al., 2017) using fluorogenic substrates containing 4-methyl–umbelliferyl (MUF) and 7-amino-4-methyl coumarin (AMC) as fluorophores. Soil enzymes were desorbed by heteromolecular exchange procedure via bead-beating according to Ferrarini et al. (2020). Soil microbial biomass was determined as double-strand DNA (dsDNA) content (Fornasier et al., 2014).



Molecular Analyses of Bulk and Rhizosphere Bacterial Diversity

Soil and rhizosphere samples from the hemp and the giant reed experiments were collected at the beginning and at the end of the experiments and analyzed in quadruplicates for bacterial diversity by means of high-throughput sequencing (HTS) of 16S rRNA amplicons. The procedure applied is described in detailed in Spini et al. (2018) and summarized as follows.

Total microbial DNA was extracted from 0.5 g of each soil sample with the Fast DNATM SPIN Kit for Soil (MP Biomedicals, United States) with the number of modifications: homogenization in the FastPrep® for 40 s at speed setting of 6.5 twice, keeping in ice between the two homogenization steps, final centrifugation at 14,000 × g for 15 min, and the final resuspension of the binding matrix was carried out in 50 μl–1 of nuclease-free water. The DNA quality of each sample was checked with electrophoresis on a 1% agarose gel, and QuBitTM fluorometer (Invitrogen, United Kingdom) quantification was carried out in order to dilute each DNA sample to 1 ng μl–1 concentration. PCR amplifications of the V3-V4 regions of bacterial 16S rRNA were carried out using the universal primers 343f (5′-TACGGRAGGCAGCAG-3′) and 802r (5′-TACNVGGGTWTCTAATCC-3′) (Połka et al., 2015). Amplifications were carried out in two steps, a first with untagged primers in order to reduce the possibility of preferential primers annealing (Berry et al., 2011) and a second step using a dedicated forward primer with a 9-base extension at the 5’ end, which acts as a tag, in order to make simultaneous analyses of all samples in a single sequencing run possible. The PCR reaction mix is composed of 20.5 μl of MegaMix (Microzone Limited, United Kingdom), 1.25 μl of each primer (10 μM), and 2 μl (1 ng μl–1 concentration) of DNA template. Thermal cycling conditions were as follows: Step 1: an initial denaturation at 94°C for 5 min, followed by 25 cycles at 94°C for 30 s, 50°C for 30 s, 72°C for 30 s, followed by a final extension at 72°C for 10 min. Step 2: initial hold at 95°C for 5 min, followed by 10 cycles of 95°C for 30 s, 50°C for 30 s, and 30°C for 30 s; then, a final extension at 72°C for 10 min. The DNA amplifications were checked with electrophoresis on a 1% agarose gel, and then quantified using a QuBitTM fluorometer (Invitrogen, United Kingdom). PCR products generated from the second step were multiplexed as a single pool using equivalent molecular weights (20 ng). The pool was then purified using the solid-phase reversible immobilization (SPRI) method with Agencourt AMPure XP kit (REF A63880, Beckman Coulter, Milan, Italy), then sequenced by Fasteris S.A. (Geneva, Switzerland). The TruSeq DNA sample preparation kit (REF 15026486, Illumina Inc., San Diego, CA, United States) was used for amplicon library preparation, whereas the sequencing was carried out with the MiSeq Illumina instrument (Illumina Inc., San Diego, CA, United States) generating 300 bp paired-end reads.

High-throughput sequencing data filtering, multiplexing, and preparation for subsequent statistical analyses were carried out as previously detailed (Vasileiadis et al., 2015). Paired reads were assembled to reconstruct the full V3-V4 amplicons using the FLASH assembler (Magoč and Salzberg, 2011), and samples were demultiplexed according to their tag using SeqKit (Shen et al., 2016). Further screenings were carried out with Mothur (Schloss et al., 2009) in order to remove sequences with large homopolymers (≥10), sequences that did not align within the targeted V3-V4 region, chimeric sequences, and sequences not classified as bacterial. Sequence data were submitted to the National Centre for Biotechnology Information Sequence Read Archive (BioProject PRJNA687540).



Statistical Analyses

Heavy metal uptake and concentration data were analyzed separately for both crops and their relative plant components using a one-way ANOVA with treatment (C, C+PGPR, C+EDTA) as main effect. HM concentration in leachate and Simpson diversity index were analyzed using a two-way mixed-model ANOVA for complete a randomized design. Treatment combination and sampling time (Tz, Tf) and their interaction were considered fixed main effects with replicates as a random effect.

Pn and E data were analyzed via one-way ANOVA and, when the F-test was significant, mean separation was performed by the t-test at P < 0.05 and P < 0.01. Degree of variation around means is given as standard error (SE). All ANOVA were performed with agricolae R package while post hoc men separation via multicomp R package.

To determine whether treatments influence fine root systems, especially whether roots become thinner or thicker in response to treatments, the statistical significance of the DCL curve parameters (a–d) were assessed through testing their standard errors using the t-statistics at P < 0.05. Relatively to 16S, Mothur and R were employed to analyze the resulting high-quality sequences following the operational taxonomic units (OTUs) at 97% similarity, and the taxonomy-based approach, which was implemented using an amended version of the Greengenes database (McDonald et al., 2012). Sequence data were submitted to the National Centre for Biotechnology Information Sequence Read Archive (BioProject PRJNA687540). Soil EA and OTU from microbial sequencing were analyzed through multivariate analysis (distance-based redundancy analyses (dbRDA)) while OTU was also analyzed with hierarchical clustering. We used Mothur and R for statistical analyses on OTU and taxonomy matrixes using hierarchical clustering with the average linkage algorithm at different taxonomic levels. dbRDA was run on a three step basis (Ferrarini et al., 2020) separately for soil type (BS, RS) of hemp and giant reed: (1) Bray–Curtis dissimilarity (non-linear) matrix is calculated on square root transformed data for soil EA and raw data for OTU database; (2) stepwise multiple regression was performed to select the best model (AIC) including environmental variables only for soil EA data and OTU database of RS; (3) a principal coordinate analysis (PCoA) is calculated based on the distance matrix (999 permutations) to obtain dbRDA axis coordinates for main treatments (treatment for soil EA data and Trt × sampling time for bacterial diversity data) to be plotted as multivariate centroids surrounded by 95% confidence interval ellipsoids and coordinates of species (only for soil EA) and environmental variables (RLD and soil HM concentrations) respectively as points and arrows; (3) one-way permutational multivariate analysis of variance (PERMANOVA) based on Bray-Curtis matrix was conducted for 9,999 permutations was used to test for main treatment effects on soil EA and sequencing data with replicate as random effect. Planned contrasts of PERMANOVA, according to Bonferroni’s test (P > 0.05) were set as follows: treatment vs. soil EA grouped by element cycle (C-, N-, P-, and S-cycling, and esterases) and all contrasts for treatment × sampling time interaction terms in the case of PERMANOVA on sequencing data. A fourth dbRDA step was only run for soil EA data (Mattarozzi et al., 2020). Briefly, a similarity percentage (SIMPER) was used to select the soil EA accounting for > 90% of cumulative dissimilarity between each of all planned contrasts for main treatments (NC, C, C+EDTA, C+PGPR). dbRDA, PERMANOVA, and SIMPER analysis were run by using vegan R packages (capscale, pairwise.adonis and simper functions, respectively).



RESULTS


Selection of Bacterial Strains for Microbial-Assisted Phytoremediation

Isolation and molecular fingerprint genotyping resulted in a total of 42 unique strains: 22 derived from the contaminated sediments and 20 from the contaminated soil. The assessment of phosphate solubilization ability and MIC for the three tested metals are reported in Table 2, together with measurement on biosorption abilities on 12 selected strains. Seven out of 22 strains from soil had P solubilization ability, with one (strain So17) having to generate a larger halo. Regarding sediment strains, 12 out of 17 had P solubilization abilities, with one as well having level 3. The ability to withstand high metal concentrations was confirmed by MIC values, that in most cases had values of 800 ppm or more, thus much higher than the selective concentration used in the isolations. According to the results obtained for P solubilization and MIC, 12 strains (six from soil and six from sediments) were selected for the measurement of metal biosorption ability, an important trait to improve the phytoremediation potential. Data were normalized per gram of dry cells and showed values between 0.1 and 13.5 mg of metal per gram of dry cell biomass (Table 2). The highest biosorption levels were found for strains So17 among soil isolates and strain Se02 among sediment isolates: interestingly those were also among the three strains that had the highest P solubilization abilities. Strains So17 and Se02 were thus selected for the microbial-assisted phytoremediation experiments and taxonomically identified as Enterobacter spp. (So17) and Enterobacter asburiae (Se02) (GenBank submission SUB9058427).


TABLE 2. Screening of isolated strains for P solubilization ability, minimum inhibitory concentrations (MICs) of Cr, Cu, and Ni and biosorption (BS) toward the three testes metals.
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Phyto-Assisted Bioremediation Performances for Cr, Ni, and Cu


Heavy Metals Accumulation in Plant Organs of Hemp and Giant Reed

Heavy metal concentration and total concentration of heavy metals (Cr, Ni, and Cu) in BS at the end of the experiment generally did not decrease (Supplementary Figure 2). Only Ni were significantly lower with hemp treated with EDTA and PGRP (F = 12, P = 0.04). Plant yield was significantly affected by HM pollution in sediment (−19%) and soil (−16%) as shown by tolerance index (TI) values (Table 2). Bioaugmentation with PGPR significantly alleviate HM stress on plant yield showing no difference in plant yield compared with non-contaminated sediment (NC). Giant reed and hemp treated with PGPR showed a TI of 117 and 89%, respectively.

Heavy metals content (Figure 1) and uptake (Figure 2) were significantly enhanced by bioaugmentation with PGPR and addition of EDTA chelating agent in contaminated soil and sediments. Bioconcentration (BCF) and translocation (TF) factors of chromium, nickel, and copper in the belowground and aboveground of giant reed and hemp were depicted in Table 3. The three HMs assessed in this study showed clear distant accumulation (Figure 1) and uptake (Figure 2) patterns among plant organs.
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FIGURE 1. Mean values of Cr, Ni, and Cu concentration (mg kg–1) in plant components for hemp (roots, stems, leaves, and flowers) and giant reed (rhizome, roots, stems, and leaves) as affected by treatments. Different letters denote statistically different (Tukey’s test, P = 0.05) concentration values among treatment for each HM/crop combination.
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FIGURE 2. Summary of mean values of Cr, Ni, and Cu uptake (μg HM plant–1) in plant components for hemp and giant reed as affected by treatments. Different letters denote statistically different (Tukey’s test, P = 0.05) uptake values among treatment for each HM.



TABLE 3. Bioconcentration (BCF) and translocation (TF) factors and tolerance index (TI) for hemp and giant reed.

[image: Table 3]All plant organs showed Cr, Ni, and Cu accumulations (Figure 1). Among organs, the concentration trend was belowground organs (rhizomes, roots) > > aboveground organs (leaves, stems) for Cr and Ni whereas Cu showed similar concentration in belowground and aboveground plant organs (Figure 1). Hemp translocated more Cu and Ni in ABG than BGB than giant reed that instead showed the opposite for Cr (Table 3). TF showed the following crop ranking for the three HMs: Cr (giant reed 0.15 > hemp 0.05), Cr (hemp 0.46 > giant reed 0.07), and Cu (hemp 0.44 > giant reed 0.30). BCF values for ABG (Table 3) was in general similar among phytoremediation technique with giant reed showing higher BCF than hemp for Cr (0.062 vs. 0.003), Ni (0.04 vs. 0.12), and Cu (0.32 vs. 0.22). The only exception was observed in the BCF-ABG of Ni for hemp treated with EDTA (0.29) that was significantly higher than other treatments (0.04). EDTA increased significantly Cu concentration in belowground organs of giant reed while in hemp either aboveground and belowground organs had higher Cu concentration with EDTA addition than C and C+PGRP (Figure 1). EDTA addition increased significantly only Ni concentration in hemp leaves and giant reed rhizomes. Cr concentration in ABG is generally less affected by phytoremediation techniques. Only rhizomes of giant reed showed a significantly higher Cr concentration than C and C+EDTA. EDTA greatly enhances BCF of Ni and Cu in belowground organs of both crops especially (Table 3). HM element concentrations decreased differently in the plant organs of giant reed and hemp (Figure 1). Considering leaching in sediments cultivated with giant reed, levels of heavy metals in the leachate were differentially affected by EDTA (Supplementary Table 1). With EDTA, Ni and Cu leached easily after two applications showing, at the end of the experiment, significantly higher concentration of Ni (20.4 mg L–1) and Cu (17.9 mg L–1). Peak concentration of Cu in leachate was observed already 4 days after treatment while 16 DAT for Ni. Without EDTA, heavy metal concentration in leachates were very low on average (Cr: 2.68 ng L–1, Ni: 0.04 mg L–1, and Cu: 0.03 mg L–1). Bioaugmentation with PGPR never sustained HM leaching compared with sediment contaminated alone.



Heavy Metals Mass Balance and Uptake

Supplementary Figure 3 shows the HM mass balance for the hemp and giant reed experiments. At the time scale of the experiment, main Cu, Ni, and Cr remained in the sediment (99.7, 99.5, and 96.3%) and in the soil (>99%). A maximum of 1.45% of Cu, 0.72% of Ni, and 0.5% of Cr in the sediment was removed by giant reed treated with EDTA although at the same time 7.9% of Cu and 3% of Ni was lost with leaching. Hemp showed a lower HM removal from soil mass balance than giant reed with less variation among treatments (Supplementary Figure 3). An average of 30, 26, and 37‰ of Cu, Ni, and Cr, respectively, in soil was removed by hemp.

Overall ABG contributed very little to HM removal either in terms of mass balance (‰) (Supplementary Figure 3) and HM uptake at plant level (μg tissue–1) (Figure 2). The two plant micronutrients, Ni and Cu, showed very low whole plant uptake values (Ni: < 4 μg plant–1 and Cu: < 2 μg plant–1) for both crops grown in NC soil and sediment, respectively. In giant reed, compared with contaminated control (C), the significantly highest uptake values were observed in rhizomes with EDTA (Ni: 4.8 mg plant–1, Ni: 3.4 mg plant–1) and with PGPR either in leaves (Cr: 51 μg plant–1, Ni: 27 μg plant–1, Cu: 130 μg plant–1) and in stems (Ni: 41 μg plant–1, Cu: 137 μg plant–1). Roots of giant reed also contributed significantly to BGB HM mass balance (Figure 2 and Supplementary Figure 3). PGPR and EDTA significantly increased Cr and Cu root uptake in giant reed (Figure 2). In hemp, compared with the contaminated control (C), the significantly highest uptake values were observed for Cu in stems, leaves, and flowers with EDTA (950, 760, and 91 μg plant–1) and for Ni in stems with EDTA (2,800 μg plant–1).



Plant Photosynthetic Performances

The effects on photosynthetic performances (Pn and E) of HM pollution were more evident in hemp (Figures 3B,D) than in giant reed (Figures 3A,C). In fact, hemp plants grown in non-contaminated soil (NC) showed higher and constant Pn and E-values (13.9 and 3.5 mmol m–2 s–1, respectively) than hemp plants grown in contaminated soil (Figures 3B,D, P < 0.05). On the other hand, Pn of hemp plants grown in contaminated soil slightly decreased from an initial value of 8.3 until 6.6 μmol m–2 s–1 (P < 0.05). On 53 DAS, before PGPR and EDTA inoculation, no statistically significant differences were highlighted between the three treatments (Figures 3B,D). After 3 days from inoculation, differences in Pn become significant between PGPR and EDTA-inoculated plants (Figure 4B) with 9 and 12 μmol m–2 s–1, respectively. Transpiration rate was heavily affected by soil pollution: only hemp plants grown on non-contaminated soil reached on average E-values around 3.5 mmol m–2 i–1. No statistical differences resulted between treatments before and after the inoculation (Figure 3D).
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FIGURE 3. Whole-canopy net photosynthetic rate (Pn, μmol m–2 s–1) and transpiration rate (E, mmol m–2 s–1) of giant reed (A) and hemp (B) as affected by PGRP and EDTA application (black arrows). DAT, day after transplanting.
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FIGURE 4. Diameter class length (DCL, mm cm–3) distribution of hemp (A) and giant reed (B) whole root systems and (C,D) relative contribution (%) of the very fine, fine, and coarse roots to the total root length density (RLD). Coefficients and statistics obtained from the regression of extreme value model are reported in the table where the statistical significance of the DCL curve parameters (a–d) were assessed through testing their standard errors using the t-statistics at P < 0.05. Different letters in graph (C,D) denote statistical differences (Tukey’s test, P = 0.05) among treatment for each root diameter classes.


In giant reed plants, soil pollution did not affect Pn neither before nor after the inoculation, remaining stable around 20.4 μmol m–2 s–1. Before the inoculation, no statistically significant differences in Pn were highlighted between PGPR and EDTA treatment. The 2nd day after inoculation, Pn of giant reed plants treated with PGPR significantly decreased Pn until 15.5 μmol m–2 s–1, whilse Pn of EDTA-treated plants increased until 25.5 μmol m–2 s–1 (Figure 3A, P < 0.05). Transpiration rate of plants grown on non-contaminated soil was not statistically different from E of PGPR-inoculated plants and lower than E of giant reed plant grown on contaminated soil. Pn of EDTA-inoculated plants slightly increased in response to the inoculation treatments from 3 to 4.4 mmol m–2 s–1 (Figure 3B, P < 0.05).



Root-Microorganism Activity Interactions

Heavy metal contamination affected both in sediment and soil fine root biomass (FRB) and RLD of giant reed and hemp. Both crop yielded in non-contaminated matrices more FRB than in contaminated ones. EDTA significantly affected RLD of giant reed (F = 34, P = 0.001) showing a peak negative value on average of 0.5 cm cm–3. Significantly, RLD higher values were observed for C and PGPR (on average 1 cm cm–3) and NC (1.7 cm cm–3). A significant denser fine root system was observed in C treatments with hemp (average 3.66 cm cm–3) with no differences among them.

Diameter class length results indicate that the large majority (88.2% in giant reed and 99.2% in hemp) of the roots, expressed as RLD is composed of roots with a diameter lower than 2 mm (Figures 4C,D). Among these, very fine roots (0.0–0.5 mm) were more frequent than fine roots (0.5–2.0 mm), but the latter were the most affected by heavy metal contamination. In particular, EDTA application significantly decreases RLD of very fine roots of giant reed at the expense of fine roots. The extreme value model accurately described (average R2 of 0.98) the DCL distribution of the whole fine root system of giant reed and hemp (Figures 4A,B). Root system of both crops responded to heavy metal contamination by becoming thicker and shorter. Coefficients a, b, and c were significantly affected by NC and C treatments in both crops. Hemp roots thickened (c coefficient) from 0.16 mm with NC to an average value of 0.23 mm for contaminated soil treatments (Figure 4B). EDTA and PGPR in hemp significantly suppressed DCL at peack values (b coefficient) and increase the curve amplitude (width across the curve at half maximum—d parameter). For giant reed (Figure 4B), the model estimated that DCL peak was reached at a higher root diameter size in EDTA than in other treatment herbaceous crops (0.291 vs. 0.265 mm, respectively; P < 0.001) (Figure 4A). In particular, EDTA suppressed significantly DCL of these peak value (b parameter) to 1.2 cm cm–3 compared with 5.5 of NC and 2.7 and 2.8, respectively, of C and C+PGPR.

The results of soil EA (Supplementary Table 2) showed that HM contamination decreased significantly either of BS (-28% hemp and −37% giant reed) and RS (−39% hemp and −48% giant reed). In particular, RS of giant reed when cultivate on contaminated sediment showed a decrease compared with NC at 37, 38, 46, and 38%, respectively, for C-, N-, P-, and S-acquiring enzymes while esterases and microbial biomass were reduced at 34 and 12%, respectively. RS of hemp instead when cultivate on contaminated sediment showed a decrease compared with NC at 40, 32, 47, and 66%, respectively, for C-, N-, P-, and S-acquiring enzymes while esterases and microbial biomass were reduced of 55 and 32%, respectively. Highest reduction in EA and microbial biomass of RS were observed with EDTA where it reached values of −44 and −48% in hemp and −7 and −44% in giant reed. The highest reduction were observed for P- and S-acquiring enzymes in giant reed RS (−6 and −76%) and N- and P-acquiring in hemp (−55 and −56%).

Soil EA patterns in RS significantly differed among treatments more in hemp (F = 12, P = 0.002) than in giant reed (F = 8.9, P = 0.003) (Figures 5A,C). Similar but less pronounced separation along dbRDA axes were observed for BS of both crops. Relatively to RS, soil EA associated to hemp differed among NC and C treatments with separation along axes 1 (F = 69.6 and P = 0.002) accounting for 49.6% of the total variance and along axes 2 (F = 6.7 and P = 0.045) accounting for 29.8% of the total variance (Figure 5A). In hemp, soil EA patterns for C+EDTA were closer to each C and C+PGPR only in BS than those in BS (Figures 5A,B). PERMANOVA analysis (Supplementary Table 3) of EA and species score plot (Figures 5A,B) showed that EDTA significantly reduced C-, N-, and P-acquiring enzymes (alkP and leu) compared with contaminated control (C) while PGPR differed from C only for lower P- and S-acquiring enzymes (leu and bisP).
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FIGURE 5. Distance-based redundancy analysis (dbRDA) plots showing shifts in enzyme activities of RS (A,C) and BS (B,D) of hemp (A,B) and giant reed (C,D) among treatments. Arrow indicates environmental variables with significance level (* < 0.05, ** < 0.001, *** < 0.001). Species scores corresponding to the dbRDA plots (coordinates for enzymes included in model) are reported in the scatter plots on the right. Letters within ellipses denote significant differences (Bonferroni’s test, P = 0.05) in EA similarity matrices among fertilizers as assessed by permutational multivariate analysis of variance (PERMANOVA).


Similar effects of treatment on EA patterns differentiation were observed in giant reed, but different EA caused the horizontal differentiation in the dbRDA plots (Figures 5C,D). In the RS of giant reed EA differed among NC and C treatments with the separation along axes 1 (F = 72.7 and P = 0.052) accounting for 53.7% of the total variance (Figure 5C) while in BS C treatments did not differ from each other but only with NC with the separation along axes 1 (F = 28.1 and P = 0.015), accounting for 53% of the total variance (Figure 5D). PERMANOVA analysis (Supplementary Table 1) of EA and species score plot (Figures 5A,B) showed that EDTA in giant reed significantly reduced only N- and P-acquiring enzymes (acP, bisP, piroP, chit, leu) compared with the contaminated control (C) while PGPR did not differ from C for any EA group. dbRDA results from multivariate multiple regression on EA (arrows in Figure 5) indicate that the HM that had the highest influence on EA distribution in hemp were Ni and Cu (Figures 5A,B) and Ni and Cr in giant reed (Figures 5C,D). DCL curve parameters representative of ticker and longer root system (Figures 5C,D parameters) of hemp and giant reed were positively correlated with HM concentration and negatively correlated with EA. Denser root system represented by higher value of b parameter in NC treatment were instead positively correlated with EA.



Bulk Soil and Rhizosphere Bacterial Diversity

A total of 9,021,165 raw reads were obtained for all soil/sediment analyzed, which were finally reduced to 8,086,439 after quality filtering. Average number of reads per sample was 89,849, and the average length was 300 bp in paired reads. Samples were rarefied to 10,000 sequences each, which was the abundance of the lowest populated sample: an average Good’s coverage of 86.5% (standard deviation 1) was found, indicating a good coverage of total bacterial diversity.

When samples were analyzed by means of hierarchical clustering of sequences taxonomically classified at the genus level, clear differences emerged for both giant reed (Supplementary Figure 4) and hemp experiments (Supplementary Figure 5). It is worth noting that not only the EDTA but also the inoculation with a single strain (PGPR theses) resulted in different bacterial communities already at time zero. Interestingly, the relative amount of sequences was also found to be classified as belonging to the Enterobacter genus (to which both inoculated strains belong) where higher in the PGPR treatments, thus indicating a significant enrichment due to the bacteria inoculation.

Multivariate analyses on the total OTU matrixes show significant effects for sample type and for their interaction time × treatment terms (Figure 6). All tested effects were significant, with a percentage of variance ranging between 21.0% (hemp bulk soil) and 61.1% (giant reed BS). In agreement with the hierarchical clustering analyses, samples were forming separate groups, especially in the rhizosphere samples (Figure 6). In the case of giant reed, C+EDTA-treated samples were completely grouped apart, while C+PGPR were partly overlapping with C, while in hemp it was found that the C+PGPR samples formed a separate cluster from the other two C groups.


[image: image]

FIGURE 6. Mean values of Simpson’s index (D) in BS and RS of giant reed (Left) and hemp (Right) as affected by treatments and sampling time (Tz, time zero sampling; Tf, at the end of experiment). Different letters denote statistically different (Tukey’s test, P = 0.05) D-values among treatment in BS and RS for single crops.


A number of significant differences were also found for α-diversity index, as depicted in Figure 7 for Simpson’s index. Focusing on rhizosphere samples, it was worth noting that in the case of giant reed, a significant reduction of diversity was found for C+EDTA as compared with C+PGPR, C, and NC. The same trend was observed for hemp, but with no statistical differences.
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FIGURE 7. Distance-based redundancy analysis (dbRDA) plots showing shifts in microbial diversity (OUT) of RS and BS of hemp and giant reed among treatments and sampling time. Arrow indicates environmental variables with significance level (* < 0.05, ** < 0.001, *** < 0.001). Letters within ellipses denote significant differences (Bonferroni’s test, P = 0.05) in OUT’s similarity matrices among treatments/sampling time combination as assessed by permutational multivariate analysis of variance (PERMANOVA).




DISCUSSION


Hemp and Giant Reed Phyto-Assisted Bioremediation Potential

In this study, two non-food crops (giant reed and hemp) were selected as candidate crops to reduce HMs of soil and sediments characterized by high concentration of Cr, Cu, and Ni. To do that, the phytoremediation potential of both traditional (crop alone) and assisted phytoremediation techniques (PGPR and chelating agent) was assessed. HM mass balance (Supplementary Figure 2), tolerance index (Table 1), and HM accumulation in plant organs (Figure 2) together indicated a good phytostabilization performance in giant reed and a moderate phytoextraction performance in hemp.

Heavy metal accumulation in hemp can be considered low for phytoextraction purposes under real field conditions (<100‰ in AGB, < 1% in BGB). Hemp showed a relatively low average Ni (25.1 mg kg–1) and Cu (8.4 mg kg–1) concentration and negligible Cr (<1 mg kg–1) concentration in AGB. Similar HM concentration values were found in other pot experiments with hemp grown on contaminated soil (Citterio et al., 2003; Angelova et al., 2004; Ahmad et al., 2016). The BCF values observed for Ni (0.3) and Cr (0.003) in AGB are indeed in line with those reported by Citterio et al. (2003). The low TF of HMs can be attributed to the low bioavailability of HMs in the soil (<2% as extracted with NH4NO3 1:2.5 (w/v)—DIN 19730). Hemp yield was affected by the soil co-contaminants Ni (>500 mg kg–1) and Cu (>150 mg kg–1). Despite the use of EDTA slightly improved growth performance in terms of canopy photosynthesis, as observed also by Linger et al. (2005), a significant increase in HM uptake and translocation to aerial parts was observed. This confirms a good combination of hemp with EDTA (Citterio et al., 2003; Angelova et al., 2004; Ahmad et al., 2016) in particular for Cu uptake (3 times higher) but not for Ni (0.8 times higher). The mobilizing effects on soil HMs induced by EDTA (+10% in bioavailability of Ni and Cu) has to be considered, however, in view of its permanence in soil (Meers et al., 2005; Evangelou et al., 2007; Shahid et al., 2014) especially when high content of clay and soil organic matter are present, since they can both promote adsorption mechanisms of available HM.

Perennial energy crops have already been proposed by several authors as promising phytoremediation crop (Barbosa et al., 2015; Pandey et al., 2016). Our results on HM uptake and BCF indicate that giant reed in wet conditions accumulates most of the “extracted” HMs in belowground organs. The consistent BCF values observed in giant reed BGB (0.44, 0.56, and 0.84 for Cr, Ni, and Cu, respectively) confirm results by Barbosa et al. (2015) for Zn and Cr on soil and by Cristaldi et al. (2020) and Bonanno (2012) for Cr, Ni, and Cu in soil and sediment, respectively.

Our results on canopy photosynthesis (Figure 3) confirmed what already was found by several authors (Papazoglou et al., 2005, 2007; Fiorentino et al., 2017), as follows: giant reed tolerates well HM contamination because no statistically significant differences was observed between contaminated and not contaminated grown plants. Giant reed treated with PGPR showed contrasting results than EDTA which significantly increase both photosynthesis and transpiration. This results is unexpected for giant reed grown on contaminated sediment (Bonanno, 2012), but this can be partly explained by solubilization from sediments of entrapped plant nutrient.

The results on bioaugmented rhizoremediation of giant reed are promising for the following reasons: it tolerates from moderate to high level of a wide range of HMs (Fiorentino et al., 2017; Cristaldi et al., 2020), is a low-input perennial energy crop suitable for several marginal environment (Amaducci and Perego, 2015; Amaducci et al., 2016), and it performs equally in terms of phytoremediation as native species (Huguenot et al., 2015) such as common reed (Phragmites australis) if contaminated wastewaters are applied (Mirza et al., 2010; Kausar et al., 2012). From the comparison of bioaugmentation with PGPR and addition of EDTA, it emerged clearly that, considering field application and from an environmental point of view, microbial inoculum seems preferable over chelating agents. Although EDTA application showed an increase in the uptake of Ni and Cu (two known HMs for their mobility), but not in TF, the enrichment of leachates with HMs raise concerns over EDTA application in open environment conditions, especially for potential contamination of groundwaters, as already pointed out by other authors (Evangelou et al., 2007; Yang et al., 2012; Shahid et al., 2014). In particular, other chelating agents have been proposed to treat contaminated matrices with giant reed (Yang et al., 2012) and hemp (Meers et al., 2005). Alternatively, addition of chelating agents can be successfully performed with perennial plant in small stormwater basins connected to discharge areas of industrial sites (Huguenot et al., 2015).

Bioaugmentation with PGPR showed interesting results when combined with giant reed. PGPR increased the accumulation of Cr and Cu in rhizome of giant reed and enhanced the TF of these metals in AGB. Although PGPR decreased net photosynthesis in giant reed, we observed an increase of Cr, Ni, and Cu uptakes in leaves and Ni and Cu in stems. Our results showed that the PGPR strains selected (Enterobacter spp.) are not inhibited by HM contamination under in vitro conditions. There are several evidences that Enterobacter spp., and in particular Enterobacter asburiae shows tolerance genes to HMs (Nguyen et al., 2019). A strong resistance to heavy metals was reported for Enterobacter spp. found in contaminated soil and sediments (Neeta et al., 2016; Chen et al., 2017; Sharma et al., 2020). Moreover, this Gram-negative enteric bacteria have already been successfully inoculated to alleviated HM stress in other crops: soybean (Kang et al., 2015), rice (Mitra et al., 2018), and hyperaccumulator plants (Whiting et al., 2001). In giant reed, the use of other PGPR are documented for their HM biosorption capacity such as Agrobacterium spp. (Guarino et al., 2020) or Bacillus spp. (Sarathambal et al., 2017). The use of microorganism to alleviate HM stress of hemp is more focused toward AMF (Citterio et al., 2005) while PGPR associated to hemp plant growth improvement are more common (Pagnani et al., 2018; Lyu et al., 2019). Interestingly, the two PGPR strains used in this study were selected for both high HM biosorption and P solubilization abilities.



Insights From Plant-Soil-Microbe Interactions in Microbial-Assisted Phytoremediation

In this work, we investigated the effects of three microbial-assisted phytoremediation strategies of HM-contaminated soils and sediments on fine root system morphology and bacterial community structure and activity.

Although giant reed may appear suitable for phytostabilization, based on its HM tolerance, exposure to HMs drastically impairs its root distribution (Figure 4). This is even more evident in hemp grown on contaminated soil. A general reduction of RLD associated to HMs is a known fact for many crops (Keller et al., 2003; Peer et al., 2006; Ostonen et al., 2007). Our result provided for the first-time evidence of the effect of HM contamination of soil and sediment on root diameter class length distribution of hemp and giant reed. HM contamination resulted in ticker and shorter root system, as shown by data on relative contribution to total RLD and root DCL curve distribution. Fine root system morphology of these crops have been characterized under field condition in non-contaminated soil (Amaducci et al., 2008; Chimento and Amaducci, 2015).

Interestingly, RLD of very fine roots of giant reed were stimulated more by PGPR than EDTA. Stimulation of root and shoot length by microbial inoculations was also observed under HMs stress by other authors (Liu L. et al., 2018; Pagnani et al., 2018), and is in line with the role of Enterobacter spp. in improving root systems through the production of phytohormones (Naveed et al., 2014). This outcome is also in agreement with the contemporary enhancement of growth and HM uptake of giant reed under Ni and Cu contaminations in sediments. The increase in RLD of very fine roots can be attributed to the plant growth-promoting traits possessed by the inoculated microorganisms.

The HM-induced alterations of fine root system morphology are often reported to be metal and species specific (Lambrechts et al., 2014). Despite that the environmental matrices used in this study are contaminated by different HMs, a larger cumulative root density/aboveground biomass ratio as suggested by Keller et al. (2003), together with similar relative proportion of fine roots to contaminated control (C), are two root traits associated with PGPR addition that helped increase HM uptake by giant reed. We suggest therefore that DCL curve distribution can be used successfully as an indicator of HM phytoextraction ability of perennial crops, but this hypothesis has to be further tested under real field conditions. Another relevant finding of our study is that DCL curve parameters representative of the thickest and shortest root system (c and d parameters) of hemp and giant reed were negatively correlated with soil EA and positively correlated with HM levels (Figure 5). The negative effects of single- or multi-HM pollution on soil EA is well known (Burges et al., 2015; Xian et al., 2015). A recent meta-analysis (Aponte et al., 2020) on HM effect on soil EA showed that HM contamination linearly reduce the activities of extracellular enzymes involved in S (−60%) and N (−30%) cycling two–three times more than those involved in P and C cycling (−10%). Our findings showed a general higher reduction of EA under HM contamination in RS than BS. In rhizosphere soil, C-, N-, P-, and S-acquiring enzymes were on average reduced by 38, 35, 47, and 52%, respectively. In particular, along root phosphomoestares (alkP), phosphomoestares (piroP), and arylsulfatase (aryS) were the EA most impacted by HM contamination. This confirms what was observed spatially with zymography under HM stress by Ma et al. (2018). Fine roots are on hot spot for microbial activity (Spohn et al., 2013; Kuzyakov and Blagodatskaya, 2015) and more diverse and species-rich microbial community (Pervaiz et al., 2020). Fine roots play also an important role in managing the accessibility of metal ions to plant roots (Srivastava et al., 2017). Multivariate analyses (dbRDA) of EA patterns clearly indicated how bioaugmentation with PGPR and addition of EDTA shaped differentially microbial community either in terms of activity (Figure 5) and diversity (Figure 6).

A consistent indirect effect of HM levels on the soil microbiome (diversity and activity) mediated by plant response in terms of root growth (DCL distribution) was observed for both crops. HMs affected first root architecture, with fine roots thicker and longer, and a result of these changes occurred at root level the microorganism colonizing root systems have been consequentially affected (EA and OTU diversity). Considering the results obtained by Illumina OTU analyses, it is worth noting that the dbRDA pattern of OTU distribution (Figure 6) was quite consistent with the ones obtained on soil EA (Figure 5), thus showing a good agreement between the response of microbial communities both in terms of structure and activity measurements. It is also worth noting that EDTA had a more detrimental effect on bacterial diversity as compared with PGPR: this outcome points once again to a higher acceptability and environmental sustainability of the bioaugmentation approach as compared with the addition of chelating agent.

Despite that results on HM removal efficiency are promising especially for giant reed, the detrimental effect of HMs on root system morphology is the main cause for the lower activity and diversity (Figure 7) of microbial communities in RS and BS. Root DCL distribution, represented by the coefficient of extreme value model proposed by Zobel et al. (2007), might be suggested as a key ecological trait to understand crop-specific effect of HMs on microbial activity and diversity.

To conclude, insights from plant-soil-microbe interactions under HM contamination were addressed for two important non-food high-yielding crops. Such knowledge might help to improve phytoremediation on target site, e.g., by shortening the time needed to reach the HM threshold for public use. In order to guide selection of even more efficient phyto-assisted bioremediation technologies for other contaminated sites, future research should target (1) non-food crops with good phytoaccumulation potentials and (2) improved understanding of a wide range of plant mechanism affected by PGPR and vice versa, in order to improve the effectiveness of crop-microbe interactions in reducing HM levels.
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Noccaea brachypetala is a close relative of Noccaea caerulescens, a model plant species used in metal hyperaccumulation studies. In a previous survey in the Catalan Pyrenees, we found two occidental and two oriental N. brachypetala populations growing on non-metalliferous soils, with accumulated high concentrations of Cd and Zn. Our hypothesis was that the microbiome companion of the plant roots may influence the ability of these plants to absorb metals. We performed high-throughput sequencing of the bacterial and fungal communities in the rhizosphere soil and rhizoplane fractions. The rhizobiomes and shoot ionomes of N. brachypetala plants were analyzed along with those from other non-hyperaccumulator Brassicaceae species found at the same sampling locations. The analyses revealed that microbiome richness and relative abundance tended to increase in N. brachypetala plants compared to non-hyperaccumulator species, regardless of plant location. We confirmed that the root compartment is a key factor in describing the community composition linked to the cohabiting Brassicaceae species, and the rhizoplane fraction contained the specific and rare taxa associated with each species. N. brachypetala plants harbored a similar relative abundance of fungi compared to the other plant hosts, but there was a notable reduction in some specific taxa. Additionally, we observed an enrichment in the hyperaccumulator rhizoplane of previously described metal-tolerant bacteria and bacteria involved in nitrogen cycling. The bacteria involved in the nitrogen cycle could contribute indirectly to the hyperaccumulator phenotype by improving soil quality and fertility. Our results indicate that N. brachypetala captures a particular prokaryotic community from the soil. This particular prokaryotic community may benefit the extraction of metal ions and/or improve plant nutrition. Our research identified satellite groups associated with the root niche of a hyperaccumulator plant that may assist in improving biological strategies in heavy metal remediation.

Keywords: high-throughput sequencing (deep sequencing), Noccaea brachypetala, root-associated microbial communities, Zn/Cd hyperaccumulator, non-metalliferous soil
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GRAPHICAL ABSTRACT.




INTRODUCTION

Metal-rich soils are harsh environments for establishing life. However, metallophytes have evolved different strategies to survive under these restrictive growth conditions. Among these plant species, hyperaccumulators harbor metal concentrations within aerial tissues at levels far exceeding those present in their native soil. Without showing significant signs of toxicity, they can achieve 100-fold higher shoot metal concentrations than non-hyperaccumulator plants (Van der Ent et al., 2013). Hyperaccumulation appears to have evolved several times within vascular plants, and the Brassicaceae family contains a high percentage of the total hyperaccumulating taxa (Kramer, 2010). Noccaea caerulescens (formerly Thlaspi caerulescens) belongs to this family and is one of the best-known hyperaccumulators of Cd, Ni, and Zn (Assunçao et al., 2003). This genus contains several species, including Noccaea praecox (Likar et al., 2010), Noccaea camlikensis (Aksoy et al., 2015), Noccaea brachypetala (Martos et al., 2016), Noccaea kovatsii (Misljenovic et al., 2020), and Noccaea japonica (Nishida et al., 2020), which have also been described as metal hyperaccumulators. Interestingly, metallophytes are not restricted to metalliferous soils, and it has been suggested that Zn/Cd/Pb hyperaccumulation can evolve on non-metalliferous lands (Besnard et al., 2009). When growing on common soils, the metal concentrations in their shoots can achieve unusually high levels. The most popular theory suggests the evolutionary advantage of this behavior is an increased resistance to biotic stresses (Poschenrieder et al., 2006; Cappa and Pilon-Smits, 2014).

The ability to mobilize, chelate, and transport metals is directly linked to soil metal bioavailability and the genetic background of the plant. However, recent research highlights that plant-associated microorganisms can significantly enhance metal availability. The soil microbial community may greatly contribute to the hyperaccumulator phenotype (Visioli et al., 2015a). Various studies have reported a high diversity of microbes in the rhizosphere and endosphere (Thijs et al., 2017). Under unfavorable conditions of metalliferous soils, rhizosphere microorganisms may increase or decrease metal availability (Farinati et al., 2011). Previous studies have demonstrated both effects in Noccaea with root-bacteria favoring metal uptake (Whiting et al., 2001), whereas fungal mycorrhiza reduced plant absorption (Vogel-Mikus et al., 2006). However, a proper cohort of microbes may increase the potential of hyperaccumulators to extract metals. Various studies have confirmed that specific bacteria promote the uptake of Ni in N. caerulescens (Aboudrar et al., 2013; Visioli et al., 2014, 2015b). Therefore, rhizosphere-associated microbes from hyperaccumulators are a potential source of genotypes for biotechnological applications in phytoremediation and agriculture (Rajkumar et al., 2012). Characterization of the rhizobiome of hyperaccumulators is needed to enable the development of these applications. Despite this, a limited number of hyperaccumulator species have been investigated (Alford et al., 2010; Ma et al., 2011; Sessitsch et al., 2013). Within the genus Noccaea, the rhizosphere bacteria of Noccaea goesingense were characterized by Idris et al. (2004), and mycorrhizal colonization in N. praecox has been investigated (Pongrac et al., 2007). The microbiomes of other Noccaea hyperaccumulator species remain unknown.

Recent metagenomic studies revealed that soil properties are the major drivers for the differentiations in the assembly of root communities in Arabidopsis thaliana and in some related species, including the Cd-Zn hyperaccumulator, Arabidopsis halleri (Bulgarelli et al., 2012; Lundberg et al., 2012; Schlaeppi et al., 2014; Glynou et al., 2018). Plant genotype research remains conflicted. Some authors affirm that plant genotype is a key factor in microbiome assembly (Burns et al., 2015; Li et al., 2018); others do not consider this essential (Glynou et al., 2018; Macia-Vicente et al., 2020). Proximity to the root is also considered a relevant parameter that increases soil microbiota diversity and structure (Martinez-Diz et al., 2019; Macia-Vicente et al., 2020; Thiergart et al., 2020). Several studies have shown that plant exudates can favor specific microbiome communities mutualistically (Bulgarelli et al., 2013; Stringlis et al., 2018). Exudated organic compounds nurture rhizomicrobiota, allowing the root communities to modulate the plant phenotype. A well-reported case revealed an increased metal tolerance in plants associated with a metal-tolerant microbiome (Luo et al., 2014; Visioli et al., 2015a). However, the potential role of microbiota from non-metalliferous soils to the hyperaccumulation phenotype remains unknown. In the last few years, vast progress has been made in elucidating the composition and dynamics of root communities in the Brassicaceae family. However, additional studies in natural conditions are required. We investigated the impact of plant identity, location, and root compartment on the microbial diversity and community structure of the hyperaccumulator N. brachypetala and other Brassicaceae species (non-hyperaccumulators) coinhabiting undisturbed and non-metalliferous soils of the Catalan Pyrenees.



MATERIALS AND METHODS


Plant and Soil Sampling

Plant and soil materials were collected from four sampling sites in the Catalan Pyrenees. Two sites were located in the Pallars region (Mauri and Alòs), and the other two were in the Ripollès region (Freser and Núria). All sites were located in the alpine biome of the Catalan Pyrenees (Figure 1A). Plants from Mauri and Aneu were grouped as Western populations (WPs), and Freser and Nuria plants were grouped as the Eastern populations (EPs). Both locations are separated by more than 150 km. The geographic coordinates of each sampling site are listed in Table 1.
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FIGURE 1. Experimental design. (A) Climatic map of Catalonia with the sampling locations of plants and soils indicated by stars. Western populations are composed form locations of Alòs and Mauri, whereas Eastern populations are from Núria and Freser. (B) Schematic drawing of the analyzed compartments of the root. DNA of the microbiome from the rhizoplane and rhizosphere was extracted followed by 16S and ITS sequencing of the bacteria and fungi, respectively.



TABLE 1. Sampled plants for the rhizosphere microbioma sequencing.
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At each site, N. brachypetala specimens [previously confirmed as Cd/Zn hyperaccumulators (Martos et al., 2016)] and other non-hyperaccumulator Brassicaceae species growing beside the specimens were also collected. All collectors wore gloves. A list of sampled species is provided in Table 1. Selected individuals were excavated with their rhizosphere soil without disturbing the plant root system. Plants were immediately transferred into polyethylene bags to avoid desiccation. From each site, bulk soil (five replicates per site) exempt from root or plant debris was collected at a depth of 10 cm using a 7-cm diameter Edelman drill (Eijkelkamp, Giesbeek, Netherlands). All collected plant and soil samples were refrigerated in a portable icebox and immediately transported to the laboratory for further processing.



Analysis of Metal Content From Soil and Plant Samples

Field-collected plants were separated into aerial and below ground tissue. All aerial tissue was carefully washed with distilled water and oven-dried at 60°C for 2 days. Dried shoots (three replicates/plant species) were finely powdered using a mortar and pestle. In parallel, collected bulk soils (five replicates per sampling site) were homogenized through a 2-mm sieve. Approximately 1 g of sieved bulk soil and 0.1 g of powdered shoots were acid-digested (HNO3: H2O2 69%: 30%, 5:2 vol/vol) in a hot-block digestion system (SC154-54-Well Hot BlockTM, Environmental Express, SC, United States). The concentrations of the selected metal elements (Cd, Cu, Pb, and Zn) and additional elements (Ca, Co, Fe, K, Mg, Mn, Mo, Na, P, and S) were determined by inductively coupled plasma (ICP) mass spectrometry (Perkin Elmer Inc., ELAN 6000, MA, United States) or ICP–optical emission spectrometry (Thermo Jarrell-Ash, model 61E Polyscan, England) (Bech et al., 2012). Internal references of the certified material BCR 62 Olea europaea and CRM 142 R Light Sandy Soil were included for quality control.

Statistical differences among groups in the element content of the soils or leaves were assessed using analysis of variance (two-way ANOVA). Normal distribution, homoscedasticity, and the independence of errors were checked prior to analyses. Data were log-transformed when necessary. Multiple comparisons of group means were analyzed by Tukey honestly significant difference using JMP® (version 13.0, SAS Institute Inc., 1989-2019).



Sampling of Rhizosphere and Rhizoplane Compartments

The soil adhering to the roots of each sampled specimen was separated into two fractions: rhizosphere and rhizoplane (Figure 1B). The sampling method for the rhizosphere and rhizoplane compartments followed the protocols described by Barillot et al. (2013) and Edwards et al. (2015), with minor modifications. In brief, the rhizosphere fraction was manually removed by vigorously shaking for 2 min until approximately 1 mm of soil was firmly attached to the roots. The rhizosphere fraction was suspended in 50 mL of 0.9% NaCl solution. Roots were then placed into sterile 100-mL tubes containing 50 mL of 0.9% NaCl solution and washed by manually shaking for 2 min (RP1 fraction). Roots were subsequently immersed in 0.9% NaCl solution and 0.01% Tween 80 and then washed by manually shaking for 2 min (RP2 fraction). Rhizosphere and rhizoplane RP1 and RP2 suspensions were then homogenized with gentle agitation (300g, OVAN Orbital Midi OM10E shaker, 25°C, 90 min) followed by centrifugation (5,000g, 25°C, 10 min) in sterile 100-mL tubes to concentrate soil particles into a pellet. Then, the supernatant was filtered through a 1-mm sieve to remove suspended residuals. Fractions were frozen in liquid nitrogen and stored at −80°C until required for DNA extraction.



Library Generation and Sequencing of Bacterial and Fungal DNA Regions

The total genomic DNA from the rhizosphere and rhizoplane compartments (approximately 200 mg) of the N. brachypetala specimens and the non-hyperaccumulator Brassicaceae species was extracted using the NucleoSpin® Soil kit (Macherey-Nagel GmbH & Co. KG, Düren, Germany), according to the manufacturer’s instructions. Extracted DNA was purified using the QIAamp DNA Stool Mini Kit (Qiagen, West Sussex, United Kingdom) and then quantified using the PicofluorTM method (PicoGreen dsDNA Quantitation Reagent, Molecular Probes, Inc., Eugene, OR, United States). Quality was measured using Nanodrop 2000 (Thermo Fisher Scientific, DE, United States) and confirmed by the OD A260/A280 between 1.8 and 2.0.

The prokaryotic 16S ribosomal RNA gene (16S rRNA) and the internal transcribed spacer (ITS) were the barcodes used for the metagenomic study of the bacteria and fungi, respectively. Microbial populations were obtained by high-throughput sequencing, targeting the V3–V4 region of 16S rRNA and ITS1 of the ITS region, using the MiSeq® Reagent Kit v2 (500 cycle) (MiSeq, Illumina, San Diego, CA, United States). The V3–V4 region was amplified using primers 341F (5′-CCTACGGGAGGCAGCAG-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′). The ITS1 region was amplified using primers ITSF (5′-CTTGGTCATTTAGAGGA AGTAA-3′) and ITS2 (5′-GCTGCGTTCTTCATCGATGC-3′).



Quality Control of Sequencing Data

Sequence reads of both datasets (16S and ITS) from the MiSeq Illumina® system were processed using QIIME v.1.9.1 (Caporaso et al., 2010). The quality filter of the already demultiplexed sequences was performed at a maximum unacceptable Phred quality score of Q20. The resulting reads were clustered into operational taxonomic units (OTUs) using uclust with 97% sequence similarity and the subsampling pick open reference method (Rideout et al., 2014) at 10% of the subsampled sequences. Seven samples with number of reads fewer than 5,000 or a percentage of chimeras higher than 70% were removed from the analysis (Supplementary Dataset 1). Rarefaction curves showed that 90.7% of the sequenced samples achieved a plateau zone, indicating that no additional sequencing effort was required (Supplementary Figure 1). After filtering, a total of 4,752,917 high-quality sequences were obtained from 43 samples: 2,442,668 from the 16S region (bacteria) and 2,310,249 sequences from the ITS region (fungi) (Supplementary Dataset 1). The media range of sequence reads per sample was 56,806 for bacteria and 53,726 for fungi.

Representative sequences were assigned to taxonomic groups using the bacterial 16S GreenGenes v.13.8 reference database at a 90% confidence threshold and sequence alignment using QIIME. The taxonomy of fungi/oomycetes was assigned to full ITS sequences from the UNITE_v2020 database (Nilsson et al., 2018) using the DADA2 software package (Callahan et al., 2016). To reduce artifacts in the dataset, we removed singletons, OTUs with relative abundances across all samples less than 0.005% (Bokulich et al., 2012), and OTUs assigned as chloroplasts or mitochondria. The OTU table was resampled to the minimum number of sequences per sample (Weiss et al., 2017), leading to a total of 3,110 OTUs in the bacterial domain and 1,060 OTUs in the fungal domain.



Diversity Metrics and Relative Abundance

Output data from QIIME and DADA2 were merged and used to obtain an OUT Phyloseq object generated with R (McMurdie and Holmes, 2012). The α diversity was calculated using the Shannon index. The Kruskal–Wallis significance test was used for all pairwise combinations (between root compartments and plant species).

Based on the OTU relative abundance, a β-diversity assessment was performed using Bray–Curtis metrics. The resulting distance/dissimilarity matrices were subjected to ordination using principal coordinate analysis.

Non-metric multidimensional scaling was analyzed based on the Bray–Curtis distances between samples using the Vegan package (Oksanen et al., 2013). The significance of each factor [root compartment, location, plant species, and extraction methodology (RP1, RP2)] and all the edaphological variables (nutrient mineral content) in the microbial composition were assessed by permutational multivariate ANOVA (PERMANOVA) using the Adonis function (R package vegan). Prior to analysis, edaphological data were standardized (Z scores) to avoid bias caused by the order of magnitude. All factors were independently analyzed. Factors that did not condition the microbiome of any analyzed group were not further analyzed.

The assessment of the taxonomic composition was performed at the phylum level using staked plots. To detect differences in bacterial and fungal community composition, we performed ANOVA pairwise comparisons between root compartments and plant species.



Co-occurrence Network

The OTU phyloseq object was converted into an adjacency matrix based on covariance by the spiec.easi() function of the SpiecEasi package (version 1.0.7) and using MB’s neighborhood selection and minimum λ threshold set to 0.01, for all networks. Bacteria and fungi domains were analyzed together, and independent networks were constructed for each root compartment and plant species. Fundamental OTU networks (keystones) were the highest “betweenness” and “node count” in more than 50% of the distribution. Each adjacency matrix was then converted into an igraph object and visualized as a network using the adj2igraph() and plot network() functions in SpiecEasi.



Differential Abundance Analysis

To establish which taxa were associated more commonly with N. brachypetala compared to non-hyperaccumulator species in each compartment, a differential abundance analysis (DAA) was performed using the DESeq2 package. This method models the observed abundances using negative binomial distribution after normalizing data with the corresponding scaling methods to account for differences in sampling fractions, recommended for small datasets (< 20 samples per group) (Paulson et al., 2013; Weiss et al., 2017; Lin and Peddada, 2020). Plot visualization was performed using the ggplot package.



Metabolic and Functional Analysis

To determine the metabolic potential of the N. brachypetala bacterial communities that were differentially abundant, a predictive functional analysis of bacterial communities was performed using FAPROTAX software (Louca et al., 2016). Similarly, functional annotation of the N. brachypetala–specific fungal communities was obtained using FUNGuild (Nguyen et al., 2016).




RESULTS


Soil and Leaf Mineral Content

The analyses of the metal concentrations catalogued all the soil samples as non-metalliferous. The bulk soil collected with the different plant species revealed slight differences in the metal contents according to their location (EP/WP) (Figure 2A and Supplementary Dataset 2). For example, WPs of N. brachypetala accumulated higher levels of Cd and Zn compared to the EPs. However, the principal component analysis (PCA) of the soil samples did not differentiate the samples into location clusters (Figure 2B). The PCA of the ionomic data identified the hyperaccumulation trait as the key clustering factor in the samples of N. brachypetala with the other Brassicaceae species in independent groups (Figure 2C). The metal content in the leaves of N. brachypetala was 200 times higher for Cd and more than 100 times higher for Zn than for the non-hyperaccumulator species (Figure 2A and Supplementary Dataset 2). The data confirmed the Cd and Zn hyperaccumulator ability of N. brachypetala. Other elements, such as K, Cu, P, and Pb, were also increased in N. brachypetala leaves but at lower levels (from 1.5 to 10 times higher levels, Supplementary Dataset 2).
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FIGURE 2. Soil and leaf nutrient mineral content and factors potentially influencing the microbiome. (A) Bar plots for soil and leaf metal content of hyperaccumulator and non-hyperaccumulator plants from Western (WP in orange) and Eastern populations (EP in yellow). Error bars correspond to the standard error. Different letters indicate statistically significant differences among treatments at P < 0.05. (B) Principal component analysis of the soil mineral content in the Western (orange dots) and Eastern populations (yellow dots). (C) Principal component analysis of the leaf mineral content. Hyperaccumulator plants are clustered in red and non-hyperaccumulator species in gray. (D) Summarized table of the PERMANOVA on the effect of the soil mineral content, root compartment, plant species, and location on the microbiome community (grouping bacteria and fungi). (E) Summarized table of the PERMANOVA on the effects of location and root compartment or plant species on the microbiome community (grouping bacteria and fungi).




Root Compartment and Plant Species Condition the Microbial Composition

The statistical analysis (PERMANOVA) of the OTUs from the bacteria and fungi domains revealed that the root compartment and plant species were relevant factors in explaining the variability of microbiome data (Figure 2D). However, the weight of the factor “plant location” was not significant. The effect of location was irrelevant even when plant species and root compartments were analyzed separately (Figure 2E).

Additionally, we evaluated the effect of the extraction method on the rhizoplane. The multivariate ANOVA confirmed no statistically significant difference between the extraction methods (RP1 and RP2) (Supplementary Datasets 1,2). Therefore, we selected root compartment and plant species as factors to investigate their effects on microbial diversity, structure, and composition.



High Influence of Root Compartment and Plant Species in the Bacterial Community

Root-associated microbes were divided into bacteria and fungi to investigate factors that could drive the microbial community within each domain (Figures 3A–C). The root compartment and plant species in the bacterial composition possessed larger proportions of variation (19%, P < 0.01, and 12%, P < 0.05, respectively) (Figures 3A,C). In contrast, the Bray–Curtis analysis indicated that the root compartment was a unique and significant factor describing the fungal composition, whereas the plant species was not relevant (Figures 3B,D).
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FIGURE 3. Factors influencing the bacterial and fungal community and diversity. Non-metric multidimensional scaling visualization of the Bray–Curtis results of the bacterial domain (A) and fungal domain (B). Plant species are differentiated by color (red is the hyperaccumulator; gray is the non-hyperaccumulator), and root compartments by shape (dots represent the rhizoplane; triangles represent the rhizosphere). (C) Summarized table of the PERMANOVA of the Bray–Curtis distances on the effect of root compartment and plant species for the bacterial and fungal domain, separately. (D) α Diversity boxplot of the bacterial domain. (E) α Diversity boxplot of the fungal domain. The Shannon index divided by root compartment and plant genotype. The x axis indicates root compartment, whereas plant genotype is differentiated by color (red is N. brachypetala; gray represents non-hyperaccumulator species). (F) Summarized table of the Kruskal–Wallis analysis from the Shannon index on the effect of root compartment of the bacterial and also the fungal domain.


The α-diversity boxplots (using the Shannon index) showed higher diversity in the rhizosphere than in the rhizoplane compartment for both microbial groups (Figures 3D,E). Moreover, rhizoplane diversity in the bacteria community was increased in N. brachypetala (hyperaccumulator) compared to the non-hyperaccumulator species (P < 0.01, Figure 3F). Fungal diversity did not vary between plant species (P > 0.05, Figure 3F).



More Complex Network in the Rhizoplane of N. brachypetala

The interaction patterns of the overall microbiome were analyzed and revealed that the hyperaccumulator networks were globally more interconnected than the non-hyperaccumulator networks (Figures 4A–D). N. brachypetala established more connections among phyla, as indicated by the increased number of total edges when compared to the other species (Figure 4E). Interestingly, the rhizoplane of the hyperaccumulator displayed the most complex interaction network with more nodes and edges (Figures 4A,E). In all the represented networks, the central module was composed of bacterial phyla (circles) surrounded by fungal phyla (triangles) (Figures 4A–D).
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FIGURE 4. Co-occurrence network. Potential relationship among the bacterial and fungal OTUs in the rhizoplane (A,B) and the rhizosphere (C,D) of N. brachypetala (Hyp) (A,C), and the non-hyperaccumulator species (Non-hyp) (B,D). (E) Table with the main parameters of the co-occurrence networks.


The most important OTUs for the overall structure (keystones) were identified. The N. brachypetala rhizoplane presented the highest number of keystones. Proteobacteria and Actinobacteria species and Ascomycota and Basidiomycota species may play an important role in plant-microbial feedback as they possess the largest number of keystones in the four networks analyzed (Figures 4A–D).



Higher Relative Abundance of Bacteria and Fungi in N. brachypetala With Some Exclusive Taxa

To detect differences in the composition of bacterial and fungal communities, the absolute abundance was transformed into relative values. Data were clustered by phyla and grouped by hyperaccumulator/non-hyperaccumulator and rhizosphere/rhizoplane (Figure 5). The relative abundance of each sample is shown in Supplementary Figure 3. The bacterial domain was dominated by six major phyla: Acidobacteria, Actinobacteria, Bacteroidetes, Planctomycocetes, Proteobacteria, and Verrucomicrobia, comprising 90.98% of the total relative abundance (Figures 5A,B). The remaining identified phyla (22) showed a relative abundance lower than 3% and were considered rare phyla. Confronting the relative abundance between plant groups, four phyla (Fibrobacteres, Gemmatimodetes, Planctomycetes, and Verrumicrobia) showed significantly higher relative abundance in the rhizoplane of the hyperaccumulator compared to the non-hyperaccumulators (Figure 5A). Additionally, two phyla (BRC1 and OP11) were absent on the non-hyperaccumulator rhizoplane but were present on the hyperaccumulator. Hereafter, we refer to these as “exclusive taxa” of N. brachypetala (Figure 5A). Three more phyla (Acidobacteria, Elusimicrobia, and WS3) were more abundant in the rhizosphere of the hyperaccumulator. In contrast, the phyla Fibrobacteres and Proteobacteria exhibited increased abundance in the non-hyperaccumulator rhizosphere and rhizoplane, respectively. The phylum Fibrobacteres was in a higher abundance in the rhizosphere of the non-hyperaccumulator and, at the same time, had a larger presence in the rhizoplane of the hyperaccumulator. To sum up, six rare and three dominant phyla differed between N. brachypetala and the non-hyperaccumulators in both root compartments.
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FIGURE 5. Bacterial and fungal community composition and relative abundance. (A) Means and standard errors (SE) of the relative abundances of the bacteria domain at phylum level. Differences and summarized results of an ANOVA pairwise comparison between N. brachypetala and non-hyperaccumulators at each soil compartment were calculated by the log2 ratio. (B) Bacterial relative abundance at the phylum level in a staked plot. The x axis indicates root compartment and plant genotype. (C) Means and standard errors (SE) of the relative abundances at phylum level on the fungi domain. Differences and summarized results of an ANOVA pairwise comparison between N. brachypetala and the non-hyperaccumulators at each soil compartment calculated by the log2 ratio. (D) Fungal relative abundance (at the phylum level) in a staked plot. The x axis indicates the root compartment and plant genotype.


Regarding the fungal domain, the dominant phyla were Ascomycota (53%) and Basidiomycota (36%) (Figures 5C,D). The remaining identified phyla (10) had a combined relative abundance of less than 3% (Figure 5C). The relative abundance of each sample is provided in Supplementary Figure 3. The hyperaccumulator harbored two exclusive fungal phyla (Mucoromycota and Olpidiomycota) in the rhizoplane and one (Monoblepharomycota) in the rhizosphere (Figure 5C). The major phyla were in different composition according to the plant host. Ascomycota were more abundant in the rhizosphere of the hyperaccumulator, whereas Basidiomycota had a larger presence in the rhizosphere of the non-hyperaccumulators. Conversely, in the non-hyperaccumulators, three phyla were more abundant in their rhizoplane (Chytridiomycota, Kickxellomycota, and Monoblepharomycota) and one (Basidiomycota) in the rhizosphere. Additionally, six minor phyla were composed differently between the plant species.

Generally, the taxa abundance by prevalence revealed that the most abundant bacteria were also the most prevalent. In contrast, the most abundant species in the fungal domain exhibited a lower prevalence (Supplementary Figure 2).



The Bacterial Community of N. brachypetala Is Globally More Diverse With Higher Relative Abundance in the Rhizoplane Compartment

To gain further insight into the taxa distribution, the bacterial OTUs were subjected to a DAA comparing N. brachypetala with the non-hyperaccumulator species (Figure 6). The DAA results were presented at the taxonomic level of order, the lowest level that was visually informative. The bacterial analyses of the rhizoplane showed an important accumulation of dots with positive log2 values, indicating a higher abundance of bacteria (by order) in N. brachypetala (Figure 6A). The highest number of differentially abundant bacteria belonged to five dominant phyla (Acidobacteria, Bacteroidetes, Planctomycetes, Proteobacteria, and Verrucomicrobia). Four rare phyla (Chloroflexi, Fibrobacteres, Gemmatimonadetes, and Nitrospirae) were also abundant in the hyperaccumulator rhizoplane. At the taxonomic level of family, N. brachypetala presented 108 families in the rhizoplane and 112 in the rhizosphere with a higher relative abundance than in the non-hyperaccumulator species (Supplementary Dataset 3). The number of more abundant families associated with the non-hyperaccumulator species was in an order of magnitude lower, of 20 and 15 in the rhizoplane and rhizosphere, respectively. The most prevalent taxa appearing repetitively were Candidatus Solibacter and the genera Flavobacterium, Koribacter, Opitutus, Planctomyces, Pseudomonas, and Streptomyces (Supplementary Dataset 3).
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FIGURE 6. Differential abundance analysis (DAA) and metabolic functions of bacterial OTUs in N. brachypetala and non-hyperaccumulator species. Bubble plots of the differential abundant bacterial OTUs on the rhizoplane (A) and rhizosphere (B). The x axis indicates the log2 ratio (hyperaccumulators vs. non-hyperaccumulators). The y axis indicates bacteria at the taxonomical level of order. Bubble colors indicate the associated phylum. (C) The co-occurrence network of the DAA bacterial OTUs in the rhizoplane of N. brachypetala and a dendrogram with the annotated functions. (D) Table of metabolic functions of the DAA bacteria in N. brachypetala in each root compartment.


The DA OTUs from N. brachypetala were explored to identify their metabolic functions (Figures 6C,D). Functional analysis of the hyperaccumulator bacteria identified 22 metabolic functions. The most representative functions were those related to the nitrogen cycle (Figure 6C). The rhizoplane with 20 of 22 obtained functions was the most diverse functional root compartment. Rhizoplane bacteria were involved in functions related to the nitrogen cycle, whereas the rhizosphere bacteria were exclusively linked to cyanobacteria and oxygenic photautotrophy (Figure 6C). The interaction network in the DA bacteria of the rhizoplane and the associated functions are provided in Figure 6D. The observed pattern revealed that interconnected bacteria were involved in several metabolic functions. Aerobic nitrite oxidation was assigned to isolated bacteria (black and gray dots), with the nitrification and nitrite respiration assigned to non-connected bacteria (blue and green dots). Therefore, the functions were not diversified within the connected groups.



The Fungal Community of N. brachypetala Presents a Reduced Differential Abundance Compared to the Non-hyperaccumulator Species

The DAA of the fungi revealed more abundant fungi (by order) in both root compartments of the non-hyperaccumulator species (Figures 7A,B). Some of the limited fungal species in the rhizoplane of N. brachypetala were Candida railenensis, Clarireedia bennettii, Oidiodendron chlamydosporicum, Trechispora byssinella, and Acremonium rutilum (Supplementary Dataset 3).
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FIGURE 7. Differential abundance analysis (DAA) and guilds of fungal OTUs in N. brachypetala and non-hyperaccumulator species. Bubble plots of the differential abundant fungal OTUs in the rhizoplane (A) and rhizosphere (B). The x axis indicates the log2 ratios (hyperaccumulators vs. non-hyperaccumulators). The y axis indicates fungi at the taxonomical level of order. Bubble colors indicate the associated phylum. (C) Table of trophic mode and guilds of DAA fungi in N. brachypetala in each root compartment.


Conversely, we also detected seven fungi OTUs exclusive to the N. brachypetala plants (Supplementary Dataset 3). To our knowledge, there are no tools available to classify fungal communities into metabolic functional groups, but FUNGuild (Nguyen et al., 2016) predicts function at the guild level. Figure 7C indicates that the four fungal OTUs exhibit different trophic strategies. Among them, the genus Xerocomus deserves highlighting because it is a symbiont described as an ectomycorrhiza.




DISCUSSION

Microbiota associated with plant roots are considered important mediators of plant–soil interactions. In the case of metal hyperaccumulator plants, rhizosphere bacteria have been associated with positive impacts on plant growth and increased metal accumulation (Visioli et al., 2015a). Therefore, the root microbiome of hyperaccumulators has attracted increased attention for potential biotechnological applications in phytoremediation. Despite the interest, there is little information on the root–microbiota communities and their associated functions in most hyperaccumulators (Thijs et al., 2017). Additionally, attention has been focused on hyperaccumulators from metalliferous soils, and those inhabiting non-polluted soils remain practically unexplored. Our study aimed to identify the bacterial and fungal taxa and their functional attributes associated with N. brachypetala plants from non-metalliferous soils. Microbia identification of field samples was performed using high-throughput sequencing in order to identify novel taxa that could be involved in metal hyperaccumulation in a cultivation-independent manner.

According to our results, the hyperaccumulator, N. brachypetala, exhibited an increased richness in the bacterial community compared to the companion non-hyperaccumulator Brassicaceae species. This hyperaccumulator also presented the most complex and highly interconnected interaction network. In our study, the rhizoplane of N. brachypetala harbored a higher relative abundance of bacterial OTUs, with distinct rare taxa. Low-abundance taxa have been recognized to provide critical functions in ecosystems and represent a vast functional gene pool (Jousset et al., 2017; Compant et al., 2019; Xiong et al., 2020). Therefore, the identification of satellite groups associated with the root niche of a hyperaccumulator plant growing on natural and undisturbed soil is highly interesting. For example, Nitrospiraceae and Gemmatimodaceae (which are more abundant in the rhizoplane of N. brachypetala) have been previously associated with the rhizosphere of the Cd/Zn hyperaccumulator A. halleri (Muehe et al., 2015). The metal(loid)-tolerant phylum Chlamydiae (Schneider et al., 2017) also increased in the rhizoplane of our hyperaccumulator. Additionally, the rhizosphere of N. brachypetala includes Thermogemmatisporaceae, which was formerly detected in high concentrations in the reclaimed soil of an ancient mine (Pershina et al., 2020), and Moraxellaceae, which includes heavy metal resistant species (Chen et al., 2015).

Ultimately, there is a substantial variation in the consortia of microbes in the taxonomically related plants that cohabit the undisturbed soils, but differ in the hyperaccumulator phenotype. Considering that the cited microbial taxa are much less abundant in the soil fraction associated with non-hyperaccumulator plants, our results suggest a selection of metal-tolerant bacteria exist in the root fractions of N. brachypetala. The metal tolerance of microbia colonizing the rhizosphere of hyperaccumulators in common soils was not the focus of this research. Therefore, it is an interesting topic for future studies on microbial cultivation.

Our results from the DAA identified Candidatus Solibacter (Acidobacteria) as one of the most prevalent bacteria in the rhizoplane of N. brachypetala growing on non-metalliferous soil. C. Solibacter has been identified in the core of the bacterial community in soils polluted with heavy metals (Golebiewski et al., 2014; Wang et al., 2018). Kaistobacter (which is associated with hyperaccumulators) has been similarly described in contaminated soils (Wu et al., 2019). Another abundant genus was Streptomyces, which has been previously affiliated with the plant Sedum alfredii in Cd-polluted soil (Hou et al., 2018). We also identified Flavobacterium with a high DAA ratio, which has been associated with metal accumulation in different hyperaccumulators (Idris et al., 2004; Luo et al., 2011, 2017; Zhang et al., 2012). Any of the differentially abundant bacteria of N. brachypetala may be assigned as metal solubilizers because the applied software (FAPROTAX) did not include this functional category.

A distinctive functional trait of the bacterial communities in N. brachypetala is their role in the nitrogen cycle. This function is not a direct mechanism of metal acquisition or tolerance. However, increased nitrogen availability can be advantageous for plants growing in metal-polluted soils. Nitrate assimilation is reduced under moderate metal exposure, confirming that metal toxicity alters nitrogen uptake by plants (Wang et al., 2008). Interestingly, co-cropping of legumes with hyperaccumulators has been reported to improve soil quality and fertility and increase metal yield (Saad et al., 2016, 2021). Our results provide a potential specialized rhizosphere bacterial community that facilitates N recycling. The plants in our study inhabited non-polluted sites; therefore, bacterial selection should occur regardless of the soil metal content. To confirm this hypothesis, it will be necessary to study the microbial community of N. brachypetala under metal exposure.

Our results identified bacteria contrasts with the DAA ratios for mycobiota between hyperaccumulator and non-hyperaccumulator species. Fungal species were generally much more enriched in the non-hyperaccumulator species than in the hyperaccumulator. However, it cannot be concluded that N. brachypetala was globally deficient in fungi, as the relative abundance for all plant species was high. Hyperaccumulator plants harbored seven exclusive fungal taxa. Nonetheless, certain specific fungal biota were absent in the hyperaccumulator. If we assume that the distribution of the root-associated microorganisms is not a hazardous process, we can speculate a potential positive selection in the rhizoplane of N. brachypetala toward certain bacteria with a detrimental effect on specific fungal groups. Among the exclusive fungi in the hyperaccumulator, Xerocomus could positively affect the functioning of N. brachypetala as it is a symbiotroph annotated as ectomycorrhizal species. Ectomycorrhizal fungi can help the hyperaccumulator phenotype through chemical immobilization in the cell wall or complexation with organic exudations (Luo et al., 2014). The Brassicaceae family has a high percentage of non-mycorrhizal species (Wang and Qiu, 2006), but with exceptions such as N. praecox (a Zn, Cd, and Pb hyperaccumulator), which, under field conditions, is colonized by mycorrhiza during the developmental stages that are coincident with low glucosinolate levels (Vogel-Mikus et al., 2005; Pongrac et al., 2008). Our DA analysis revealed that Xerocomus subtomentosus was 100 times more abundant in the rhizoplane of N. brachypetala. However, the confirmation of functional root colonization requires further analysis. To the best of our knowledge, any of these increased fungal taxa have been previously related to metal-polluted soils or hyperaccumulator species. Only A. rutilum and O. chlamydosporicum have been described as tolerant to abiotic stresses such as salinity and acidic pH, respectively (Fritze and Baath, 1993; Georgieva et al., 2012). These taxa deserve further investigation for their potential contributions to the hyperaccumulation phenotype.

Our results demonstrated the root compartment (rhizosphere vs. rhizoplane) and plant host (N. brachypetala vs. non-hyperaccumulators) were the major factors influencing the microbiome diversity, structure, and composition. Previous studies have revealed that microbial communities are strongly influenced by plant roots increasing toward the root (Bulgarelli et al., 2012; Lundberg et al., 2012; Martinez-Diz et al., 2019; Thiergart et al., 2020). In contrast, the host plant is suggested to be a weaker predictor of root–microbiota composition (Schlaeppi et al., 2014; Glynou et al., 2018; Macia-Vicente et al., 2020). However, host influence has mainly been evaluated among genotypes of a specific plant species. Consequently, studies addressing the role of host identity in harboring different microbial species are required. Recent field research indicates that host identity in comparing different plant species is a strong variable in the determination of microbial assembly (Burns et al., 2015; Borymski et al., 2018; Li et al., 2018; Wang et al., 2020).

Previous studies have indicated that the composition of root-inhabiting microbiome communities is highly influenced by soil type (Bulgarelli et al., 2012; Lundberg et al., 2012; Schlaeppi et al., 2014) and geographical location (Glynou et al., 2018; Lin et al., 2020). Nonetheless, both factors affect the root-associated microbes in a domain-dependent manner, with a stronger effect of soil properties on bacteria and the geographic location of fungi (Thiergart et al., 2020). In our research, the study location was not a significant factor in the microbial community variations. Further large-scale research with more populations from distant locations should be conducted to confirm this result. The Pyrenees are the southern limit of N. brachypetala, where the species is rare and in regression (Martos et al., 2016); future studies should consider researching Northern populations.

Root–microbial communities play a pivotal role in plant performance by improving mineral nutrition (Jacoby et al., 2017). Bacteria and fungi have been reported to contribute to the use of major nutrients such as N, P, and S (Hong et al., 2015; Almario et al., 2017; Perez-Izquierdo et al., 2019; Zhang et al., 2019). Microbes have also been involved in the cycling of some micronutrients, mainly Fe, Zn, and Mn (Alegria Terrazas et al., 2016). In our study, some soil elements (Ca and K) made a minor but significant contribution to the microbial assembly. To the best of our knowledge, the role of these elements in the composition and structure of root microbes has yet to be investigated.

In conclusion, our results comparing non-hyperaccumulator and hyperaccumulator species indicate that the root compartment and the plant host are key factors influencing the diversity, structure, and composition of root-associated bacteria. The fungal community was mainly determined by the root niche, but not by the host. Conversely, location was an irrelevant factor in any microbial group variation. We observed a global reduction in microbial α diversity in the rhizoplane. N. brachypetala was a notable exception, presenting a prominent diversity of bacteria forming a complex interaction network in the closest-root compartment. N. brachypetala harbored a large group of differentially abundant bacteria, whereas fungi were more dominantly associated with the non-hyperaccumulator species. Even though both the non-hyperaccumulator and the hyperaccumulator inhabited non-metalliferous soils, we detected enriched levels in the N. brachypetala root compartments of bacteria previously described as metal-tolerant or formerly associated with hyperaccumulators in metal-rich soils. In contrast, the hyperaccumulator was impoverished in certain fungi. Interestingly, we found that most of the differentially abundant bacteria in the hyperaccumulator were involved in the nitrogen cycle. Our results suggest a potential selection of beneficial taxa in the soil fractions influenced by the roots of N. brachypetala that can favor N availability to the plants, indirectly contributing to their hyperaccumulator phenotype.
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Diazotrophs that carry out the biological fixation of atmospheric dinitrogen (N2) replenish biologically available nitrogen (N) in soil and are influenced by the input of inorganic and organic substrates. To date, little is known about the effects of combined organic substrate addition and N fertilization on the diazotroph community composition and structure in purple soils. We investigated the effects of N fertilization and straw mulching on diazotroph communities by quantifying and sequencing the nifH gene in wheat rhizosphere. The abundance and richness of diazotrophs were greater the higher the fertilization level in the mulched treatments, whereas in the nonmulched treatments (NSMs), richness was lowest with the highest N fertilization level. The abundance and α-diversity of diazotrophs correlated with most of the soil properties but not with pH. At the genus level, the relative abundances of Azospirillum, Bacillus, and Geobacter were higher in the NSMs and those of Pseudacidovorax, Skermanella, Azospira, Paraburkholderia, Azotobacter, Desulfovibrio, Klebsiella, and Pelomonas in the mulched treatments. The differences in community composition between the mulched and the NSMs were associated with differences in soil temperature and soil organic carbon and available potassium contents and C:N ratio. Overall, straw mulching and N fertilization were associated with changes in diazotroph community composition and higher abundance of nifH gene in alkaline purple soils.

Keywords: straw mulching, nitrogen fertilization, diazotroph community, nifH gene, abundance


INTRODUCTION

Nitrogen (N) is an essential element that plays a crucial role in agroecosystems (Feng et al., 2018). N transformation processes in the N cycle, e.g., N fixation (dinitrogen fixation), nitrification, and organic N mineralization, provide inorganic N to fulfill the requirements of plants (Luo et al., 2018; Pereg et al., 2018). Microbes play an important role in the soil N cycle by regulating N availability and transformation (Canfield et al., 2010). N2-fixing bacteria and archaea, diazotrophs, convert atmospheric N to bioavailable N (Levy-Booth et al., 2014; Chen et al., 2021). Diazotrophs may promote the growth of cereals, even though this has been mostly attributed to their other plant growth-promoting abilities instead of N fixation (Rosenblueth et al., 2018). Diazotrophs are highly diverse and include members of several bacterial phyla, e.g., Proteobacteria, Firmicutes and Cyanobacteria, and Archaea (Rösch et al., 2002). The nifH gene in the diazotrophs encodes a subunit of the nitrogenase enzyme and is highly conserved across the bacterial and archaeal domains, making nifH a suitable molecular biomarker to detect diazotrophic microbes (Zehr et al., 2003; Collavino et al., 2014).

Agricultural management practices, e.g., mulching and fertilization, affect the physiochemical properties of soil (Wang Y.S. et al., 2017). Diazotrophs are sensitive to soil physiochemical properties, including soil pH (Wang Y.S. et al., 2017; Fan et al., 2018), soil organic carbon (SOC) content (Collavino et al., 2014; Yang et al., 2019), C and N availability (Wang C. et al., 2017; Hu et al., 2019; Yang et al., 2021), phosphorus content (Tang et al., 2017), soil moisture (Penton et al., 2016), and C:N ratio (Wang C. et al., 2017; Liu et al., 2019). However, the effects of soil physiochemical properties on the diazotrophs have been variable. For example, the effects of soil pH on the diversity and abundance of soil diazotrophs were inconsistent in different soil types (Wang Y.S. et al., 2017; Fan et al., 2018; Lin et al., 2018). Likewise, N availability has been found to have both stimulatory (Perez et al., 2014; Reardon et al., 2014) and inhibitory effects (Zhalnina et al., 2015; Wang C. et al., 2017) on the diversity of diazotrophs.

The effects of fertilization on diazotroph communities are a growing concern (Meng et al., 2012; Wang C. et al., 2017). Long-term experiments have shown that the application of N fertilizers has a great impact on the diazotroph community composition (Meng et al., 2012; Reardon et al., 2014; Fan et al., 2019). For example, long-term synthetic fertilizer application can decrease the diversity and change the community structure of diazotrophs (Wang C. et al., 2017). However, in several studies, N fertilization did not affect the abundance and community composition of nifH-containing microbes in agricultural soils (Wakelin et al., 2007; Mårtensson et al., 2009; Sun et al., 2015). In general, the addition of organic substrates, e.g., by straw mulching, into soil provides a source of energy and nutrients to support the growth of diazotrophs (Tang et al., 2012; Liao et al., 2018). To date, little is known about the effects of combined straw mulching and N fertilization on the diazotroph community composition in purple soils. Thus, it is important to explore the effects of long-term N application alone and in combination with organic substrates, e.g., straw, on the abundance, diversity, and community composition of diazotrophs to develop sustainable cultivation practices.

The nutrient-rich, neutral or alkaline purple soils in the Sichuan Basin of southwestern China have a complex mineral composition and are characterized with high fertility and suitability to various crops (Wang et al., 2015). However, nitrification activity is high in purple soils, which has resulted in severe soil erosion and N loss via nitrate leaching and runoff (Zhou et al., 2012; Zhao et al., 2018; Zhong et al., 2019). Therefore, increasing N availability is essential for the sustainability of agriculture in the purple soil regions (Wang et al., 2015). This could be at least partially achieved through biological N fixation by diazotrophs.

For this study, we established a field experiment to monitor the effects of inorganic N fertilizer and straw mulching on the community composition of diazotrophs in purple soil. We applied quantitative PCR (qPCR) and high-throughput sequencing targeting the nifH gene to assess variation in the diazotroph community. Our objectives were to (1) evaluate the effects of N fertilization and straw mulching on the abundance, diversity, and community structure of diazotrophs; (2) identify the diazotroph genera affected by N fertilization and straw mulching; and (3) determine the relationships between dominant diazotroph genera and soil properties. We hypothesized that fertilization and straw incorporation would change soil properties, in particular the C and N levels, that would further affect the diazotroph communities; higher C to N ratios were expected to be associated with higher abundance and α-diversity of diazotrophs.



MATERIALS AND METHODS


Experimental Site and Sampling

The straw mulch no-tillage experiment was established in 2015 at Renshou experimental base (30°04′N, 104°13′E) of the Agricultural College of Sichuan Agricultural University, China. The station is located in an area with a humid subtropical monsoon climate, an annual average temperature of 17.4°C and a mean annual precipitation of 1,009 mm. The soil is a typical alkaline purple soil. The basic physicochemical properties of the 0–20-cm soil layer in 2015 were as follows: pH 7.82 (soil:water = 1:2.5), organic carbon content 9.78 g kg–1, total nitrogen (TN) content 0.83 g kg–1, total phosphorus (TP) content 0.86 g kg–1, and total potassium content 13.96 g kg–1.

The split plot design experiment had straw mulching as the main factor and nitrogen level as the subplot factor with four 30 m2 (6 m × 5 m) replicate plots per treatment. The straw mulching rates were 0 (NSM: no straw mulching) and 8,000 (SM: straw mulching) kg ha–1. N fertilizer levels were 0 (N0), 120 (N1), and 180 (N2) kg ha–1. P and K fertilizers were applied to all the plots as 75 kg P2O5 ha–1 and 75 kg K2O ha–1, respectively.

Soil samples were collected on March 20, 2019, at the wheat anthesis stage. Fifteen wheat plants per plot were collected gently using a spade, and the soil attached to the roots was pooled into one composite rhizosphere soil sample per plot. The samples were transported on ice in a constant-temperature box to the laboratory and stored at −80°C.



Soil Physicochemical Analysis

Soil pH and SOC, TN, TP, available P (AP), and available potassium (AK) contents were analyzed as described previously (Liu et al., 2020). NH4+-N and NO3–-N were extracted from fresh soil with 2 mol L–1 KCl and determined using colorimetry (P7 Double Beam UV–Visible Spectrophotometer, Mapada Inc. Shanghai, China) (Liu et al., 2020). Soil temperature was measured using a soil moisture and water potential instrument (Em50G, Decagon Devices Inc. Pullman, United States).



DNA Extraction and Quantification of nifH Gene Abundance

DNA was extracted from 0.5 g of soil using the Fast DNA Spin Kit for Soil (MP Biomedicals, CA, United States) according to the manufacturer’s instructions. The purity and concentration of the extracted DNA were detected by using 2% agarose gel electrophoresis and a Nanodrop 2000 spectrophotometer (Thermo Scientific, United States). The extracted DNA was stored at −20°C.

The nifH gene copy number was determined using real-time qPCR on an ABI7500 Fast Real-Time PCR System (Applied Biosystems Inc. United States). The nifH fragments were amplified in triplicate using primers PolF (5′-TGCGAYCCSAARGCBGACTC-3′) and PolR (5′-ATSGCCATCATYTCRCCGGA-3′) (Poly et al., 2001). Amplification was done in a 20-μl reaction including 10 μl SYBR Green Master Mix (Applied Biosystems, United States), 0.25 μl (10 μM) of each primer, 1 μl (1–10 ng) DNA template or 1 μl sterilized distilled water in the negative control, and 8.5 μl double-distilled water (ddH2O). Amplification was initiated by denaturation at 95°C for 3 min, followed by 35 cycles of denaturation at 95°C for 10 s, annealing at 55°C for 30 s, extension at 72°C for 30 s, and reading the plate at 80°C (Lin et al., 2018).

The standards for qPCR were made by cloning a nifH gene fragment from mixed soil DNA samples. The nifH fragment was amplified as described above using pmD®18-T Vector (TaKaRa, Dalian, China) according to the manufacturer’s instructions. Based on a translated nucleotide query (Altschul et al., 1997), the fragment was 88% similar with nifH from Ruminococcus sp. (sequence ID MBE6845760.1). Plasmid DNA was extracted using a Plasmid Miniprep Kit (Biomiga, Santiago, United States), and the plasmid concentration was measured with a spectrophotometer (Nanodrop 2000, Thermo Scientific, Wilmington, United States) (Liao et al., 2018). As the sequences of the vector and PCR inserts were known, the copy number of nifH was calculated directly from the concentration of extracted nonlinearized plasmid DNA. A standard curve was done using 10-fold serial dilutions from 1.13 × 103 to 1.13 × 109 nifH copies (Wang et al., 2012). Since Nanodrop measurements are prone to overestimate DNA concentration (Kapp et al., 2015), the plasmid copy numbers were likely overestimated. However, this overestimation was not expected to affect comparisons between treatments. The amplification efficiency was 81.8% with R2-value of 0.999 and slope of −3.85. No amplification was detected in the negative controls. The detected CT values in samples were all within the range of the standard curve.



nifH Gene Sequencing and Bioinformatics Analysis

The nifH amplicons of approximately 360 bp were amplified using the primers PolF with a unique sample identifying barcode and PolR. Amplification was done in triplicate 25 μl reactions including 1 μl of each 10 μM primer, 2 μl (20 ng) of template DNA or 2 μl sterilized distilled water in the negative control, and 12.5 μl of MasterMix containing Taq DNA polymerase, PCR buffer, Mg2+ and dNTPs (CWBIO, China), and 8.5 μl double distilled water (ddH2O). The amplification program included initial denaturation at 95°C for 3 min, followed by 40 cycles of 95°C for 30 s, 60°C for 60 s, and 72°C for 60 s, and a final extension at 72°C for 10 min (Gaby et al., 2018). The triplicate PCR products of each sample were mixed and purified with a gel extraction kit (TIANGEN, Inc., Beijing, China) according to the manufacturer’s instructions and quantified using a Qubit 2.0 fluorimeter (Invitrogen, Carlsbad, CA, United States). No amplification was detected in the negative controls. Purified amplicons were pooled in equimolar concentrations and sequenced using MiSeq Reagent Kit V3 for paired-end sequencing on an Illumina MiSeq platform at Shanghai Personal Biotechnology Co., Ltd (Shanghai, China).



Bioinformatics Analysis

The raw sequences were demultiplexed and low-quality sequences were removed using the QIIME2 pipeline (Bolyen et al., 2019). Reads with an average quality score below 20 were filtered out and the remaining reads were trimmed at 200 and 450 bp as minimum and maximum length, respectively. Chimeric sequences were removed using UCHIME against a reference alignment (Edgar et al., 2011). A total of 1,965,677 high-quality sequences were obtained from 24 samples. The UPARSE pipeline was used to cluster sequences into operational taxonomic units (OTUs) (Edgar, 2013). Sequences with 97% similarity were assigned to an OTU (Edgar, 2010), after removing the singleton OTUs, generating 5,283 OTUs.



Data Analysis

The statistical analyses were conducted using SPSS 22.0 software (International Business Machine, Armonk, New York, United States). Differences in soil properties, nifH abundance, and α-diversity were tested using two-way ANOVA followed by Fisher’s least significant difference (LSD) test. The nifH abundance data were log10 transformed and checked for normality prior to the test. The relationships between soil properties, nifH abundance, and α-diversity were estimated using Pearson correlation analysis. β-Diversity was visualized using weighted UniFrac distance-based principal coordinate analysis (PCoA) in R package “ape” (Hu et al., 2020). Hierarchical cluster analysis was performed using the “hclust” function with the average linkage algorithm in R version 3.5.1 (R Development Core Team, 2012). Corrplot in R was used to visualize the results of Pearson correlation analysis. Differences in diazotroph community structures were tested using permutational multivariate analysis of variance (PERMANOVA) in the R package vegan (Oksanen et al., 2012). The relationships between community variation and environmental factors were tested using redundancy analysis (RDA) with 999 permutations (Legendre and Anderson, 1999). Linear discriminant analysis effect size (LEfSe) analysis with default parameters was used to detect differentially abundant taxa (Segata et al., 2011).



RESULTS


The Abundance and Diversity of the Diazotrophic Community

The nifH gene copy numbers ranged from 3.2 × 107 to 4.7 × 108 per g soil, with the lowest and the highest numbers in the NSMN2 and SMN2 treatment, respectively (Figure 1). In the mulched treatment (SM), the abundance of nifH gene was higher, the higher the nitrogen fertilization level (P < 0.05) (Figure 1). Compared with the nonmulched treatment (NSM), the diversity and richness of diazotrophs were higher in the SM (P < 0.05) (Figure 2). Furthermore, N fertilization resulted in higher diazotroph diversity and richness in the SM. In the NSM, richness was lowest in the highest fertilization level (P < 0.05) (Figure 2).
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FIGURE 1. The abundance of nifH gene copies in wheat rhizosphere soil under straw mulching and nitrogen fertilization treatments. NSM, no straw mulching; SM, straw mulching; N0, no nitrogen; N1, 120 kg N ha− 1; N2, 180 kg N ha− 1. Data shown as mean ± SD. *indicates statistically significant difference (P < 0.05) between NSM and SM. Different letters above columns indicate statistically significant difference (P < 0.05) between N fertilizer levels within NSM and SM.
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FIGURE 2. The α-diversity of the diazotrophs in wheat rhizosphere soil under straw mulching and nitrogen fertilization treatments. NSM, no straw mulching; SM, straw mulching; N0, no nitrogen; N1, 120 kg N ha− 1; N2, 180 kg N ha− 1. Data shown as mean ± SD. *indicates statistically significant difference (P < 0.05) between NSM and SM. Different letters above columns indicate statistically significant difference (P < 0.05) between N fertilizer levels within NSM and SM.




The Composition of the Diazotroph Community

The nifH communities were distinct in all the six mulching–fertilizer level combinations (P < 0.05) (Supplementary Table 1). The first and the second principal coordinates explained 50.5% of the variation in the community composition in the PCoA (Figure 3A). The mulched and NSMs were clearly separated along axis 1, and the nonfertilized treatments NSM0 and SMN0 were separated from the fertilized treatments (P < 0.05) (Figure 3A). Similarly, the samples were divided into three clusters in the hierarchical cluster analysis: the mulched and fertilized, the nonmulched and fertilized, and the nonfertilized (Figure 3B), showing that both mulching and N fertilization affected the diazotroph community structure.
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FIGURE 3. Principal coordinates analysis (A) and hierarchical clustering (B) of diazotroph communities in wheat rhizosphere soil under straw mulching and nitrogen fertilization treatments. NSM, no straw mulching; SM, straw mulching; N0, no nitrogen; N1, 120 kg N ha− 1; N2, 180 kg N ha− 1.


The relative abundance of the phylum Proteobacteria accounted for 88.5–92.9% of the total relative abundance in all the treatments (Figure 4A). The relative abundances of the classes Deltaproteobacteria, Betaproteobacteria, Gammaproteobacteria, and Bacilli and those of the genera Azospirillum, Bradyrhizobium, and Desulfovibrio were high in all treatments (Figures 4B,C). In the LEfSe analysis, 17 and 21 taxa in the nonmulched and the mulched treatments, respectively, had large effect sizes with LDA score >2.5 (Supplementary Table 2). At the genus level, the relative abundances of Azospirillum, Bacillus, and Geobacter were higher in the NSMs, and those of Pseudacidovorax, Skermanella, Azospira, Paraburkholderia, Azotobacter, Desulfovibrio, Klebsiella, and Pelomonas were higher in the mulched treatments (LDA score > 3.5) (Figure 5 and Supplementary Table 2).
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FIGURE 4. The community composition of diazotrophs in wheat rhizosphere soil under straw mulching and nitrogen fertilization treatments. (A) Phylum level; (B) class level; (C) genus level. NSM, no straw mulching; SM, straw mulching; N0, no nitrogen; N1, 120 kg N ha− 1; N2, 180 kg N ha− 1.
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FIGURE 5. Differentially abundant diazotroph taxa in wheat rhizosphere soil under straw mulching and nitrogen fertilization treatments. Detected using linear discriminant analysis effect size analysis. NSM, no straw mulching; SM, straw mulching; N0, no nitrogen; N1, 120 kg N ha− 1; N2, 180 kg N ha− 1.




Correlation Between nifH Gene Abundance, Diazotrophic Community Diversity and Composition, and Soil Properties

Shannon diversity correlated positively with SOC, TN, AN, NH4+-N, NO3–-N, AP, and AK contents and C:N ratio and negatively with soil temperature (P < 0.05), and the number of observed species correlated positively with SOC, AN, NO3–-N, AP, and AK contents and C:N ratio and negatively with soil temperature (P < 0.05) (Table 1). The abundance of nifH gene correlated positively with SOC, AK, AP, AN, NH4+-N, and NO3–-N contents and C:N ratio and negatively with soil temperature (P < 0.05) (Table 1). The relationships between soil physicochemical properties and the diazotroph community composition at the genus level were visualized using RDA (Figure 6 and Supplementary Table 3). Differences in community composition between the mulched and the NSMs were associated with differences in soil temperature, C:N ratio, and SOC and AK contents (Figure 6). The genus Azospirillum correlated positively with soil temperature, whereas the genera Dechloromonas and Desulfovibrio correlated positively with C:N ratio and SOC and AK contents. The differences between the fertilized and the nonfertilized treatments were associated with differences in NH4+-N, AN, AP, and TN contents. The genus Azorhizobium correlated positively and Mesorhizobium negatively with soil TN, NH4+-N, AN, and AP contents (Figure 6).


TABLE 1. The correlations of soil properties with α-diversity and nifH gene abundance in the wheat rhizosphere.
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FIGURE 6. Redundancy analysis (RDA) of the nifH community and soil environmental factors in the wheat rhizosphere. SOC, soil organic carbon; TN, total nitrogen; AN, available nitrogen; NH4+-N, ammonium nitrogen; NO3–-N, nitrate nitrogen; AP, available phosphorus; AK, available potassium; NSM, no straw mulching; SM, straw mulching; N0, no nitrogen; N1, 120 kg N ha− 1; N2, 180 kg N ha− 1.




DISCUSSION

Soil diazotrophs include Bacteria and Archaea that fix atmospheric nitrogen as free-living (e.g., Azospirillum and Azotobacter) or in symbiosis (e.g., Bradyrhizobium and Rhizobium) (De Bruijn, 2015). The abundance, diversity, and community composition of soil diazotrophs have been associated with various factors such as soil physicochemical characteristics and management strategies (Reardon et al., 2014). Fertilization and straw return change the environmental conditions and may affect the diazotrophs due to their individual responses to the changes in soil properties (Romero et al., 2012; Wang et al., 2016; Yang et al., 2019). We assessed the response of diazotrophs to straw mulching and N fertilization by quantifying and sequencing the nifH gene and noticed that the variation in diazotroph communities was more associated with straw mulching than with N fertilization. In previous studies, stubble retention and straw incorporation increased the abundance, diversity, and richness of the nifH carrying diazotrophs, which is possibly associated with the input of labile carbohydrates; monosaccharides and polysaccharides in straw provided an energy and nutrient source for the generally heterotrophic diazotrophs (Park et al., 2009). The N fertilization-accompanied soil acidification might in turn decrease the abundance and diversity of diazotrophs (Meng et al., 2012; Reardon et al., 2014). We found that the abundance and α-diversity of diazotrophs were greater the higher the fertilization level in the mulched treatments, whereas in the NSMs, richness was lowest with the highest N fertilization level, indicating that the slightly negative effect of N fertilization had been offset by mulching.

The availability of soil nutrients, which is highly responsive to straw and fertilizer input, is crucial for the establishment of soil diazotroph community structure (Reardon et al., 2014; Hu et al., 2019; Yang et al., 2019). In our study, Pearson correlation analysis showed that Shannon diversity was associated with differences in soil temperature, SOC, TN, AN, NH4+-N, NO3–-N, AP, and AK contents and C:N ratio, and the number of observed species was associated with differences in soil temperature; SOC, AN, NO3–-N, AP, and AK contents; and C:N ratio. In agreement, the results of RDA suggested that the differences in diazotroph communities were associated with differences in soil temperature; NH4+-N, AN, NO3–-N, AP, and TN contents; and C:N ratio. Especially, the differences between the mulched and NSMs possibly resulted from the higher SOC and AK contents in the mulched treatments.

Consistent with previous studies (Reardon et al., 2014; Lin et al., 2018; Hu et al., 2019, 2020), we observed that the relative abundances of Proteobacteria that play a vital role in carbon cycle and nitrogen mineralization (Wu et al., 2020) were high. However, it is worth noting that concluding absolute abundances directly from the relative abundance data is not possible, for example, due to bias introduced by the primers (McLaren et al., 2019). Consistent with Hu et al. (2019), the relative abundances of the class α-Proteobacteria and the genera Azospirillum within this class were high. Azospirillum is the best characterized genus of plant growth-promoting rhizobacteria and increased the yield and dry weight of wheat (Lin et al., 2018). The diazotroph communities may respond differentially to environmental factors and cultivation practices in different soil types (Wang C. et al., 2017; Lin et al., 2018). Contrary to Wang C. et al. (2017), in our study, Azospirillum correlated negatively with SOC content, possibly due to the differential response.

The soil N cycle is generally coupled with sulfur and iron cycles, and high N availability can increase the iron and sulfur cycle-related genes (Bao et al., 2014; Minamisawa et al., 2016). N limitation inhibited the growth of sulfate-reducing bacteria and the relative abundance of Desulfovibrionales that are mostly sulfate reducers increased with N fertilizer input (Sim et al., 2012; Li et al., 2018). In agreement, we found that the relative abundance of Desulfovibrio was the highest in the mulched and high N fertilization level treatment. In addition, straw mulching combined with N fertilization led to higher relative abundances of Azotobacter, Klebsiella, and Paraburkholderia that participate in the N cycle in soil ecosystems and have plant growth-promoting properties (Li et al., 2019; Patel et al., 2019; Castellano-Hinojosa and Strauss, 2020; Liu et al., 2020; Mukherjee et al., 2020; Ravi et al., 2020), suggesting that straw return may further contribute to the growth of plants.

In summary, our study demonstrated that straw mulching and N fertilization lead to changes in soil diazotroph community composition and to higher abundance, diversity, and richness of the nifH gene. The differences in community composition between the mulched and NSMs were associated with differences in soil temperature, C/N, SOC, and AK contents. Straw mulching combined with N fertilization was characterized by higher relative abundances of plant growth-promoting Azotobacter, Klebsiella, and Paraburkholderia genera. Overall, straw mulching and N fertilization were associated with changes in diazotroph community composition and increased the abundance of the nifH gene.
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Soil microorganisms play important roles in crop production and sustainable agricultural management. However, soil conditions and crop selection are key determining factors for soil microbial communities. This study investigated the effect of plant types and soil salinity on the microbial community of interspecific interaction zone (II) based on the sorghum/peanut intercropping system. Microbial community diversity and composition were determined through PacBio single molecule, real-time sequencing of 16S rDNA and internal transcribed spacer (ITS) genes. Results showed Proteobacteria, Bacteroidota, and Acidobacteriota to be the dominant bacterial phyla in IP, II, and IS, whereas Ascomycota, Basidiomycota, and Mucoromycota were the dominant fungal phyla. Under salt-treated soil conditions, the plants-specific response altered the composition of the microbial community (diversity and abundance). Additionally, the interspecific interactions were also helpful for maintaining the stability and ecological functions of microbial communities by restructuring the otherwise stable core microbiome. The phylogenetic structure of the bacterial community was greatly similar between IP and II while that of the fungal community was greatly similar between IP and IS; however, the phylogenetic distance between IP and IS increased remarkably upon salinity stress. Overall, salinity was a dominant factor shaping the microbial community structure, although plants could also shape the rhizosphere microenvironment by host specificity when subjected to environmental stresses. In particular, peanut still exerted a greater influence on the microbial community of the interaction zone than sorghum.
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INTRODUCTION

Soil salinization is a compelling environmental challenge that limits the growth and productivity of crops worldwide, since 20% of the world’s arable land and 33% of the irrigated land are affected by soil salinization (Kashyap et al., 2020). Development and utilization of salinized soils is an important strategy to increase the cultivated land area, which is of great significance to meet the food demands of an increasing global population (Amelung et al., 2020). However, long-term continuous cropping can result in reduction of crop yield, accumulation of soil-borne plant pathogens (Klein et al., 2016; Cui F. et al., 2018), and disruption of soil microbial community (Liu et al., 2019; Tang et al., 2020). Particularly, in salinized soils, monoculture farming faces a double combination of excess salinity and continuous cropping obstacles. To overcome these problems, intercropping can be considered a novel approach to increase the efficiency of resource utilization, management of soil-borne diseases, and tolerance of farmland ecosystem stress (Li Q. et al., 2016; Guo et al., 2018; Dang et al., 2020).

In the intercropping system, roots of different types of plants are in direct contact with the soil, and they directly or indirectly affect the development of soil microbiota in the rhizosphere and in bulk soil by means of root exudates (Haichar et al., 2014). In addition, interspecific root interaction can create a relatively stable microhabitat through resource competition and mutual promotions (Aguilera et al., 2017; Cavalieri et al., 2020). The beneficial soil eco-quality and ecosystem services in the intercropping model are mainly driven by soil microbial activities (Granzow et al., 2017; Nivelle et al., 2018). Naturally, the adaptive evolution and composition of microbial communities are governed by plant species, developmental stages, and environmental factors (Ma et al., 2016). Rhizosphere microorganisms, especially beneficial bacteria and fungi, co-evolve with their host to adjust the community structure based on the specific environments, ultimately improving plant performance and enhancing plant resistance to stress conditions both directly and indirectly (Grover et al., 2011; Zhao et al., 2021). For example, Li X. et al. (2016) found that mulberry-soybean intercropping increases the abundance of beneficial bacteria (phosphate-solubilizing bacteria) in intercropping samples under salt-alkali soil condition. Zeng et al. (2019) indicated that the rhizosphere interactions in a mixture model are helpful in recruiting beneficial microbes, which are closely related to the improvement of plant quality in contaminated soil. Additionally, other typical systems of crop production, such as maize-peanut intercropping (Li et al., 2018), maize-soybean intercropping (Chang et al., 2020), and millet-sorghum intercropping (Iijima et al., 2016), have provided evidence of change of microbial communities and enhancement of biotic or abiotic stress tolerance. Thus, the recruitment of specific microbial communities under particular production conditions is an interesting topic.

Intercropping of legumes and cereals is one of the most common interspecies combinations in agricultural production, with their niche complementarity and interspecific positive interactions enabling better adaptation to environmental changes and stresses (Brooker et al., 2015). Sorghum (Sorghum bicolour L.) possesses stronger salt tolerance (Huang, 2018), while peanut (Arachis hypogaea L.) is also considered to be a moderately salt-tolerant crop (Cui J. et al., 2018). They can adapt to arid and barren soil conditions, and are widely cultivated in the marginal lands in northeast China (Guo et al., 2021); therefore, they are regarded as a pioneer crop that can be grown in saline soils. However, the influence of micro-ecological soil environment on the sorghum and peanut intercropping system has not been fully investigated yet, especially under salinity stress conditions.

The present study aimed to illustrate the variation of bacterial and fungal communities in peanut-sorghum intercropping systems by genetic amplification and sequencing of the 16S rDNA and internal transcribed spacer (ITS) regions. Further, it aimed to investigate the recruitment of specific microbial communities by various plant species and understand the deterministic role of salinity in shaping the microbial communities. We hypothesized that (1) the peanut and sorghum plants might differentially affect the soil microbial community in the interspecific interaction zone (II) and (2) microbial community could undergo species-specific changes under salt-treaded soil conditions. This study could provide insights into the optimization of cropping systems and improvement of farmland ecological stability of in salinized soils.



MATERIALS AND METHODS


Experimental Design

Experiments were conducted in the experimental field station at Shenyang Agricultural University, Shenyang, China for two consecutive years during the growth seasons of 2018 and 2019. Sorghum (Liaoza 15) and peanut (Huayu 25) plants were grown in large wooden planting boxes 1.00 m × 1.00 m × 0.60 m in dimension. Experimental soil was collected from the 0 to 20 cm thick cultivation layer of the experimental field and classified brown soil with 96.70 mg hydrolyzable N kg–1, 27.50 mg available P kg–1, 117.9 mg available K kg–1, 15.17 g organic matter kg–1, 680 mg soluble salinity kg–1, and pH 6.5. Before sowing, the soil salinity concentration was adjusted to 2.5 g (NaCl) kg–1 to mimic a moderate soil salinity level in the field (S, 0.25% NaCl) (Shi et al., 2020), and untreated soil served as the control (N, 0.00% NaCl). The soil (approximately 800 kg) was then put into the wooden planting boxes, and the same doses of 75 kg N ha–1, 120 kg P2O5 ha–1, and 170 kg K2O ha–1 were applied as the basal fertilizer to each box. After incubating the soil in the natural environment for about 30 days upon NaCl addition, and when the soil moisture was ideal and appropriate, five sorghum plants and six peanut plants, in each box, were intercropped under two different soil conditions. The row spacing was 40 cm and each treatment was conducted in triplicate. The same field management was implemented for all treatments during the experimental period.



Soil Sampling

After 2 years of continuous planting, soil samples were collected from the peanut rhizosphere (IP), sorghum rhizosphere (IS), and II at 60 days after germination in 2019 (Supplementary Figure 1). Soil samples were collected using a sterilization shovel from the depths of 0–20 cm (after removal of 5 cm of the soil surface) of the rhizosphere and interaction zone. Loosely adhered soil samples from the root surface were removed by gentle shaking, and then the tightly bound rhizosphere soil was removed using a sterilized brush (changed between samples). Samples of rhizosphere soil were collected and thoroughly mixed in order to obtain a composite sample. The composite samples, representing each site, were passed through a 2 mm sieve, collected in 15 mL sterile centrifuge tubes on ice, transferred to the laboratory within 8 h, and kept frozen at −80°C until DNA extraction. The remaining soil sample was air dried for its physiochemical analyses.



DNA Extraction and High-Throughput Sequencing

Total microbial community DNA was isolated from 0.25 g of soil per sample using the PowerSoil® DNA Isolation kit (MO BIO Laboratories Inc., Carlsbad, CA, United States) according to the manufacturer’s instructions. Quality and concentration of the extracted DNA were checked by 0.8% agarose gel electrophoresis and ultraviolet spectrophotometry, respectively. High-quality DNA samples were amplified using primers targeting the full-length regions of the bacterial 16S rDNA gene and fungal ITS sequences. For bacterial community, the bacterial 16S rDNA genes were amplified using the universal bacterial primers 27F (5′-AGRGTTYGATYMTGGCTCAG-3′) and 1492R (5′-RGYTACCTTGTTACGACTT-3′). For the fungal community, ITS sequences were amplified using the primers ITS1F (5′-CTTGGTCATTTAGAGGAAGTAA-3′) and ITS4R (5′-TCCTCCGCTTATTGATATGC-3′). PCR amplification was performed in a total reaction volume of 20 μL, which contained 10 μL buffer, 0.4 μL DNA polymerase, 4 μL dNTP, 1 μL of each primer (10 μM), and 50 ng genomic DNA. The PCR was set up as follows: an initial denaturation step for 5 min at 95°C, followed by 30 cycles of denaturation at 95°C for 30 s, annealing at 50°C for 30 s, and extension at 72°C for 1 min, and a final extension step at 72°C for 7 min. After electrophoresis of the PCR products, they were purified, quantified, and homogenized to create a SMRTbell sequence library, and the marker gene was sequenced using the PacBio single molecule, real-time (SMRT) sequencing technology (Pacific Biosciences, Menlo Park, CA, United States). All the above-mentioned procedures were completed by Biomarker Technologies Corporation (Beijing, China).



Data Pre-processing and Sequencing Data Bioinformatics Analysis

Circular consensus sequencing (CCS) reads were obtained with the SMRT Link v8.0 after correcting the raw sub-reads. CCS reads were barcode-identified and length-filtered; the chimeras were removed thereafter using UCHIME v.8.1 (Edgar et al., 2011), and finally optimized-CCS reads were obtained. Optimized-CCS reads were clustered into operational taxonomic units (OTUs) at 97% similarity using the USEARCH v.10.0 software (Edgar, 2013), and the representative OTU sequences were annotated using the SILVA bacterial 16S rRNA database (Release132)1 (Quast et al., 2013) and the UNITE fungal ITS database (Release 8.1)2 (Kõljalg et al., 2013) by a QIIME-based wrapper of RDP-classifier v.2.2 with a confidence cutoff of 0.8. The detected communities were identified and annotated at different taxonomic levels (phylum, class, order, family, genus, and species). Further analysis was done to calculate alpha diversity and richness of OTUs, and the community composition of each sample was determined at different classification levels. Finally, based on the above analysis, alpha diversity index was applied to analyze the microbial diversity, including the Chao1, Shannon, and Ace indices and rarefaction curves, which were obtained with Mothur software (version 1.30.1)3. The principal co-ordinates analysis (PCoA) was applied to reduce the dimension of the original variables based on the Binary-Jaccard distances using R v.3.5.3. The Circos graph was built using Circos-0.67-7 software4. Linear discriminant analysis (LDA) coupled with effect size measurements (LEfSe) analysis was applied to search for statistically different biomarkers between different groups using LEfSe software5. The relationship between the soil microbial community structures and soil environmental factors was analyzed by redundancy analysis (RDA) using Canoco software v.4.5.



Statistical Analysis

Differences across the treatments were calculated and analyzed statistically using one-way analysis of variance (ANOVA) and the least significant difference (LSD) multiple range test (p < 0.05). The statistical analyses were conducted using GraphPad Prism version 5.1 (GraphPad Software, San Diego, CA, United States) and the SPSS software version 19.0 (SPSS, Inc., Chicago, IL, United States).



RESULTS


General Characteristics of PacBio SMRT Sequencing Based 16S rDNA and ITS Datasets

Each sample was identified and distinguished according to the barcode-labeled sequence; 376,040 CCS reads with bacterial species annotations were obtained from 18 soil samples, with an average of 20,891 CCS reads per sample (range: from 19,854 to 21,200). For fungi, 144,040 CCS reads were obtained, with an average of 8,002 CCS reads per sample (range from 7,911 to 8,109). After barcoded-CCS read quality filtering and removal of chimeras, an average of 19,904 bacterial optimized-CCS reads were generated per sample, with 95% effective sequences. An average of 7,844 fungal optimized-CCS reads per sample were obtained with 98% effective sequences (Supplementary Table 1).



Venn Diagrams Analysis of OTUs

Rarefaction curve analysis showed that when the sample sequencing quantity of bacteria reached 4,000 and that of fungi reached 1,000, the curve gradually flattened (Figure 1). On an average, 1,531 bacterial OTUs and 284 fungal OTUs were obtained from the 18 samples with an OTUs coverage of over 95 and 98%, respectively, indicating that the sequencing depth of all the samples was reasonable and the sequencing date reflected information about the microbial community of the sample. The Venn diagrams depicted the number of OTUs unique to each sample or shared among multiple samples and intuitively displayed an OTU overlap across samples. Bacterial OTU analysis indicated that 731 OTUs were common to all samples; the number of bacterial OTUs shared by NIP and NII was 191 (Figure 2A). Fungal OTU analysis indicated that 148 OTUs were common to all samples; the number of fungal OTUs shared by NIP and NII was 70 (Figure 2C). In contrast, 93 bacterial OTUs and 40 fungal OTUs were shared by NIS and NII, respectively. Under salt-treated soil condition, the number of OTUs common to all samples was reduced, and the number of bacterial and fungal OTUs shared by SIP and SII were still higher those by SIS and SII (Figures 2B,D).


[image: image]

FIGURE 1. Rarefaction curves of the peanut rhizosphere (IP), sorghum rhizosphere (IS), and interspecific interaction zone (II) microbial communities under different soil conditions (S, 0.25% salt-treated soil condition; N, normal soil condition). (A) Rarefaction curves of bacterial community. (B) Rarefaction curves of fungal community.
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FIGURE 2. Venn diagrams showing the unique and shared operational taxonomic units (OTUs) (5% distance level) between the peanut rhizosphere (IP), sorghum rhizosphere (IS), and interspecific interaction zone (II) (S, 0.25% salt-treated soil condition; N, normal soil condition). (A) Venn diagrams of bacterial operational taxonomic units (OTUs) under normal soil condition. (B) Venn diagrams of bacterial OTUs under salt-treated soil condition. (C) Venn diagrams of fungal OTUs under normal soil condition. (D) Venn diagrams of fungal OTUs under salt-treated soil condition.




Richness and Diversity Analyses of Bacterial and Fungal Communities

For the bacterial community, Ace and Chao1 indices in IP and II were higher than those in IS. Under salt-treated soil conditions, the Ace and Chao1 indices increased in SIP and SII, but decreased in SIS. The fungal Ace and Chao1 indices of each sample followed the order NIP > NIS > NII. Under salt-treated soil conditions, Ace and Chao1 indices decreased in SIP and SII, but increased in SIS (SIS > SIP > SII). In general, the Shannon index of the bacterial and fungal communities in IP and II were significantly higher than that in IS. The Shannon index of the microbial communities reduced under salt-treated soil conditions, and the reductions of Shannon index of the fungal community in SIP and SII were the most prominent (Table 1).


TABLE 1. Diversity and richness of the peanut rhizosphere (IP), sorghum rhizosphere (IS), and interspecific interaction zone (II) soil microbial communities at the phylum and genus levels under different soil conditions (S, 0.25% salt-treated soil condition; N, normal soil condition).
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Equalization Analysis Between Bacterial and Fungal Community Structures

Under salt-treated soil conditions, the ITS/16S ratio decreased in SIP and increased significantly in SIS, with no obvious change in SII (Figure 3A). The correlation between fungal and bacterial diversities was examined by Pearson’s correlation analysis, and a lower correlation between the Shannon diversity indices of the bacterial and fungal communities was found (r = 0.2816, p = 0.2576) (Figure 3B). However, the Ace and Chao1 indices of the bacterial community were negatively correlated with those of the fungal community (r = −0.3049 and −0.1769, respectively) (Figures 3C,D). This showed that the overall equalization of the bacterial and fungal communities was affected by both plant species and soil salinity, thereby indicative of the major contributor to the change in the microbial equilibrium. Variation in richness of microbial species was the principal cause for the change in the microbial equilibrium.
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FIGURE 3. Equalization analysis of the peanut rhizosphere (IP), sorghum rhizosphere (IS), and interspecific interaction zone (II) microbial communities under different soil conditions (S, 0.25% salt-treated soil condition; N, normal soil condition). (A) Ratio of bacterial and fungal operational taxonomic units (OTUs). (B) the correlation between bacterial and fungal Shannon indices. (C) the correlation between bacterial and fungal Ace indices. (D) the correlation between bacterial and fungal Chao1 indices.




Analysis of the Bacterial and Fungal Community Composition

From the phylum to genus level, the different soil conditions and plant types have different influences on the bacterial and fungal community structures. At the phylum-level, Proteobacteria, Bacteroidota, Acidobacteriota, and Verrucomicrobiota were the dominant bacterial communities in each sample, with the relative abundance of Proteobacteria being the highest (36.4%) (Figure 4A). Furthermore, the relative abundances of Acidobacteriota, Gemmatimonadota, and Myxococota significantly decreased in salt-treated soil, whereas those of Bacteroidota, Verrucomicrobiota, and Actinobacteriota were significantly increased. At the bacterial genus level, the relative abundances of Sphingomonas, Massilia, Candidatus_Udaeobacter, Brevitalea, Flavisolibacter, Tepidisphaera, and Pedosphaera increased due to salt treatment while those of Vicinamibacter and Gemmatimonas decreased (Figure 4B). Among these, Sphingomonas, Candidatus_Udaeobacter, and Brevitalea were detected with the highest abundances in II, and Massilia, Flavisolibacter, Tepidisphaera, and Arenimonas were the most abundant in IS (Supplementary Table 2). Concerning the fungal community, Ascomycota, Basidiomycota, Glomeromycota, and Mucoromycota were the most abundant phyla. Of these, the abundances of Ascomycota was significantly higher levels in IS than in IP and II (Figure 4C). Compared with the normal soil conditions, Mucoromycota, Mortierellomycota, and Kickxellomycota abundances decreased after salt-treatment, but the abundance of Ascomycota increased in each sample, with the most significant increase (approximately 35.7%) being in SIP and NII. Under normal soil conditions, a low abundance of Entomophthoromycota and Kickxellomycota was detected in NIP and NII, and NIP, respectively, while none was detected in the salt-treated soil (Supplementary Table 3). Fungal genus Talaromyces had higher abundance in NIS than in NII and NIP, and the abundance of Talaromyces increased 602.4, 435.5, and 45.3% in SII, SIP, and SIS, respectively (Supplementary Table 3). The abundance of Mortierella and Conocybe decreased in SII, SIP, and SIS, with the reduction in the former being the most prominent in SIP and that in the latter being the most prominent in SIS. In addition, the abundances of Fusarium, Funneliformis, and Trechispora were significantly increased in SIP and SIS, although they were insignificant in SII (Figure 4D).
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FIGURE 4. Relative abundance of the peanut rhizosphere (IP), sorghum rhizosphere (IS), and interspecific interaction zone (II) microbial communities at the phylum and genus levels under different soil conditions (S, 0.25% salt-treated soil condition; N, normal soil condition). (A) Bacterial community composition at the phylum level. (B) Bacterial community composition at the genus level. (C) Fungal community composition at the phylum level. (D) Fungal community composition at the genus level.




Beta Diversity Analysis of Bacterial and Fungal Communities

Both unweighted pair group method with arithmetic mean (UPGMA) analysis and PCoA analyses revealed distinct differences in the bacterial and fungal community structures across the different samples. For bacterial community, large differences in the microbial community structures were observed between the salt-treated soil and normal soils. Meanwhile, PC1 and PC2 components of PCoA together explained 25.15% of the variance. The bacterial community structures from NII and NIP clustered together and were completely separated from that of NIS; however, the phylogenetic distance between SII, SIP, and SIS was relatively large. In comparison, the community structures were more similar between SIP and SII (Figures 5A,C). For fungi, the samples of NII, NIP, and NIS with similar evolutionary processes tended to cluster into the same group, which suggested that they had a similar microbial community. However, the difference in the fungal community between SII, SIP, and SIS was enhanced remarkably under salt-treated soil conditions, and the PC1 and PC2 components together explained 23.59% of the variance (Figure 5B). UPGMA dendrograms showed that the salt-treated soil samples and normal soil samples were grouped into two major clusters, and the fungal community composition had a relatively higher similarities between IP and IS under different soil conditions (Figure 5D).
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FIGURE 5. Principal coordinate analysis and unweighted pair group method with arithmetic mean analysis of the peanut rhizosphere (IP), sorghum rhizosphere (IS), and interspecific interaction zone (II) microbial communities at the phylum level under different soil conditions (S, 0.25% salt-treated soil condition; N, normal soil condition). (A) PCoA of bacterial community composition. (B) PCoA of fungal community composition. (C) UPGMA cluster analysis of bacterial community composition. (D) UPGMA cluster analysis of fungal community composition.




Redundancy Analysis of Microbial Community and Soil Properties

Redundancy Analysis (RDA) was applied to reveal the relationships between soil properties and the microbial community, and we found that salinity, available potassium (AK) and ammonium nitrogen (NH4+-N) contents to played a key role in structuring the microbial communities. For bacterial community, Actinobacteriota had a higher correlation with salinity compared with other species, whereas Verrucomicrobiota was more affected by the total nitrogen (TN) content compared with other species. Bacteroidota and Planctomycetota had similar environmental attribute values, which were affected by the available phosphorus (AP) content like Proteobacteria. In addition, Myxococcota and Nitrospirota had similar environmental attribute values, the AK and NH4+-N contents showing a considerable level of impact on them (Figure 6A). For fungal community, Ascomycota showed a high correlation with the salinity. Chytridiomycota and Glomeromycota were mainly affected by the TN content of the soil, while Basidiomycota was mainly related to the AP content. The AK and NH4+-N contents had a greater impact on fungal community species, of which Mucoromycota, Kickxellomycota, Mortierellomycota, and Zoopagomycota were the most severely affected (Figure 6B).
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FIGURE 6. Redundancy analysis of the peanut rhizosphere (IP), sorghum rhizosphere (IS), and interspecific interaction zone (II) microbial communities at the phylum level under different soil conditions (S, 0.25% salt-treated soil condition; N, normal soil condition). TN, total nitrogen; NH4+-N, ammonium nitrogen; AP, available phosphorus; AK, available potassium. (A) Redundancy analysis (RDA) of bacterial community. (B) Redundancy analysis (RDA) of fungal community.




Differential Abundance of Microbial Taxa Across the Groups

From phylum level to species level, different plant species had specific effects on both the bacterial and fungal communities under different soil conditions. For bacteria, three microbial taxa were significantly enriched in each sample, namely Proteobacteria, Planctomycetota, and Acidobacteriota under normal soil conditions. In NIP, the dominant class was Alphaproteobacteria, whereas in NIS, it was Betaproteobacteria. Moreover, Acidobacteriota (from phylum to species) was abundant in NII. Under salt-treated soil conditions, core taxa of SIP did not vary significantly with soil conditions, whereas that of SIS and SII showed distinct shifts, Bacteroidetes (from phylum to genus) was prominent in SIS, and Verrucomicrobiota (from phylum to species) and Gemmatimonadota (from phylum to family) were significantly enriched in SII (Figures 7A,C). For fungi, the dominant phyla in the fungal community exhibited no detectable differences between NIP and NIS, although significant taxonomic differences were present. Ascomycota (e.g., Dothideomycetes and Capnodiales) and Basidiomycota (Panaeolus) were prominent in NIP, whereas Ascomycota (e.g., Sordariomycetes) and Basidiomycota (e.g., Waitea and Conocybe) were enriched in NIS. The core taxa in NII showed substantial differences compared with other samples, and multiple taxa within the phylum Mucoromycota to be enriched in NII. Under salt-treated soil conditions, multiple taxa within the phylum Mucoromycota were the most prominent in SIP and SIS. In addition, a large number of taxa within the phylum Ascomycota were recruited by SII, and similar core taxa were also detected between SIP and SIS, although there was a significant taxonomic difference (Figures 7B,D).
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FIGURE 7. Linear discriminant analysis effect size of the peanut rhizosphere (IP), sorghum rhizosphere (IS), and interspecific interaction zone (II) microbial biomarkers under different soil conditions (S, 0.25% salt-treated soil condition; N, normal soil condition). (A) Bacterial core community composition. (B) Fungal core community composition. (C) LDA scores of biomarker bacteria. (D) LDA scores of biomarker fungi.




DISCUSSION

Plant-associated microorganisms have recently been studied intensively to determine the influences of the host plant species and their genotypes (Edwards et al., 2018; Tkacz et al., 2020). In this study, the microbial diversity analysis showed that the species richness (Ace and Chao1 indices) and diversity (Shannon index) of microbial communities in IP were significantly higher than that of in IS, especially the fungal community (Table 1). Pertaining to the fungal community, IP had a significantly higher abundance of many core taxa than in IS, including Glomeromycota, Entomophthoromycota, Funneliformis, and Rhizophagus (Figures 4C,D). However, the abundance of the core bacterial taxa (Bacteroidota, Planctomycetota, and Massilia) was higher in IS than in IP (Figures 4A,B). This finding further verified that the ratio of ITS/16S in IP was higher than that in IS (Figure 3A); a low microbial diversity in IS may be the result of highly competitive resident microorganisms (Goerges et al., 2008). Further studies on the manipulation of the root-associated microbiome and recruitment of beneficial microorganisms revealed that the most predominant phylum in the IP and IS in this study was Proteobacteria, although the taxa were significantly different between peanut and sorghum. Rhizobiales (Alpha subclass of the Proteobacteria) was the core taxon in IP, and Burkholderiales (Delta subclass of the Proteobacteria) is the core taxon in IS (Figure 7A). The observed results corroborated those of a previous study, which showed population diversities of partners in N−fixing rhizobium-legume symbiosis to be matched (Igolkina et al., 2019). These results indicated that even in the same microorganism library, plants can still actively recruit plant-associated microorganisms from the soil to construct specific microbial communities.

Mixed cultivation can significantly impact the soil microbial communities, and the interaction across host plant species plays a major role in shaping the soil microbial communities by modifying the rhizosphere microenvironment (Wahbi et al., 2016; Cavalieri et al., 2020). Due to the differences in the root system architecture and exudates of different plant species, the impact of shaping microbial communities in II also differs. This study found Acidobacteriota and Mucoromycota to be the core taxa of bacterial and fungal communities in II, respectively, which was completely different from that in IP and IS (Figure 7A). The variation may be due to a change in the soil microenvironment by interspecific interactions, which determines the differential selection of microbial partners from the soil environment (Dai et al., 2019). Nevertheless, we found a strong species-specific difference in the microbial composition at the OTU level. The Venn diagrams indicated that the number of shared OTUs was significantly higher between IP and II than between IS and II (Figures 2A,C). From the phylogenetics perspectives, the bacterial community composition of IP was similar to that of II (Figure 5C). Moreover, PCoA and UPGMA analysis revealed similarities in the fungal community and phylogenetic processes between IP and IS, which were significantly different from that of the II (Figures 5B,D). Taken together, these findings that peanut exerted a greater influence on the soil bacterial community of II, while the fungal communities were mainly driven by soil properties, and the changes in soil properties are closely related to the species coverage (Fox et al., 2020). This was consistent with results noted by Menezes et al. (2015), which suggested that the community assembly processes of fungi are more strongly influenced by the soil properties than that of bacteria.

Changes in soil properties under changing environments will directly affect plant performance and the associated microbial communities (Zhang et al., 2020). Soil salinity is a major factor that potentially alters the soil environment, and can also drive plant-soil feedbacks by modifying microbial communities (Bhat et al., 2020). This study showed that microbial indicator taxa underwent significant changes under salt-treated soil conditions. In the IS bacterial community, the dominance of Bacteroidetes and Actinobacteriota increased significantly (Supplementary Table 2). Moreover, RDA analysis confirmed that them to be highly correlated with soil salinity (Figure 6A), and their involvement in nutrient cycling because Actinobacteria form a potential source of bioactive secondary metabolites (Liu et al., 2014). In addition, Massilia not only served as a core taxon in IS, but also increased in abundance by 2.6-fold in IP (Supplementary Table 2). Yang et al. (2019) found that Massilia are capable of synthesizing a variety of secondary metabolites and enzymes, and exhibit greatly diverse functions, including phosphate solubilization, phenanthrene degradation, and heavy metal toxicity tolerance. This indicates that plants can recruit beneficial microbes under stress conditions, which in turn can enhance plants’ tolerance to adverse environmental stresses. Peanut-specific effects were observed on the fungal community profile. Entomophthoromycota and Kickxellomycota were specifically associated with peanut and highly susceptible to salinity. RDA analysis also showed that they were strongly correlated with the NH4+-N and AK contents (Figure 6B), which might be responsible for the low soil nutrient availability under salt stress. Fusarium, Funneliformis, and Trechispora were also sensitive to soil salinity, and their relative abundance increased significantly in SIP and SIS. Fusarium are significant pathogens that causes ear rot and stalk rotting in the field (Li et al., 2019). However, some researchers have shown Funneliformis to improve the salinity stress tolerance of Arabidopsis thaliana (Leguminosae) (Ren et al., 2016). Mukhtar et al. (2018) observed that plants can shape their rhizosphere bacterial communities and recruit environmental-stress-resistant bacteria. Therefore, when plants are subjected to pathogen infection under stress conditions, they can recruit beneficial microbes from the rhizosphere by self-regulation, in order to improve their stress tolerance. However, the specific mechanisms governing the assembly of the plant microbiome and its modulation according to plant growth environments are extremely complex and, to some extent, unpredictable.

Under salt-treated soil condition, the number of common OTUs among IP, II and IS were significantly reduced upon salt stress (Figures 2B,D), which implies that the richness and diversity of microbial communities were affected by changes in soil environmental factors. However, there were still species-specific differences in the community structure (Table 1), and the specific changes in the rhizosphere communities of different plant species have important implications in shaping microbial communities of II and improving ecosystem services of intercropping. Under salt-treated soil conditions, the mean relative abundance of Ascomycota in IP and II increased by 35.7%, whereas that of Glomeromycota in IP was significantly decreased, with it being significantly increased in IS and remaining essentially unchanged in II (Supplementary Table 3). Terrestrial plants and soil fungi of the phylum Glomeromycota have been reported to form arbuscular mycorrhizal (AM) symbiosis (Zhou et al., 2017), and the symbiotic structure has been reported to assist plants to absorb inorganic salts in the soil, which is critical for plants to adapt to the terrestrial environment (Kadowaki et al., 2018). These plants can also survive in high-salinity environments and form symbiotic relationships with epiphytes (Fellbaum et al., 2012). This illustrated the importance of interspecies complementation; sorghum with a strong salt tolerance could contribute to the overall maintenance of a microbial community structure by recruiting a balanced beneficial microbial community. At multiple taxonomic levels, the most predominant core taxa were observed at higher relative abundances in II than in IP or IS, with the abundance of Talaromyces being increased by 85.5% and that of Sphingomonas being increased by 65.5% (Supplementary Tables 2,3). Studies have indicated that fungi, such as Talaromyces, are able to produce an abundant array of metabolites during their metabolic processes, which plays an important role in improving the environmental adaptability of crops. In addition, Sphingomonas forms the most abundant genus within the phylum Proteobacteria (Mukhtar et al., 2017), which can be utilized in the biodegradation of aromatic compounds, and have great application potential in the fields of environmental protection and biotechnology (Gou et al., 2008). This implies that II is a suitable habitat for beneficial microbes, and a large number of recruited beneficial microbes can exhibit a variety of ecological functions under stress conditions, which contribute to enhancing the plants’ tolerance in response to environmental stresses.

In addition to the alterations in the relative abundance or diversity of the core microbial community members, host phylogeny is also an important factor in shaping the microbial community structure (Wang et al., 2020). Under normal soil conditions, Planctomycetota represented the most abundant taxon in the IS. From the evolutionary perspective, Verrucomicrobiota and Planctomycetota showed more similar levels (Butler et al., 2007). Therefore, the high enrichment of Verrucomicrobiota in the II under salt stress may be the result of the evolution of Planctomycetota in IS. Functional RDA of environmental factors and the microbial community may also explain our results, which showed Planctomycetota to had a significant correlation with the soil AP content, whereas Verrucomicrobiota had a significant correlation with thevsoil TN content (Figure 6A and Supplementary Table 4). However, the functions of associations between nutrient availability and microorganisms are mostly unknown, and the biological implication behind microbial community succession and its influence on the intercropping system needs to be further elucidated.



CONCLUSION

In conclusion, this study showed that soil salinity is a prerequisite for shaping soil microbial communities. Furthermore, peanut was a stronger driving force in shaping the microbial community of II than sorghum, and the bacterial phylogenetic community composition of IP was similar to that of II under different soil conditions. Although the main phyla of the fungal community in IP and IS were largely similar, the community differed in taxonomic composition. Under salt-treated soil conditions, interspecies interactions were beneficial to the host-specific recruitment of microorganisms, and hence contributed to driving the evolution of intrinsic microbial populations, ultimately leading to the specific microbial assemblage to combat different environmental stress conditions. However, this complex association mechanism and the crucial plant biological functions performed by beneficial microbes have not yet been clarified, and would needs to be elucidated by multidisciplinary research in the future. Moreover, whether these mechanisms could be applied to the natural ecosystems remains to be elucidated.
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Rare earth (RE) elements are a group of 17 chemical elements including the 15 lanthanides plus Yttrium and Scandium. RE have been identified as critical elements due to their special properties (e.g., catalytic, metallurgical, nuclear, electrical, magnetic, and luminescent) and various applications in many modern technologies, environment and economic areas. Thus, the demand for RE has increased significantly during the last decades. This demand has induced an increase in mining activities and consequently a release of RE into the surrounding environment, causing a potential threat to human health and the environment. Therefore, investigations leading to new solutions for the RE recycling from alternate resources like electronic, mining and industrial wastes, has been rapidly growing. In spite of that, recycling stays extremely difficult, expensive and is currently not seen as a significant solution. The concept of phytomanagement is a promising solution when conventional mining methods are no longer cost-effective, not to mention all the ecosystem services provided by plants. The phytoextraction service allows the extraction and recovery of RE from soils or industrial wastes (e.g., phosphogypsum from phosphoric acid production) with the prospect of economic added value. To date, some twenty hyperaccumulator plant species (almost ferns such as Dicranopteris dicthotoma) accumulate high concentrations of RE especially in their erial parts. While the potential roles of native bacteria in mobilization of RE from ores remains slightly documented, those of Plant Growth Promoting Rhizobacteria (PGPR) is much less. PGPR are indeed able to mobilize metals and/or to stimulate plant development in the aim to increase the amount of RE extracted by the plant with then a higher phytoextraction efficiency. Yet to date, only a few studies have been devoted to RE using coupled bioaugmentation-phytoextraction. This review summarizes the data regarding 1) the source of RE (RE-accumulating sediments, soils naturally rich in RE, wastes) and their bioavailability in these matrices, 2) plants identified as RE hyperaccumulator and their potential for RE phytomining, 3) isolation and selection of indigenous bacteria stemming from RE contaminated matrices, such as soil, for their potential ability to increase phytoextraction performances and 4) bioaugmentation-assisted phytoextraction studies dealing with RE.
Keywords: bioaugmentation, bioavailability, hyperaccumulator, phytomanagement, phytomining, rare earth elements, soil
INTRODUCTION
The rare earth elements (RE) are strategic metals because of their increasing importance in high technology applications and renewable energy. RE is relatively abundant in the earth’s crust and widely distributed around the world, but is rarely concentrated, as is the case with most metals, in mines, making it economically viable to exploit. Currently, RE are extracted mostly in China which supplies more than 85% of the World’s RE, to meet the growing global demand. The RE demand increased significantly during the last decades, which will put great pressure on the current RE supply chain. This continuously demand has induced an increase in mining activities and consequently a release of RE into the soil especially surrounding mining areas, causing a potential threat to human health and the environment. Currently, conventional hydrometallurgical extraction of RE is realized by using harsh acidic and basic conditions at high temperature (Zhang and Edwards, 2013), which release a large amounts of toxic and radioactive waste, Furthermore, the extraction efficiency is dependent on ores containing high concentrations of RE, which restricts the possibility of recovery. Therefore, investigations leading to new solutions for the RE recycling from alternate resources like electronic, mining and industrial wastes, has been rapidly growing. In spite of that, recycling stays extremely difficult, expensive and is still quite limited and was calculated in 2011 to be around one per cent of RE supply. This had led to the development of processes which are more economically feasible and environmentally friendly. On the one hand, phytoremediation (i.e., phytoextraction) appears as an innovative solution that may help to reduce the high levels of RE in soils through the use of RE hyperaccumulating plants. On the other hand, the use of bacteria (bioaugmentation) capable of mobilizing RE and/or stimulating plant growth (PGPR – Plant Growth Promoting Rhizobacteria—properties) could serve to increase the quantity of RE extracted by the plant and consequently, improve phytoextraction efficiency. The association of these two techniques (bioaugmentation and phytoextraction) may offer an attractive alternative to conventional processes in yielding a cost-effective and ecological solution. To the best of our knowledge, no research coupling bioaugmentation and phytoextraction has yet to be implemented to treat RE.
This study provides an overview of the current literature relating to various aspects of RE in the soil environment. RE properties, main applications, resources, recovery from waste and potential health and environmental risk are characterized. The main focus in this review is about the analysis of the RE phytoextraction process, the ability of plants to hyperaccumulate RE and the possibility of enhancing phytoextraction process with the use of microorganisms (bioaugmentation) to mobilize RE and/or to promote plant growth.
DEFINITION AND PROPERTIES OF RARE EARTHS
Rare earths, are diversely abbreviated to as rare earths (RE), rare-earth elements (REE), rare-earth metals (REM), rare earth oxides (REO) and total rare-earth oxides (TREO) (Massari and Ruberti, 2013; Mehmood, 2018). Hereinafter referred to as RE are a group of 17 chemically similar elements in the periodic table as defined by International Union of Pure and Applied Chemistry (IUPAC) (Massari and Ruberti, 2013; Balaram, 2019). They are the scandium (Sc) (Z = 21), yttrium (Y) (Z = 39) and 15 lanthanides with numbers successive atomics from 57 to 71 from the periodic table of elements: lanthanum (La), cerium (Ce), praseodymium (Pr), neodymium (Nd), promethium (Pm), samarium (Sm), europium (Eu), gadolinium (Gd), terbium (Tb), dysprosium (Dy), holmium (Ho), erbium (Er), thulium (Tm), ytterbium (Yb), and lutetium (Lu). Scandium and yttrium belonging to group IIIA of the transition metals, are not lanthanides. They are usually included in RE because they occur naturally in the same minerals and have similar physical and chemical properties: e.g., in the crystalline compounds, they generally have the +III oxidation state, despite some can also have a +II or +IV oxidation state, the coordination numbers in compounds are usually greater than six and decrease across the series. RE bind preferably with oxygen or fluorine as strong electronegative elements. All RE except promethium occur in nature (Henderson, 1984; Mehmood, 2018). They have high electrical conductivity and there are very small differences in solubility and complex formation between these metals (Voncken, 2015). In addition, RE are generally similar in their electronic configuration and ionic radius, so that they have a similar chemical and physical properties (Krishnamurthy and Gupta, 2016). Based on their location in the periodic table and their atomic weights, RE are divided into light RE (i.e., those with a lower mean atomic mass, Z = 57 up to 62) and heavy RE [i.e., those with a higher mean atomic mass, Z = 63 up to 71 (Damhus, 2005)]. Heavy RE are different from light RE in that they have “paired electrons” (counter-clockwize spinning electrons) (Voncken, 2015). Yttrium, although light (Z = 39), is included with the heavy RE group because of its similar chemical and physical properties in terms of compressibility at high pressures and the behavior of the ratio of the Wigner–Seitz radius to the ionic radius as a function of pressure (Chakhmouradian and Wall, 2012; USGS, 2014). Some authors include europium and gadolinium within the group of heavy RE but there is no consensus. Generally, the heavy RE are more used and less concentrated because of their lower crustal abundances and limited reserves. In the Earth’s crust, there is a general trend of decreasing abundance of RE with increasing atomic number. (Xiao et al., 2015). From other studies a third class, medium-RE, includes europium and gadolinium and samarium (Hatch, 2011; Zhanheng, 2011). RE do not exist as individual native metals in nature such us a gold. They are extracted from ores such as bastnaesites, monazites and xenotimes (Zhang et al., 2015).
RARE EARTH APPLICATIONS
RE were used in many applications in the past and they are becoming more popular in high-tech industry nowadays. Their unique physical and chemical properties (such as unique magnetic and optical properties) have made them essential for a growing number of critical technologies, i.e., those subject to trade disputes such as semiconductors and computers. (Migaszewski and Gałuszka, 2015; Suli et al., 2017; Ganguli and Cook, 2018; Balaram, 2019; Seaman, 2019).
The applications of RE concern traditional and high-tech sectors. Traditional sectors include the metallurgy industries, glass, ceramics, as well as the oil and chemical industry. RE can be in the form of a mixture of metals, oxides or salts. High-tech sectors, which developed over the past 40 years, include the industries of phosphorus, permanent magnets, batteries [hydrogen storage material, nickel-metal hydride (NiMH)], polishing powders and the nuclear industry. For these applications, RE often need to be in the form of high purity oxides (Zhang et al., 2016). The main industrial applications of RE are briefly summarized in Table 1. In addition, RE have been used in the China agriculture for about 20 years as fertilizers. The yield and quality for several crops have been improved (Pang et al., 2002; Balaram, 2019). Zhenhong and Hong (1996) reported that the RE can raise the output of wheat 4–10% every year in a continuous ten-year period after applications of RE of 600 g/ha-yr. Pang et al. (2002) summarized the effects of RE on main crops.
TABLE 1 | Main application of rare earth.
[image: Table 1]Due to all these applications, the RE demand increased manifold during the last decades and the trend appears to be for a continued increase in the use of RE. Zhou et al. (2017) reviewed current and predicted 10-years market demand for RE. It is reported that RE demand from clean technologies will reach 51.9 thousand metric tons (kt) REO in 2030. Scenarios on future demand for the RE (Nd, Dy, Pr, and Tb) can be found in the literature up to the year 2035 (Marscheider-Weidemann et al., 2016). Worldwide RE demand is growing rapidly. The annual demand for RE doubled up to 125,000 tons in 15 years, and the demand is projected to reach 315,000 tons in 2030, driven by increasing uptake in green technologies, e.g., global wind show a strong growth in demand and their capacity reached 870 GW in 2021 and could grow to greater than 1330 GW by 2026. Though other applications for NdFeB magnets in renewable energy production will become more important, as governments make efforts to meet stringent global warming and emissions standards.
This demand has induced an increase in mining activities and consequently a release of RE into the surrounding environment, causing a potential threat to human health and the environment.
ENVIRONMENTAL AND HUMAN HEALTH RISKS
The massive use of RE in various industries has induced serious contaminations of the surrounding environment which could, in turn, cause negative effects on human health. Despite the growing interest raised by RE, the information that has become available over the last two decades regarding RE is relatively recent and scarce, which has led to the current controversy regarding the health benefits at low concentrations vs. toxic effects at high concentrations. RE have previously been considered to be not toxic and to be readily excreted by animals and human after ingestion. The highest RE concentration was measured in the liver of fattening bulls amounted to 22–482 μg/kg DM for La, 37–719 μg/kg DM for Ce and 4–73 μg/kg DM for Pr and the lowest La, Ce and Pr concentrations with 3–5 μg/kg DM, 5–7 μg/kg DM and 0.5–0.7 μg/kg DM, respectively; Schwabe et al., 2012). Nevertheless, recent publications have reported toxic effects of RE in human health (Li et al., 2013; Rim et al., 2013; Gwenzi et al., 2018), in aquatic organisms (Malhotra et al., 2020), in aquatic microbes (Wilde, 2001), animals (Briner et al., 2000; Rim, 2016) and plants (Babula et al., 2009). The determination of RE concentrations reporting non-toxic and toxic effects in living organisms vary according to the total concentration of these elements in the environment and among different species and the bodyweight of individuals, which in turn depends on age. Moreover, it’s depended on short and long-term exposure. The risks of RE pollution due to mining, transportation and processing as well as from the improper disposal of materials containing these compounds could potentially lead to elevated levels within the environment, that may have very serious environmental and occupational risks. These studies show that the solvent extraction used in the RE mining process [e.g., versatic, naphthenic and phosphoric acids (Xie et al., 2014)] have been responsible for the disease and occupational poisoning of workers and local residents, water pollution, and the contamination of agricultural area. The processing of RE rich monazite rocks for the production of phosphate fertilizers and the subsequent applications of these fertilizers could further increase RE soil concentrations, especially in agricultural areas (Turra and Bacchi, 2011). The amount of RE used in Chinese agriculture has been increasing continuously, reaching some thousands of tons per year. A detailed description of the RE contents reported in the worldwide literature for the main phosphate fertilizers and other products of relevant use in agriculture effects on performance parameters is published by Ramos et al. (2016). Li et al. (2013) reported that RE soil pollution due to tailings from an RE processing plant in China can travel up to approximately 7 km before soil concentrations stabilize to natural levels. In addition, most RE deposits contain radioactive materials (thorium and uranium especially), which impose the risk of radioactive dust emissions. Due to the high mobility in tailings, RE readily disperse into surrounding agricultural soil through water flow and wind. Li et al. (2013) indicated that, fortunately, the risk assessment of the consumption of vegetables containing RE should not lead to an excess of the daily intake considered harmful to human health. There is still a lack of knowledge about the large-scale effects of RE in the environment, as well as their spatial distribution in urban contexts, where these areas are potentially most at risk.
RARE EARTH RESOURCES, SPECIATION AND RECOVERY PROCESSES
Natural Resources
They are known as “rare earths” because their history dates back to the end of the 18th century when the name “earth” was used for describing alkaline metal oxides and “rare” because they were found in low concentrations in the earth’s crust, insufficient to allow their exploitation (Migaszewski and Gałuszka, 2015). Yet some RE are relatively abundant in the earth’s crust relative to other metals (Table 2). For comparison, average crustal abundances for gold, silver, lead, and copper are 0.004, 0.075, 14, and 60 mg/kg, respectively (USGS, 2014). Each RE has different abundance in the earth crust. The most abundant element is cerium with concentrations higher than those of copper or lead. Disregarding the extremely rare RE, i.e., promethium, all other elements are more abundant than silver, gold or platinum (Van Gosen et al., 2014). Ce are five times as much as lead, 880 times as much as silver and 16,500 as much as gold.
TABLE 2 | List of the rare earth (RE) found in natural deposits, classification and their abundance in the earth’s crust [in parts per million (mg/kg)].
[image: Table 2]Although most RE are not currently rare in terms of total amounts in the earth’s crust, they are unevenly distributed and rarely occurred in sufficient abundance in a single location for their mining to be economically exploitable (Mehmood, 2018). In addition, they are usually found within other minerals such as phosphates, carbonates, fluorides and silicates and occur especially in pegmatites, granites and related metamorphic igneous rocks (Tyler, 2004), making extraction from the ore and processing both highly difficult and expensive. In addition, due to their similar chemical and physical properties, as mentioned above, it makes difficult to separate RE using common chemical methods relies on either an alkaline process that uses concentrated sodium hydroxide or an acidic process that uses concentrated sulfuric acid, both at high temperatures (Jha et al., 2016; Zhang et al., 2016).
Out of 200 known minerals containing RE (Walters and Lusty, 2011), only three are considered to be the main mineral deposits exploitable for extraction, (Gupta and Krishnamurthy, 2004; Tyler, 2004; Binnemans et al., 2013; Xie et al., 2014) i.e., 1) bastnaesites ((Ce, La) (CO3) F) deposits in China and United States. They generally contain mostly light RE and provide more than 70% w/w of RE oxides, 2) monazites [(Ce, La, Nd, Th) PO4; provide 35–71% w/w of RE oxides] deposits in Australia, Brazil, China, India, Malaysia, South Africa, Sri Lanka, Thailand, and the United States. They contain mostly heavy RE and a small amount of the light RE phosphate, 3) xenotimes (YPO4; provide 52–67% w/w of RE oxides). Other instances of minerals known to contain RE include secondary monazite, ion absorption clays, spent uranium solutions, apatite, cheralite, eudialyte, loparite, phosphorites (Zhang et al., 2015; Jha et al., 2016).
According to estimates by the U.S. Geological Survey (2018), the worldwide reserves of RE by principal countries such as China, Brazil, Vietnam, Russia, India and Australia (in decreasing order of available reserves) are approximately 132 million metric tons in terms of rare earth oxides. Most of these reserves are located within China, and are estimated at some 44 million metric tons (US Geological Survey, 2018). China represents one third of the total global mining reserves in RE (33.33%), Brazil and Vietnam concentrate 16.67% of world reserves, followed Russia (13.64%), India (5.23%) and Australia (3.40%) (US Geological Survey, 2018; Balaram, 2019). The main sites current operations are in China (Bayan Obo, Inner Mongolia), United States (Mountain Pass, California) and Australia (Mount Weld, Australia-Western). While the United States was the world’s dominant producer through the 1980’s, China’s low production cost for RE since the mid-1990s significantly reduced the prices of RE globally and has become the greatest world supplier which reportedly produces more than 95% of total RE oxide (Rüttinger and Feil, 2010; Zhang, 2013). As a result, many other mines worldwide stopped extracting these elements (Stone, 2009).
Currently, to protect its industry and to decrease the environmental impacts that may result from RE mining, China has reduced its production and restricted the supply of RE through quotas (Golev et al., 2014; Langkau and Erdmann, 2020). Thus, RE are currently placed on the list of “critical” resource for high technology industrial applications due to importance for strategic sectors of the economy and risks of supply shortage (Massari and Ruberti, 2013; Grabas et al., 2014).
Secondary Rare Earth Resources
The risk of missing RE led many countries to require secondary resources to meet their needs.
Currently, several secondary resources have been identified as having high RE concentrations including recycling of RE from manufacturing RE scrap and residues (Binnemans et al., 2013; Peelman et al., 2016). Also, recycling of RE from end-of-life products containing RE such us NiMH batteries, permanent magnets, fluorescent lamp phosphors, Fe-Nd-B magnets, Sm-Co magnets, voice coil motors and computer monitors (Binnemans et al., 2013; Zhang et al., 2015). In addition, the extraction of RE from mine waste or industrial landfill by-products (apatite rock, phosphogypsum waste, red mud, RE mineral mine tailings metallurgical slags, coal ash, incinerator ash and waste water streams) has been the focus of a number of studies (Binnemans et al., 2013; Hammas-Nasri et al., 2016; Antonick et al., 2019; Gasser et al., 2019; Masmoudi-Soussi et al., 2019; Jalali et al., 2020a).
RE can also be extracted from trace RE associated with minerals such as uranium ore, fluorite, sea sediments, and phosphate rocks (Chen and Graedel, 2015; Wu et al., 2018). Another way to manage the balance problem is to researching out new RE ore deposits or reopening pre-existing RE mine (Long et al., 2012). However, as above mentioned, RE are very dispersed due to their geochemical characteristics and not usually found concentrated as rare earth minerals in economically exploitable ore deposits (Balaram, 2019). Substitutes of RE in most cases either are inferior alternatives or still undiscovered.
Rare Earth Recovery Processes
Usually, the treatment of RE minerals involves two operation steps, i.e., a physical treatment and a chemical treatment: 1) Physical processing, also known as mineral enrichment, consists of separating the RE minerals from the gangue minerals to produce a RE concentrate, 2) The chemical treatment (Lin et al., 2017), which includes the extraction and separation processes, converts the RE mineral concentrate into a compound which is either a final or an intermediate product for the subsequent production of individual RE or other compounds. RE extraction processes use one or more regents to decompose the minerals and leach the RE into solution. For the RE separation, several processes can be used such as solvent extraction, ion exchange or chemical precipitation to produce mixed or individual RE oxides (REO). Separation of mixed REO into the individual RE can partially be achieved by multiple recrystallization as double salts, and ultimately by multi-stage solvent extraction (Zhang et al., 2013; Haque et al., 2014).
RE production process must go through a series of complex separation processes to produce each individual element. Although there are several costs associated with RE, it is the separation process that largely dictates the cost of RE production. Recycling of RE from secondary resources offers great opportunities for countries with no primary resources. The different RE processes developed are based on acid or basic leaching stages depending on the type of resource treated, followed by a precipitation step to produce a solid of RE usable for various applications. It is clear that in addition to mitigating some supply risks, recycling of RE can minimize environmental problems related to their extraction and processing. Innovative and profitable technologies, which reduce considerably the environmental impact of all recycling streams compared to the primary extraction route, should be developed.
The costliest processes for primary RE mining route are physical separation and chemical leached of minerals (EPA, 2012), similar processes are also required for many recycling methods (Tanaka et al., 2013). However, the recycling can offer an opportunity to recover the desired elements, specifically targeting products with high concentration of certain valuable RE, on the contrary, with the mining where all the RE elements have to be extracted. Another advantage of RE recycling vs. mining is likely to be associated with the treatment and disposal of radioactive wastes arising from the processing of ore raw materials. Even though there has been minimal study to assess the real significance of radioactive pollution arisen from RE processing (Schmidt, 2013), it is evident that taking into account this issue would position recycling as more advantageous (EPA, 2012).
Recycling, cannot replace primary extraction of minerals and satisfy growing RE demand alone, due in particular to the delay induced by end-of-life products behind current requirements. Consequently, any global analysis of mineral raw material supply should consider both types of resources (Grosse, 2010). In addition, the advantages of producing RE concentrates as a secondary resource are that mining operating costs are low. This processing provides also environmental benefits by neutralizing acid producing steps and reducing the volume of waste storage. However, currently, most of these secondary resources are restricted to academic research due to the difficulties of collection, technique and economy (Borra et al., 2015; Davris et al., 2016).
Speciation of Rare Earths in Different Matrices
As above mentioned, the total RE contents of soils vary considerably, depending on the type of soil and of the parent rock from which they are issued (Liu et al., 1988; Xin et al., 2006). In addition, other RE sources in soils are atmospheric depositions (rainwater, atmospheric particles and snow) and spreadings (fertilizers, waste especially phosphogypsum, irrigation and sewage waters (Aubert et al., 2002). The RE content in various components of the environment are shown in Table 3.
TABLE 3 | Concentration of rare earth elements (RE) in different components of the environment.
[image: Table 3]The effectiveness of phytoextraction is highly dependent on the availability of metals for plant uptake. In general, a higher availability of RE in soil induce a higher RE uptake by plants, as for all trace elements. The RE availability in soils is related to the water soluble and exchangeable fractions of RE, and thus is dependent on physico-chemical of soil properties such as pH, redox potential (Eh), cation exchange capacity (CEC), and clay content (Shan et al., 2002). For instance, the desorption of RE decreased with increasing equilibrium solution pH (Shan et al., 2002). The adsorption capacity of RE is significantly correlated with the CEC of soil (Shan et al., 2002). Johannesson and Lyons (1995) pointed out the important role of complexing RE with various ligands at different pH levels. RE complexation with carbonate ions predominates in the majority of natural waters with moderate to high pH where carbonates are the main component. Thus RE carbonate complexes dominate and typically account for more than 99% of all RE complexes in solution. At neutral pH, the speciation of the RE in complexes with carbonate includes LnHCO32+, LnCO3+, and Ln(CO3)2-, and that with phosphate LnH2PO42+, LnHPO4+, Ln(HPO4)2-, and LnPO4. In water with a acidic pH, free metal ions dominate the speciation of HRE (Ln3+ account for 60% of total Ln and dominate the LnS04+ complexes) (Johannesson et al., 1996). RE release increases as redox potential and pH decrease (Jones, 1997; Cao et al., 2001). The mobilization of La, Gd, and Y depend mainly upon pH value, whereas the mobilization of Ce depends both upon pH and Eh. RE mobilization is positively correlated with that of Fe and Mn (Cao et al., 2001). Due to their higher mobility in soils, LRE are more easily absorbed and accumulated by plants than heavy RE since the latter form much more stable complexes in soil solution (Brioschi et al., 2013; Grosjean et al., 2020). Indeed, roots preferentially absorb free ions rather than dissolved complexes (Brioschi et al., 2013).
PHYTOEXTRACTION AS A SUSTAINABLE SOLUTION FOR RE RECYCLING
The decontamination of soils enriched with RE still requires costly techniques that sometimes generate associated pollution (use of acids). Phytotechnologies are a relevant alternative, suitable for in situ depollution, making possible to preserve the properties of soils which can then regain their vocation as a support for food production or at least to support plantations. Phytotechnologies go beyond the simple “soft” remediation function of plants for risk management and are more broadly integrated into the concept of phytomanagement (Cundy et al., 2013; Song et al., 2019), which brings together all the benefits that humans can derive from plants. This may involve maintaining or even improving biodiversity in the soil (fauna, micro-organisms), as well as preserving the integrity of the environment (fauna, flora and micro-organisms of concern), the physical integrity of the soil, e.g., by limiting erosion through revegetation. Plant biomass can be harvested and incinerated to recover target metals or to be converted into renewable energy such as biofuel, biochar, charcoal, and essential oils. Plants help to sequester CO2, to regulate its concentration in the atmosphere and limit global warming. Finally, plant management integrates cultural services with the possible reuse of vacant areas up to the creation of vegetated recreational spaces.
Uptake of RE by Plants
Stimulating Vs. Adverse Effects of RE on the Plant Growth
RE are not known to be essential for plants (Grosjean et al., 2019) but they can compete with calcium in a number of calcium-mediated biological processes, which could explain for some of the toxicity to plants (Brown et al., 1990). Due to their divalent charges and thus lesser charge density, Ca can probably be displaced by the trivalent RE (Ce, Eu, Gd, Ho, La, Nd, Pr, Tb and Y) at Ca-binding sites in biological molecules. Generally, RE toxicity is considered low. Therefore, at present there are no maximum permissible concentrations or threshold limits in the literature (Thomas et al., 2014).
In general, like other minerals, RE exhibit stimulating action on plant growth at low doses and their toxicity increases with concentration. The concentration of RE to become toxic vary according to the elements (Emmanuel et al., 2010; Zhang et al., 2013; Soudek et al., 2017). In order to evaluate the effect and toxicity of RE on plant growth, the literature provides a certain amount of information concerning the physiological effects of RE on germination and plant growth (Table 4). A greater number of studies have been performed under hydroponic conditions that are not necessarily representatives of real conditions in soil (Thomas et al., 2014).
TABLE 4 | Physiological effects of rare earths on seed germination and plant root elongation.
[image: Table 4]Distribution of RE in the Different Parts of the Plants
The main route of RE absorption, as most trace metals (TE), is mainly through root absorption of free ionic forms. After dissolving metal in the rhizosphere, two transport mechanisms of metals within plant have been identified. These are either through the apoplastic (passive diffusion) or symplastic pathways (active transport) (Shan et al., 2003). RE are transferred later to the erial parts (AP) in soluble form. The concentrations and distribution patterns are controlled by wall adsorption cell and phosphate precipitation of RE in the roots or at the roots surface (Ding et al., 2005). This process also partly determines the fractionation of RE in AP. The transfer of metal ions to AP is mainly carried out through the xylem (Marschner et al., 2012). Xylem cells have strong cation exchange capacities. Therefore, the combination with a ligand (organic acids and amino acids such as aspartic acid, glutamic acid, citric acid, malic acid and histidine) promotes the RE absorption and translocation from roots to erial parts. Aspartic acid, asparagine and glutamic acid stimulate the lanthanum and yttrium transport in the xylem of Phytolacca americana (Wu et al., 2009). Histidine increases LRE (such us La, Ce Nd, and Pr) desorption from soil, their uptake into the soil solution and their transport to the upper parts of Dicranopteri dichotoma (Shan et al., 2003). Zygophylum album a wild plant growing in soils in the vicinity to PG stockpiles in Tunisia was shown to be a promising candidate in RE phytoextraction, notably for La (Translocation Factor of 6.12) (Jalali et al., 2019). While the uptake and transport of RE in plants have attracted attention during the last decade, the available information on the functioning of the soil-plant system enriched with these elements is scarce (Hu et al., 2004).
The uptake of RE may be facilitated by increased levels of nitrogen and potassium fertilization. Hypotheses supporting the increase in RE uptake in the presence of Na and K maybe due to direct competition between RE and Ca2+ at uptake sites or perhaps soil interactions prior to uptake but is more probably due to increased plant growth. While there was no such effect in the presence of phosphate fertilization, Brown et al. (1990).
The Use of Hyper-Accumulative Plants in the Context of Phytomining
Originally, the main objective of phytoextraction was the depollution of contaminated soils allowing polluted sites and soils rehabilitation (salt et al., 1995). Currently, the domain is more interested in cultivating hyperaccumulators plants to recover accumulated economically valuable metals (Rodrigues et al., 2016). These economic and environmental issues conduct to the creation of a new concept called “phytomining.” It is a phytotechnology that aims to rehabilitate contaminated or naturally metal rich soils by recovering metals of high economic value such us nickel or gold, from cultivated hyperaccumulator plants, that can absorb these elements and transfer them to their AP where they are accumulated, and then to reutilize these metals for industrial purposes (Van der Ent et al., 2015). Phytomining aims to develop a chain of an environmentally friendly process, as it is based on plant growth and recovery that minimizes the impacts on resources (Rodrigues et al., 2016). Initially, this chain consists of developing new agronomic practices to select the best hyperaccumulators plants allowing to optimize the extraction yields of valuable metals from the soil and to maximize the economic income (Brooks, 1998; Barbaroux et al., 2012; Van der Ent et al., 2015). Secondly, hydrometallurgical processes are developed and optimized to transform biomass into marketable metal compounds. The phytomining effectiveness depends on the amount of metals that accumulate in harvested biomass as well as the biomass yield that can be cultivated per year or per season.
To date, phytomining technology has been applied intensively in Ni phytoextraction (Barbaroux et al., 2012; Ye-Tao et al., 2012; Bani et al., 2018), but less attention has been paid to the study of accumulation RE mechanisms and phytomining potential of these elements. It is thus possible to consider the possibility of applying this concept for RE, in particular for the development of hydrometallurgical processes for the recovery and upgrading of metals from biomass. The first discovery of the RE accumulation in plants was reported by Robinson in 1943 in the leaves of Carya cathayensis that reached 2,296 mg/kg DW of total RE (Robinson, 1943). Later, high concentrations of RE have been reported in different plant species. There are difficulties in applying the concept of hyperaccumulator thresholds to the RE (Van der Ent et al., 2021), some study in the literature reported concentrations of total RE whereas others focus on individual elements. Nevertheless, some publications have referred to hyperaccumulation of RE based on a criterion of 0.1 wt% [i.e., 1,000 mg/kg of dry matter (DM)] for the sum of all 17 RE of the AP (Wang et al., 1997; Shan et al., 2003). According to this criterion, to date, 10 species belonging to five families have been identified worldwide as RE hyperaccumulators: Blechnaceae, Gleicheniaceae, Juglandaceae, Phytolaccaceae and Thelypteridaceae (Table 5). In another research, the threshold concentration for RE hyperaccumulators could potentially be lowered to 100 mg/kg DM. Moreover, they are two indexes that describe respectively the metal accumulation ability from soil to plant and the metal transfer ability from roots to AP (Brooks, 1998): The Bioconcentration Factor (BCF) and the Translocation Factor (TF) whereby BCF is the RE concentration in the erial plant parts (in mg/kg of DM) relative to that in the soil or culture solution (mg/kg DM), while TF is the RE concentration in the above-ground parts (mg/kg DM) relative to that in the root part concentration (mg/kg DM). Plant species are considered to exhibit removal potential for an element when the BCF value exceeds 1. Through field investigations, approximately 24 RE hyperaccumulator and potential hyperaccumulator species have been reviewed by Liu et al. (2018) and Van der Ent et al. (2021); these species occur across 10 families all of which are ferns: Adiantaceae, Athyriaceae, Aspleniaceae, Blechnaceae, Dryopteridaceae, Gleicheniaceae, Juglandaceae, Lindsaeaceae, Phytolaccaceae and Thelypteridaceae (Table 5).
TABLE 5 | Concentrations of rare earth element (RE) in hyperaccumulator plants (mg/kg)–A hyperaccumulation threshold of 1,000 and 100 mg/kg was adopted for the first 10 species and three species respectively.
[image: Table 5]Although hyperaccumulators of MTE have been widely studied, less attention has been paid to studying the mechanisms of RE hyperaccumulation and potential for RE phytomining. We suggest that further research is necessary in order to confirm that this is an appropriate hyperaccumulator thresholds to the RE.
The fern species displaying the highest RE accumulation potential is Phytolacca icosandra (13,000 mg/kg DW of total RE; Grosjean et al., 2019), Dicranopteris linearis (Up to 7,000 mg/kg DW of total RE; Shan et al., 2003) and Dicranopteris dicthotoma (3,358 mg/kg DW of Ce, La, Pr, and Nd mixture; Wang et al., 1997). To a lesser extent, other ferns could also accumulate RE, such as Carya tomentosa (1,350 mg/kg DW of total RE; Thomas, 2011), Pronephrium simplex (1,234 mg/kg DW of total RE; Lai et al., 2005), Pronephrium triphyllum (1,027 mg/kg DW of total RE; Xue, 2009), Blechnum orientale (1,022 mg/kg DW of La, Ce, Nd, Sm, Eu, Tb, Yb and Lu mixture; Xiao et al., 2003) and Carya spp. (859 mg/kg DW of total RE; Wood and Grauke, 2011). Phytolacca americana is a highbiomass plant that is naturalized worldwide, and is able to accumulate RE up to 1,040 mg/kg of total RE in dry leaves, (Yuan et al., 2018).
As for most trace elements, the RE distribution among the main organs of vascular plants differs considerably. The roots generally accumulate the most RE. For example, the roots of Zea mays accumulate La concentrations 20–150 times higher than the leaves (Diatloff et al., 1999). Many studies have shown a decrease in RE concentrations in the order: root > leaf > stem > grain or fruits in a variety of crops such as corn, wheat, rice and paprika. In trees like those that produce, e.g., citrus fruits, the highest concentrations of RE are generally found in roots too. The same is true in seven species of tropical trees (Jureima-branca (Piptadenia stipulacea), Faveleira (Cnidoscolum phyllacanthus), Jureima-preta (Mimosa hostilis), Caatingueira (Caesalpinia pyramidalis), Manisoba (Mannihoteae glaziovii), Burra-leiteira (Sapium cicatricosum), and Umbu (Phytolacea dioica L.), where RE are also accumulated in the roots except cerium that tends to be concentrated in the bark (Nakanishi et al., 1997; Tyler, 2004). Among the plants identified, the natural perennial fern D. dichotoma (syn. D. linearis) grown in acidic soil in southern China, is the one that accumulates the most RE in mining areas of China. Li et al. (2010), first reported the accumulation of RE in this plant species in southern Jiangxi province in China. For many years, this plant has proven to be an ideal material for the study of RE in plants (Fa-Shui et al., 1999; Liang et al., 2014). In this plant, the Ce, Dy, La and Nd concentrations are in the order leaf > root > stem while those of Eu, Gd, Ho, Pr, Sm, and Y are in the order root > leaf > stem (Fa-Shui et al., 1999).
Hyperaccumulators such as D. dichotoma often adopt different mechanisms such a defense strategy against metal stress, e.g., compartmentation of metals in vacuoles (Lasat et al., 1998; Yuan et al., 2001), complexing of metal ions with organic ligands (Lee and Kim, 1997) and coordination with histidine (Krämer et al., 1996). The identification of new fern species that are able to accumulate RE is of great interest. A recent study identified new accumulating species RE using a screening method for ferns grown on RE contaminated substrate. Three species reached more than 200 mg/kg: Onoclea sensibilis, Athyrium othophorum and Athyrium filix-femina (Grosjean et al., 2020).
Associating Microorganisms With Plant for Increasing the Phytoextraction Performance of RE
For non-hyperaccumulating plants, i.e., bioindicator plants, whose accumulation level depends on the pool of RE in the soil solution, one way to improve phytoextraction performances consists in promoting the mobilization of RE with the help of microorgnaisms to increase its pool in solution. In addition to that, microorganisms, in particular the Plant Growth Promoting Rizobacteria (PGPR), may improve the plant growth and health.
Mobilization of Rare Earth by Rhizosphere Bacteria
Microorganisms are involved in all geochemical cycles of TE including RE. While lanthanides can substitute for Ca2+ in some enzymes and tissues, because their similarities in terms of ionic radius (Lim and Franklin, 2006; Pagano et al., 2015), scientists have long considered RE to be inert because of the low solubility of these elements in the environment. Since 2011, it has been discovered that RE such as Ce3+ and La3+ are required for the activity of methanol dehydrogenase enzyme used by some bacteria to oxidize methanol for carbon and energy (Hibi et al., 2011; Pol et al., 2014). Thus, many studies have been undertaken for a better understanding of the interactions between microorganisms and RE, such as RE mobilization from solids through metabolic reactions (Brandl et al., 2016) and RE immobilization from liquids through sorption by biomass. The mobilization of TE by microorganisms from all solid matrix including those containing RE occurs thanks to three mechanisms 1) proton induced solubilization (acidolysis) with the mobilization by formation of organic/inorganic acids, 2) ligand induced solubilization (complexolysis) with the mobilization of RE from mineral surfaces by excretion of complexing agents, and 3) oxidation/reduction reactions (redoxolysis) resulting from the mobilization of RE by oxidative or reductive reactions (Brandl, 2001). Various parameters such as pH, oxidation-reduction conditions, the presence and nature of mineral and organic colloids as well as the presence and activity of microorganisms influence this mobility (Cao et al., 2001).
Since microorganisms have different optimum growth pH, it is essential to identify pH conditions that promote the production of the most beneficial microbial agents for the leaching of RE. For example, under controlled conditions, a fungus isolated (but no identified) from a carbonate rock was shown to be able to mobilize Ce and Eu of a dolomite at acidic pH (Dou and Lian, 2010) while Arthrobacter sp. leads, between pH 6.5 and 7.5, to mobilize all the RE from hornblende (Brantley et al., 2001). In another example, it has been shown that at low pH values of bioleaching cultures (<2) Aspergillus niger produces mainly citric acid, while at higher pH values (>4) it tends to produce gluconic and oxalic acids (Brisson et al., 2016; Rasoulnia and Mousavi, 2016). These acids are well known for their ability to mobilize TE among which RE.
Since most of the RE are found in oxidation state III, they are quickly adsorbed by a large variety of bearing phases in soil, such as oxides and metallic hydroxides. For example, manganese oxides (Mn(III), Mn(IV)) strongly adsorb trivalent RE, in particular Ce(III), much more than La and Pr, and oxidize it to Ce(IV) (Takahashi et al., 2000; Ohta and Kawabe, 2001). These adsorption reactions and oxidation-reduction will also be influenced by the organic matter content and the competition phenomena between ligands. Once mobilized, bacterial interactions with RE will modify their behavior and transfer in the environment. Ohnuki et al. (2015) showed that the adsorption of Ce by P. fluorescens in Ce(III) form prohibited its subsequent oxidation to Ce(IV) by manganese oxides, thus modifying its transfer.
In an attempt to understand the fundamental mechanisms of monazite bioleaching by Enterobacter erogenes, Fathollahzadeh et al. (2018) has demonstrated that the contact of bacteria with minerals can have a significant effect on their capacity to increase mineral dissolution. The ability of phosphate-solubilizing microorganisms to solubilize RE-phosphate minerals can occur by contact mechanisms, non-contact mechanism, or a combination of both. In contact leaching, attached cells solubilize phosphate within a matrix of extracellular polymeric substances and mobilize RE(III) into the solution. Organic acid anions secreted by the cells from organic substrates (e.g., glucose) may complex RE(III). Following proton dissociation of organic acids, free protons also attack the ore surface resulting in further phosphate solubilization. Incorporation of phosphate into the biomass enhances RE(III) solubility. Alternatively (non-contact leaching), attached cells may play a role in organic acid production while suspended cells incorporate phosphate from solution increasing RE(III) solubility.
The potential roles of native bacteria in mobilization of RE from ores, in which the density of these elements is low, are only slightly documented. The extremely varied metabolisms of microorganisms allow them to interact closely with the mineral component of their environment. Microbial extracellular polysaccharides can increase the RE dissolution by complexing the ions of the solution thus lowering the saturation level of the latter (Banfield et al., 1999; Welch et al., 1999). The bacteria can solubilize the metals or increase their bioavailability by the production of siderophores and afterward adsorb the metals on their biomass, on metal-induced outer membrane proteins and by bioprecipitation (Diels et al., 2009). Loges et al. (2012) have shown that siderophores have a very strong affinity for Ce (IV). The formation of RE (La, Sc and Y)-siderophore complexes was observed in Mycobacterium smegmatis by Andrès et al. (1991), as well as the sorption of Eu, La, Th and Yb on the same Bacterial cells (Andrès et al., 1993; Andrès et al., 1995). These same authors observe the sorption of Gd in Bacillus subtilis, Pseudomonas eruginosa, Ralstonia metallidurans CH34 (renamed Cupriavidus metallidurans CH34), M. smegmatis and Saccharomyces cerevisiae (Andrès et al., 2000), La, Eu and Yb in P. eruginosa (Texier et al., 2000; Texier et al., 2002), Ce and Nd in Bacillus cereus, Sc and Sm in Arthrobacter luteolus isolated from an environment rich in RE (Emmanuel et al., 2011; Emmanuel et al., 2012).
Many phosphate solubilizing microorganisms (PSM), such as E. erogenes, Pantoea agglomerans, Pseudomonas putida have demonstrated to grow in the presence of natural RE phosphate minerals, releasing RE, iron and thorium (Corbett et al., 2017). Qu et al. (2019), studied the RE bioleaching performance of chemoheterotrophic bacterium (Acetobacter sp.) from red mud. The results showed that the leaching ratios of Al, Lu, Sc, Th, and Y were 55, 53, 61, 52 and 53% respectively under one-step process at 2% red mud pulp density. Other studies reported that the highest percentages of bioleached total RE from monazite and (Th-U) concentrate directly by Aspergillus ficuum, are found to be 75.4 and 63.8% at a pulp density 0.6 and 1.2% (w/v), respectively, after 9 days and 63.5 and 52.6% by Pseudomonas eruginosa after 8 days (Hassanien et al., 2014). Also, fungal strains able to solubilize phosphate minerals such as A. niger have shown potential for RE bioleaching from monazite (Castro et al., 2020). Several other fungal strains have been also used to leach monazite releasing RE to the aqueous phase such us Aspergillus terreus, Paecilomyces spp. and Penicillum sp. that can release a total concentration of 12.32 mg/L RE (Ce, La, Nd, and Pr) from the weathered monazite after 8 days (Castro et al., 2020). Another study with A. niger reported that the highest rates of RE from monazite were obtained when the fungus was cultivated on minimal medium with the mineral as the sole phosphorous source.
Concentrations of RE leached by other fungal species, such as A. niger and Aspergillus tubigensis, were 24 times lower than Penicillium sp. (0.44 and 0.43 mg/L, respectively). Bacterial species such as P. agglomerans, E. erogenes, and P. putida released bound RE into solution at also quite low concentrations (1.63, 1.93, and 1.45 mg/L, respectively). While the efficiency of the process is low, other bacteria have demonstrated that they were more able to solubilize Ce and La from monazite ore: ca. 5.7 mg/L of Ce (0.13% of leaching efficiency) and ca. 2.8 mg/L of La (0.11%) were leached by Acetobacter aceti, and Azospirillum brasilense, Azospirillum lipoferum, Pseudomonas rhizosphaerae and Mesorhizobium cicero leached 0.5–1 mg/L of both Ce and La (Shin et al., 2015).
In addition, anaerobic bacteria have been applied for the mobilization of RE from solid waste such us phosphogypsum. Almost 80% of Yttrium was mobilized from phosphogypsum in a fixed-bed reactor by Desulfovibrio desulfuricans (Dudeney and Sbai, 1993). Total RE was mobilized from gibbsite samples by Acidithiobacillus ferrooxidans with efficiencies of 67.6% (Brandl et al., 2016).
The combination of native consortia presents on the ore with the inoculation of a PSM leached a greater amount of RE than a single PSM or than the native population alone, due to a syntrophic effect between populations (Corbett et al., 2018). In addition, PSM produce both alkaline and acid phosphatases, either intracellular or secreted extracellularly, enable the hydrolysis of phosphoric compounds and the release of RE into the leachate. The combination action of acid phosphatase activity and organic acids increase RE solubilization in monozite (Corbett et al., 2018). More information for microbial RE mobilization from solid matrices were reviewed by Brandl et al. (2016).
Effect of Microorganisms (PGPR) on the Plant Growth
The rhizosphere contains 10–100 times more microorganisms per gram of soil than the non-rhizospheric soil, due to the release of carbon and nitrogen compounds belonging to rhizodeposits (Cunningham and Ow, 1996). Thus, plants have close interaction with rhizospheric microbes, some of which being able to improve their growth and development by increasing the absorption of nutrients and their tolerance to telluric pathogens and various other stresses (Lebeau et al., 2008). Rhizospheric microorganisms can also modify the mobility and availability of metals present in the soil (Abou-Shanab et al., 2003; Bani et al., 2007; Lebeau et al., 2008). PGPR (which stands for Plant Growth-Promoting Rhizobacteria) play a key role in stimulating plant growth and improving the tolerance to abiotic stresses (Dimkpa et al., 2009; Aransiola et al., 2019). Generally, PGPR isolated from the rhizosphere belong to different bacterial families, including Achromobacter, Arthrobacter, Azotobacter, Azospirillum, Bacillus, Burkholderia, Enterobacter, Micrococcus, Pseudomonas, Rhizobium and Serratia (Gray and Smith, 2005; De Zelicourt et al., 2013). These bacteria possess the capacity to increase the plant biomass and/or to mobilize the soil metals. Processes such as chelation and protonation are the main drivers for the mobilization of TE to which RE belong (Kidd et al., 2009; Cabello-Conejo et al., 2014). Some bacteria produce organic acids (oxalate, malate and citrate…) capable to dissolving silicates, thus making metal more available (Khan, 2005; Lebeau et al., 2008; Braud et al., 2009). Thus, the interactions between plant and microorganisms influence the RE mobility and their availability for plants (Sessitsch et al., 2013), promoting the transfer of RE from rhizosphere to plant and therefore contribute to improving phytoextraction performance.
The stimulation of plant biomass results from two actions, the first of which being the production of phytohormones like indole acetic acid (IAA) (Patten and Glick, 2002). A small concentration of IAA in the rhizosphere stimulates the elongation of primary roots (within the young shoots), whereas stronger concentrations inhibit this elongation while promoting a lengthening of the lateral and adventive roots (Xie et al., 1996). The second justification entails the production of enzymes like 1-aminocyclopropane-1-carboxylate (ACC) deaminase. Many PGPR are capable of splitting the ACC produced by plants, a precursor of ethylene, a phytohormone involved in modulating the growth and cellular metabolism of plants (Ping and Boland, 2004). Hence ACC deaminase contribute to reduce the ethylene content for plants subjected to stress, e.g., TE-related stress (Belimov et al., 2005). On average, the use of PGPR reduces the rate of ACC and ethylene by a factor of 2 up to 4 (Belimov et al., 2005).
Modifying metal mobility in the soil can be explained by microbial complexation with microbial metabolites, such as siderophores, some small molecules with a molecular weight ranging from 150 to 2,000 Da. These siderophores are known for their very high affinity for iron from 1023 up to 1052 M−1 (Hernlem et al., 1996; Hider and Kong, 2010; Khan et al., 2018). They are produced by various microorganisms when iron is in short supply [<10 μM (De Villegas et al., 2002; Braud et al., 2009)] for the purpose of solubilizing and acquiring this vital metal of limited bioavailability. The roots can thus incorporate the iron from bacterial siderophore-iron complexes by a mechanism of either chelator degradation accompanying the iron release or a direct incorporation of these complexes (Rajkumar et al., 2010). The siderophores, like pyoverdine and pyochelin, can also complex other metals, e.g., copper (Cu) and nickel (Ni) (Braud et al., 2009).
Bioaugmentation Coupled With Phytoextraction for the Treatment of Rare Earth
The slowness of phytoextraction constitutes its main drawback, which is sometimes prohibitive. Among various solutions to increase the phytoextraction rates, the association of microorganisms (bioaugmentation) with plants (phytoextraction), in particular PGPR has been the subject of growing interest for the past ten years (Lebeau et al., 2008; Sessitsch et al., 2013; Xu et al., 2014). In both natural and anthropized ecosystems, bacteria associated with plants, in addition to stimulating their growth, play a key role in the adaptation of their hosts to changing environments (Ma et al., 2011). Different direct mechanisms (solubilization of phosphorus and potassium, nitrogen fixation, iron sequestration by siderophores, hormone production) or indirect (reduction in the number of pathogens by the production of antibiotics as well as the iron available in the rhizosphere for phytopathogens) are involved (Glick, 1995; Lucy et al., 2004). The production of phytohormones by bacteria associated with plants, such as auxin (indole-3-acetic acid, AIA), cytokinins and gibberellins, frequently leads to stimulation of germination, growth and reproduction while by protecting the plant from both biotic and abiotic stresses (Taghavi et al., 2009). Although several conditions, including stimulation of plant growth, accumulation and tolerance to metals, can effectively enhance phytoextraction rates, the concentration of metals available in the rhizosphere greatly influences the amount of metals accumulated in the plants. Indeed, a significant proportion of TE is generally related to organic or inorganic constituents in polluted soils and their phytoavailability is closely linked to their chemical speciation (McBride, 1989). Nevertheless, the metabolites released by bacteria in the rhizosphere (siderophores, acids organic, plant growth regulators) can promote or, on the contrary, alter the uptake by the plant. According to the literature, in a contaminated medium the plant/bacteria association can increase, in 60% of studies, the biomass of the plant by 1.2–4 times and/or the metal concentration in the leaves from 1.1 to 3.1 times (Lebeau et al., 2008). The microorganisms used in bioaugmentation can result from selections made from environmental samples (soil, sediment, waste, sludge, etc.) (Vogel, 1996). The use of bacteria capable of mobilizing TE and/or stimulating plant development (PGPR properties) may serve to increase the amount of TE extracted in this manner and hence the efficiency of phytoextraction. The microorganisms used for the bioaugmentation of metal-contaminated soil may be sourced using selections among environmental samples (Bois et al., 2011; Lebeau, 2011). They are then cultivated and inoculated in either their native environment or another environment. For RE, Jalali et al. (2020a) selected bacteria derived from contaminated soils in the vicinity of phosphogypsum stockpiles for TE including RE (Ce, La, Nd and Y) mobilization (siderophore production) and plant growth promotion (IAA, ACC deaminase production). Attention has also been paid to the use of genetically modified microorganisms for bioaugmentation, but their introduction into the environment must be carefully controlled (Sayler and Ripp, 2000).
Despite the growing concern on the environmental impact of an increasing use of RE in agriculture and their effects on plant growth and productivity (Reddy et al., 2001; Tyler, 2004; Balaram, 2019), only a few studies have been devoted to extraction RE using coupled bioaugmentation-phytoextraction which have taken into account, only the effect of bacteria on the biomass. Treatment with Arbuscular mycorrhizal fungi significantly increase N, P, and K content in shoots and roots of Astragalus sinicus and growth of Zea mays and Sorghum bicolor in soil enriched with RE (Chen and Zhao, 2009; Guo et al., 2013). The dry weight biomass of the investigated plants increase by 211% up to 387% in shoots and roots as compared with the non-inoculated treatment. Trifi et al. (2017) revealed that Pantoea sp. BRM17, an isolated bacterium of Tunisian phosphgypsum, produces siderophores, IAA and ACC deaminase. Its addition to a soil amended with 2% PG has enabled increasing the biomass of the stems and roots of cultivated Brassica napus. A recent study by Jalali et al. (2020a, 2020b) reported that Bacillus as PGPR promoted barley seedlings growth mainly via production of organic acid, ACC deaminase and the association of Trifolium pratense, with Bacillus sp. stimulate the growth of this plant (i.e., factors of 3.7 for in AP and 3.1 in roots) and while increasing the Cd, Sr and RE (Ce, La, Nd, Sr and Y) concentrations respectively by factors of 6.4, 0.6, 0.93, 0.58 and 5.5 in AP. Also, Bacillus sp. strain is especially promising, in association with Helianthus annuus, for Ce, La, Nd and Y, with plant concentrations being raised by factors of 4.4, 38.3, 3.4 and 21, respectively in the AP. A major increase was also observed in the AP biomass of H. annuus by factors of 3.36. In addition, the translocation factor was increased for all MTE and is ranged between 1.1 for Sr and 6.8 for Y.
CONCLUSION
Conventional extraction and recovery of RE by physico-chemical methods has three major limitations: 1) extraction of RE is via chemical treatment using strong acidic and alkali solutions at high temperature, 2) RE are found mixed in the ore, and thus chemical separation of each element leads to an overall inefficient recovery, and 3) the extraction efficiency is dependent on ores containing high concentrations of RE, which prevents the recovery of less concentrated sources of RE. Green and efficient extraction techniques are receiving increasing attention. Bioaugmentation-enhanced RE phytomining is an innovative technology that offers an alternative to physico-chemical methods of recycling RE, which could contribute to a more sustainable world and help to avoid risks of supply disruption and market dependencies.
Based on the limited reports of the association of bioaugmentation with phytoextraction for the treatment of RE, the review highlights the need for more detailed studies on this process. It has been shown the phytoextraction potential of various plants, but from a more fundamental point of view, the study of the mechanisms involved in its tolerance to RE could be investigated more in depth. It would especially be relevant to study more accurately the mobilization of RE by bacteria. Their ability to survive, colonize the soil, and maintain their PGPR and RE mobilization activities must be specified. From an application point of view of the process associating bioaugmentation with phytoextraction, several studies can be undertaken, in particular the identification of local spontaneous plant species with high biomass capable of accumulating RE and implementing technical routes (from seed collection to sowing and harvesting). Also, the use of wild plant growing in soils containing RE co-cultures with plants commonly used in phytoextraction of theis elements could increase the efficiency of phytoextraction.
As the main factor of failure of bioaugmentation is the stress to which the microorganisms inoculated in the soil or the growing medium are subjected, the optimization of the survival of these microorganisms and their colonization of the rhizosphere is of paramount importance. Inoculation modalities could be tested such as the inoculation technique (free or immobilized microorganisms); the direct coating of the seeds would also be tested.
A final perspective would be to develop and optimize processes for valuing the plant biomass collected and recovering RE, like what has been developed for nickel (phytoming, agromining and recovery of Ni sulfate).
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Continuous cropping negatively affects soil fertility, physicochemical properties and the microbial community structure. However, the effects of long-term chili monoculture on the dominant microbial community assembly are not known. In this study, the impact of long-term chili monoculture on the correlation between the dominant microbial community and soil environmental variables was assessed. The results indicated that increasing duration of chili monoculture generated significant changes in soil nutrients, soil aggregates and soil enzymes: nutrient contents increased overall, mechanically stable macroaggregates increased and microaggregates decreased, water-stable macroaggregates and microaggregates decreased, β-glucosidase decreased nonlinearly, and nitrate reductase and alkaline phosphatase activities showed a nonlinear increase. Moreover, an increasing number of years of chili monoculture also affected the structure of the dominant microbiota, with substantial changes in the relative abundances of 11 bacterial and fungal genera. The drivers of the dominant microbial community assembly in rhizosphere soil were soil moisture, abiotic nitrogen, pH and salt.
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GRAPHICAL ABSTRACT. Long-term chili monoculture alters environmental variables affecting the dominant microbial community in rhizosphere soil.
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INTRODUCTION

The rhizosphere, the narrow zone of soil that surrounds and is influenced by plant roots, is home to a vast number of microorganisms (Philippot et al., 2013). Rhizosphere microorganisms have a significant effect on root biology and plant growth, nutrition, and development (Li et al., 2017). The majority of microbial communities are composed of a few abundant taxa and a large number of rare species, and abundant microbes account for the majority of biomass and carbon cycling in ecosystems (Wu et al., 2017; Jiao and Lu, 2020). Thus, revealing this community component is crucial to understanding ecosystem function.

Chili (Capsicum annuum L.), a vital horticultural crop, is commonly used as a condiment to flavor cooked food and has been used by cultures around the world since 7000 BC (Liu et al., 2012). More than 200 constituents have been identified in chili, and some of its active constituents play numerous beneficial roles in human health (Varghese et al., 2017), while chili monoculture also fosters insect and pathogenic microbes (Eric, 2010). Therefore, revealing the effect of long-term chili monoculture is critical to determining the links between community stability and ecosystem function.

The effects of continuous cropping of different plants have been reported. Continuous potato cropping caused a decline in soil fertility and an increase in pathogenic microbes and aggravated the toxic effects of root secretions (Qin et al., 2017). Additionally, long-term continuous monocultures of tomato and tea bush decreased soil enzymatic activities, microbial metabolic activity, and microbial biomass and caused a shift in the microbial community composition and structure (Fu et al., 2017; Li et al., 2017). Furthermore, continuous cropping of strawberries disturbed the soil food web, and the general health of the soil deteriorated, with especially negative effects on soil fertility and physicochemical properties, leading to a decline in crop productivity (Li et al., 2016). Most plants require microbial symbiosis for a more efficient uptake of nutrients from the soil (Selvakumar et al., 2018). Therefore, understanding the effects of long-term chili monoculture on the soil are critical to discovering obstacles to continuous cropping.

Environmental filtering is a key determinant of species distribution and abundance (Jiao and Lu, 2020). For example, the dominant drivers of the soil diazotrophic community structure are soil pH, soil organic matter, soil moisture, and the soil carbon:nitrogen ratio (Fan et al., 2018). Additionally, pH has a critical role in the biogeographic distribution of terrestrial bacteria (Bahram et al., 2018; Tripathi et al., 2018). Moreover, the variation in soil organic matter could alter the relative influences of different assembly processes in shaping soil bacterial communities (Feng et al., 2018). Soil microbial communities strongly influence ecosystem function such that predicting function may rely on understanding ecological processes that assemble communities (Feng et al., 2018). Therefore, we hypothesized that soil environmental factors were changed by long-term chili monoculture and regulated the community assembly of abundant microbes in rhizosphere soil. Moreover, chili disease was observed in the field but was relieved after several years of continuous planting, thus we expected that long-term chili cultivation would lead to accumulation of beneficial microorganisms or pathogenic microorganisms, and focused on the changes of the soil dominant microbial community in the field of chili growth promotion and disease resistance were important for chili production.

Belowground microbial communities strongly influence ecosystem function such that predicting function may rely on understanding ecological processes that assemble communities. Uncertainty remains, however, in what governs the relative contributions of different ecological processes. To help fill this knowledge gap, we test the general hypothesis that both initial state and degree of change in environmental conditions govern the relative contributions of different ecological assembly processes.

In this study, the rhizosphere soil of chili under various years of continuous cropping was used as a research material to clarify the dominant microbial community assembly and determinants of the dominant microbial community dynamics by studying soil physical and chemical properties, soil enzyme activities and high-throughput sequencing, the results of which provide novel insights for the targeted research of microbial agents and regulation the properties of soil that could improve soil continuous cropping barrier and enhance the function of soil biological systems.



MATERIALS AND METHODS


Study Site and Sample Collection

The solar greenhouse was established in Gansu Province, China (37°53′15″N, 102°40′50″E), in a cropping system of continuous chili. The area has a typical continental climate, with an annual average temperature of 7.6°C and precipitation of 170 mm. The soil was desert soil and comprised 25% sand, 14% silt, and 11% clay. The experimental soil samples were collected from four solar greenhouses containing the same chili cultivar that were continuously for 1, 5, 10, and 20 years. The 4 solar greenhouses about 500 m2 in size. The agronomic management and fertilization regime were similar in the four solar greenhouses, and annual NPK fertilization comprised 120 kg/ha as urea, 75 kg/ha as calcium magnesium phosphate, and 90 kg/ha as potassium chloride. For each solar greenhouse, 10 chili plants were randomly selected, and the whole plant was dug with a shovel at a depth of 20 cm and a width of 30 cm, respectively. The plants were shaken vigorously to remove soil in the root zone. Then collected the soil within 1–2 mm of the root with the brush and combined to form one composite soil sample per plot. Soil samples were put into sterile plastic bags, and then divided into two subsamples and stored at either 4°C for soil geochemical variable measurements or at –80°C for microbial community analysis.



Analysis of Soil Chemical Properties

Soil moisture was measured by the oven-drying method (Fan et al., 2018), and soil pH was determined by a pH meter (Sartorius Basic pH meter PB-10, Goettingen, Germany) with a soil/water ratio of 1:2.5 (Liu et al., 2014b; Jiao et al., 2019). The soil salt content was determined by the sum of cations and anions with a soil/water ratio of 1:5 (Li et al., 2008). The concentrations of organic matter, hydrolyzable nitrogen, and soil available phosphorus were measured using potassium dichromate oxidation, alkaline digestion-diffusion and sodium hydrogen carbonate solution-Mo–Sb anti spectrophotometry methods, respectively, according to the Agricultural Industry Standards of the People’s Republic of China (NY/T1121.6-2006, LY/T1229-1999, and HJ704-2014). The concentration of soil available potassium was determined by a flame spectrophotometer (AA320N, Shanghai Precision Instrument Co., Ltd., Shanghai, China), and soil ammonium nitrogen and soil nitrate nitrogen were determined on a continuous-flow auto analyzer (PROXI-MA, Alliance Instruments, Paris, France). Each sample performed in triplicate for soil chemical properties.



Analysis of Soil Aggregates and Enzyme Activities

The distributions of water-stable aggregates and mechanically stable aggregates were obtained from a 50 g soil sample using the wet sieving and dry sieving, respectively (Garey, 1954; Puget et al., 2000; Liu et al., 2014a; Lin et al., 2019). Four aggregate classes (>2, 1–2, 0.25–1, and <0.25 mm) were obtained with sieve set of 2, 1, and 0.25 mm. Briefly, soil sample was put on the first sieve of the set in a water bucket and was gently moistened for 10 min. The aggregates were separated by moving the sieve vertical with a speed of 30 rpm for 5 min after pre-wetting. All aggregate-size fractions remaining on each sieve were collected, dried and weighed; for mechanically stable aggregates, 50 g soil sample was put on the first sieve of the set, the aggregates were separated by moving the sieve vertical with a speed of 30 rpm for 5 min. Each sample performed in triplicate for aggregate.

The activities of catalase, β-glucosidase, nitrate reductase, polyphenol oxidase, urease and alkaline phosphatase were determined using a soil catalase assay kit (Product No. QS2937, Shanghai Cablebridge Biotechnology Co., Ltd., Shanghai, China), a soil β-glucosidase assay kit (Product No. BC0160, Beijing Solarbio Biotechnology Co., Ltd., Beijing, China), a soil nitrate reductase assay kit (Product No. QS2938, Shanghai Cablebridge Biotechnology Co., Ltd., Shanghai, China), a soil polyphenol oxidase assay kit (Product No. QS2934, Shanghai Cablebridge Biotechnology Co., Ltd., Shanghai, China), a soil urease assay kit (Product No. QS2933, Shanghai Cablebridge Biotechnology Co., Ltd., Shanghai, China), and a soil alkaline phosphatase assay kit (Product No. BC0280, Beijing Solarbio Biotechnology Co., Ltd., Beijing, China), respectively. Each sample performed in triplicate for enzyme activity.

In brief, 0.2 g of soil was treated with 5 mL of extraction solution for 20 min, and the reaction mixtures were used to determine the activities of the six enzymes using the appropriate assay kits. For catalase activity, the mixture was centrifuged at 10,000 rpm for 10 min at 4°C, and the supernatants were used to determine the activities of catalase activity by measuring the absorbance at 240 nm using a UV 1100 spectrophotometer (Mei puda, Beijing, China) as an indicator of the decrease of H2O2 (Li and Schellhorn, 2007); for β-glucosidase activity, the reaction mixtures were heated in a boiling water bath for 5 min after incubated for 1 h in a water bath at 37°C. The mixture was centrifuged for 10 min at 10,000 rpm and the absorbance measured at 410 nm (Turner et al., 2002); for nitrate reductase, the reaction mixtures were incubated for 24 h in a water bath at 37°C. The mixture was centrifuged for 5 min at 8,000 rpm and the absorbance measured at 520 nm (Singh and Kumar, 2008); for polyphenol oxidase, the reaction mixtures were incubated for 1 h at 37°C. The mixture was centrifuged for 10 min at 10,000 rpm and the absorbance measured at 410 nm (Adamczyk et al., 2009); for urease, the mixture was centrifuged at 10,000 rpm for 10 min, and the supernatants were used to determine the activities of catalase activity by measuring the absorbance at 690 nm (Singh and Kumar, 2008); for alkaline phosphatase, the reaction mixtures were incubated for 24 h at 37°C. The mixture was centrifuged for 10 min at 10,000 rpm and the absorbance measured at 398 nm (Sardans et al., 2008). Enzyme activity was calculated by using a standard curve.

According to the operating instructions of the assay kits (Shanghai Cablebridge Biotechnology Co., Ltd., Shanghai, China), the activities of catalase (Eq. 1), β-glucosidase (Eq. 2), nitrate reductase (Eq. 2), polyphenol oxidase (Eq. 2), urease (Eq. 2) and alkaline phosphatase (Eq. 3) were calculated based on Eqs 1–3 below:
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Where E is enzyme activity (U/g), U is the enzyme activity unit, An is the absorbance of soilless sample, Am is the absorbance of sample, As is the absorbance of no substrate sample, Ab is the absorbance of blank tube, At is the absorbance of tube standard, V is the volume of the reaction system, ε is the molar extinction coefficient of H2O2 (43.6 L/mol/cm), m is the quality of the soil sample, C is the concentration of the sample, Ct is the concentration of standard liquid, and T is the reaction time.



High-Throughput Sequencing and Bioinformatics Analysis

Three replicates of each sample were used to extract soil DNA from a 0.5 g soil sample using the Powersoil® DNA Isolation Kit (MoBio Laboratories, Carlsbad, CA, United States), purified using a DNA purification kit (DP209, Tiangen Biotechnology Co., Ltd, Beijing, China) according to the manufacturer’s instructions, and analyzed for concentration and quality using a Nanodrop ND-2000 spectrophotometer (Nano Drop Technologies, Wilmington, DE, United States). Then, the integrity of the extracted DNA was determined with 0.8% agarose gel electrophoresis (Li et al., 2020).

To amplify the V3–V4 region and ITS region of the bacterial and fungal genes, the universal primers 338F (5′-ACTCCTACGGGAGGCAGCA-3′) and 806R (5′-GGACTACH VGGGTWTCTAAT-3′) as well as ITS1F (5′-CTTGGTCA TTTAGAGGAAGTAA-3′) and ITS1R (5′-GCTGCGTTCT TCATCGATGC-3′) were used in PCR, and the detailed PCR amplification procedure was reported previously (Wagg et al., 2019). Then, the integrity of the PCR products was determined with 1.8% agarose gel electrophoresis. Finally, DNA sequencing results were obtained using the Illumina MiSeq platform (San Diego, CA, United States).

The original DNA sequences were generated using Quantitative Insights into Microbial Ecology (QIIME, version 1.17) software to generate valid sequences, and then the high-quality sequences were clustered into operational taxonomic units (OTUs) based on a 97% similarity level using the UPARSE algorithm (version 7.11). Moreover, the chimeric sequences were identified and removed using UCHIME. Finally, 16S and ITS OTU sequences were taxonomically assigned using the Ribosomal Database Project (RDP2) Bayesian classifier at a 70% threshold against the SILVA and UNITE databases and then identified to the phylum, class, order, family and genus levels (Wagg et al., 2019).



Statistical Analyses

The effects of continuous cropping on the soil chemical and biochemical properties and enzyme activities as well as on the soil microbial community structure were assessed using linear regression analysis with the Pearson method. Most of the indicators were non-linearly correlated with continuous cropping years in this study, it’s not precise in described the data structure with linear regression analysis, so the nonlinear response to continuous cropping was further analyzed using locally estimated scatterplot smoothing (LOESS) regression (Goh et al., 2017; Zhang et al., 2020). LOESS is a nonparametric regression method that uses weights to adjust the fit in a localized fashion along points in a scatterplot, and reduces the effects of outliers while retaining general trends, thus it more flexible to fitting a line to data. Additionally, the objective of LOESS is to confirm the best fits for segments of the data, which generally utilizes a parabola or higher-order polynomial instead of a straight line to fit data, thus LOESS is the best way to described the data structure (Wegmueller et al., 2021). Then, the relative influence of the environmental variables on the dominant microbial community was determined using the aggregated boosted tree (ABT) method (Death, 2007). Moreover, variance partitioning analysis (VPA) was used to determine the contribution of the environmental variables to the dominant microbial community (Ren et al., 2019). Additionally, the correlation between soil physical and chemical properties and dominant strains was assessed with the Mantel test (Li et al., 2021). Finally, one-way ANOVA followed by Tukey’s HSD test was performed to compare the response of the univariate abiotic and biotic parameters among the different continuous cropping levels, with p < 0.05 denoting significance. All analyses were performed in R software.



RESULTS


Chemical Characterization of the Soil

Long-term chili monoculture altered the chemical properties of the rhizosphere soil, including changing the concentrations of organic matter (OM), available phosphorus (AP), available potassium (AK), hydrolyzable nitrogen (HN), ammonium nitrogen (AN), and nitrate nitrogen (NN), as well as the pH, salt and moisture. In Figure 1 and Supplementary Table 1, increasing continuous cropping duration was negatively correlated with pH (Figure 1A, R = –0.77, p < 0.01) and positively correlated with AN (Figure 1B, R = 0.77, p < 0.01), AP (Figure 1C, R = 0.88, p < 0.001) and HN (Figure 1D, R = 0.87, p < 0.001). However, the minority of the chemical parameters demonstrated nonlinear responses to continuous cropping duration, including the content of salt in chili rhizosphere soil (Figure 1E), which increased as continuous cropping levels reached 5 years and then remained stable but increased again after 10 years; the moisture of the chili rhizosphere soil samples (Figure 1F) continuously increased with continuous cropping for 5 years, then decreased at 10 years, and then increased again. The AK content (Figure 1G) in the chili rhizosphere soil increased with fluctuations as continuous cropping reached 10 years, becoming stable, and the OM content (Figure 1H) increased with fluctuations. The NN content (Figure 1I) steadily increased as the continuous cropping duration reached 5 years and then remained stable, but after 10 years, NN in the chili rhizosphere soil samples increased sharply.


[image: image]

FIGURE 1. Effect of long-term chili monoculture on the chemical properties of rhizosphere soil. Long-term chili monoculture altered the pH (A), ammonium nitrogen (B), available phosphorus (C), hydrolyzable nitrogen (D), salt (E), moisture (F), available potassium (G), organic matter (H), and nitrate nitrogen (I). Soil chemical properties show different patterns of response to continuous cropping duration (1, 5, 10, and 20 years), including linear and nonlinear relationships. Solid lines represent linear or locally estimated scatterplot smoothing (LOESS) fits, and gray areas denote the 95% confidence intervals.




Soil Aggregates

Both water-stable aggregates and mechanically stable aggregates of the chili rhizosphere soil samples were tested after long-term chili monoculture, and the results are shown in Figure 2 and Supplementary Table 2. The majority of the aggregates showed nonlinear responses to increasing duration of continuous cropping, including >2 mm water-stable aggregates (Figure 2A), 1–2 mm water-stable aggregates (Figure 2B) and 0.25–1 mm water-stable aggregates (Figure 2C), which remained stable as the continuous cropping duration reached 5 years, after which they sharply increased and then remained stable in the chili rhizosphere soil samples. The <0.25 mm water-stable aggregates (Figure 2D) had a totally different trend; the 1–2 mm mechanically stable aggregates (Figure 2F) increased as the continuous cropping duration reached 10 years, after which they remained stable in the chili rhizosphere soil samples. In contrast, the 0.25–1 mm mechanically stable aggregates (Figure 2G) decreased as continuous cropping reached 10 years, after which they remained stable in the chili rhizosphere soil samples. Increasing continuous cropping duration had a negative linear correlation with the >2 mm mechanically stable aggregates (Figure 2E, R = –0.95, p < 0.0001) and <0.25 mm mechanically stable aggregates (Figure 2H, R = –0.92, p < 0.0001).
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FIGURE 2. Effect of long-term chili monoculture on the aggregates of rhizosphere soil. Long-term chili monoculture altered >2 mm water-stable aggregates (A), 1–2 mm water-stable aggregates (B), 0.25–1 mm water-stable aggregates (C), <0.25 mm water-stable aggregates (D), >2 mm mechanically stable aggregates (E), 1–2 mm mechanically stable aggregates (F), 0.25–1 mm mechanically stable aggregates (G) and <0.25 mm mechanically stable aggregates (H). Soil aggregates show different patterns of response to continuous cropping duration (1, 5, 10, and 20 years), including linear and nonlinear relationships. Solid lines represent linear or LOESS fits, and gray areas denote the 95% confidence intervals.




Soil Enzyme Activities

As shown in Figure 3 and Supplementary Table 3, we tested the enzyme activities of the chili rhizosphere soil samples, including the activities of β-glucosidase, nitrate reductase, urease, alkaline phosphatase, catalase, and polyphenol oxidase. All of the soil enzyme activities showed nonlinear responses to increasing continuous cropping duration: β-glucosidase (Figure 3A) declined as continuous cropping reached 5 years, after which it remained stable in the chili rhizosphere soil samples; alkaline phosphatase (Figure 3B) increased with fluctuations with continuous cropping for 5 years and then sharply increased at 10 years; after that, it decreased in the chili rhizosphere soil samples. Nitrate reductase (Figure 3C) increased as the continuous cropping duration reached 5 years and then remained stable; after 10 years, it sharply increased in the chili rhizosphere soil samples. The activity of urease (Figure 3D) was not significantly changed. The activities of catalase (Figure 3E) and polyphenol oxidase (Figure 3F) showed fluctuating changes.
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FIGURE 3. Effect of long-term chili monoculture on the enzyme activities of rhizosphere soil. Long-term chili monoculture altered the activities of μ-glucosidase (A), alkaline phosphatase (B), nitrate reductase (C), urease (D), catalase (E), and polyphenol oxidase (F). Soil enzymatic levels show different patterns of response to continuous cropping duration (1, 5, 10, and 20 years). Solid lines represent LOESS fits, and gray areas denote the 95% confidence intervals.




Soil Dominant Microbial Community Structure

Sequencing of the chili rhizosphere soil microbial communities generated a total of 577,777 bacterial sequences and 570,551 fungal sequences, and these sequences were clustered into 2,732 and 890 distinct OTUs for bacteria and fungi, respectively. The relative abundance exceeded 1% was considered to be the dominant microbes in all chili rhizosphere soil samples. The dominant bacteria was classified into phyla Acidobacteria, Actinobacteria, Chloroflexi, Firmicutes, and Gemmatimonadetes, and the dominant fungi phyla was Ascomycota and Zygomycota, and the dominant microbes was shown in Figure 4 and Supplementary Table 4. As shown in Supplementary Figure 4A, the relative abundance of Acidobacteria decreased with continuous cropping for 5 years and then remained stable; Increasing continuous cropping duration was positively correlated with Firmicutes (Figure 4D, R = 0.91, p < 0.0001); the relative abundance of Actinobacteria (Figure 4B), Chloroflexi (Figure 4C), Gemmatimonadetes (Figure 4E), Ascomycota (Figure 4F), and Zygomycota (Figure 4G) did not change at the levels examined.
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FIGURE 4. Effect of long-term chili monoculture on the dominant microbes at the phylum level in rhizosphere soil. Long-term chili monoculture altered the relative abundance of Acidobacteria (A), Actinobacteria (B), Chloroflexi (C), Firmicutes (D), Gemmatimonadetes (E), Ascomycota (F), and Zygomycota (G).


In Figures 5, 6 and Supplementary Tables 5, 6 showed the differences in the microbial community structure across long-term chili monocultures were investigated at the genus level. Bacillus, Gaiella, norank_c__Acidobacteria, norank_f__Anaerolineaceae, norank_f__Gemmatimonadaceae, and norank_o__JG30-KF-CM45 were the dominant bacteria (Figure 5A), of which the relative abundance exceeded 1% in all chili rhizosphere soil samples. As shown in Figure 5C, the relative abundance of Gaiella decreased with continuous cropping for 5 years and then remained stable; the relative abundance of norank_c__Acidobacteria (Figure 5D) decreased with continuous cropping for 5 years, then increased, and then showed no further changes in the chili rhizosphere soil samples; norank_f__Anaerolineaceae relative abundance (Figure 5E) did not change at the levels examined; norank_f__Gemmatimonadaceae (Figure 5F) decreased as the continuous cropping duration reached 5 years and then remained stable in the chili rhizosphere soil samples. Increasing continuous cropping duration was positively correlated with Bacillus (Figure 5B, R = 0.96, p < 0.0001) and negatively correlated with norank_o__JG30-KF-CM45 (Figure 5G, R = –0.79, p < 0.01).
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FIGURE 5. Effect of long-term chili monoculture on the dominant bacteria in rhizosphere soil. The “Abundance” in panel (A) was the total abundance of operational taxonomic units (OTUs). Long-term chili monoculture altered the relative abundance of Bacillus (B), Gaiella (C), norank_c__Acidobacteria (D), norank_f__Anaerolineaceae (E), norank_f__Gemmatimonadaceae (F), and norank_○__JG30-KF-CM45 (G). The relative abundances of dominant soil bacteria at the genus level of the taxonomic classification showed a nonlinear pattern in response to continuous cropping duration (1, 5, 10, and 20 years). Solid lines represent linear or LOESS fits, and gray areas denote the 95% confidence intervals.
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FIGURE 6. Effect of long-term chili monoculture on the dominant fungi in rhizosphere soil. The “Abundance” in panel (A) was the total abundance of OTUs. Long-term chili monoculture altered the relative abundance of Chaetomium (B), Fusarium (C), Mortierella (D), Pseudallescheria (E), and unclassified_c__Sordariomycetes (F). The relative abundances of dominant soil fungi at the genus level of thetaxonomic classification showed different patterns of response to continuous cropping duration (1, 5, 10, and 20 years), including linear and nonlinear relationships. Solid lines represent linear or LOESS fits, and gray areas denote the 95% confidence intervals.


Figure 6A showed that the dominant fungi were Chaetomium, Fusarium, Mortierella, Pseudallescheria, and unclassified_c__Sordariomycetes, and increasing continuous cropping levels correlated in a negative linear way with Chaetomium (Figure 6B, R = –0.83, p < 0.0001) and Mortierella (Figure 6D, R = –0.79, p < 0.01); the relative abundance of Fusarium (Figure 6C) decreased with continuous cropping for 5 years, then increased, and 10 years and 20 years showed no significant change with 1 year in the chili rhizosphere soil samples; the relative abundance of Pseudallescheria (Figure 6E) showed fluctuating changes, and 20 years showed no significant change with 5 years in the chili rhizosphere soil samples; the relative abundance of unclassified_c__Sordariomycetes (Figure 6F) increased with continuous cropping for 5 years, then decreased, and 20 years showed no significant change with 1 year in the chili rhizosphere soil samples.



Dominant Microbial Community in Relation to Environmental Variables

The relative influence of the environmental variables on the dominant microbial community using the ABT method is shown in Figure 7A. The factors examined showed a relative influence on dominant bacteria and fungi in the following order: moisture, salt, pH, AP, polyphenol oxidase activity, catalase activity, >2 mm water-stable aggregates, alkaline phosphatase activity, and OM, and the relative influences of these environmental variables were 18.16, 15.93, 15.12, 6.77, 6.14, 5.20, 5.00, 4.72, and 1.98%, respectively. The contribution of moisture, salt, pH, and other environmental variables to the dominant microbial community was illustrated with a modified VPA (Figure 7B). The complete set of all variables together explained 92.75% of the variation in the dominant microbial community of the chili rhizosphere soil, of which moisture, pH and salt contributed a larger proportion of variation than did the other soil environmental variables.
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FIGURE 7. The correlation between the environmental variables and the dominant microbial community. (A) the relative influence of the environmental variables on the dominant microbial community; (B) the contribution of the environmental variables to the assembly process of the dominant microbial community; (C,D), Mantel test based on the Bray-Curtis distance. W2 represents >2 mm water-stable aggregates, and CAT, POL, and PHO are catalase, polyphenol oxidase and alkaline phosphatase activities, respectively.


The relationships between the dominant microbial community and environmental variables were examined using a Mantel test, and the results are shown in Figures 7C,D and Supplementary Figures 1–9. There were significant associations (R values were between 0.3174 and 0.7165) between the dominant microbial community and the environmental variables (p values were less than 0.05), including norank_f__Gemmatimonadaceae and norank_o__JG30-KF-CM45 were positively correlated with pH, polyphenol oxidase activity and catalase activity, but negatively correlated with >2 mm water-stable aggregates, alkaline phosphatase activity, moisture, salt, OM, and AP; norank_f__Anaerolineaceae were positively correlated with pH, alkaline phosphatase activity and moisture, but negatively correlated with >2 mm water-stable aggregates, salt, OM, AP, polyphenol oxidase activity, and catalase activity; Gaiella was positively correlated with pH and catalase activity, but negatively correlated with >2 mm water-stable aggregates, alkaline phosphatase activity, moisture, salt, OM, AP, and polyphenol oxidase activity; norank_c__Acidobacteria were positively correlated with >2 mm water-stable aggregates, pH, polyphenol oxidase activity and catalase activity, but negatively correlated with alkaline phosphatase activity, moisture, salt, OM, and AP; Bacillus was positively correlated with >2 mm water-stable aggregates, alkaline phosphatase activity, moisture, salt, OM, and AP, but negatively correlated with pH, polyphenol oxidase activity and catalase activity; Chaetomium and Mortierella were positively correlated with pH, polyphenol oxidase activity and catalase activity, but negatively correlated with >2 mm water-stable aggregates, alkaline phosphatase activity, OM, AP, salt, and moisture; Fusarium was positively correlated with catalase activity, polyphenol oxidase activity, >2 mm water-stable aggregates, alkaline phosphatase activity, OM and AP, but negatively correlated with pH, salt and moisture; unclassified_c__Sordariomycetes was positively correlated with pH and polyphenol oxidase activity, but negatively correlated with catalase activity, >2 mm water-stable aggregates, alkaline phosphatase activity, OM, AP, salt, and moisture; Pseudallescheria was positively correlated with alkaline phosphatase activity, OM, AP, salt, and moisture, but negatively correlated with pH, catalase activity, polyphenol oxidase activity and >2 mm water-stable aggregates.



DISCUSSION

Knowledge of the effects of continuous cropping on different plants has accumulated rapidly over the past few years (Li et al., 2016, 2017; Fu et al., 2017; Qin et al., 2017). However, few studies have investigated the assembly process of the dominant microbial communities in the rhizosphere soil of long-term chili monocultures, particularly with regard to the determinants of abundant microbial community dynamics. Based on the analyses of environmental variables and high-throughput sequencing, the present study reveals distinct assembly processes governing the abundant subcommunities, and we also provide statistical evidence of potential environmental variables correlated with the assembly of dominant microbial communities in the rhizosphere of long-term chili monocultures.


Long-Term Chili Monoculture Alters Rhizosphere Soil Environmental Variables

Increasing number of years of chili monoculture generated significant changes in soil nutrient composition, with an overall increase in the nutrient content. Specifically, the levels of AP, AN, and HN increased linearly with increasing duration of the chili monoculture, whereas OM, AK, and NN showed nonlinear responses. The nonlinear responses were in some cases characterized by clear thresholds, where the parameters, including OM, AK, and NN, changed dramatically in magnitude or direction of response. The increasing contents of soil available nutrients in the chili monoculture over time resulted from the high chemical fertilizer inputs (Xiong et al., 2015b; Jiao et al., 2019).

The results of the present study revealed a significant decline in soil pH with the extension of the chili monoculture time, and the long-term application of chemical fertilizers, which might be the main factors resulting in declines in soil pH (Karlen et al., 1991; Li et al., 2016; Zhao et al., 2018). Another possible cause of soil acidification in chili cropping systems is the accumulation of phenolic acids from roots (Ehrenfeld et al., 2005; Li et al., 2016; Zhao et al., 2018). Moreover, the levels of soil salt and moisture showed nonlinear responses in this study. The utilization of low-quality irrigation water can lead to the accumulation of salts in the soil, since the leaching fraction is reduced and the salts contained in the irrigation water are not sufficiently leached (Machado and Serralheiro, 2017). Under salinity stress, plant growth is inhibited due to the low water potential and ion toxicity and imbalance caused by salinity (Kaouther et al., 2012).

Soil is primarily composed of microaggregates (<0.25 mm), which bind soil organic carbon and protect it from removal by erosion, and macroaggregates (0.25–2 mm), which limit oxygen diffusion and regulate water flow (Wilpiszeski et al., 2019). Soil aggregates are heterogeneous assemblages of OM and mineral particulates (Wang et al., 2019), and the distribution and relative abundance of micro- and macroaggregates also influence a soil’s bulk properties, including the organic carbon content, water content, and niche availability (Wilpiszeski et al., 2019). In this study, we found that most soil aggregates were nonlinearly changed. For mechanically stable aggregates, macroaggregates were increased, while microaggregates showed opposite trends; for water-stable aggregates, macroaggregates and microaggregates were decreased except for the 1–2 mm water-stable aggregates, and the macroaggregates with water-stable aggregates were the best structures in the soil, and the lower the content, the worse the agglomeration and stability of soil aggregates (Zhou et al., 2020). In a previous study, OM was found to be related to the formation of soil macroaggregates (>0.25 mm) (Liu et al., 2014a), and the balance between the formation and breakdown of macroaggregates determined macroaggregate turnover, having an indirect effect on microaggregate formation (Six et al., 2004). Additionally, small microaggregates assemble into progressively larger macroaggregates held together by organomineral complexes of fungi, roots, or derived organic matter (Wilpiszeski et al., 2019).

Soil enzymes mainly originate from microorganisms and plants and are closely associated with C, N, and P cycling in soil (Fu et al., 2017; Sanchez-Hernandez et al., 2018). Soil enzyme activities have been suggested as proper indicators of soil quality and functional microbial diversity because they control key metabolic pathways in soil. They could even provide insights into the uptake of nutrients in soil as affected by land management, such as cropping systems (Li et al., 2012; Xiong et al., 2015b). In this study, soil catalase and β-glucosidase activities significantly decreased, the results were consistent with the precious study that continuous monocropping of peanut and black pepper led to a decrease in soil enzyme activities (Li et al., 2012; Xiong et al., 2015b); polyphenol oxidase activity increased at 10 years and then decreased, implying that the decomposition of benzene compound might have been hindered. The reduction of polyphenol oxidase activity could lead to the accumulation of phenolic acids in soil, potentially causing peanut autotoxicity (Liu et al., 2012). The results of present study revealed a significant decline in soil pH and enzymatic activities under long-term continuous cropping system, which might limit the chili growth in fields.



The Determinants of the Dominant Microbial Community Dynamics

Environmental change mediates the dynamic balance of microbial communities and then influences the associated ecosystem function (Smith et al., 2016). Most studies have focused on the effects of continuous cropping on community composition, regardless of the determinants of the microbial community dynamics (Li et al., 2016, 2017; Fu et al., 2017; Qin et al., 2017). Here, we provide a more in-depth understanding of whether environmental variables correlate with the assembly process of dominant microbial communities in the rhizosphere of long-term chili monocultures.

In this study, at the phylum level, the Acidobacteria and Firmicutes were the two dominant phyla (Figures 4A,D), and Acidobacteria were the most common phyla in different agricultural systems (Xiong et al., 2015a,b). Firmicutes corresponded with soil-borne disease suppression (Xiong et al., 2015b), increasing continuous cropping duration was positively correlated with the relative abundance of Firmicutes (Figure 4D, R = 0.91, p < 0.0001), and the result was contrary to previous studies that Firmicutes were less abundant in disease conducive soils. The reason for the above result in this study may be that the plant recruitment of beneficial microbes to suppress soil-borne pathogen (Shi et al., 2019; Liu et al., 2021).

Many soil-borne diseases were caused by Fusarium, which contains many pathogenic species; thus, an increase in Fusarium abundance is likely to lead to plant disease (Xiong et al., 2015b; Gu et al., 2020). In this study, the relative abundance of Fusarium (Figure 6C) decreased with continuous cropping for 5 years, then increased, and 10 years and 20 years showed no significant change with 1 year in the chili rhizosphere soil samples, and the reason for this result may be the change of relative abundance of beneficial microbes. Bacillus is one of the most famous biocontrol bacteria and it is widely used in the biological control of various plant diseases (Shi et al., 2019) and increasing continuous cropping duration was positively correlated with the relative abundance of Bacillus (Figure 5B, R = 0.96, p < 0.0001). Moreover, based on ABT, VPA, and Mantel tests, Bacillus was positively correlated with >2 mm water-stable aggregates, alkaline phosphatase activity, moisture, salt, OM, and AP, but negatively correlated with pH, polyphenol oxidase activity and catalase activity. In a previous study, Bacillus amyloliquefaciens FZB42 improved the P status (Mpanga et al., 2020), and the inoculation of Bacillus isolates significantly increased the activity of alkaline phosphatase (Ramesh et al., 2011). Correlation studies of other dominant microbes and the environmental variables in this study have not been reported. Therefore, focused on the changes of the soil dominant microbial community in the field of chili growth promotion and disease resistance were important for chili production.

In previous studies, salt was identified as one of the most powerful environmental factors structuring microbial communities in aquatic and soil environments (Rath and Rousk, 2015). Soil moisture and other soil variables were closely related to the microbial community composition and biomass at the regional scale and in laboratory incubation (Ma et al., 2015; Zhou et al., 2017). Additionally, pH is widely recognized as an important factor shaping soil microbial composition. Based on ABT analysis and VPA as well as the Mantel test, the determinants of the dominant microbial community dynamics were moisture, salt and pH in this study. Globally, pH tends to decrease with N addition (Zhang X. et al., 2014; Tian and Niu, 2015), and in this study, the observed decresed in pH, increase in N, and even the increased N-cycling enzyme activity and decreased C-cycling enzyme seem to tell a story of abiotic nitrogen accumulation in these systems, which may be a driving force shaping the microbial community. Moisure and N are the two key factors that limit plant productivity in arid and semiarid grassland ecosystems, and the changes in the levels of these two factors profoundly influence the biodiversity and ecosystem functioning. N addition and watering may have combined effects on soil microbial communities (Zhang X. et al., 2014). N addition and water addition tends to reduce the relative abundance of Acidobacteria, and the possible mechanism underlying the responses of bacterial phyla to water addition in grasslands was that watering could increase nitrogen availability by stimulating the mineralization of soil organic matter (She et al., 2018), and the possible mechanism underlying the responses of bacterial phyla to N addition was that the decrease of soil pH was unlikely the mechanism of N addition effects on the decline of bacterial biomass because Acidobacteria was adapted to low pH conditions (Wang et al., 2018), however, Acidobacteria was negtivly correlation with pH in this study, it could be a difference in soil type (Zhang Y. et al., 2014); Firmicutes are suitable for the bioremediation in hypersaline conditions, and the remarkably higher Firmicutes abundance find in salinized farmland could be conducive to the improvement of soil salinization (Cheng et al., 2018), and also N addition led to an increase in the relative abundance of Firmicutes (Zhang X. et al., 2014), and the increase of Firmicutes may be the result of a combination of these two factors. Thus, exploring sustainable agricultural measures to improve soil pH and N, soil enzymatic activities and soil microbes are extremely important for the chili production and will be the focus of our future research.



CONCLUSION

The time-scale experiments of chili continuous cropping were used to assess the changes of soil environmental variables, and assembly of dominant microbial communities, as well as provides a new view on the improvement of soil continuous cropping barrier. In this study, long-term chili monoculture altered the rhizosphere soil environmental variables and changed the assembly process of the dominant microbial community. In addition, plant recruitment of beneficial microbes (Firmicutes and Bacillus) to suppress soil-borne pathogen (Fusarium), and the drivers of the dominant microbial community assembly in rhizosphere soil were soil moisture, abiotic nitrogen, pH, and salt.
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Soil fungal communities, which drive many ecosystem processes, vary across soil horizons. However, how fungal communities are influenced by soil horizon layers remains largely unstudied. In this study, soil samples were collected from the organic horizon (O horizon) and mineral matter horizon (M horizon) in two sites of Dabie Mountain, China, and the effects of the two horizons on the soil fungal community composition were assessed based on Illumina MiSeq sequencing. Our results showed that soil fungal community composition varied with soil horizons, and soil fungal species richness and diversity in the O horizon were significantly higher than that in the M horizon. Total organic carbon (TOC), total organic nitrogen (TON), alkali-hydrolyzable nitrogen (AHN), available potassium (AK), and available phosphorus (AP) significantly influenced fungal community composition, abundance, and diversity across the two horizons (P < 0.05). Furthermore, precipitation was found to have a significant effect on fungal community composition. Our results demonstrate changes in fungal communities across soil horizons and highlight the importance of soil organic matter on fungal communities and diversity.
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INTRODUCTION

Soil microorganisms play important roles in soil ecosystem functions (van Leeuwen et al., 2017). Importantly, the diversity and structure of soil microorganisms have been regarded as important indicators of soil function and quality (Huang et al., 2018). Fungi are integral to the soil microorganisms that drive many critical ecosystem processes, including the cycling of essential elements (e.g., carbon, nitrogen, phosphorus, and sulfur) and nutrients, litter decomposition, plant growth regulation, and influence on the coexistence and diversity of plant species (Teste et al., 2017; Yang et al., 2017; Liu et al., 2018). However, we still possess limited understanding of variations in soil fungal communities across different soil microenvironments (Shi et al., 2014; He et al., 2017). In recent years, high-throughput sequencing has not only enhanced our understanding of microbial community composition in forest types but also allowed us to better detect community compositions or changes in the proportions of specific taxa inhabiting many environments (Truong et al., 2017; Tedersoo et al., 2018; Větrovský et al., 2018).

Some studies have shown that fungal diversity and community composition vary according to soil profile (van Leeuwen et al., 2017; Yang et al., 2017). Variation in soil profiles is related to variation in soil horizons. Physical, chemical, microbial, and soil properties as well as their interactions with soil organic matter vary across soil horizons (Rumpel and Kögel-Knabner, 2011). The O horizon, with its higher level of soil organic matter content and darker color, is dominated by organic soil materials such as leaves, needles, twigs, moss, or lichens in various states of decomposition. The organic horizon represents a mixture of processed plant-derived organic matter and soil components. The M horizon, a mineral horizon forming below the O horizon, is characterized by a lower content of organic matter that originates from both decomposition of organic matter and exudation from abundant tree roots (Voríšková et al., 2014; Hartemink et al., 2020). Yang et al. (2017) studied fungal assemblages in two soil profiles using Illumina sequencing datasets and reported that fungal diversity in surface soils was much higher than that in subsurface soils. Soil fungal communities were mainly structured by soil properties, which may be determined by soil horizon rather than soil depth. However, Yang et al. (2017) found that soil properties alone could not sufficiently explain observed variations in the soil fungal communities of the Ngari drylands of the Asiatic Plateau. Variations in soil physicochemical properties between organic and mineral horizons are accompanied by changes in composition of resident fungal diversity and community composition (Du et al., 2017). Thus, it is worth exploring how fungal diversity, community composition, and assembly processes vary in accordance with soil horizons as well as potential principal driving factors.

Dabie Mountain in China is located in the transition zone between the southern warm-temperate and northern subtropical zones, belonging to the humid monsoon climate of the middle and lower reaches of the Yangtze River. The region is characterized by a montane deciduous broad-leaved forest ecology. The main vegetation types are broad-leaved forest or mixed coniferous broad-leaved forest. The area provides a good opportunity to study soil microbial communities due to the presence of its ancient soil strata, complex terrain, high level of vegetation diversity, and abundant rainfall. Although some research has been conducted on fungi around Dabie Mountain, the majority of these studies have focused only on entomogenous fungi or are limited to macrofungi (Wang et al., 2004). Accordingly, we sought to deepen our understanding of fungi in this region and better understand how fungal communities change across soil horizon layers. The specific objectives of the study were to (1) investigate any differences in fungal diversity and community composition between the organic horizon (O horizon) and mineral matter horizon (M horizon) and (2) explore the potential key influencing factors causing any observed differences. We hypothesized that (1) soil horizons mainly drive the variations of soil fungal community composition and diversity and (2) soil organic matter plays a chief role in shaping soil fungal community composition and diversity in microenvironments.



MATERIALS AND METHODS


Study Sites and Soil Sampling

Soil samples were collected from the Yaoluoping Nature Reserve (30°57′N−31°06′, 116°02′-116°11′E, elevation 1,076–1,313 m) and Tiantangzhai Nature Reserve (31°10′-31°15′N, 115°38′-115°47′E, elevation 1,113–1,188 m) of Dabie Mountain, Anhui Province, China, in the summer of 2018. Yaoluoping Nature Reserve is ~30 km from Tiantangzhai Nature Reserve. The region is subtropical, with a mean annual precipitation of 1375 mm and a mean annual temperature of 14°C. The main soil type is mountain brown soil. We utilized 12 experimental plots (10 × 10 m in size) in Tiantangzhai Nature Reserve and 10 experimental plots (10 × 10 m in size) in Yaoluoping Nature Reserve across three forest types (about 60 years old) due to the geographical constraints based on GPS coordinates (Figure 1). Each plot was separated from other neighboring plots by at least 100 m. Three identical forest types were selected in the two sites, and the dominant tree species in the three forest types were Cunninghamia lanceolata (Lamb.) Hook., Pinus huangshanensis Hsia, and a variety of broad-leaved tree species (Quercus glandulifera var. breviptiolata, Castanea seguinii, and Q. acutissima). Details on the environmental factors and soil chemical properties are listed in Supplementary Table 1. The climatic data used in our study were obtained from Yaoluoping and Tiantangzhai weather bureaus.


[image: Figure 1]
FIGURE 1. Sampling locations within two sites of Dabie Mountain (A) in Anhui Province, China. Subsamples in three subplots (B) were collected from the O and M horizon (C) of three forest types (D).


From each plot, five soil subsamples were taken from the organic horizon (loose and partly decayed organic matter, O horizon) and the M horizon (mineral matter mixed with some humus) using a cylindrical soil borer (Φ 3 cm) and spade. These subsamples were mixed and homogenized. Stones and roots were removed from fresh soil by hand and sieved through a 2-mm mesh. Soil samples were divided into two parts. One part was stored at −80°C for subsequent DNA extraction. The other part was air-dried soil property analysis. In total, 24 soil samples were taken from the Tiantangzhai Nature Reserve and 20 soil samples from the Yaoluoping Nature Reserve.



Soil Properties

Soil pH was determined in a soil:H2O (1:2.5) solution (NY/T1377-2007). Soil available phosphorus (AP) was analyzed using the Bray 1 method (NY/T 1121.7-2014) (Bray and Kurtz, 1945). The high-temperature catalytic combustion method was used to determine the total carbon (TOC), and the Kjeldahl method was used for determining total nitrogen (TON) content of the soil samples (Zhao et al., 2019). The organic carbon content of the soil was determined using the organic carbon–potassium dichromate oxidation spectrophotometric method (HJ615-2011). Soil available potassium (AK) was extracted with ammonium acetate (CH3COONH4) and measured with a flame photometer (NY/T 889-2004). Alkali-hydrolyzable nitrogen (AHN) was determined by the alkaline hydrolysis diffusion method (LY/T 1229-1999).



DNA Extraction and Illumina Sequencing

Total DNA from each sample was extracted from 0.2 g of soil using a E.Z.N.A™ Mag-Bind Soil DNA Kit (OMEGA M5635-02) following manufacturer instructions. The fungal internal transcribed spacer 2 (ITS2) rDNA region was amplified with the primer pair ITS3F (GCATCGATGAAGAACGCAGC) and ITS4R (TCCTCCGCTTATTGATATGC) (Nilsson et al., 2019). A two-step PCR was performed for ITS amplicon sequencing. The PCR products were purified by Agencourt AMPure XP (MagicPure Size Selection DNA Beads, Transgenic EC401-03). DNA sequences were analyzed using Illumina MiSeq 2 Platform to generate 300 bp paired-end reads. The pooled mixture was purified using a Qubit 3.0 DNA kit (Life Q10212).



Bioinformatics

Raw reads of the ITS region were collected in a MiSeq sequencing machine in fastq format. Primer sequences were modified using Cutadapt V1.10, and then tail region sequences were removed using a slightly lower mass value with Prinseq-lite V0.20.4 (Schmieder and Edwards, 2011). Paired-end reads were merged using Pear V1.9.4 (Zhang et al., 2014). Barcode and primer sequences were cut out using Prinseq-lite V0.20.4, and then N-part sequences, short sequences, and low-complexity sequences (about 200 bp) were removed (Schmieder and Edwards, 2011). Non-specific amplified regional sequences were removed after pretreatment using Usearch V8.1.1831, and then chimera sequences were identified and deleted using Uchime V4.2 (Edgar, 2010). Sequences were checked, and those with less than 80% similarity were eliminated using Blastn. Operational taxonomic units (OTUs) were generated using the Usearch algorithm V8.1.1831 by clustering sequence reads at the 97% similarity threshold (Edgar, 2010). The most abundant sequences were selected for each of the OTUs. Additionally, all singletons were removed during the Usearch clustering process (Edgar, 2010). A total of 1,954,690 sequences were obtained across the soil samples. The sequences ranged from 25,104 to 26,837 high-quality sequences per sample. The final results consisted of 25,044 OTUs in 44 soil samples. Sequencing data sets have been deposited in the NCBI Sequence Read Archive (SRA) database under accession no. PRJNA601887.



Statistical Analyses

Sequence alignment was analyzed in Unite (http://unite.ut.ee/index.php) and RDP databases (http://rdp.cme.msu.edu/misc/resources.jsp), and those with coverage and similarity below 90% remained unclassified (Wang et al., 2007). The fungal sequence data were rarefied to 25,044 reads per sample. Taxonomy was assigned to fungal OTUs using the RDP classifier (V2.12), based on Bergey's taxonomy, using naïve Bayesian assignment with a mini-confidence of 0.8 which was considered to represent phylum, class, order, family, genus, and species levels. The community compositions of OTUs in the two soil horizons are shown in the VENN figure by using the VennDiagram package in R (V3.2). The optimum similarity values of fungal OTUs and taxonomy were selected for statistical analyses based on the relationship between OTU numbers and similarities using Usearch (Edgar, 2010). The beta (β) diversity of fungal OTUs was estimated using Bray–Curtis in the Vegan package of R. Hierarchical clustering analysis was used to analyze the relationships between the two soil horizons based on the beta (β) diversity using the Unweighted Pair Group Method with Arithmetic mean (UPGMA) by Bray–Curtis. The rarefaction analysis was analyzed based on OTUs with 90% similarity. The alpha diversity of fungi in each soil horizon was analyzed using the Simpson index, Chao1, and the Shannon index using Mothur V1.30.1 (Schloss et al., 2009). Species richness and community compositions in different soil horizons and their significant differences were analyzed with Stamp (V2.1.3, P ≤ 0.05) and visualized in a heatmap using ggplot2 package in R. Linear discriminant analysis (LDA) effect sizes (LEfSe) were used to analyze significant differences between the two soil horizons using the Kruskal–Wallis (KW) sum-rank test and (unpaired) Wilcoxon rank-sum test. Principal co-ordinate analysis (PCoA) and nonmetric multidimensional scaling (NMDS) of fungal community compositions were conducted based on Bray–Curtis distance and unweighted UniFrac distance using Vegan package in R (Lozupone et al., 2007, 2010). The relationships between fungal communities, samples, and environmental properties were determined using multiple linear regression analysis and redundancy analysis (RDA), which were then used to identify the predominant environmental variables associated with fungal community composition. An analysis of similarities (Anosim) and permutational multivariate analysis of variance (PerMANOVA) were complementary non-parametric analyses based on the Bray–Curtis distance to measure significant differences in community compositions between the two horizons in the vegan package (Yang et al., 2017).




RESULTS


Soil Fungal Community Composition in Two Horizons

The high-throughput Illumina sequencing yielded a total of 16,103 OTUs from the O and M horizons at 90% sequence identity. The M horizons contained 9,738 OTUs from 967,885 sequences. The dominant fungal phyla across all samples were Ascomycota (36.59%) and Basidiomycota (34.87%), and other and unclassified (23.64%), followed by Rozellomycota (3.42%) and Mortierellomycota (1.48%) (Figure 2A). The O horizon contained 12,912 OTUs from 986,805 sequences (50.48% of all sequences in the filtered dataset) that were dominated by Ascomycota and Basidiomycota (Figure 2A). The dominant genera in the O horizon were Russula, Pseudocercosporella, Agaricus, Archaeorhizomyces, Cortinarius, and Mortierella. The M horizon contained 9,738 OTUs (49.52% of all sequences in filtered dataset) dominated by Ascomycota, Basidiomycota, and Mortierellomycota (Figures 2B–D). The dominating genera in the M horizon were Russula, Pseudogymnoascus, Sebacina, Leohumicola, Mortierella, and Archaeorhizomyces. The number of shared OTUs between the two soil horizons was respectively 3,790 and 3,541 at the Yaoluoping Nature Reserve and Tiantangzhai Nature Reserve (Figure 2B).
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FIGURE 2. Fungal abundance based on the hierarchy of genus and phylum (A) and Venn diagrams of shared and unique OTUs (B) in the O and M horizon at Dabie Mountain. UPGMA distance sample cluster tree and the fungal community composition based on family (C) and genus (D) level in the O and M horizon. TO represents the O horizon at Tiantangzhai Nature Reserve. TM represents the M horizon at Tiantangzhai Nature Reserve. YO represents the O horizon at Yaoluoping Nature Reserve. YM represents the M horizon at Yaoluoping Nature Reserve.


At the phylum levels, there were no significant differences in the abundance of Basidiomycota and Ascomycota between O and M horizons (Figures 3A,B). The abundances of Rozellomycota and Chytridiomycota were significantly higher in the O horizon than that in the M horizon (P < 0.05). The abundance of Mortierellomycota in the M horizon was significantly higher than that in the O horizon at the Tiantangzhai Nature Reserve, but there were no significant differences at the Yaoluoping Nature Reserve (P < 0.05) (Figures 3A,B). Most fungal genera had a significant difference between the two soil layers (Figures 3C,D). The abundances of Pseudogymnoascus, Archaeorhizomyces, and Leohumicola were significantly lower in the O horizon than in the M horizon at the Tiantangzhai Nature Reserve (P < 0.001) (Figure 3C). The abundance of Leohumicola was significantly lower in the O horizon, while Leptodontidium and additional unclassified fungi were higher at the Yaoluoping Nature Reserve (P < 0.001) (Figure 3D).
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FIGURE 3. Significantly altered fungal communities between the O and M horizon as measured by the response ratio method at the 95% confidence interval (Welch's t-test). Fungal communities of the O and M horizon based on phylum level at Tiantangzhai Nature Reserve (A) and Yaoluoping Nature Reserve (B), and fungal communities of the O and M horizon based on genus level at Tiantangzhai Nature Reserve (C) and Yaoluoping Nature Reserve (D).


LDA effect size (LEfSe) analysis revealed different biomarkers in two soil horizons from two sites (Figure 4A). Enrichment of Dothideomycetes, Pleosporales, Rozellomycota, Capnodiales, Mycosphaerellaceae, Pseudocercosporella, Sordariomycetes, Helotiales, and Didymellaceae were significant in the O horizon at the Tiantangzhai Nature Reserve. Enrichment of Agaricales, Agaricaceae, Cortinariaceae, Cortinarius, Atheliales, Atheliaceae, Entoloma sp, and Helotiaceae was significant in the O horizon at the Yaoluoping Nature Reserve. Enrichment of Pseudeurotiaceae, Thelebolales, Pseudogymnoascus roseus, Eurotiomycetes, Onygenales, Leotiomycetesm, and Amanitaceae was significant in the M horizon at the Tiantangzhai Nature Reserve. Enrichment of Russula, Archaeorhizomycetes, Leohumicola, Archaeorhizomyces, Archaeorhizomycetaceae, Archaeorhizomycetales, Helotiales, Cantharellales, Leohumicola minima, Herpotrichiellaceae, Umbelopsidomycetes, and Herpotrichiellaceae was significant in the M horizon at the Yaoluoping Nature Reserve. Furthermore, we observed significant species enrichment in the two profiles, and biomarkers of the same horizon also differed across locations.


[image: Figure 4]
FIGURE 4. Linear discriminant analysis effect size (LEfSe) among the four groups (A). Effects of soil horizon on fungal richness index (B), Chao1 index (C), and Shannon index (D). TO represents the O horizon at Tiantangzhai Nature Reserve. TM represents the M horizon at Tiantangzhai Nature Reserve. YO represents the O horizon at Yaoluoping Nature Reserve. YM represents the M horizon at Yaoluoping Nature Reserve. The lower case letters mean significant difference.




Soil Fungal Diversity in O and M Horizons

Soil fungal species richness in the O horizon was significantly higher than that in the M horizon (P < 0.001), and this depth-based trend was also statistically significant for predicted Chao1 in each site (Figures 4B,C; Table 1). The Shannon index of fungi in the O horizon was significantly higher than that in the M horizon at the Tiantangzhai Nature Reserve (P < 0.001), but no significant difference was found at the Yaoluoping Nature Reserve (Figure 4D). The Simpson index showed that there are significant differences between the O and M horizon (Table 1). There was no significant difference between the two sites in fungal species richness and diversity in the O horizon. While species richness and Chao1 were different in the Shannon index of fungi in the M horizon, no significant difference was found between the two sites.


Table 1. ANOVA results for the difference of fungal abundance, richness, and diversity between the O horizon and M horizon.

[image: Table 1]

The unweighted PCoA also showed that different soil horizons contained distinct OTUs at each site (Figure 5A). The first two principal components identified by PCoA accounted for 11% (PC1) and 10% (PC2) of overall soil OTUs, respectively. In the visualized two-dimensional NMDS plot, OTUs from the O horizon were very different from the M horizon, and a closer clustering of the points within each soil horizon, despite segregation among two sample sites based on Bray–Curtis distance (Figure 5B). Different soil layers exerted significantly different effects on fungal community structures based on genus, family, and order levels (PERMANOVA and Anosim, P < 0.005) (Table 2).


[image: Figure 5]
FIGURE 5. Principal coordinate analysis (PCoA) (A) and NMDS plot (B) on effect of soil horizon on fungal communities at the O and M soil horizons. TO represents the O horizon at Tiantangzhai Nature Reserve. TM represents the M horizon at Tiantangzhai Nature Reserve. YO represents the O horizon at Yaoluoping Nature Reserve. YM represents the M horizon at Yaoluoping Nature Reserve. TO represents the O horizon at Tiantangzhai Nature Reserve. TM represents the M horizon at Tiantangzhai Nature Reserve. YO represents the O horizon at Yaoluoping Nature Reserve. YM represents the M horizon at Yaoluoping Nature Reserve.



Table 2. Differences in fungal community composition between the O and M horizons, based on PERMANOVA (P) in R adonis function and Anosim (A).
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Relative Influences of Soil Properties on Fungal Communities of O and M Horizons

The abundance of OTUs was significantly correlated with the content of TOC, TON, AHN, AK, and AP, while the abundance of OTUs had no significant relationship with pH value and climatic variables (monthly mean temperature, humidity, and total precipitation) (P < 0.05). Furthermore, the Chao1 of the OTUs that had no significant relationship with the pH value was significantly correlated with TOC, TON, AHN, AK, AP, air temperature, air humidity, and the total month's precipitation (P < 0.05) (Supplementary Table 2). At the OTU level, RDA showed that TOC, TON, AHN, AK, and AP were significantly correlated with the fungal communities of the O horizon (Figure 6A). Moreover, pH negatively associated with the total precipitation of July was a crucial factor to OTU communities in the M horizon, but soil pH had a weak relationship with soil organic matter. At the genus level, the contents of TOC, TON, AHN, AK, and AP were significantly correlated with soil fungal communities in the O horizon, while they had no significant relationship with fungal communities in the M horizon (Figure 6B). Positively correlated pH and total precipitation in July were significant drivers of soil fungal communities in the M horizon at the Tiantangzhai Nature Reserve. However, they had a weak relationship with soil fungal communities at the Yaoluoping Nature Reserve (Figure 6B).


[image: Figure 6]
FIGURE 6. Ordination plots showing the results of the redundancy analysis (RDA) used to explore the relationships between fungal communities and soil properties and climatic variables at the OTU (A) and genus (B) levels. TOC refers to the total soil carbon, TON refers to the total soil nitrogen, AHN refers to the soil alkali-hydrolyzable nitrogen, AP refers to the available phosphorus, and AK refers to the soil available potassium. TPJul refers to the total precipitation of July at the site. pH refers to soil pH value. TO represents the O horizon at Tiantangzhai Nature Reserve. TM represents the M horizon at Tiantangzhai Nature Reserve. YO represents the O horizon at Yaoluoping Nature Reserve. YM represents the M horizon at Yaoluoping Nature Reserve.


Archaeorhizomyces, Pseudogymnoascus, Leohumicola, unclassified Helotiales, unclassified Onygenales of Ascomycota, and Mortierella of Mortierellomycota were significantly correlated with TOC, TON, AHN, AK, and AP content, while they had no significant relationship with pH (P < 0.05) (Supplementary Table 2). Certain Basidiomycota genera, such as Agaricus, Cortinarius, and Entoloma, had no significant relationship with TOC, TON, AHN, AK, and AP content. Russula (Basidiomycota) was significantly correlated with precipitation and humidity, while the genus had no significant relationship with soil properties. The genus Sebacina was significantly correlated with TON, but had no significant relationship with TOC, AHN, AK, AP, or any of the climatic variables measured. Pseudocercosporella of Ascomycota were significantly correlated with pH, AK, and climate conditions.




DISCUSSION

Although it is known that soil fungal diversity and composition vary across soil profiles (Guo et al., 2019; Zhang et al., 2019), unexplained variation in fungal communities across soil horizons can be attributed to the relationship between soil microenvironment and fungi. In this study, we investigated the effect of soil horizons on fungal communities in two sites. Our results provide solid evidence that soil horizons significantly affect fungal communities. Furthermore, fungal diversity and species richness were significantly higher in the organic horizon than in the M horizon, which was consistent with the findings of other studies (van Leeuwen et al., 2017; Yang et al., 2017). The contents of TOC, TON, AHN, AK, and AP in the O horizon were higher than those in the M horizon, which was in accordance with the results of Du et al. (2017). Fungal community composition, diversity, and abundance had significant relationships with soil organic matter. We speculate that nutritional trends in the soil profile, even small changes, can cause significant differences in fungal communities (Wakelin et al., 2016). Moreover, certain genera belonging to Ascomycota, such as Archaeorhizomyces, Pseudogymnoascus, Leohumicola, unclassified Helotiales, unclassified Onygenales, and Mortierella significantly correlated with soil organic matter. Soil organic matter for these genera was a dominant factor in the regulation of the soil fungal community composition and affected the establishment of fungal communities (Zhang et al., 2019). Our results support the theory that soil nutrients affect microbial diversity and microbial composition (Du et al., 2017). Soil organic matter has been shown to be a crucial driver for fungal communities in topsoil (Tian et al., 2017; van Leeuwen et al., 2017). The effects of nutritional differentiation on fungi can explain the variance between fungal structures in the two soil horizons. However, it was difficult to discern the effects of individual factors on fungal community composition and diversity as well as understand how factors affect fungal communities.

There was a more significant difference between the two soil layers than between the two sites, and no obvious variations in soil fungal communities were found between different sites in the O horizon. Our results agreed with other studies (Taylor et al., 2014; Yang et al., 2017) in which the soil horizon partitioning of fungal communities was shown at a regional scale alongside the uniform community composition of surface soil. Our results strongly suggest that changes in soil organic matter between the two soil horizons determined soil fungal communities rather than geographic distance. Some studies showed that forest type drives the variation of soil fungal communities (Ren et al., 2019; Sheng et al., 2019). In forest, tree species identity which largely determines litter resources can affect microenvironmental conditions by influencing soil nutrient content (Xiao et al., 2019). Forest type had significant effects on chemical properties, biological properties and nutrient cycles, but microbial diversity indices did not significantly differ among forest types (Kooch and Bayranvand, 2017; Nakayama et al., 2019). In the present study, we speculate that the similar fungal communities between the two sites may be due to similar forest types. However, we note that our study did not consider the effect of tree species community composition in each forest type on fungal communities.

Soil pH could be a good predictor of fungal community structure (Liu et al., 2018). However, we found that soil pH did not play a significant role in shaping the fungal communities observed in our study, such as Entoloma, Russula, Cortinarius, Agaricus, Archaeorhizomyces, and Leohumicola, which had no significant relationship with soil pH. A possible reason could be the adaption of fungal species to broad variations in soil pH (Rousk et al., 2010). Moreover, we speculate that ectomycorrhizal fungi, such as Entoloma, Russula, and Cortinarius, were mainly affected by host plant, whereas saprophytic fungi, such as Agaricus, Archaeorhizomyces, and Leohumicola, were more likely to be influenced by soil organic matter rather than soil pH. In this study, total monthly precipitation before sampling significantly affected soil fungal communities, especially for fungal communities from the M horizon, and our results suggest that precipitation plays an important role in determining fungal community structure, in agreement with past studies (Sheng et al., 2019). Water is the primary driver in ecological processes and significantly influences plant and microbial species diversity (Bell et al., 2009). Water is crucially needed for soil organic matter absorption and metabolism activities.

Ascomycota and Basidiomycota were the dominant phyla in the O and M horizons in the forest ecosystems of our study region (He et al., 2017; Wang et al., 2017; Liu et al., 2018). The dominance of these phyla in soils might be related to their ability to degrade complex lignocellulose components, close involvement in root exudation assimilation, and symbiotic relationships with plant roots in forest soils (Liu et al., 2018; Zhang et al., 2019). However, the abundances of Rozellomycota and Chytridiomycota in the O horizon were significantly higher than those in the M horizon. This may be because some species of the two phyla can be saprophytic and pathogenic on the residual limbs of plants and animals and also decompose their remains in topsoil (Zhang et al., 2019); moreover, Rozellomycota obtain nutrients by invading plants (Cai et al., 2011). Some species of Mortierellomycota, such as Mortierella horticola, M. zonata, and M. parvispora which are mycorrhizal or pathogenic forest fungi, were more abundant in the M horizon than in the O horizon. At the genus level, our results showed that Russula and Mortierella were the most dominant groups in the two soil horizons. Ectomycorrhizal fungi such as Russula (R. californiensis, R. cyanoxantha, R. foetens, R. subvinosa) usually forms symbiotic relationships with species of Pinus or Quercus. Mortierella, such as M. humilis, is known to be found in higher abundance in healthy soils (Gams et al., 1972). Previously, Tedersoo et al. (2020) proposed that root associations with mycorrhizal fungi benefit plants by enhancing their nutrient access and stress tolerance as well as mediate plant interaction with other soil microbes, such as helping plants obtain organic carbon from soil horizons through mycorrhizal networks (Kong et al., 2016). In this study, we speculate that soil horizons together with plants affect soil fungal communities.

Different fungal communities were detected in different soil horizons, similar to the observations of Voríšková et al. (2014). These authors found that Mycena, Sistotrema, and Cryptoccocus were the most abundant genera in the litter horizon, while Russula and Lactarius were enriched in the deeper horizons. Du et al. (2017) found that the abundance of Inocybe, Paxillus, and Agaricales showed marked differences with the soil profile. The community composition and abundances of soil fungi were found to vary between O and M horizons. This is likely because the amount of soil organic matter could influence fungal community composition (Sayer and Tanner, 2010; Guo et al., 2019). Moreover, based on the fungal groups present in each horizon, we speculate that fungi feeding on cellulose and lignin tend to occur in the O horizon (Zhang et al., 2019).



CONCLUSIONS

We explored changes in soil fungal communities and soil organic matter in both the O and M horizons at two sites around Dabie Mountain. Our results show that differences between the soil horizons significantly affect the fungal community structure at various taxonomical levels. Soil organic matter, along with TOC, TON, AHN, AK, and AP contents, is positively associated with fungal community composition, abundance, and diversity, so that a more prolific fungal community occurs in the O horizon. Climatic variables have only a slight effect on the fungal communities.
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Phytoextraction using hyperaccumulating plants is a method for the remediation of soils contaminated with trace elements (TEs). As a strategy for improvement, the concept of fungal-assisted phytoextraction has emerged in the last decade. However, the role played by fungal endophytes of hyperaccumulating plants in phytoextraction is poorly studied. Here, fungal endophytes isolated from calamine or non-metalliferous populations of the Cd/Zn hyperaccumulator Noccaea caerulescens were tested for their growth promotion abilities affecting the host plant. Plants were inoculated with seven different isolates and grown for 2 months in trace element (TE)-contaminated soil. The outcomes of the interactions between N. caerulescens and its native strains ranged from neutral to beneficial. Among the strains, Alternaria thlaspis and Metapochonia rubescens, respectively, isolated from the roots of a non-metallicolous and a calamine population of N. caerulescens, respectively, exhibited the most promising abilities to enhance the Zn phytoextraction potential of N. caerulescens related to a significant increase of the plant biomass. These strains significantly increased the root elemental composition, particularly in the case of K, P, and S, suggesting an improvement of the plant nutrition. Results obtained in this study provide new insights into the relevance of microbial-assisted phytoextraction approaches in the case of hyperaccumulating plants.
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INTRODUCTION

Among the different phytoremediation approaches applied, phytoextraction using hyperaccumulating plants is a method for the remediation of soils contaminated with trace elements (TE) (Robinson et al., 1998; Zhao et al., 2003; McGrath et al., 2006). Among the TE targeted for phytoextraction applications, cadmium (Cd) and zinc (Zn) are of particular interest, as they are found at elevated levels in soils mainly due to anthropic activities such as mining, smelting, the use of domestic and industrial wastes or the burning of fossil fuels, causing serious environmental problems worldwide (Alloway, 2013; Su et al., 2014). Cadmium is considered one of the most toxic non-essential elements for plants (Clemens and Ma, 2016), and Zn has phytotoxic effects when present in excess in plants (Kabata-Pendias, 2010). Among the various hyperaccumulators, Noccaea caerulescens (J. & C. Presl) F. K. Mey (Brassicaceae) is one of the species with the highest ability to tolerate and accumulate Cd and Zn (Lombi et al., 2000; McGrath et al., 2006). In situ, N. caerulescens can concentrate up to 2,890 μg Cd g–1 and 53,450 μg Zn g–1 in dry shoots (Reeves et al., 2001); however, significant variations in metal accumulation depend on the populations and edaphic type (Gonneau et al., 2014; Sterckeman et al., 2017). Among all the known populations, the calamine Ganges ecotype is the most studied due to its high capacity to accumulate Cd and its tolerance to Cd and Zn (Assunção et al., 2003; Gonneau et al., 2014).

Recent studies aimed to optimize the phytoextraction efficiency of N. caerulescens by maximizing both the biomass production and metal concentration in plants. According to Escarré et al. (2013), shoot concentrations tend to be restricted to a physiological maximum, limiting the possibility of improving this factor. There is, however, high potential for improvement in the biomass factor in the case of N. caerulescens (Sterckeman et al., 2017). Various levers have been investigated to increase biomass production, such as the selection of high-growth rate cultivars (Sterckeman et al., 2017, 2019) and the development of adequate cultural practices (Maxted et al., 2007; Jacobs et al., 2018a,b; Rees et al., 2020), including the addition of biological amendments. Indeed, we previously demonstrated that several DSE strains isolated from poplar roots collected from TE-contaminated sites were able to colonize the roots of N. caerulescens, with plant responses ranging from neutral to beneficial (Yung et al., 2021b). We also identified two promising fungal strains for the fungal-assisted phytoextraction of Cd and Zn with N. caerulescens. However, the diversity of the fungal endophytome of Zn- and Cd-adapted N. caerulescens and the effect of potentially plant-growth promoting (PGP) native fungal strains on the phytoextraction potential of the plant have not yet been investigated.

Over the last decade, the concept of microbial-assisted phytoremediation (MAP) has developed. When applied to phytoextraction, it consists of inoculating metal-(hyper)accumulating plants with plant-associated microorganisms to enhance metal recovery rates (Thijs et al., 2016; Benizri et al., 2021). MAP is based on the ability of PGP microorganisms such as PGP rhizobacteria (Hansda et al., 2014), endophytic bacteria (Ma et al., 2016), arbuscular mycorrhizal fungi (Ciadamidaro et al., 2017; Miransari, 2017; Berthelot et al., 2018), ectomycorrhizal fungi (Ciadamidaro et al., 2017; Phanthavongsa et al., 2017; Gil-Martínez et al., 2018), and endophytic fungi (Lacercat-Didier et al., 2016; Berthelot et al., 2017, 2018; Deng and Cao, 2017) to enhance plant development, health, tolerance to abiotic stress and resistance to phytopathogens (Kong and Glick, 2017; Thijs et al., 2016; Otero-Blanca et al., 2018; Durand et al., 2021). Additionally, root-associated microorganisms are able to increase the mobility of TEs in the soil, suggesting that their presence is essential for plants to reach their full phytoextraction potential (Lebeau et al., 2008; Sessitsch et al., 2013). In this context, hyperaccumulating plants and associated microorganisms could be considered together as plant-microbiome superorganisms (Bosch and McFall-Ngai, 2011), in which the microbial component acts as a dynamic system, increasing the adaptability of the plant-microbiome superorganism under environmental pressure (Durand et al., 2021). Indeed, in the case of TE-enriched soils, the host plant can promote metal-tolerant beneficial microorganisms from the enormous and diverse pool of microorganisms present in the bulk soil (Becerra-Castro et al., 2012; Álvarez-López et al., 2016; Yung et al., 2021a). Detecting and isolating these preferentially selected microorganisms represents a preliminary step of MAP.

The diversity of potentially PGP fungi and bacteria associated with N. caerulescens has been poorly investigated (Visioli et al., 2015a). Bacterial endophytes of N. caerulescens were mainly studied utilizing cultivation-dependent methods (Aboudrar et al., 2007; Visioli et al., 2014). Recently, 16S DNA profiling has been used to investigate root-associated bacterial communities (Visioli et al., 2019) and endophytic bacterial communities associated with seeds (Durand et al., 2021) of N. caerulescens. Several promising strains of metal-resistant or PGP endophytic bacteria have already been isolated (Visioli et al., 2014; Fones et al., 2016; Burges et al., 2017), and their potential to improve biomass production and metal accumulation has been tested in planta (Visioli et al., 2015b; Burges et al., 2017). Like most plants belonging to the Brassicaceae family, N. caerulescens is a recognized non-mycorrhizal plant, suggesting that endophytic fungi may be the dominant group of symbiotic fungi inhabiting its roots. However, its fungal endophytome has been poorly studied thus far. The first data about the cultivable fungal diversity associated with the roots and leaves of N. caerulescens grown on Ni-enriched soils were recently reported (Ważny et al., 2021). Among the 13 taxa isolated, most of the strains showed a positive effect on the production of plant biomass and on Ni accumulation in roots and/or shoots. Additionally, Ważny et al. (2021) reported that shoots accumulated more Ni when the plants were inoculated with a strain of Phomopsis columnaris isolated from N. caerulescens, highlighting the importance of selecting indigenous strains. However, indigenous fungal strains have not been tested for their effect on Cd/Zn phytoextraction.

By examining fungal endophytes isolated from calamine or non-metalliferous populations of N. caerulescens, this study therefore aimed to (i) characterize some of their PGP abilities and their influence on the mobility of TE through in vitro tests, (ii) assess their capacity to colonize the roots of the hyperaccumulating plant N. caerulescens, (iii) study their effect on plant growth, leaf pigment contents and mineral nutrient status, and (iv) determine their impact on the accumulation and phytoextraction of Cd and Zn.



MATERIALS AND METHODS


Fungal Endophyte Isolation and Identification

Isolation of fungal endophytes from the roots and leaves of 58 individuals of N. caerulescens from seven populations (around eight plants per population) collected in two regions of France (Grand Est and Occitanie) was performed, with plants from each region corresponding to a genetic subunit (Gonneau et al., 2017). The full description of the cultivable fungal endophytome of N. caerulescens will be described elsewhere (unpublished results). Once collected, plant parts were carefully washed with tap water, surface-sterilized by immersion in 30% (v/v) H2O2 for 30 s and finally rinsed three times with sterile distilled water. For each plant, 15 root segments of 1 cm and 15 leaf fragments of 1 cm2 were placed on malt extract agar (MEA, malt extract: 12 g/L and agar: 15 g/L, pH 5.5) at 24°C in the dark. Ampicillin and chloramphenicol (100 μg/ml) were also added to the medium to avoid bacterial development. After 15 days of growth, fungal mycelium growing out of the plant tissues was isolated and subcultured in new MEA plates for 3 weeks.

For this experiment, we considered seven strains that were molecularly identified. Fungal DNA was first extracted (100 μL) using a REDextract-N-AmpTM Plant PCR kit (Sigma-Aldrich, Saint-Quentin Fallavier, France) according to the manufacturer’s instructions. The internal transcribed spacer (ITS) region was then amplified using ITS1 and ITS4 primers (White et al., 1990). Twenty microliters of a mixture containing 0.1 μM of each primer, 1 μL of the fungal extract, 8.2 μl of water and 10 μl of REDExtract-N-Amp PCR ready mix was used. The following PCR program was used: 3 min denaturation at 94°C, followed by 40 cycles of 94°C for 30 s, 55°C for 30 s and 72°C for 75 s and 10 min final extension at 72°C. The DNA quality and quantity were assessed by agarose gel electrophoresis using Molecular Imager® Gel DocTM XR (Bio-Rad, United States). Fungal amplicons were then sequenced using the Sanger method (Eurofins, Germany). The obtained ITS sequences were used to retrieve similar sequences from GenBank using the NCBI BLASTn program.



Indole Acetic Acid Production

The quantities of indole acetic acid (IAA) produced by the seven strains were determined by inoculating 40 mL of potato dextrose broth (PDB, pH 5.2) supplemented or not with 0.2% (m/v) tryptophan with six discs of mycelium of 5 mm in diameter (n = 3). The fungal cultures were incubated at 24°C for 10 days with constant shaking at 150 rpm. They were subsequently centrifuged at 10,000 g for 6 min to separate the supernatant from the fungal biomass. The mycelium was dried at 60°C for 2 days and weighed using a precision balance (Mettler AE 163 analytical). One hundred μL of the supernatant was mixed with 400 μL of Salkowski’s reagent, which is a solution comprising 0.5 M FeCl3 and 35% perchloric acid (Platt and Thimann, 1956). The production of IAA was evidenced by the development of a pink color after a 30 min incubation in the dark. A semi-quantitative measure of the quantity of produced IAA was obtained by measuring the absorbance of the solutions supplemented with tryptophan at a wavelength of 530 nm, subtracting the absorbance of the solution without tryptophan and comparing it to a standard curve of IAA. The semi-quantitative concentrations of IAA were expressed per gram of mycelium (μg/g).



Zinc and Cadmium Mobilization From the Soil

The ability of the seven fungal strains to mobilize Cd and Zn from the soil was estimated using the fungal extracts from the previous culture made in PDB without tryptophan (n = 3). The supernatants were filtered at 0.2 μm, and the pH of the filtrates was measured. Four milliliters of the filtrates were rotary shaken for 2 h at room temperature with 0.8 g of sterilized and dried Cd/Zn-contaminated soil used for the inoculation assay. Controls consisted of 0.8 g aliquots of the same soil incubated with 4 ml of fresh PDB with the pH adjusted to 3.4, 3.9, or 4.2 (pH range of the fungal extracts) or without adjustment (pH 5.2, corresponding to the original pH of the medium used for the fungal cultures). After centrifugation (7,000 rpm, 5 min), filtration at 0.45 μm and acidification at 5% with HNO3, the concentrations of Zn and Cd in the filtrates were determined by inductively coupled plasma optical emission spectrometry (ICP-OES, iCap 600, Thermo Fischer Scientific, Pittsburgh, PA, United States). Cadmium and Zn concentrations were expressed per g of mycelium. The ability to mobilize Zn and Cd from contaminated soil was estimated by measuring the difference in Cd and Zn concentrations (μg/g of soil per g of mycelium) between soil mixed with fungal extract and soil mixed with pH 5.2 PDB.



Phosphate and Zinc Solubilization Activity

The ability of the seven fungal strains to solubilize phosphate and Zn was determined by inoculating the strains onto solid Pachlewski medium [2.3 g/L C4H12N2O6, 0.5 g/l KCl, 1 g/L MgSO4, 7H2O, 5 g/L maltose, 20 g/L glucose, 10 μL/L thiamine HCl (1 g/L) and 100 μL/L Kanieltra solution, pH 5.5] supplemented with 12.5 g/L Ca3(PO4)2, 3 g/L ZnO, 5.5 g/L ZnCO3 or 5.25 g/L Zn3(PO4)2 (n = 4). Agar plates were covered with a sterile cellophane membrane and inoculated with 1 cm2 agar mycelial plugs. After 7 days of culture at 24°C, the diameters of both the colonies and the solubilization halos were measured. Finally, the solubilization index was calculated as the “diameter of the solubilization halo” over the “diameter of the colony” ratio.



Siderophore Production

The siderophore production of the seven fungal strains was tested on chrome azurol S agar plates (n = 4). Fungal strains were grown on plates half-filled with Fe-free M9 medium (3 g/L C4H12N2O6, 1 g/L NH4Cl, 6 g/L Na2HPO4, 0.5 g/L NaCl, and 4 g/L glucose). After 12 days of growth at 24°C, fungal colonies were removed together with the cellophane membranes, and the plates were filled with a CAS-blue agar overlay. The overlay medium (pH 6.8) was made of (per L) chrome azurol S (CAS) 60.5 mg, hexadecyltrimetyl ammonium bromide (HDTMA) 72.9 mg, piperazine-1,4-bis(2-ethanesulfonic acid) (PIPES) 30.24 g, 20 mL of FeCl3 (10 mM) prepared in HCl (100 mM) and agarose (0.9%, w/v) (Pérez-Miranda et al., 2007). A change in color from blue to orange observed in the overlaid medium evidenced the production of siderophores. The siderophore index was calculated as the “diameter of the orange halo” over the “diameter of the colony” ratio.



Experimental Design of the Pot Experiment

A pot experiment was conducted with sandy-loamy soil taken from the top horizon of agricultural soil located at Chenevières (Grand Est, France), which was previously spiked with Cd, Pb, Cu, and Zn and used for the cultivation of N. caerulescens as part of previous studies (Sterckeman et al., 2017, 2019). At the beginning of the present study, the Cd and Zn concentrations were 3.6 and 649 mg/kg, respectively. Some physico-chemical parameters of the soil are provided in Supplementary Table 1. The seeds of N. caerulescens originated from a metallicolous population from a mining site located in Ganges [Occitanie, France, Gonneau et al. (2014)]. The seeds were sown in a sterilized mix (v/v) of compost (75%) and sand (25%) and placed in a growth chamber. Seven weeks after germination, plants of similar developmental stages were selected for the pot experiment.

In the present study, we tested seven fungal endophytic strains (DBF60, DBF79, DBF81, DBF107, DBF108, DBF129, and DBF159) originating from the collection of strains isolated from N. caerulescens. They were selected based on their potential as PGP fungi, according to their description in the literature. The production of inoculum and the soil inoculation procedure are fully described in Yung et al. (2021b). As a control treatment (CTRL), we mixed one aliquot of soil with perlite containing fungus-free agar plugs. Five replicates were considered for each fungal treatment, and four were considered for the mock-inoculated treatment. Seedlings were transplanted into 40 plastic pots (8 treatments × 5 replicates) of 500 mL volume (8.6 cm in diameter) previously loaded with 400 g of the inoculated soils. The pots were then placed in a growth chamber with 16 h of light at 22°C and 8 h of darkness at 18°C, 70% relative humidity and a photon flux density of 200 μmol photons m–2 s–1 in the PAR range. Water was supplied every 2 or 3 days to 80% of the field capacity.



Estimation of NBI and Pigment Indices

Chlorophyl, flavonoid and anthocyanin contents in leaves of N. caerulescens and the nitrogen balance index (NBI) were measured using a dual-excitation fluorimeter DUALEX® SCIENTIFIC+ (Force-A, Orsay, France). Full details about the analytical method are available in Yung et al. (2021b). These measurements were carried out on five mature leaves per plant at the end of the experiment.



Plant Harvesting, Biomass Determination and Analysis of Trace and Major Elements

After 8 weeks of growth, roots and shoots were harvested and separated. Shoots were thoroughly washed with tap water and rinsed with deionized water. Soil was removed from the roots first by washing them with tap water and then by immersing them in 37.6 mM tetrasodium diphosphate for 16 h. The plant samples were then dried at 70°C for 48 h and weighed. Dried samples (0.5 g) were ground and digested according to the protocol detailed in Yung et al. (2021b). Trace and major elements were analyzed by ICP-OES. Control samples from N. caerulescens with known compositions (according to internal analyses carried out by INRA-USRAVE, Villenave d’Ornon, France), as well as a certified solution (EU-H-2, SCP Science, Courtaboeuf, France), were included in all analyses as quality controls.



Estimation of the Rate of Fungal Colonization of Plant Roots

To estimate the colonization rate of plant roots by the inoculated endophytes, root segments were labeled with 20 μg/mL WGA-AF®488 (Invitrogen, France) (Berthelot et al., 2016) and observed by fluorescence microscopy. Labeled roots were cut into 10 mm segments (20 per plant) that were assessed separately using a microscope. The rate of root colonization (semi-quantitative) by fungal strains was estimated by assessing the frequency of microsclerotia and typical intracellular hyphae.



Statistical Analyses

Statistical analyses were performed with R software v.3.5.1 (R Development Core Team, 2015). All statistical tests were considered significant at P ≤ 0.05. The mean values of the variables obtained from the in vitro tests of the inoculated strains were compared using Tukey’s HSD or the Kruskal–Wallis post hoc test to classify the strains according to their PGP abilities and their capacity to modify the mobility of Cd and/or Zn in the soil.

A multiple-factor analysis (MFA, “FactomineR” package) was used to evaluate the influence of the seven tested strains on (i) plant shoot and root biomass production, (ii) leaf pigments and NBI, and (iii) the concentrations of trace and major elements in roots and shoots. The latter variables and the amounts of extracted Cd and Zn (concentration of Cd/Zn in leaves × biomass) were then analyzed by comparing the CTRL treatment with the seven fungal treatments using an analysis of variance (ANOVA) followed by a Dunnett test in the “multcomp” package. The adequacy of the data from each measurement with respect to the ANOVA models was verified by examining the residuals for independence (Durbin-Watson test, “car” package), normality (Shapiro test) and homogeneity (Levene test). If the latter assumptions were not validated after “sqrt” or “log” transformation of the data, a Wilcoxon pairwise test with a Holm correction of the p-value was used.



RESULTS


Taxonomic and Functional Description of the Fungal Isolates

Among the collection of endophytic strains isolated from the parts of N. caerulescens, the seven strains studied in the present study were isolated from populations originating from two calamine stations (Ganges and Montdardier; Occitanie, France) and two non-metallicolous stations located in Croix des Moinats (Grand Est, France) and Baraquette (Occitanie, France) (Gonneau, 2014). DBF79, DBF81 and DBF129 were isolated from leaves, while DBF60, DBF107, DBF108 and DBF159 were isolated from roots. The molecular identification enabled assignment, with sequence identities of 99–100% (Table 1), of the following affiliations. DBF60 (Metapochonia rubescens), DBF81 (Trichoderma harzianum) and DBF159 (Microdochium bolleyi) belong to Sordariomycetes, DBF79 (Alternaria thlaspis), DBF107 (Cladosporium sp.), and DBF129 (Cladosporium cladosporioides) belong to Dothideomycetes, and DBF108 (Phialophora mustea) belongs to Eurotiomycetes.


TABLE 1. Taxonomic identification of the fungal isolates and the origin of their host plant.

[image: Table 1]The isolates were further characterized for their ability to promote plant growth through in vitro tests. To determine the ability of the isolates to assist Fe uptake by plants, siderophore production using the CAS-blue agar assay was carried out. The color change of agar from blue to orange was only observed in the case of DBF60, indicating that this strain was the only one able to produce siderophores (Table 2). The ability of the tested strains to produce IAA was determined through a colorimetric assay. The seven isolates had the ability to produce IAA with concentrations ranging from 1.0 to 4.1 μg/g DW of mycelium (Table 2). DBF81 produced the lowest IAA quantities. Tricalcium phosphate and various forms of Zn supplemented in Pachlewski medium were used to test the ability of the isolates to solubilize insoluble phosphate and Zn. All isolates had the ability to solubilize tricalcium phosphate (Table 2). DBF60, DBF81, and DBF159 were also able to solubilize Zn3(PO4)2. Moreover, DBF60 and DBF81 had the ability to solubilize ZnCO3 and ZnO (Table 2).


TABLE 2. Plant growth promotion properties of the seven endophytic isolates.

[image: Table 2]The ability of the isolates to mobilize metals was further tested by measuring the concentrations of Zn and Cd mobilized from contaminated soil by the filtrates of the fungal cultures. All strains had the ability to increase the mobility of Zn and Cd from the soil when compared to the control medium (pH 5.2; no fungus cultivated; P < 0.05). DBF81, DBF107, and DBF129 had the highest ability to mobilize both Zn and Cd (Table 3). Filtrates obtained from the culture of DBF81, DBF107, and DBF129 had pH values spanning from 3.3 to 3.6. The filtrates of the other strains were less acidic (pH ≥ 3.9) (Supplementary Figure 1). A highly significant negative correlation (r = −0.90; P < 0.001) between the pH and Cd concentrations mobilized by the fungal filtrates was found (Supplementary Figure 1). The same finding was observed for Zn (r = 0.91; P < 0.001; Supplementary Figure 1). However, according to the slopes of regression lines drawn for fungal extracts and for control media (Supplementary Figure 1), fungal extracts, particularly the DBF60, DBF81, and DBF129 extracts, mobilized more Cd and Zn compared to the control media adjusted to equivalent pH values.


TABLE 3. Ability of the seven endophytic isolates to mobilize Zn and Cd from contaminated soil.

[image: Table 3]


Ability of the Endophytic Isolates to Colonize the Roots of Noccaea caerulescens

After inoculation with the seven DSE strains (DBF60, DBF79, DBF81, DBF107, DBF108, DBF129, and DBF159), typical structures of fungal endophytes in labeled roots were observed and quantified. We detected thin extracellular hyphae located on the root surface and within root tissues for all endophyte-inoculated treatments. Notably, twisting septate hyphae located within the cortical cells of roots were also found (Figure 1D). The root surface of DBF60-inoculated plants was highly colonized by fungal hyphae (Figure 1B), although intracellular hyphae associated with conidiospores were also detected (Figure 1E). In the case of DBF79 and DBF107, hyphae were often parallel to the vascular tissues (Figure 1F). For most of the inoculated roots and particularly for DBF79- and DBF129-inoculated plants, we detected a high number of intracellular conidiospores (Figure 2C). Contracted hyphae forming intracellular structures such as microsclerotia were observed in DBF108-inoculated roots (Figure 1D). However, the success of root colonization by the endophytes depended on the strain (Figure 1A). With a mean colonization rate <5%, DBF81, DBF107, and DBF129 poorly developed within the roots of N. caerulescens. DBF79- and DBF60-inoculated plants had mean colonization rates of 9.3 and 17.0%, respectively, corresponding to intermediate values. Conversely, DBF159 and DBF108 highly colonized the roots of N. caerulescens, with mean colonization rates of 38.6 and 67.8%, respectively.


[image: image]

FIGURE 1. Root colonization of N. caerulescens inoculated by the endophytic isolates. (A) Level of fungal colonization for each strain (n = 5) based on the fluorescence microscopy observation of fungal structures within roots after labeling with WGA-AF488. Fungal structures were absent in mock-inoculated plants. (B) Intracellular colonization of the entire roots by DBF60. (C) Intracellular hyphae associated with conidiospores in DBF107-inoculated plants. (D) Contracted hyphae forming microsclerotia in DBF108-inoculated plants. (E) Intracellular hyphae associated with conidiospores in DBF60-inoculated plants. (F) Intracellular hyphae parallel to the vascular tissues and following the wall of cortical cells. Scales bars = 50 μm.



[image: image]

FIGURE 2. Multiple factor analysis included plant biomass [dry shoot biomass (DSB) and dry root biomass (DRB)], concentration of trace and major elements in roots (“.R”) and shoots (“.S”), and pigment index [anthocyanin (“ANT”), chlorophyll (“CHL”) and flavonoid (“FLA”)] variables for N. caerulescens grown in metal-contaminated soil and inoculated with seven endophytes. (A) Projections of element vectors on the two dimensions. (B) Projection of the groups [plants inoculated with the fungal strains and mock-inoculated (CTRL)], with confidence ellipses.




Influence of Fungal Inoculation on the Biomass of Noccaea caerulescens

As suggested by the MFA, the contribution of variables related to growth parameters [dry shoot biomass (DSB) and dry root biomass (DRB)] to the variability was quite high (Figure 2A). At the end of cultivation, the mean biomass of mock-inoculated N. caerulescens was 61 mg DW for roots and 206 mg DW for shoots, while endophyte-inoculated treatments ranged from 87 to 124 mg DW for roots and from 215 to 385 mg DW for shoots (Figure 3).


[image: image]

FIGURE 3. Effect of endophyte inoculation on the root (left) and shoot (right) biomass production of N. caerulescens. Plants were grown for 2 months on metal-contaminated soil and were either inoculated with a fungal strain (n = 5) or mock-inoculated (CTRL, n = 4). Significant differences (ANOVA, Dunnett test) between the CTRL condition and the fungal treatments are represented with the following legend: ∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001.


DBF79-inoculated plants showed a significant effect on biomass production by increasing the mean root (P < 0.01) and shoot biomass (P < 0.001) by 69 and 65%, respectively, compared to those of the mock-inoculated plants (Figure 3). DBF60 also increased the biomass production of N. caerulescens by 48% for roots (not significant) and 47% for shoots (P < 0.05) compared to the CTRL treatment. Plants inoculated with DBF107, DBF108, DBF129, and DBF159 tended to produce more root and shoot biomass; however, the substantial inter-sample variability did not allow us to confirm this result statistically (Figure 3). This tendency was not found for plants inoculated with DBF81.



Influence of Endophytes on the Leaf Pigments and Mineral Nutrition of Noccaea caerulescens

The chlorophyll content in the leaves of DBF60-inoculated plants was significantly increased compared to that in the mock-inoculated plants (P < 0.01), while the anthocyanin content was reduced (P < 0.05) (Figure 4). The other endophytic strains had no significant influence on the content of leaf pigments or NBI (Figure 4). However, when compared to the CTRL treatment, inoculation with the six other strains tended to slightly decrease the anthocyanin index of leaves, while chlorophyll, flavonoid and NBI indices did not show any particular trend (Figure 4).
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FIGURE 4. Effect of endophyte inoculation on the leaf pigment contents and nitrogen balance index (NBI) of N. caerulescens. Plants were grown for 2 months on metal-contaminated soil and were either inoculated with a fungal endophyte strain or mock-inoculated (CTRL). Data are the means ± SE (n = 5 for the fungal treatments and n = 4 for the mock-inoculated treatment). Significant differences (ANOVA, Dunnett or Wilcoxon pairwise test) between the CTRL condition and the fungal treatments are represented with the following legend: ∗P < 0.05; ∗∗P < 0.01.


All strains influenced the mineral nutrition of N. caerulescens when inoculated, as they induced significant effects on the elemental composition of roots and shoots, although the effects were more pronounced in roots (Supplementary Table 2). According to the MFA, the groups of variables related to the root nutrient and TE status and shoot pigment content had the highest contributions to the variability for dimension one. Dimension two was mostly explained by the groups of variables related to the shoot nutrients and TE status and biomass production (Figure 2A and Supplementary Figure 2). The cluster corresponding to plants inoculated with DBF60, DBF79, DBF81, and DBF107 differed from those of the other treatments due to its different nutritional status (Figure 2B). The inoculation of N. caerulescens with DBF60, DBF79, and DBF81 increased the root concentrations of Ca (+86, +149, and +199%, respectively; P < 0.01), K (+401, +429, and +656%, respectively, P < 0.01), Mg (+48, +69, and +102%, respectively, P < 0.05), P (+302, +329, and +391%, respectively, P < 0.01) and S (+143, +164, and +223%, respectively, P < 0.01) compared to the CTRL (Figure 5). Among these three strains, only DBF60 had a significant influence on the elemental composition of leaves by increasing K concentrations by 32% and slightly decreasing Al,
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FIGURE 5. Effect of fungal endophytes on the elemental composition of roots and leaves of N. caerulescens. Data represent the variations (%) of the concentrations of macroelements in roots or leaves of endophyte-inoculated plants in comparison to those of the mock-inoculated plants. Asterisks denote significant differences (ANOVA, Dunnett test) between a given fungal treatment and the control condition with the following legend: ∗∗P < 0.01; ∗P < 0.05.


Fe and Mn concentrations (P < 0.05) (Figure 5). DBF107 had a significant influence on the root concentrations of K (+518%, P < 0.05), Mg (+68%, P < 0.05), and P (+378%, P < 0.01) and on the leaf concentrations of Ca (−25%, P < 0.01), Mg (−23%, P < 0.05), and S (−55%, P < 0.05) (Figure 5). Inoculation of N. caerulescens with DBF108, DBF129, and DBF159 had only slight effects on the nutrient concentrations in leaves and roots (Figure 5).



Influence of Fungal Strains on the Phytoextraction Potential of Noccaea caerulescens

Globally, the mean Cd concentrations in N. caerulescens were 22.3 mg/kg DW for roots and 23.3 mg/kg DW for leaves, which corresponds to values sixfold higher than the concentrations found in the soil. The mean Zn concentration of N. caerulescens roots was approximately twofold lower than the mean soil concentration, while leaves accumulated 1,662.7 mg Zn/kg DW, corresponding to 2.6-fold the mean soil concentration.

As previously observed for macroelements, the group comprising DBF107, DBF60, DBF79 and DBF81 tended to have higher concentrations of Cd and Zn in roots of N. caerulescens when inoculated, while DBF108, DBF129, and DBF159 showed no effect (Figure 6A). The concentrations of Cd in roots increased by 102% for DBF107-inoculated plants (P < 0.01), by 38% for DBF60-inoculated plants (not significant) and by 57% for DBF79-inoculated plants (not significant) compared to the mock-inoculated plants (Figure 6A). The latter endophytic strains as well as DBF81 also tended to increase Zn concentrations in roots from 43 to 56% compared with the CTRL treatment, although not significantly (Figure 6A). None of the tested strains significantly increased the TE concentrations in the leaves of N. caerulescens (Supplementary Table 3).


[image: image]

FIGURE 6. Effect of endophytes on Cd and Zn concentrations in the roots of N. caerulescens (A) and on the amount of Cd and Zn extracted by leaves of N. caerulescens (B). Plants were grown for 2 months on metal-contaminated soil and were either inoculated with an endophytic strain or mock-inoculated (CTRL). Data are the means ± SE (n = 5 for the fungal treatments and n = 4 for the mock-inoculated treatment). Significant differences (ANOVA, Dunnett test) between the CTRL condition and the fungal treatments are represented with the following legend: ∗P < 0.05; ∗∗P < 0.01.


However, when focusing on the amount of Zn extracted from the soil by each plant (leaf biomass × Zn concentrations in leaves), DBF60- and DBF79-inoculated plants extracted +50 and +53% of Zn from the soil, respectively, compared with the mock-inoculated plants (P < 0.05) (Figure 6B). With the amount of Cd extracted by inoculated plants ranging from 4.8 to 10.0 μg/plant vs. 6.8 μg/plant for mock-inoculated plants, we did not detect any significant influence of the strains on the potential of N. caerulescens for Cd phytoextraction (Figure 6B).



DISCUSSION


Noccaea caerulescens Hosts Several Taxa of Recognized PGP Fungal Endophytes

Noccaea caerulescens has been recently shown to be a potential candidate for fungal-assisted phytoextraction, as plant responses are beneficial when associated with certain host (isolated from the same species) (Ważny et al., 2021) and non-host (Yung et al., 2021b) endophytic strains under TE exposure. In the present study, we tested seven fungal endophytes isolated from non-metallicolous and calamine populations of N. caerulescens based on their taxonomy. Among the panel of isolated taxa, we selected seven taxa that have previously demonstrated promising direct PGP abilities (i.e., improvement of plant nutrition, growth, and/or stress alleviation) or indirect positive impacts by acting as biocontrol agents. We selected two strains belonging to Cladosporium sp. (DBF107) and C. cladosporioides (DBF129). Ważny et al. (2021) also isolated a strain of C. cladosporioides from the root of N. caerulescens that significantly increased plant biomass and stimulated the uptake and accumulation of Ni in both roots and shoots compared to non-inoculated controls. Phialophora mustea (DBF108) is a DSE with recognized PGP abilities, including the improvement of metal tolerance for the plant (Berthelot et al., 2017; Zhu et al., 2018). A strain of P. mustea isolated from poplar roots has already been proposed as a promising candidate to enhance the phytoextraction potential of N. caerulescens (Yung et al., 2021b). Alternaria thlaspis (syn: Embellisia thlaspis; DBF79) was described after isolation from the roots of N. caerulescens growing in soil with high levels of Zn and Pb (David et al., 2000). This species was also recently isolated from roots and leaves of calamine and serpentine N. caerulescens and tested for its PGP abilities on N. caerulescens (Ważny et al., 2021). Microdochium bolleyi (syn: Idriella bolleyi; DBF159) is a well-known species of DSE that has been extensively isolated from roots and shoots of several cereals and grasses (Gadd, 1981; David et al., 2016; Rothen et al., 2018). Although, it is sometimes considered as a pathogen, it is also considered non-pathogenic in some cases (Kirk and Deacon, 1987), with potential implications for organic matter mineralization, plant nutrition (Mandyam et al., 2010), and biocontrol agents (Jadubansa et al., 1994). Indeed, Shadmani et al. (2021) recently demonstrated that M. Bolleyi could be exploited to improve the potential of barley for the remediation of Cd-contaminated sites. Trichoderma harzanium (DBF81) is a well-studied fungus used as a biocontrol agent in agriculture against plant pathogens and nematodes (Lorito et al., 2010). Some strains are able to induce plant defenses (Yedidia et al., 1999) and stimulate plant growth and development (Yedidia et al., 2001; Hermosa et al., 2012) by establishing a molecular dialog with the roots (Mendoza-Mendoza et al., 2018). These beneficial effects of T. harzanium have been mainly demonstrated on horticultural plants. Recently, Poveda et al. (2019) showed that T. harzianum favors the access of arbuscular mycorrhizal fungi to non-host Brassicaceae roots, providing new perspectives for agronomy. Metapochonia rubescens was mainly studied for its application as a biocontrol agent as a facultative parasite of major plant-parasitic nematodes (Moosavi and Zare, 2020).



Fungal Endophytes Differentially Colonized the Roots of Noccaea caerulescens

While the method used for estimating the rate of fungal colonization is semi-quantitative, it enabled to monitor the success of the inoculations, by confirming the presence of fungi associated with plant roots and providing an estimation of the extent to which the colonization occurred (Ayliffe et al., 2013). Although all of the selected strains here were indigenous and belonged to taxa that have been described as potential auxiliary endophytic fungi in other contexts, under metallic stress conditions, the success of their association (i.e., ability to colonize roots and positive host plant response) with N. caerulescens was variable. Although DBF79, DBF81, and DBF129 were isolated from the leaves of N. caerulescens in the present study, these taxa are not strict phyllospheric fungi. When reinoculated with N. caerulescens by mixing the inocula with the soil, these strains indeed colonized the plant roots, although with a low rate of colonization. According to the literature, A. thlaspi (DBF79) and C. cladosporioides (DBF129) have already been isolated from N. caerulescens roots (David et al., 2000; Ważny et al., 2021), whereas T. harzanium (DBF81) is a well-known soil-borne filamentous fungus (Lorito et al., 2010), suggesting its probable presence in the rhizosphere. Fungal structural characteristics of endophytic fungi, including twisting hyphae, have also been observed for all of the other strains.



Three Endophytic Strains Had a Neutral Effect on Noccaea caerulescens

An endophytic relationship, which can vary from parasitism to mutualism (Freeman and Rodriguez, 1993; Mandyam and Jumpponen, 2005; Newsham, 2011; Mayerhofer et al., 2013), has been demonstrated to be context-dependent, with determining factors such as environmental conditions (Álvarez-Loayza et al., 2011), the composition of the plant-associated microbial community (Junker et al., 2012) and the plant genotype (Wheeler et al., 2019). Long-term endophyte-host interactions should be considered a basis for mutual interactions, with both sides constantly shaping the organization and structure of the other, resulting in a beneficial relation (Saikkonen et al., 2004). This plant-microbiome superorganism, which is also called a holobiont, is subjected to evolutionary forces that may result in the coevolution of host symbiont interactions (Rosenberg and Zilber-Rosenberg, 2018), where microorganisms could be considered a genetic extension of the host plant genome, favoring hologenome plasticity and thus plant adaptability to its environment (Durand et al., 2021). The success of inoculation could be mainly dependent on the host-symbiont combination at the species level (Fernando and Currah, 1996; Newsham, 2011; Mayerhofer et al., 2013; Berthelot et al., 2016), but in some cases, the plant population-fungal strain level appeared to be important (Ważny et al., 2021).

In the present study, the effects of reinoculating N. caerulescens with their associated endophytes were neutral to beneficial, depending on the strain. The lack of effect of DBF129 could be related to its low ability to colonize the roots of inoculated plants. The fact that DBF159 and DBF108 were highly abundant within the cortical cells of N. caerulescens roots and that they have been identified as potential PGP taxa elsewhere (Mandyam et al., 2010; Yung et al., 2021b), while having no effect on plant growth and/or nutrition in the present study, confirms the somewhat variable outcomes of host-endophyte interactions. Interestingly, we showed in our previous study that the non-host strain of P. mustea (Pr27, isolated from poplar roots) had a positive effect on the mineral nutrition of N. caerulescens (Yung et al., 2021b), while the indigenous strain DBF108 belonging to the same species had no effect in the present study. These results do not support assumptions in favor of the necessity of long-term adaptation of the plant and fungal endophytes resulting in mutualism.



Four Endophytic Strains Highly Enhanced the Mineral Nutrition of Noccaea caerulescens

The most pronounced effects of the isolates, particularly those of DBF60, DBF79, DBF81, and DBF107, concerned the root elemental concentrations of Ca, Mg, K, P, and S, with a fivefold increase in some cases. Our study indicates a good potential of the DBF60 and DBF81 strains to solubilize inorganically bound phosphate, which is consistent with the improvement of the P concentration in plant roots. T. harzanium (DBF81) is known to be involved in mineral solubilization (Altomare et al., 1999; Rawat and Tewari, 2011; Tallapragada and Gudimi, 2011; Bader et al., 2020) through various mechanisms, including solubilization via acidification, redox reactions, chelation and hydrolysis (Li et al., 2015). According to several authors, the main mechanism by which fungal endophytes solubilize phosphate and other minerals is the production of organic acids that lowers the pH of the soil, consequently causing the solubilization of insoluble minerals (Chhabra and Dowling, 2017; Adhikari and Pandey, 2019; Mehta et al., 2019). All of the tested fungal strains, except DBF79, reduced the pH of their media. Therefore, improvement of the mineral nutrition of DBF79-inoculated plants is unlikely due to the sole mechanism of acidification. The rhizophagy, in which fungi can be the prey of roots and serve as nourishing factors to improve plant nutrition and growth, would be a possible hypothesis explaining the improvement of the root elemental composition of DBF79-inoculated plants in the absence of strain-mediated acidification (Paungfoo-Lonhienne et al., 2010; White et al., 2018). However, we cannot rule out an important acidification of DBF79 in the rhizosphere. To examine this hypothesis, further experiments are needed to locally measure the pH in the rhizosphere of both non-inoculated and inoculated plants.



DBF60 and DBF79 Are Two Promising Fungal Isolates for Improving the Zn Phytoextraction Potential of Noccaea caerulescens

In the case of DBF60- and DBF79-inoculated plants, the improvement of mineral nutrition was concomitant with an increase in plant biomass production of the same order of magnitude as those detected for similar inoculation assays using plants exposed to TE (Khan et al., 2017; Rozpądek et al., 2018; Sharma et al., 2019; Ważny et al., 2021). According to the literature, such tripartite relationships (i.e., fungal colonization vs. nutrient content vs. plant biomass) have not been reported in many studies (Berthelot et al., 2019). Our results for A. thlaspis (DBF79) confirmed that this species could promote the growth of N. caerulescens, while this is the first report of direct PGP abilities of M. rubescens (DBF60). The comparable ability of the seven endophytes to produce IAA suggests that this phytohormone, which is well known to improve root development and enhance root exudation and mineral uptake (Fu et al., 2015), alone cannot explain the higher increase in biomass for DBF60- and DBF79-inoculated plants. However, the correlation between IAA synthesis and growth promotion in soil-based systems is scarce (Nieto-Jacobo et al., 2017) and deserves further attention in the future. In addition to the improvement of plant mineral nutrition, DBF60 also induced changes in the metabolism of N. caerulescens by increasing chlorophyll and decreasing anthocyanin contents, suggesting an enhancement of primary metabolism at the cost of secondary metabolism. The promotion of secondary metabolism through the production of anthocyanins is commonly observed when plants face biotic or abiotic stressors (Landi et al., 2015). In our context, the decrease in the anthocyanin concentration in favor of chlorophyll indicates that DBF60 could help plants alleviate metallic stress.

Due to their ability to increase the aboveground biomass of N. caerulescens and their tendency to increase Zn concentrations in leaves (statistically not significant), DBF60 and DBF79 enhanced the Zn phytoextraction potential (+ 50%) of N. caerulescens. This improvement was slightly better than that induced by the non-host Pr27 strain (amount of Zn extracted increased by 30%) (Yung et al., 2021b).

The mechanism leading to the increase in TE in a plant could be related to the capacity of endophytes to improve TE bioavailability through the release of metal chelating agents (e.g., siderophores, biosurfactants or organic acids), acidification of soils and redox activity (Deng and Cao, 2017; Domka et al., 2019). The results from our assay revealed that the quantity of Cd and Zn mobilized from the soil by the fungal extracts of DBF60 and DBF79 was the lowest. These results suggest that the ability of fungi to mobilize TE from the soil is not representative of the mechanisms occurring in the case of plant-fungus interactions. According to the results obtained from in vitro tests, the enhancement of plant nutrition and Zn phytoextraction mediated by DBF60 is partly associated with its ability to (i) solubilize various forms of insoluble Zn and P, (ii) acidify its environment, and (iii) produce siderophores. However, the effect of DBF79 on plant nutrition and Zn phytoextraction has not been corroborated by in vitro tests, confirming the necessity to adopt in planta approaches to better understand the solubilization level mediated by fungal endophytes.

The selected fungal endophytes were tested for their ability to improve the TE phytoextraction of N. caerulescens in sterilized soil, limiting competition with native microflora and consequently mitigating the risk of inoculation failure. It would be interesting to conduct a similar study comparing host and non-host PGP strains within the same system using non-sterilized soil to investigate the potential of these strains to tolerate competition with indigenous microflora.



CONCLUSION

In conclusion, we demonstrated that N. caerulescens responses to fungal inoculation using native strains ranged from neutral to beneficial. Despite the seven tested strains had PGP abilities according to the in vitro tests, only two of them exhibited relevant effects to improve the phytoextraction potential of N. caerulescens when reinoculated. The improvement in plant elemental nutrition mediated by M. rubescens (DBF60) and A. thlaspis (DBF79) was significant and led to an increase in plant biomass and consequently to a higher amount of Zn extracted. These fungal endophytes could represent potential candidates for field applications using hyperaccumulating plants, with benefits for microbial-assisted phytoextraction and agromining.
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Background: The evolutionary relationships between plants and their microbiomes are of high importance to the survival of plants in general and even more in extreme conditions. Changes in the plant's microbiome can affect plant development, growth, fitness, and health. Along the arid Arava, southern Israel, acacia trees (Acacia raddiana and Acacia tortilis) are considered keystone species. In this study, we investigated the ecological effects of plant species, microclimate, phenology, and seasonality on the epiphytic and endophytic microbiome of acacia trees. One hundred thirty-nine leaf samples were collected throughout the sampling year and were assessed using 16S rDNA gene amplified with five different primers (targeting different gene regions) and sequenced (150 bp paired-end) on an Illumina MiSeq sequencing platform.

Results: Epiphytic bacterial diversity indices (Shannon–Wiener, Chao1, Simpson, and observed number of operational taxonomic units) were found to be nearly double compared to endophyte counterparts. Epiphyte and endophyte communities were significantly different from each other in terms of the composition of the microbial associations. Interestingly, the epiphytic bacterial diversity was similar in the two acacia species, but the canopy sides and sample months exhibited different diversity, whereas the endophytic bacterial communities were different in the two acacia species but similar throughout the year. Abiotic factors, such as air temperature and precipitation, were shown to significantly affect both epiphyte and endophytes communities. Bacterial community compositions showed that Firmicutes dominate A. raddiana, and Proteobacteria dominate A. tortilis; these bacterial communities consisted of only a small number of bacterial families, mainly Bacillaceae and Comamonadaceae in the endophyte for A. raddiana and A. tortilis, respectively, and Geodematophilaceae and Micrococcaceae for epiphyte bacterial communities, respectively. Interestingly, ~60% of the obtained bacterial classifications were unclassified below family level (i.e., “new”).

Conclusions: These results shed light on the unique desert phyllosphere microbiome highlighting the importance of multiple genotypic and abiotic factors in shaping the epiphytic and endophytic microbial communities. This study also shows that only a few bacterial families dominate both epiphyte and endophyte communities, highlighting the importance of climate change (precipitation, air temperature, and humidity) in affecting arid land ecosystems where acacia trees are considered keystone species.

Keywords: Acacia raddiana, Acacia tortilis, phyllosphere, desert plants, microbiome, endophytes, epiphytes


INTRODUCTION

The aboveground surfaces of plants (the phyllosphere) harbor a diverse variety of microorganisms, including bacteria (Stone et al., 2018). The microbiome of the plant phyllosphere has been shown to play an important role in the adaptation of the plant host to different environmental stressors by enhancing tolerance to heat, cold, drought, and salinity (Whipps et al., 2008; Kembel et al., 2014; Martirosyan and Steinberger, 2014; Agler et al., 2016; Saleem et al., 2017). Several studies have suggested that the ecophysiological adaptation of desert plants to their harsh habitat is, at least partially, via microbial functional diversity (Redford et al., 2010; Martirosyan and Steinberger, 2014). While the exact correlation of phyllosphere microbial communities and these unique adaptations is yet to be clarified, a growing number of studies indicate that each plant species provides a unique microenvironment that is suitable for its specific bacterial communities (Camarena-Pozos et al., 2019; Flores-Núñez et al., 2019; Chaudhry et al., 2021).

Plant phyllosphere microbes were found to differ among different habitat and climate conditions when compared among arid, semiarid, and temperate habitats. For instance, Martirosyan et al. (2016) investigated the adaptation of three Negev desert plant species and found gram-negative Bacteroidetes to dominate the leaves of Hammada scoparia while practically absent in other neighboring desert plant species (Martirosyan et al., 2016). Plants desert microbiomes were also found to correlate with high temperature, droughts, and UV radiation (Qvit-Raz et al., 2008; Carvalho and Castillo, 2018), regardless of their geographical location (Finkel et al., 2012). In this context, desert phyllosphere microbes were shown to mediate plant growth and the metabolism of some nutrients by fixing nitrogen from atmospheric sources (Lambais et al., 2017), utilizing phosphorus through solubilizing enzymes (Mwajita et al., 2013; Batool et al., 2016) and producing siderophores to bind iron (Scavino and Pedraza, 2013; Fu et al., 2016), and even increasing plant resistance against pathogens such as Botrytis fungal infection (i.e., blight disease) (Li et al., 2012; Kefi et al., 2015).

Alongside the effects of seasonality (Redford and Fierer, 2009; Redford et al., 2010; Copeland et al., 2015) and canopy structure (Leff et al., 2015) on plant phyllosphere microbiome, other studies have shown that abiotic (climate-related) and biotic (plant genotype) factors also play an important role in structuring the phyllosphere microbial communities (Rastogi et al., 2013). Epiphytic (outside, on the surface the leaves) and endophytic (inside the leaf tissue) microbial communities were shown to be different in composition: epiphytic bacterial communities found to be more diverse and more abundant compared with the endophytic bacterial communities; moreover, abiotic factors were shown to have different effects on epiphytic and endophytic bacterial communities within the same plant host. The season was the major driver of community composition of epiphytes, whereas wind speed, rainfall, and temperature were the major drivers shaping endophytic composition (Gomes et al., 2018).

These complex interactions between the plant microbiome (both epiphytic and endophytic) and different biotic and abiotic conditions within arid ecosystems are of particular interest considering the current scenarios of climate change and desertification (Stringer et al., 2009). Additionally, studies on microbiomes in arid plants could shed new light on important key microbial groups that might be of potential use in arid agricultural practices, biotechnology, and plant adaptation strategies to climate change (Vacher et al., 2016).

In this study, we investigated the epiphytic and endophytic microbiomes associated with the phyllosphere (leaves) of Acacia raddiana (Savi) and Acacia tortilis (Forssk) (Figure 1B) in the Arava Desert (Figure 1A). These two tree species grow in some of the hottest and driest places on Earth, such as the arid Arava Valley along the Dead Sea Transform (also known as Dead Sea Rift) in southern Israel and Jordan. In these arid habitats, A. raddiana and A. tortilis are the most abundant, and sometimes the only tree species present (Danin, 1983); they are mostly found growing in the channels of ephemeral river beds (Munzbergova and Ward, 2002). Both A. raddiana and A. tortilis are considered keystone species as they support the local plant and animal communities surrounding them and locally improve soil conditions for other plant species (Milton, 1995; Ward and Rohner, 1997; Munzbergova and Ward, 2002; Rodger et al., 2018; Winters et al., 2018). We hypothesized that variations in the bacterial communities of phyllosphere would be associated not only with the host species (A. raddiana and A. tortilis), but also with sampling season (temporal variations) and tree microclimate (leaves growing on the shade facing north side of the tree vs. leaves growing on the south side of the tree that are exposed to direct sun radiation; spatial variations) (Figure 1D).


[image: Figure 1]
FIGURE 1. (A) Southern Israel topography map showing the study site, Wadi Shizaf, and (B) acacia trees (A. raddiana and A. tortilis) sampled monthly during 2015. In each month, (C) leaf samples were collected from the (D) north, center, and south sides of the canopies.




MATERIALS AND METHODS


Study Area and Sampling Scheme

This study was conducted in the Arava Valley, a hyperarid region along the Dead Sea Transform in southern Israel and Jordan. The elevation of the area ranges from 230 m above sea level to 419 m below sea level (Figure 1A). The climate in the Arava Valley is hot and dry: 30-year averages of minimum, mean, and maximum air temperatures of the hottest months were 26.2, 33.2, and 40.2°C, respectively; average minimum, mean, and maximum air temperature of the coldest months were recorded as 9.1, 14.4, and 19.6°C, respectively. Annual precipitation ranges between 20 and 70 mm/year and is restricted to the period between October and May (Winters et al., 2018) with large temporal (year-to-year) and spatial variations (Ginat et al., 2011). The combination of the very high air temperatures and the very low relative humidity values of 6% can cause summer midday vapor-pressure deficit (VPD) to reach 9 kPa (Winters et al., 2018). Vegetation in the region is usually confined to “Wadis” (ephemeral river beds; Ward, 2010), where the main water supply comes from underground aquifers (Sher et al., 2010; Winters et al., 2015) and winter flash floods (Shrestha et al., 2003). Multiple individual A. raddiana and A. tortilis trees are scattered throughout Wadi Shizaf (Figure 1A), but never form a continuous canopy. Wadi Shizaf is a dry sandy streambed at the northern edge of the Arava Valley, Israel (Figure 1A; 30°44′ N, 35°14′ E; elevation −137 m). Meteorological data (air temperature and humidity logged every 3 h) for this site were obtained from the Israeli Meteorological Service station 340528, located at Hatzeva only 7 km north of Wadi Shizaf (Supplementary Figure 1).

To sample bacteria from acacia trees in Wadi Shizaf, leaves from two neighboring A. tortilis trees (>20 m away from each other) (T023 and T300) and two neighboring A. raddiana trees (R284 and R286) were sampled monthly between January and December 2015 on their north, south, and central canopy sides (Figure 1D, Supplementary Table 1). This sampling scheme was chosen to enable us to investigate the effect of two different host (tree) species, in addition to the variation caused by the sampling season and the microclimate effect (different canopy sites—north, central, and south-facing sides of tree) on the phyllosphere microbiome.

During all sampling months, samples were collected from trees using sterile gloves (changed between each sample) between 9:00 and 11:00 A.M. Leaves (20–25 g fresh weight) were collected monthly (see Supplementary Table 1 for exact dates) and inserted into 15-mL sterile tubes placed on ice. Upon reaching the laboratory (within <2 h), samples were moved to freezers (−20°C) where they were kept until subjected to DNA extraction.



DNA Extraction

All DNA extractions were performed using the MO BIO 96-well-plate PowerSoil DNA Isolation Kits (MO BIO Laboratories, Carlsbad, CA, USA). For epiphyte (the outer surface of the tree's leaves) microbial community extractions, 0.15 g (FW) of frozen leaves was weighed and placed in 1.5-mL Eppendorf tubes filled with 500 μL MO BIO Powerbead Solution and sonicated (DG-1300 Ultrasonic cleaner; MRC LAB, Israel) for 5 min. The solution was then transferred to the Powerbead Tubes, and the remaining steps for DNA extraction were carried out following the manufacturer's protocol. For the extraction of endophytic (inside the leaf tissue) microbial communities, leaf samples following epiphytic microbial extraction were washed using 1 mL of DNA/RNA-free water three times to eliminate the epiphyte microbiome fraction. Leaves were washed using 1 mL of DNA/RNA-free water three times to eliminate the epiphyte microbiome fraction. The washed leaves were then cut into small pieces using a sterile scalpel and placed into the MO BIO 96-well-Powerbead plate for DNA extraction following the manufacturer's protocol. All steps of DNA extraction were carried out in a sterile UV-hood (DNA/RNA UV-cleaner box, UVT-S-AR bioSan; Ornat, Israel) to reduce external contaminations. In every DNA extraction, using a 96-well-plate, DNA extraction negative controls were added by placing 200 μL of RNase-free water (Sigma–Aldrich, Israel). All samples were placed randomly in the DNA extraction plate to exclude any bias.



Multiplex Polymerase Chain Reaction for Targeted Amplicon Sequencing of the 16S Ribosomal RNA Gene—Polymerase Chain Reaction I

To obtain a better phylogenetic resolution and diversity estimate, a multiplex polymerase chain reaction (PCR) using five different sets of the 16S rDNA genes was applied to cover approximately 1,000 bp of the 16S rRNA gene (Supplementary Table 2). First PCR (PCR-I) reactions were performed in triplicates, where each PCR-I reaction (total 25 μL) contained 12.5 μL of KAPA HiFi HotStart ReadyMix (Biosystems, Israel), 0.4 μL of equal vol/vol mixed primers forward and reverse primers (Supplementary Table 2), 10 μL of molecular graded DDW (Sigma, Israel), and 2 μL of (2–100 ng/μL) DNA template. PCR-I reactions were performed in a Biometra thermal cycler (Biometra, TGradient 48, Göttingen, Germany) with the following routine: initial denaturation 95°C for 2 min, followed by 35 cycles of 98°C for 10 s, 61°C for 15 s, and 72°C for 7 s. Ending the PCR-I routine was a final extension at 72°C for 1 min. Upon completion of PCR-I, an electrophoresis gel was run to verify that all the samples were amplified successfully. Following this quality control step, triplicate samples were pooled together and were cleaned using Agencourt® AMPure XP (Beckman Coulter, Inc, Indianapolis, IN, USA) bead solution based on manufacturer's protocol.



Library Preparation and Next-Generation Sequencing

Library preparation began with performing a second PCR (PCR-II) in order to connect the Illumina linker, adapter, and unique 8-bp barcode for each sample (Fuks et al., 2018). The PCR-II reactions were prepared by mixing 21 μL of KAPA HiFi HotStart ReadyMix (Biosystems, Israel), 2 μL of mixed primers with the Illumina adapter (Supplementary Table 3), 12.6 μL of RNase-free water (Sigma, Israel), and 4 μL of each sample from the first PCR (PCR-I) product with 2 μL of barcoded reverse primer. These reactions were run in the thermal cycler with the following routine: initial denaturation at 98°C for 2 min, followed by, eight cycles of 98°C for 10 s, 64°C for 15 s, and 72°C for 25 s, these cycles were followed by final extension of 5 min at 72°C. Then, all PCR-II products were pooled together and subjected to cleaning using Agencourt® AMPure XP bead solution Beckman Coulter, Inc, Indianapolis, IN, USA) based on the manufacturer's protocol, where 50 μL of pooled PCR-II product was cleaned using 1:1 ratio with the bead solution for more conservative size exclusion of fragments <200 bp. As a final step, 50 μL of DDW with 10 mM Tris (pH 8.5) was added to each sample. This was followed by aliquoting 48 μL of the supernatant to sterile PCR tubes and storing in −80°C, while an additional 15 μL of the final product was sent to the Center for Genomic Technologies at the Hebrew University of Jerusalem (Jerusalem, Israel) where samples were sequenced on a full lane of 150-bp paired-end (to correct for sequencing error and enhance total read quality) reads using an Illumina MiSeq platform.



Sequence Analysis and Quality Control

A series of sequence quality control (QC) steps were applied before data analysis. These included filtering PhiX contamination using Bowtie2 (Langmead and Salzberg, 2012), removing incomplete and low-quality sequences (phred Q threshold 33) by pairing the two reads using PEAR (Zhang et al., 2014), and identifying ambiguous bases and miss-merged sequences using mothur V.1.36.1 (Schloss et al., 2009). Following these QC steps, QIIME-1 (Caporaso et al., 2010) was used. Sequences were aligned, checked for chimeric sequences, and clustered to different operational taxonomic units (OTUs) based on 97% sequence similarity. Sequences were then classified based on the Greengenes database V13.8 (DeSantis et al., 2006), and an OTU table was generated. All sequences classified as f__mitochondria, c__Chloroplast, k__Archaea, and K__Unclassified were removed from the OTU table.



OTU Richness and Diversity Estimates

For each sample, four diversity estimates were measured: (i) observed number of OTUs, (ii) Chao1 species' diversity estimate (Hill et al., 2003), (iii) Simpson diversity index (Keylock, 2005), and (iv) Shannon bacterial communities' diversity (Haegeman et al., 2013). All diversity metrics were calculated within QIIME-1 (Kuczynski et al., 2012) using the parallel_alpha_diversity.py command on the rarefaction subsamples set to 10,000 sequences using the multiple_rarefactions.py command.



Assessment of Community Composition

From the obtained QIIME classified OTU table, each taxonomic group was allocated down to the genus level using the summarize_taxa.py command in QIIME and relative abundance was set as the number of sequences affiliated with that taxonomic level divided by the total number of sequences. Relative abundances were plotted using R statistical software (R Core Team, 2013), where each phylum was assigned a distinguished color, and all genera under the same phylum were assigned to different shades of the same color.



Statistical Analysis

Using the VEGAN package (Oksanen et al., 2018) in R, nonparametric multidimensional scaling (NMDS) was used to produce ordination based on Bray–Curtis distance matrix based on the total sum transformed matrix for the raw OTU table (Sinclair et al., 2015). Canonical correspondence analysis (CCA) was used to plot abiotic factors and to show how they explain variance in the microbial communities (Gonzalez et al., 2008). Permutational multivariate analysis of variance (PERMANOVA) was used to test the effects of tree species, microclimate (different areas within the tree canopy), and seasonality and tree phenology on the epiphytic and endophytic microbiomes associated with these two trees using the adonis2 function in R (McArdle and Anderson, 2001); relative abundances of different bacterial phyla were tested using analysis of variance (ANOVA) with post-hoc Tukey honestly significant difference test for group significance.




RESULTS

A total of 139 acacia leaf samples [two tree species × two replicate trees from each species × 3 canopy locations for epiphytes (but only the south canopy for endophytes) × 9 months] were collected for both epiphytic and endophytic microbial communities (Supplementary Table 1; notice that a total of seven samples were lost during sample processing before sequencing) and sequenced for their 16S rRNA genes using our five different primer sets (Supplementary Table 2). The average sequence number per each primer set varied significantly for the different regions of amplification (Supplementary Table 2). Results showed that the third primer set (F649 and R889) obtained the highest number of raw sequences with an average raw sequence number of 38,683 ± 18,723; thus, we based all further analysis on the F649-R889 primer set. This primer set retained its rank among all other primer sets even after the QC procedure, with 15,424 ± 13,784 high-quality sequences.


Bacterial Community Composition of Epiphytic vs. Endophytic Assemblages

For comparing epiphytic and endophytic bacterial community structures, we used the leaf samples that were collected only at the south (“S”) canopy side of the acacia trees (Supplementary Table 1). Diversity estimates, including observed number of OTUs, Chao1, Simpson diversity index, and Shannon–Wiener, were calculated for both A. raddiana and A. tortilis (Table 1). Epiphytic bacterial diversity was higher when compared to endophytic bacterial communities (Table 1), indicating a different bacterial structure in the external vs. internal parts of the leaves.


Table 1. Average diversity estimates (±SD) of microbial communities of A. raddiana and A. tortilis measured across the entire sampling months for the epiphyte at north (N) and center (C) canopy sides and for both epiphytes and endophytes at south (S) canopy side.

[image: Table 1]

To compare the diversities of epiphytic and endophytic bacterial communities extracted from leaf samples, acacia samples from south-facing canopies were analyzed and plotted using NMDS, based on the Bray–Curtis distance matrix (Figure 2). The NMDS showed two separate clusters of epiphytic and endophytic bacterial communities, statistical analysis Using PERMANOVA found endophytic and epiphytic microbial communities to be significantly different (p = 0.001; Figure 2A). While the epiphytic bacterial communities from the two acacia species (A. raddiana and A. tortilis) did not demonstrate separate clusters (p = 0.134, Table 2, Figure 2A), the endophytic bacterial communities were found to be significantly different for both acacia species (p = 0.021, Table 3, Figure 2B). To illustrate these differences, we plotted the bacterial phylum with more than 5% of the total community composition (Figure 3) and performed Tukey test of significance on the log-transformed abundances to normalize the variance. Results showed a higher median abundance of Actinobacteria in A. raddiana and A. tortilis, when comparing epiphytic to endophytic bacterial communities. However, these differences were only significant for A. tortilis (45.2 ± 17.7% and 9.0% ± 5.9%, p < 0.05) and not for A. raddiana (44.5 ± 19.2% and 5.7 ± 10.0%, p > 0.05; Figure 3). Similarly, Cyanobacteria median abundance was higher in epiphytic compared to endophytic bacterial communities and was significant for A. tortilis (2.6% ± 5.8% and 0.4 ± 0.4%, p < 0.05) and not for A. raddiana (2.5 ± 5.2% and 0.5 ± 0.4%, p > 0.05; Figure 3). On the other hand, the abundance of both Firmicutes and Proteobacteria was lower in epiphytic compared to endophytic bacterial communities and was significantly different among the two acacia species (p < 0.05). The median abundance of Firmicutes in A. raddiana epiphytes was 21.4 ± 10.1% compared to 76.3 ± 32.4% in endophytes and in A. tortilis was 15.8 ± 12.2% and 25.1 ± 27.6%, respectively (Figure 3). The median abundance of Proteobacteria in epiphytes and endophytes of A. raddiana was 13.5 ± 12.1% and 19.1 ± 21.3%, and that of A. tortilis was 13.2 ± 8.4% and 65.5 ± 26.2%, respectively (Figure 3).


[image: Figure 2]
FIGURE 2. NMDS illustrating the phyllosphere bacterial community; separate clusters of bacterial communities are evident for (A) the epiphytic (red) and the endophytic (blue) bacterial communities from leaves sampled from south side canopy areas; and (B) unique clusters of endophytic bacterial communities observed in A. raddiana (blue) and A. tortilis leaves.



Table 2. PERMANOVA analysis showing statistical significance of epiphytic microbial communities across sampling months, season, tree phenology (leaves shedding period), and canopy sides.
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Table 3. PERMANOVA analysis showing statistical significance of epiphytic and endophytic microbial communities across sampling months.
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FIGURE 3. Box plot illustrating the percent abundance of epiphyte and endophyte major bacterial phyla.




Temporal, Seasonality, Phenology, and Spatial Variation (Canopy Side) of Phyllosphere Bacterial Communities

To test the temporal effect (sampling month), seasonality, tree phylogeny (leaves shedding time), and canopy variation on the epiphytic bacterial communities of both A. raddiana and A. tortilis, we have performed PERMANOVA analysis of independent variables and nested models (Table 2). Table 2 shows both seasonality (winter, spring, summer, and autumn) and different sampling month had a significant effect of the epiphytic microbial communities (p = 0.001), whereas the effect of leaves shedding period (tree phenology), Acacia species (A. raddiana and A. tortilis), Tree (2 individual tree for each acacia species), and canopy side (north, center, and south) had no significant effect of the epiphytic bacterial diversity (p > 0.05). To better illustrate the microbial communities at different sampling months and seasonality, we plotted NMDS (Figure 4A) and dispersion (variance) to the centroid for the different months and seasons (Supplementary Figure 4), showing different clusters based on sampling month and season. We have also plotted bar plots illustrating the bacterial families composition for OTU > 1% at different canopy sides over the sampling months showing bacterial families to not significantly change between the different canopy sides, whereas main changes in the different sampling months were related to higher abundance of Bacillaceae in January, Enterobacteriaceae in March and April, and Xanthomonadaceae in May, June, and July (Supplementary Figure 5).


[image: Figure 4]
FIGURE 4. NMDS illustrates (A) the epiphytic phyllosphere bacterial communities at different sampling seasons and moths and (B) endophytic for different acacia species and tree phenology.


For endophytic bacterial communities, we have also checked the effect of sampling months, seasonality, tree phylogeny, and acacia species on endophytic bacterial diversity using PERMANOVA analysis (Table 3). Table 3 shows tree phenology (leaves shedding period) and acacia species (A. raddiana and A. tortilis) have a significant effect on the endophytic bacterial diversity (p = 0.029 and 0.021, respectively), whereas the effect of different sampling seasons, months, individual trees within each species had no significant effect (p > 0.05). To better illustrate the significant effect of tree phylogeny (shedding period) and acacia species, we plotted NMDS (Figure 4B) and dispersion (variance) to the centroid (Supplementary Figure 6) to show the different clusters following tree phenology and acacia species. When bar plots were plotted illustrating the bacterial families composition for ASV > 1% at different phylogeny (shedding period vs. non-shedding period) and for different acacia species (Supplementary Figure 7), higher abundance of Bacillaceae was observed during non-shedding period “new,” whereas Comamonadaceae showed a higher abundance at leaves shedding period relative to each other (Supplementary Figure 7A). Similarly, higher abundance of Bacillaceae relative to Comamonadaceae was observed for A. raddiana compared to A. tortilis (Supplementary Figure 7B).



Effect of Changes in Abiotic Factors on Variation in the Microbial Communities

To test abiotic factors' effect on the microbial communities, CCA (ter Braak, 1986) was performed for the epiphytic (Figure 5A) and endophytic (Figure 5B) bacterial communities of A. raddiana and A. tortilis. Only those abiotic factors with significant values (p ≤ 0.05) were plotted. Results show that air temperature, VPD, humidity, and precipitation had a significant effect on the variability of epiphytic bacterial communities and were able to explain up to 49% (30.4 and 18.6% on CCA axes 1 and 2, respectively) of total epiphytic community variability (Figure 5A). In comparison, temperature and precipitation (but not VPD) had a significant but slightly weaker effect on the endophytic bacterial communities, explaining up to 23.9% (16.6 and 7.3% on CCA axes 1 and 2, respectively) (Figure 5B) of total endophytic community variability.


[image: Figure 5]
FIGURE 5. CCA ordination illustrating (A) epiphytic bacterial community at north (red), south (green), and center (blue) canopy sides and (B) endophytic bacterial communities, for A. raddiana (blue circles) and A. tortilis (red triangles) with significant abiotic factors affecting the bacterial communities.




Bacterial Family Abundances

To test for the major changes in bacterial family abundances, a heatmap was made to show epiphytic and endophytic bacterial diversities at the family level (Figure 6). Results show that only a few bacterial OTUs were differentially abundant comparing epiphyte and endophytes, or when comparing within the endophytic communities between A. raddiana and A. tortilis. Epiphytic bacterial communities were mainly dominated by Geodermatophilaceae, Micrococcaceae, Comamonadaceae, and Bacillaceae bacterial families, whereas endophytic bacterial communities were dominated only by alternating abundances of the Bacillaceae, Comamonadaceae, and Moraxellaceae families (Figure 6, Supplementary Figure 8). In the endophytic bacterial communities, these changes in abundance correlated with different months of the year (Figure 6, Supplementary Figure 5).


[image: Figure 6]
FIGURE 6. Heatmap showing the abundance of bacterial family abundances (x axis) for each of the sampled epiphytic and endophytic bacterial communities at the south canopy side at different sampling months (January–November).





DISCUSSION

To improve our understanding of the microbial structure of the phyllosphere microbiome of plants growing in extreme arid environments, we applied a high temporal and spatial resolution sampling scheme in two desert keystone trees (A. raddiana and A. tortilis). We investigated both the epiphytic and endophytic bacterial communities to understand the (i) intraindividual and interindividual spatial variation of the microbial communities within a tree—the spatial variation within the same tree caused by sun exposure (only for epiphytic microbial communities) and the variation between neighboring trees of the same species sampled at the same time and site (ii) variation of the microbial community caused by the host (tree) species (i.e., A. raddiana compared with neighboring A. tortilis), (iii) temporal variation of the microbial communities within the same tree species, canopy side, and individual trees sampled during different seasons.

Our results demonstrate that the epiphytic bacterial communities were more sensitive to changes in environmental abiotic conditions, compared with the endophytic bacterial communities that were more stable between different environmental conditions (e.g., seasons) but varied among host tree species. Surprisingly, up to 60% of the total bacterial communities (the combined epiphytic and endophytic microbiome populations) were unclassified below family level, highlighting the uniqueness of the microbiome associated with acacia trees in the arid environment of the Arava. When actinobacterial differences were compared in tree grove, shrub, meadow, desert, and farm soil ecosystems, the majority of unclassified actinobacterial sequences were found in desert ecosystems, accounting for ~50% of total Actinobacteria phylum (Zhang et al., 2019). Similar results from a study of desert soil in Pakistan indicate that a bulk portion of the OTUs were assigned to unclassified taxa (Amin et al., 2020).

In terms of the overall observed number of OTUs, Chao1, Simpson, and Shannon–Wiener diversity indices, the diversity of the epiphytic bacterial community was shown to be double that of its endophytic bacterial community counterpart (Table 1). While the average number of classified bacteria sequences for epiphytes was slightly higher (16,752) compared to endophytic (14,857) bacterial communities, the sequence number in each sample had no effect on the obtained diversity indices (Supplementary Figure 2). The higher abundance and richer microbial communities in epiphytes compared to endophytes were also observed in young and mature leaves of Origanum vulgare, where the total number of colony-forming units (CFUs) of epiphytic bacterial communities (5.0 ± 0.2) was more than double the CFUs of the associated endophytic communities (1.8 ± 0.1) (Pontonio et al., 2018). However, our results contradict previous work on microbiomes associated with Arabidopsis thaliana where epiphytic bacterial diversity indices were found to be lower than those measured for the associated endophytic bacterial communities (Bodenhausen et al., 2013). Like the work shown here, a recent study on the epiphytic and endophytic fungal diversity in leaves of olive trees (Olea europaea) growing in Mediterranean environments also showed that the epiphytic fungal communities had higher diversity indices compared to the endophytic diversity estimates (Gomes et al., 2018); similarly, bacterial endophytic diversity was lower compared to epiphytic diversity in tomato plants (Dong et al., 2019). The fact that our epiphytic OTU diversity was higher than the endophytic diversity is particularly surprising, considering previous work by Thapa and Prasanna (2018) that suggested that the conditions inside the plant might be more favorable compared with the more hostile conditions on the outside (Thapa and Prasanna, 2018). This might explain finding where diversity was higher for endophytic microbiomes (Bodenhausen et al., 2013). In our case, however, both A. raddiana and A. tortilis had a lower endophytic bacterial diversity compared to epiphytic bacterial diversity throughout the sampling period (Supplementary Table 4); the lower diversity of endophytic microbial communities compared to epiphytic communities may be a result of plant stress and physiological conditions regulated by stomatal opening (Arndt et al., 2004; Chaudhry et al., 2021). In fact, Chao1 richness in epiphytic microbial communities in A. raddiana and A. tortilis was higher in January, March, and November compared to summer months and corresponded to plant water VPD, indicating the importance of the physiological state of the plant in shaping endophytic bacterial communities (Supplementary Figure 3, Supplementary Table 4). These plant responses were shown to reduce the entry of epiphytes to the endosphere, thus affecting the plant's microbiome colonization (Pontonio et al., 2018; Remus-Emsermann and Schlechter, 2018; Schlechter et al., 2019).

Our results demonstrate that the epiphytic and endophytic bacterial communities are significantly unique (Figures 2A, 3, Supplementary Figure 8). We also found that the endophytic (but not the epiphytic) bacteria communities differed between the two acacia species (Figures 2A,B, Tables 2, 3, Supplementary Figures 6B, 8), with each host being associated with specific endophytic communities. In fact, many studies have indicated that the composition and abundance of endophytes in plants are synergistically determined by plant genotype and environmental factors (Terhonen et al., 2019). Plant tissue characteristics highly affect microbial abundance; thus, endophyte enrichment varies widely in different tissues within a plant (Baldrian, 2017). The significant effect of genotype on composition of endophytic microbial communities has been documented (Bodenhausen et al., 2014; Hardoim et al., 2015; Müller et al., 2015), and it is more severely affected by genotypic factors than by abiotic factors (Whipps et al., 2008; Rastogi et al., 2013; Agler et al., 2016). On the other hand, tree phenology may play an important role in phyllosphere microbiome; recent work by Winters et al. (2018) followed the dynamics in stem diameter, leaf phenology, and sap flow of A. raddiana and A. tortilis trees growing at the same sheizaf site as the trees presented here, during 3 consecutive years. While it was expected that stem growth and other tree activities would be synchronized with and limited to single rainfall or flash flood events that occur in the winter, Winters et al. (2018) found that cambial growth of both Acacia species actually stopped during the wet season and occurred during most of the dry season, coinciding with maximum daily temperatures as high as 45°C and VPD of up to 9 kPa. Summer growth was correlated with peak sap flow in June, indicating that trees relied year-round on deep soil water (Winters et al., 2018). Particularly relevant to the microbiome results presented here were the phenology changes demonstrated by the 3-year study by Winters et al. (2018) that showed that in the two acacia species, new leaves emerged twice a year, in early March and again in late October. The leaf-shedding period was relatively short (July–August) for A. raddiana and slightly earlier and longer (May–September) for A. tortilis. In this study, we applied those findings on our data, and there seems to be a strong link between the seasonal leaf phenology and the monthly diversity indices (Supplementary Table 4). The highest diversity was seen in older leaves, leaves that have been on the tree the longest time (i.e., June and July, Supplementary Figure 3). When we statistically checked the effect of tree phylogeny in both epiphytic and endophytic microbial community, we found endophytes but not epiphytes to be affected by tree phenology (leaves shedding period) (Tables 2, 3; Figure 4B, Supplementary Figures 6A, 7A).

Like other findings indicating the changes in bacterial communities in the phyllosphere due to different environmental and biotic factors (Remus-Emsermann and Schlechter, 2018; Schlechter et al., 2019), our results show that seasonality (temperature and month) is the major driver of community composition in epiphytic bacteria (Figures 4A, 5A; Table 2). Humidity, temperature, precipitation, and VPD were shown to have a strong effect explaining 30.4 and 18.6% in CCA axes 1 and 2, respectively, accounting for the total variance in microbial community composition (Figure 5A). Studies found that leaves' microbial communities can be significantly affected by leaves' moisture (Beattie, 2002; Lindow, 2006), bacteria also found to produce surfactants to increase the wettability of the leaf and lessen the ability of the cuticle to limit water accumulation (Schreiber et al., 2005). Although the effect of moisture from dew on the leaf community has not been explored, it is expedited to act similarly to rain (Stone et al., 2018).

In the endophytic bacterial communities, temperature and precipitation explained 14.6 and 7.3%, respectively, of the total microbial community (Figure 5B). It was suggested that abiotic regulatory factors affect the physicochemical properties of the leaves; in addition, these abiotic factors can affect external biotic factors (e.g., insects and pathogens), which in turn affect the plant's immunity and biology and therefore affect plant-associated microbiome (Liu et al., 2020). Nonetheless, plants undergo remarkable physiological changes in relation to abiotic factors; such changes can affect the availability of nutrients, water, and a wide range of secondary metabolites on the leaf surface and therefore significantly affect the epiphytic microbial communities (Liu et al., 2020). These findings can also be related to dust accumulation on leaves; dust is considered an important source of nutrients and essential metals in arid ecosystems (Reynolds et al., 2001, 2006). Aeolian dust also emerged as a significant vehicle for long-range transport of microorganisms (Maki et al., 2019), affecting plant microbiomes (Brown and Hovmøller, 2002; Banchi et al., 2019). Although in this study dust samples were not collected, in summer 2018 we have collected Aeolian dust in a pocket nearby the current study's sampled acacia trees; we also collected samples for endophytes and epiphytes from both A. raddiana and A. tortilis. The dust microbiome showed to cluster separately and closer to epiphyte bacterial communities (Supplementary Figure 9). The results also showed that dust samples are composed of two main bacterial families Pseudomonadaceae and Halomonadaceae, which were also dominant in the epiphytic microbial communities of both A. raddiana and tortilis; nonetheless, acacia epiphytes also showed a significant abundance of other bacterial families that were not presented in the collected dust samples (Supplementary Figure 9). These results suggest that desert dust microbiomes also can play an important role in desert epiphytes.

The effect of microclimate (i.e., the spatial variation caused by the different canopy sides) on the epiphytic bacterial diversity (Tables 1, 2) and community composition (Supplementary Figure 5) was shown to be significant. However, we only tested the effect of exposure to irradiance on epiphytes. A recent study investigated the endophytes of roots and leaves of Oxyria digyna showing the strong impact of tissue type on the endophytic bacterial community structure (Given et al., 2020). Assessing the different canopy sides showed that exposure to the sun significantly affects the physiological state of leaves (Hussain et al., 2020) and forms distinct epiphytic microbial communities; therefore, the effect of the canopy side on the endophytic phyllosphere microbial communities needs further investigation.

Our microbial community compositions also differ from those found in the phyllosphere of plants from subtropical and temperate regions, which are mostly dominated by Alphaproteobacteria (72%) (Laforest-Lapointe et al., 2016), Bacteroidetes (8%), and Acidobacteria (17%) (Kim et al., 2012), whereas ours were dominated by Firmicutes, Proteobacteria (mainly Betaproteobacteria, Figure 6), and Actinobacteria (Figure 3), shown to agree with other findings in arid system– and desert-adapted plant species (Citlali et al., 2018). The major differences between epiphytic and endophytic bacterial communities were due to the differential abundance of four major unclassified OTUs belonging the bacterial families of Bacillaceae (Firmicutes phylum) and Comamonadaceae (Betaproteobacteria phylum) for the endophyte of A. raddiana and A. tortilis, respectively (Figure 6). Other unclassified OTUs belonging to the bacterial families of Geodematophilaceae and Micrococcaceae (both belonging to Actinobacteria phylum) were found in the epiphyte bacterial communities (Figure 6). These bacterial families were also found in other extreme-condition studies that investigated the metagenomic signatures of the phyllosphere of Tamarix aphylla (Finkel et al., 2011, 2012, 2016) and other desert shrubs (Martirosyan et al., 2016), highlighting the relationships between these bacterial communities and their importance in the adaptation of desert plants to arid environments. However, the exact link between these different bacterial groups and their functional diversity is still to be investigated; such studies could shed light on the specific metabolites and enzymes that these adaptive bacterial groups exhibit in arid environments. With the growing interest in manipulating and inoculating food crops with particular microbial communities to extend shelf life and improve plant resilience and product taste, the long-coevolved microbiome of desert plants might have biotechnological potential. Desert plant microbiome may enhance the resilience of crop plants during ongoing processes of desertification and soil salinization expected to affect vast regions of the world in coming decades.



CONCLUSIONS

The evolutionary relationships and interactions between plants and their microbiome are important for their adaptation to extreme conditions. In this study and based on 16S rDNA sequencing, we explored the spatiotemporal relationships between naturally occurring desert plants and their microbiome. While changes in the plant microbiome can affect plant development, growth, and health, we presented the effects of plant physiological conditions, temporal changes, canopy structure, abiotic parameters, and plant genotype and phenology on both epiphytic and endophytic bacterial communities of desert plant phyllosphere. Moreover, we showed how the desert plant phyllosphere is inhabited by distinct microbial communities compared to temperate and humid regions, stressing that a large portion of these microbial communities is not classified below family level. Our results shed light on the specific bacterial families and diversity patterns in relation to desert phyllosphere epiphyte and endophytes associated with extreme environmental conditions. The agritech (agritechnology) potential of these unique microbial communities calls for more research on the functionality of these epiphytic and endophytic microbial communities.
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Streptomyces aureoverticillatus HN6 was isolated in our previous study and effectively controlled banana Fusarium wilt. We explored the role of HN6 in constructing a healthy rhizosphere microflora of banana seedlings. The method of antibiotic resistance was used to determine the colonization ability of HN6. The effect of HN6 on the rhizosphere microbial communities was assessed using culture-dependent and high-throughput sequencing. The effect of HN6 on the infection process of the pathogen was evaluated using a pot experiment and confocal laser scanning microscopy. The results showed that HN6 could prevent pathogen infection; it increased the nutrient content and diversity of the bacterial community in the rhizosphere, promoted plant growth, and decreased the mycotoxin fusaric acid content and abundance of pathogens in the banana rhizosphere. Thus, HN6 decreased the relative abundance of Fusarium species, increased the diversity of fungi, and increased the relative abundance of bacteria in the rhizosphere. HN6 induced the change and reorganization of the microbial community dominated by Fusarium in the rhizosphere of banana seedlings, and it evolved into a community dominated that was not conducive to the occurrence of diseases, shaping the rhizosphere microflora and promoting the growth of banana.
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INTRODUCTION

The rhizosphere is a unique area that is limited to a few millimeters of soil that is in contact with the root system (Bais et al., 2006). The rhizospheric microbiome affects plant growth, development, and health (Berendsen et al., 2012; Wu et al., 2018). In the plant rhizosphere, plant roots absorb water and nutrients from the soil, and they affect the adjacent soil through root exudates (Zhang et al., 2017). Soil microorganisms play an important role in the formation and maintenance of healthy soils by regulating the biogeochemical cycle, organic matter reorganization, and mineralization (Beneduzi et al., 2012; Chen Y. et al., 2020).

Plant growth-promoting rhizobacteria (PGPR) provide an effective and environmentally sustainable method to protect crops against soil-borne pathogens (Walley, 1996; Cao et al., 2018). In the process of growth and reproduction, PGPR continuously produce bioactive substances, such as antibiotics, antibacterial proteins, and inhibitory volatile organic compounds (VOCs) (Viaene et al., 2016). Some rhizospheric microorganisms can also promote the release of soil nutrients through various metabolic activities and promote plant growth through the production of indole-3-acetic acid (IAA) and siderophore (Wang et al., 2017; Singh et al., 2018; Suleman et al., 2018).

Soil-borne pathogens substantially reduce yield in most agricultural systems, and they account for at least 50% of crop losses each year. Banana Fusarium wilt, also called banana Panama wilt, is a destructive soil-borne disease that affects bananas in tropical and subtropical areas worldwide (Dita et al., 2018). Fusarium oxysporum f. sp. cubense race 4 (FOC4) is one of the major pathogens that causes banana Fusarium wilt (Magdama et al., 2019; Maymon et al., 2020). It has been reported that the disease has seriously threatened the development of the global banana industry (Butler, 2013). Bacillus, Streptomyces, Trichoderma, and Pseudomonas spp. have been used against banana Fusarium wilt (Yuan et al., 2012; Sharma et al., 2018), and their use has been widely reported. Soil-borne pathogens substantially reduce yield in most agricultural systems, and they account for at least 50% of crop losses each year. The occurrence of soil-borne diseases is often associated with anomalies in the rhizosphere microbiota, including an increase in the number of harmful microbes and a decrease in the number of beneficial microbes. Biological control agents (BCAs) can inhibit the growth of soil-borne pathogens while restoring the rhizosphere microbial community. Actinomycetes are a class of Gram-positive bacteria that include many species with the potential for biocontrol of soil-borne plant diseases (Qin et al., 2011; Tan et al., 2016). Streptomyces are regarded as important biological control resources because of their bioactive secondary metabolites, and these antibacterial compounds play an important role in protecting plants against pathogens. Streptomyces occupies the main part in the study of bioactive compounds of Actinomycetes. In the study of bioactive compounds of Streptomyces, avermectin, tetracycline, streptomycin, nystatin, and erythromycin have been widely used in the fields of agriculture and medicine (Colombo et al., 2019). Mounting evidence suggests that the rhizosphere microbial community and its interactions with the plant root and rhizosphere environment determine plant health (Zhalnina et al., 2018; Chen D. et al., 2020). Therefore, the key to controlling the spread of soil-borne diseases is to understand the changes in plant rhizosphere microbial composition and microenvironment while maintaining the microbial diversity of the rhizosphere soil.

Streptomyces aureoverticillatus strain HN6 was originally isolated in Hainan, China. It is highly inhibitory to FOC4, which causes banana Fusarium wilt. The results of previous experiments showed that this strain exhibits broad spectrum antifungal activity and is strongly inhibitive to FOC4, the causal agent of banana Fusarium wilt in bio-assays (Wang et al., 2015). We sought to determine the link between the control of soil-borne diseases, promotion of plant growth, and shifts in the rhizosphere microbiota following application of the HN6 strain. A pot experiment was designed to apply the strain to the rhizosphere of banana seedlings to verify the control effect of strain HN6 on banana Fusarium wilt. The potential ability of the strain to change the soil nutrient elements of the root system was determined to clarify the role of the strain in the microbial interaction. The effects of the strain on the plant rhizosphere microenvironmental factors were determined by measuring the physical and chemical properties of the banana rhizosphere soil and the changes in mycotoxins. The bacterial 16S ribosomal RNA (rRNA) region and fungal internal transcribed spacer (ITS) region were used for high-throughput sequencing, and culturable microorganisms in the rhizosphere soil samples were isolated and identified. FOC4 in the rhizosphere soil samples was quantitatively detected by real-time PCR, and the effect of strain HN6 on the microbial community in the rhizosphere soil of susceptible banana seedlings was further evaluated. The mechanism for constructing healthy microflora in the banana seedling rhizosphere by strain HN6 was further revealed, which laid the foundation for the development and application of the strain.



MATERIALS AND METHODS


Tested Microbial Strains

The biocontrol strain used in this experiment was S. aureoverticillatus HN6 (FJ911617). FOC4 (ATCC 76255, Foc⋅TR4-GFP) was used as the target pathogen of banana seedling susceptibility in the pot experiment, and the confocal laser scanning microscopy was used to observe the effect of infection with strain HN6 on FOC4 (Li et al., 2011; Dong et al., 2019). The target fungi consisted of FOC4 (ATCC 76255), F. oxysporum f. sp. cucumebrium (ATCC 42357), Fusarium graminearum Sehwabe (ATCC 60309), Botryosphaeria dothidea (ATCC 208828), Colletotrichum musae (Berk & Curt) Arx (ATCC 96167), Botryodiplodia theobromae (ATCC 96743), Colletotrichum gloeosporioides (Penzig) Penzig et Saccardo (ATCC MYA-456), Rhizoctonia solani (ATCC 10183), Gibberella zeae (schwein) Petch (ATCC 209501), and Sclerotinia sclerotiorum (ATCC 18687). The above target fungi were used to evaluate the antifungal activity of Strain HN6 VOCs. The above strains were obtained from the College of Plant Protection, Hainan University.



Banana Seedlings and Soil

The banana seedlings used in the pot experiment were Brazilian bananas (Musa sp. AAA Cavendish subgroup cv. Brazil) with three to four leaves, and they had a similar size and health; the seedlings were purchased from the tissue culture center of Danzhou city, Hainan province. In addition, the soil used in the pot experiment was collected from the healthy banana garden of the experimental base of the College of Plant Protection, Hainan University.



Soil Colonization Capacity of Strain HN6


Resistance of HN6 to Antibiotics and Fungicides

Rifampicin, streptomycin, carbendazim, chlorothalonil, and gentamicin were added to Gause No. 1 agar medium at concentrations of 10, 30, 50, 70, and 100 μg ml–1. The Gause No. 1 agar medium included 20.0 g of soluble starch, 15 g of agar, 0.5 g of K2HPO4, 0.5 g of NaCl, 1 g of KNO3, 0.5 g of MgSO4 7H2O, 0.01 g of FeSO4 7H2O, 0.5 g of NaCl, and distilled water in 1,000 ml, pH 6.0 (Poomthongdee et al., 2015). Strain HN6 was spread onto the medium and cultured at 28°C for 5 days and included agar medium without any antibiotics or fungicides as a control. The initial concentration of spore suspension of HN6 used in this experiment was 1 × 105 cfu ml–1 (Qi et al., 2019). Following the method described previously, the growth status of the strain was observed, and HN6 colonies were counted.



Determination of Soil Colonization Capacity

The colonization capacity of HN6 in soil was determined by antibiotic labeling method (Yun et al., 2018). Briefly, the soil was separated into sterile iron canisters and autoclaved at 121°C for 20 min. The sterile soil was placed in flowerpots (Φ = 18 cm). HN6 spore suspensions (100 ml, 1 × 105 cfu ml–1) were added to the flowerpots by mixing with soil on the first day of the experiment. After 15 days, 1 g of soil was added to 9 ml of sterile water, and then, the solution was shaken for 20 min and left to stand for 30 min. The supernatant (1 ml) was diluted to 1 × 10–4, 100 μl of which was inoculated on Gause No. 1 agar plate containing rifampicin (12.5 μg ml–1) and carbendazim (10 μg ml–1), and the solution was incubated at 28°C for 7 days. Following the method described previously, the resulting bacterial colonies were enumerated. Unsterilized soil was used as a control, and all of the experiments were performed in triplicate (Xiong et al., 2020).



Disease Suppression and Growth Promotion Ability of Strain HN6


Pot Culture Experiments

The pot experiment was conducted with an average temperature of 28°C and humidity of 70% in the experimental base of the College of Plant Protection, Hainan University from September to December 2019. Watering was done once every 2 days, and photoperiod condition was 12 h light/12 h dark. Healthy rhizosphere soil was collected from the banana garden and sifted through a 20-mesh sieve. Banana seedlings with three to four leaves were selected and rinsed with sterile water. These banana seedlings were planted in plastic pots containing 3,500 g of soil, and the root dipping method for the pathogen (Tinna et al., 2020). Banana seedlings were irrigated with spore suspension of HN6 once. Four treatment groups were set up, namely, N6 (inoculated with Foc⋅TR4-GFP + HN6, 1.0 × 107 cfu g–1 soil), KY (inoculated with Foc⋅TR4-GFP, drenched with 0.1% carbendazim), KP (inoculated with Foc⋅TR4-GFP on sterile Gause No. 1 liquid medium), and KQ (inoculated with Foc⋅TR4-GFP, drenched with sterile water). YS was the initial soil, KY was the positive control, KP was the medium control, KQ was the sterile water treatment control, and N6 was the routine disease plus strain HN6 zone (protective treatment). Each treatment consisted of three replicates of 30 banana seedlings per replicate. Furthermore, separate lines were set up between the control and protective treatments. Soil adhering to the roots after shaking was defined as rhizosphere soil. After gentle shaking, the accumulator roots, the rhizosphere soil, free of roots, were carefully collected from each treatment. Each treatment was in three replicates, and 10 banana seedlings per replicate were used to obtain the pool of roots. Half of the fresh rhizosphere soil was used to determine biochemical properties and for the fusaric acid (FA) analysis, quantitative real-time PCR (qRT-PCR) of FOC4, and analysis of culturable microbiota. The other half was frozen with liquid nitrogen and then stored at −80°C to analyze microbial community structure (Baudoin et al., 2003).

Pot experiments were conducted in accordance with the methods described below. For Foc⋅TR4-GFP inoculation, an aseptic spore suspension was prepared and diluted to a suitable concentration. Briefly, the HN6 and pathogen were scrapped from the Gauze No. 1 and Potato Dextrose Agar (PDA) agar plates, respectively, and diluted to make the spore suspensions. Then, 200 ml of the spore suspension was inoculated into the soil so that the number of Foc⋅TR4-GFP spores in the soil was 1.0 × 105 cfu g–1 soil before transplanting the banana seedlings. In the N6 treatment, strain HN6 was cultured in Gause No. 1 liquid medium for 2 days at 28°C. The concentration of the spore suspension was adjusted by a hemocytometer and diluted to a suitable concentration, and then, 200 ml of the strain HN6 spore suspension was inoculated into the soil so that the amount of strain HN6 in the soil was 1.0 × 107 cfu g–1 soil after the banana seedlings were transplanted. The KY treatment group was treated with 200 ml of 0.1% carbendazim under the same treatment conditions. The KP and KQ treatment groups were treated with sterile Gause No. 1 liquid medium and 200 ml of sterile water under the same treatment conditions. The management measures for the experimental plot remained the same throughout the experimental period.



Disease Incidence, Disease Index, and Biocontrol Efficacy

In the pot experiment, the total leaf number and etiolated leaf number of banana seedlings in each treatment group were counted after 42 days, and the disease index of the banana seedlings and the incidence of banana plants in each treatment group were determined (Himaman et al., 2016). The grading standards of FOC4, the formula for disease incidence, disease index, and the biocontrol efficacy are shown as follows:
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Grade 0, healthy plant; Grade 1, the leaves of the lower part of the plant were withered; Grade 3, 20–40% of the leaves were withered; Grade 4, 40–60% of the leaves were withered; Grade 5, 60–80% of the leaves were withered; and Grade 6, the entire plant was completely wilted and dead.

The inoculated banana plants were examined for infection and the effect of treatment with HN6 by Foc⋅TR4-GFP every day for the first 15 days. Five new plants of each treatment were selected for microscopic analysis each day, and five root samples per plant were harvested to investigate six different root areas that included the root hair, root cap, meristematic zone, elongation zone, and middle and basal part of the roots. For microscopic examination, the banana root tissue was prepared by first washing the roots in sterile distilled water to remove soil. The roots were then placed on a microscope slide, submerged in a water droplet, and covered with a glass coverslip.



Determination of Banana Physiological Indices

Various physiological indices including chlorophyll content, leaf area, plant height, stem diameter, and fresh and dry weights of the whole plant were measured at the 42nd day of the pot experiment (Chen et al., 2017). The chlorophyll content was measured by a Chlorophyll Assay Kit (Beijing Solarbio Science & Technology Co., Ltd., Beijing, China). Briefly, 0.1 g of fresh plant leaves was washed with distilled water. Then, the midrib was removed, and the leaves were cut and put in a homogenizer. One milliliter distilled water and 10 mg Reagent’ No. 1 were added under dark conditions, and the extract was transferred to a 10-ml test tube. Two hundred microliters of the upper extract was taken to determine the absorption value at 663 and 645 nm, which was recorded as A663 and A645, respectively. Following the method described previously, the formula used to calculate the chlorophyll content was as follows:
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where F is the dilution multiple and w is the sample weight (g).



Effects of Strain HN6 on the Microenvironment of Rhizosphere Soil


Determination of Strain HN6 Enzymatic Activity

Using the bacterial cake inoculation method (Peng et al., 2020), strain HN6 cakes with a diameter of 5 mm by punch were inoculated on four different enzyme activity detection media, including lipase, protease, amylase, and cellulase. After 7 days, the presence and size of the halo and transparent rings were observed to detect lipase and protease activities. Lugol’s iodine solution was added to the amylase detection medium to observe the existence and size of the hydrolytic circle to detect amylase activity. Then, 2% Congo red solution was added to the cellulase detection medium, and the existence and size of the transparent circle around the colony were observed to detect the cellulase activity (Han et al., 2018).



Quantification of Indole-3-Acetic Acid Production

Tryptophan (0.05 g) and 1 ml of the spore suspension of HN6 (106 cfu ml–1) were added to 100 ml of Gause No. 1 liquid medium, which was incubated at 28°C for 5 days with shaking at 160 rpm. Tryptophan was not added to the other two treatments. The culture was then centrifuged at 10,000 rpm for 10 min at 4°C. The supernatant (2 ml) was mixed with 2 ml of Salkowski reagent and incubated in the dark, and the development of color was measured (Glickmann and Dessaux, 1995). A standard curve was prepared by substituting the sample with IAA solution (5, 15, 20, 30, 40, 50, and 60 μg ml–1) using the Salkowski colorimetric method. The supernatant (2 ml) was added to 4 ml of Salkowski reagent and incubated in the dark at 25°C for 30 min. The samples with and without tryptophan were immediately measured at OD530, and the blank control was added after the addition of the colorimetric solution. Following the method described previously, the amount of IAA was calculated based on the standard curve.



Siderophore Production

The sterilized filter paper (Φ = 6 mm) were placed on chrome-azurol S (CAS) plates, seeded with the spore suspension of HN6 (10 μl, 106 cfu ml–1), and incubated at 28°C for 5 days. The diameter of the orange zone around the filter paper was then measured (Machuca and Milagres, 2003).



Phosphate-Solubilizing Capacity

Using the molybdenum antimony anti-colorimetric method (Jing et al., 2016), potassium dihydrogen phosphate (KH2PO4) was used for the standard curve. The spore suspension of HN6 (0.5 ml, 106 cfu ml–1) was added to 50 ml of montanine organophosphate liquid medium. The solution was incubated at 28°C for 5 days with shaking at 160 rpm, and then, it was centrifuged at 10,000 rpm for 10 min at 4°C. An equal amount of inactivated spore suspension was used as a control. The absorbance of 2 ml of supernatant was measured at OD700. Following the method described previously, phosphate solubilization was calculated based on the standard curve.



Quantification of Organic Acid Production

Starch was replaced with glucose in Gause No. 1 liquid medium, and the pH was adjusted to 7.0. The spore suspension of HN6 (1 ml, 106 cfu ml–1) was inoculated into 100 ml of Gause No. 1 liquid medium, which was incubated at 28°C for 5 days with shaking at 160 rpm and then centrifuged at 8,000 rpm for 10 min at 4°C. The supernatant (10 ml) and methyl red reagent (three to five drops) were mixed, and the resulting color was observed. An equal amount of spore suspension, autoclaved at 121°C for 20 min, was used as control.



Measurement of Rate of Potassium Release

Spore suspension of HN6 (1 ml, 106 cfu ml–1) was inoculated into 100 ml of Gause No. 1 liquid medium and then incubated at 28°C with shaking at 160 rpm for 3 days in a shake flask. The culture was mixed with Aleksandrov medium (1:0.04 v/v), where potassium feldspar was the only source of potassium, and then further cultured (Hu et al., 2006). An equal amount of inactivated seed culture was mixed with Aleksandrov medium (1:0.04 v/v) as the control. The entire culture was poured into an evaporating dish, heated, and concentrated to 15 ml. Hydrogen peroxide (4 ml) was added, the solution was stirred, and the mixture evaporated until it became a transparent liquid, which was then centrifuged at 8,000 rpm for 10 min at 4°C. The supernatant was then transferred into a volumetric flask and diluted with sterile water to a final volume of 50 ml (Meena et al., 2014). Following the method described previously, the potassium content was determined using a flame spectrophotometer. A standard curve was prepared using KCl solution at concentrations of 0, 2.5, 5.0, 10.0, 15.0, 20.0, and 40.0 μg ml–1. The following formula was used to calculate the rate of potassium release:
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where a refers to the amount of available potassium in the treatment (mg L–1), b is the amount of available potassium in the control (mg L–1), c is the weight of the potash feldspar (g), and d is the potassium content (%).



Volatile Organic Compounds-Mediated Antifungal Activity

The effect of strain HN6 VOCs on the growth of the target fungus was investigated using the bottom of one 90-mm diameter Petri dish to show physical separation between strain HN6 and the fungus. Fungal growth inhibition was calculated by measuring the radial growth of the fungal hyphae after 3 days of incubation. Percentage of inhibition was calculated as [(diameter of fungus in control − diameter of fungus exposed to VOCs) × 100/diameter of fungus in control] for each of the three replicates (Cordovez et al., 2015).

To trap the VOCs, the strain HN6 isolates were inoculated individually in 10-ml sterile glass vials containing 2.5 ml of Gause No. 1 liquid medium with three replicates each. Vials containing medium only served as controls. All of the vials were closed and incubated at 28°C. After 7 days, VOCs from the headspace of each vial were collected by solid phase microextraction (SPME) with a 65-mm polydimethylsiloxane-divinylbenzene fiber (Supelco, Bellefonte, PA, United States). Strain HN6 VOCs were analyzed by a gas chromatography-mass spectrometer (GC-MS) (Agilent GC7890A with a quadrupole MSD Agilent 5978C). VOCs were tentatively annotated by comparing their mass spectra with those of commercial (NIST08) and in-house mass spectral libraries (Santoro et al., 2016).



Effects of Strain HN6 on the Biochemical Properties of the Soil Samples

Using the same treatment method as that in the pot culture experiment, the rhizosphere soil of banana seedlings in different treatment groups was collected. The rhizosphere soil sample has been removed of impurities and stored at −80°C. The rhizosphere soil organic matter, rhizosphere soil total nitrogen, available phosphorus, and available potassium content were determined (Li et al., 2021).



Effects of Strain HN6 on the Fusaric Acid Content in Rhizosphere Soil

The FA content was determined based on a previously published method with minor modifications (Tan et al., 2011; Zhou J. et al., 2017). The concentrations of FA were 5, 10, 20, 30, 40, and 50 μg ml–1. The absorption spectrum and absorbance of FA at λ = 200–300 nm was determined using a UV-1100 spectrophotometer (MAPADA, Shanghai, China). The standard curve of FA was drawn with OD272 as ordinate and the concentration of FA as the horizontal coordinates. After weighing the rhizosphere soil samples, 5 ml of potassium dihydrogen phosphate solution (pH 2) was added into a conical bottle with 1 g of rhizosphere soil, followed by 30 ml of ethyl acetate, to extract for 30 min. After it was removed, the solute was filtered, and then, 5 ml of pH 2.5 potassium dihydrogen phosphate solution was added, followed by 30 ml of ethyl acetate for ultrasonic extraction for 30 min. After being removed, the solute was filtered again, and the crude toxin filtrate was collected. The OD of the sample was determined using a UV-1100 spectrophotometer (Wang et al., 2019, 2020). Following the method described previously, the content of FA in each rhizosphere soil sample was calculated using a standard curve.



Effects of Strain HN6 on the Number of FOC4 in Rhizosphere Soil

Quantitative real-time PCR was used to quantitatively measure the FOC4 biomass in the banana rhizosphere soil (Wang et al., 2018). The rhizosphere soil sample DNA was extracted using an E.Z.N.A.® Soil DNA Kit (Omega Bio-tek, Norcross, GA, United States) per the manufacturer’s instructions. The specific primer set Foc-1/Foc-2 (5′-CAGGGGATGTATGAGGAGGCT/5′-GTGACAGC GTCGTCTAGTTCC) was used for PCR amplification. The description of PCR mixture and thermal cycling conditions used were the same as reported (Lin et al., 2009), and then, the rhizosphere soil sample DNA was diluted 10 times as a template and tested on the StepOne Plus type qRT-PCR instrument (ABI, Foster, CA, United States). The following reaction conditions were used to establish and optimize the qRT-PCR detection system and reaction procedure of FOC4. The amplification efficiency was 1.09, the slope of the curve was −3.104, and the linear equation was y = −3.546x + 44.241 (R2 = 0.999; y represents Ct, and x represents the logarithm of the DNA concentration). The standard curve was used for the detection of FOC4. According to the standard curve, the absolute quantitative detection copy number of the DNA concentration of FOC4 in the soil sample was calculated.



Effects of Strain HN6 on the Microbial Community Structure in Rhizosphere Soil


Determination of the Microbial Community in Rhizosphere Soil

The total DNA of the soil microorganisms was extracted using an E.Z.N.A.® Soil DNA Kit (Omega Bio-tek, Norcross, GA, United States) per the manufacturer’s instructions. The V3–V4 region of the 16S rRNA gene of bacteria was amplified using the universal primers 341F (5′-CCTACGGGNGGCWGCAG-3′)/80 5R (5′-GACTACHVGGGTATCTAATCC-3′), and the ITS1 region of fungi was amplified by ITS1F (5′-CTTGGTCATT TAGAGGAAGTAA-3′)/ITS1R (5′-GCTGCGTTCTTCATCGAT GC-3′). Finally, high-throughput sequencing (Illumina MiSeq) was used to analyze the structure of the microbial community. The method of analysis was mainly based on Shell scripts, combined with Python and R-related software packages, to realize the analysis of big data and generate actionable tables.



Determination of the Population of Culturable Rhizosphere Soil Microbes

The culture-dependent method was used to separate culturable fungi, bacteria, and actinomycetes from the rhizosphere soil samples that were collected by different selective media (Rossmann et al., 2012). Briefly, PDA, rose Bengal agar, and Martin agar medium were used for the fungi. The bacteria were cultured in nutrient agar medium, Pseudomonas selective, and Luria–Bertani agar medium. Actinomycetes were cultured in the medium of Gause No. 1 agar medium, starch casein agar, and humic acid–vitamin agar with 20 mg L–1 of nalidixic acid. The modified cetyl trimethylammonium bromide method and a bacterial genomic DNA extraction kit (Solarbio, Beijing, China) were used to extract total DNA to identify the fungi, bacteria, and actinomycetes (Huang et al., 2018). PCR amplification was carried out using the universal primers ITS1 and ITS4 (ITS1: 5′-TCCGTAGGTGAACCTGCGG-3′; ITS4: 5′-TCCTCCGCTTATTGATATGC-3′), as well as 27F and 1492R (27F: 5′-AGAGTTTGATCCTGGCTCAG-3′; 1492R: 5′-TACG GCTA CCTT GTTACGACTT-3′). The amplification profile included an initial denaturation at 95°C for 5 min, followed by 35 amplification cycles of 94°C for 1 min, 55°C for 1 min, and 72°C for 2 min. Finally, the PCR products were sequenced by using the primers 27F and 1492R, and the gene sequences were compared using BLAST in the NCBI database1. A phylogenetic tree was constructed using the neighbor joining method using MEGA version 7.0 (Luo et al., 2013).



Data Analysis

Analysis of variance and multiple comparisons were carried out using SPSS 25 software by analysis of variance (ANOVA). The data were expressed as means ± standard deviation, and the significance was determined using Fisher’s protected least significant difference (LSD) test (p < 0.05).



RESULTS


Colonization Ability of Strain HN6 in Soil

The resistance of HN6 to antibiotics and fungicides labeling method was used to determine the resistance of strain HN6 to three antibiotics and two fungicides, including rifampicin, gentamicin, streptomycin, carbendazim, and chlorothalonil. The results showed that the strain could grow under the condition of 10 μg ml–1 rifampicin, which was better than gentamicin and streptomycin, but it could not grow in the medium containing chlorothalonil (Table 1). Two kinds of antibiotics and two fungicides were selected for further test. The results showed that the strain grew the most under the combination of rifampicin (12.5 μg ml–1) and carbendazim (10 μg ml–1). The combined fungicidal concentration was used as the detection concentration of strain HN6, and a colonization test of the strain was carried out. After 15 days, the number of strain HN6 in sterilized soil was 9.4 × 104 cfu g–1, and the number of strain HN6 in unsterilized soil was 2.3 × 104 cfu g–1 (Table 2). The results showed that strain HN6 could colonize both sterilized and unsterilized soils, but it grew slower in the unsterilized soil. The reason may be that there were other microorganisms in unsterilized soil, and it takes a longer for strain HN6 to become dominant.


TABLE 1. Resistance of strain HN6 to antibiotics and fungicides.
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TABLE 2. Colonization ability of strain HN6 in soil (×104 cfu g–1 soil–1).
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Disease Suppression and Growth Promotion Ability of Strain HN6

According to the statistics regarding the disease control effect of strain HN6 (Figure 2A), it was found that the disease degree and disease index of banana seedlings treated with strain HN6 were significantly lower than those of the control (p < 0.05), and the number of healthy banana seedlings was the largest in the treated trials (Table 3). Additionally, the lesion size in corms of banana seedlings treated with strain HN6 was less than that of the control (Supplementary Figure 1). The disease index of banana seedlings treated with only medium (KP) and sterile water (KQ) was 74.00 and 81.33. The disease index of banana seedlings treated with 0.1% carbendazim (KY) was 36.67, whereas that of banana seedlings treated with strain HN6 (N6) was 11.33, which was lower than that of treatments KP and KQ. The percentage of biocontrol efficacy was 86.09.


TABLE 3. Disease incidence, disease index, and biocontrol efficacy.
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The effects of strain HN6 on the infection process of Foc TR4-GFP were observed using confocal laser scanning microscopy. The results showed that at the first day postinfection, hyphae and spores adhered to root hair and root epidermis of the KQ treatment bananas (Figure 1B), and at the seventh day postinfection, Foc TR4-GFP spores were observed on the root hairs and also in the parenchymal cells of banana roots (Figure 1C). At the 11th day postinfection, the hyphae extended upward along root vascular bundles to corms of KQ treatment bananas (Figure 1D). At the 15th day postinfection, the spore invasion of Foc TR4-GFP was observed in the cells of the longitudinal section of the root in KQ treatment bananas (Figure 1E). At the 15th day postinfection, no hypha was found in corm central cylinder tissues of N6 (Figure 1F) and KY (Figure 1G), but a lot of hyphae grew in that of KP (Figure 1H) and KQ (Figure 1I). These results suggested that with the addition of strain HN6, Foc TR4-GFP was inhibited, and the infection ability was affected.
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FIGURE 1. The effects of strain HN6 on the infection process of Foc TR4-GFP. N6 (Foc⋅TR4-GFP + HN6, 1.0 × 107 cfu g–1 soil), KY (Foc⋅TR4-GFP + 0.1% carbendazim), KP (Foc⋅TR4-GFP + Gause No. 1 liquid medium), and KQ (Foc TR4-GFP + sterile water). YS referred to rhizosphere soil of uninoculated plants. (A) Susceptible banana seedlings. (B) At the first day postinfection, hyphae and spores adhered to root hair and root epidermis of the KQ bananas. (C) At the seventh day postinfection, Foc TR4-GFP spores were observed on the root hairs and also in the parenchymal cells of the KQ banana roots. (D) At the 11th day postinfection, the hyphae extended upward along root vascular bundles to corms of the KQ bananas. (E) Direct penetration of epidermal cells of the KQ bananas roots at the 15th day; (F,G) N6 and KY groups: at the 15th day, no hyphae were found in the corm central cylinder tissues of the bananas; KP and KQ groups: (H,I) at the 15th day, hyphae and spores adhered to the corm central cylinder tissues of the bananas.


The plant height, stem diameter, leaf area, and leaf thickness of the banana seedlings in each treatment group were measured. The results showed that strain HN6 could promote the growth of banana seedlings. The strain increased plant height, stem diameter (Figure 2B), fresh and dry weights (Figure 2C), leaf area and thickness (Figure 2D), and chlorophyll content (Figure 2E).
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FIGURE 2. The biocontrol effects of strain HN6 against FOC4. N6 (Foc⋅TR4-GFP + HN6, 1.0 × 107 cfu g–1 soil), KY (Foc⋅TR4-GFP + 0.1% carbendazim), KP (Foc⋅TR4-GFP + Gause No. 1 liquid medium), and KQ (Foc TR4-GFP + sterile water). YS referred to rhizosphere soil of uninoculated plants. (A) The incidence of banana seedlings in different treatment groups. (B) Plant height and pseudostem girth. (C) Fresh and dry weights. (D) Leaf area and leaf thickness. (E) Chlorophyll content. Error bars represent standard deviations, and means with different letters are significantly different from each other (p < 0.05) according to the least significant difference (LSD) test (n = 3).




Effects of Strain HN6 on the Microenvironment of Rhizosphere Soil


The Potential of Strain HN6 to Change Root Nutrients

At 530 nm, the equation for the standard curve of IAA was y = 0.0276x − 0.0687 (R2 = 0.9971). According to the standard curve, the strain could produce IAA in Gause No. 1 liquid medium in the absence of tryptophan, which was yellow in color (Figure 3A). The IAA yield from the strain was 4.71 ± 0.08 μg ml–1. When tryptophan was added to the Gause No.1 agar plate, the strain could produce IAA, which was pink in color (Figure 3B). The IAA yield from the strain was 24.92 ± 0.33 μg ml–1, which was 5.29 times more than that in the absence of tryptophan, when incubated with yellow Salkowski reagent under dark conditions. These results indicated that strain HN6 effectively utilized exogenous tryptophan to produce IAA.
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FIGURE 3. Plant growth promotion abilities of strain HN6. (A,B) IAA production, the strain could produce IAA in Gause No. 1 liquid medium in the absence or added of tryptophan. (C) Cellulose activity. An obvious halo and transparent circles were observed around the HN6 on the cellulase detection plate. (D) Lipase activity. An obvious halo and transparent circles were observed around the HN6 on the lipase detection plate. (E,F) Produces organic acid. (G) Siderophore production. On the brilliant blue chrome-azurol S plates, strain HN6 colonizes the diameter of the orange zone.


An obvious halo and transparent circles were observed around the bacterial cake on the cellulase and lipase detection plate. The diameter of the cellulase transparent ring was 1.91 ± 0.05 cm (Figure 3C), while the diameter of the lipase halo was 1.89 ± 0.16 cm (Figure 3D). In the organic acid test, the control medium did not turn red (Figure 3E) without inoculation with strain HN6, and the test solution turned red (Figure 3F) after inoculation with strain HN6, indicating that acidic substances were produced. Organic acid production is the principal mechanism adopted by phosphate-solubilizing bacteria for inorganic phosphate solubilization. On the brilliant blue CAS plates, strain HN6 colonizes the diameter of the orange zone averaged 1.85 cm (Figure 3G). According to the KCl standard curve, y = 0.0536x − 0.4456 (R2 = 0.996); the potassium release rate of the strain was 13.43%. This indicated that this strain is capable of dissolving potassium salts.



Effect of Strain HN6 VOCs on Fungal Growth

For testing the antifungal activity of VOCs produced by strain HN6, the hyphal growth of target fungi was measured during exposure to VOCs. The VOCs produced by HN6 showed antifungal activity on 10 different fungal species (Supplementary Figure 2). The best inhibition rate was for FOC4 (63.11%), followed by B. dothidea (35.21%) and R. solani (35.19%). The inhibition rate of strain HN6 VOCs to other pathogens were <30% (Table 4). A comparison of the VOC profiles of strain HN6 with the control pinpointed 33 VOCs potentially involved in its antifungal activity against FOC4 (Table 5). The VOCs detected from the strain were researched, and five common VOCs were selected {acridine, 9-methyl-; hexadecane; 3,3-bis[p-(dimethylamino) phenyl]-6-(dimethylamino) phthalide; thiophene,2-ethyl-; and hentriacontane}. Subsequently, different concentrations of these five VOCs were used to test their inhibitory effect on hyphal growth of FOC4. The VOC acridine, 9-methyl-, inhibited radial hyphal growth of FOC4. The EC50 was 109.824 μg ml–1.


TABLE 4. Antifungal activity of strain HN6 volatile organic compounds.
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TABLE 5. Possible VOCs from HN6 using the area normalization method by SPME-GC-MS analysis.
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Effect of Strain HN6 on the Nutrient Content of Rhizosphere Soil

According to the total nitrogen and organic matter (Figure 4A), available phosphorus, and available potassium (Figure 4B) results in the rhizosphere soil, compared with the rhizosphere soil of uninoculated plants (YS) and other treatments, the strain HN6 treatment increased the content of soil nitrogen and organic matter, available phosphorus, and available potassium, indicating that the strain can effectively increase the content of nitrogen in rhizosphere soil, improve soil nutrition, and promote plant growth. Compared with the control, the contents of total nitrogen, organic matter, available phosphorus, and available potassium were significantly increased in the Streptomyces sp. treatment group.
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FIGURE 4. Effects of strain HN6 on the nutrient, FOC4, and fusaric acid contents of rhizosphere soil. N6 (Foc⋅TR4-GFP + HN6, 1.0 × 107 cfu g–1 soil), KY (Foc⋅TR4-GFP + 0.1% carbendazim), KP (Foc⋅TR4-GFP + Gause No. 1 liquid medium), and KQ (Foc TR4-GFP + sterile water). YS referred to rhizosphere soil of uninoculated plants. (A) Total nitrogen and organic matter content of rhizosphere soil sample. (B) Available phosphorus and available potassium content of rhizosphere soil sample. (C) FOC4 and FA content of rhizosphere soil sample. Error bars represent standard deviations, and means with different letters are significantly different from each other (p < 0.05) according to the LSD test (n = 3).




Effects of Strain HN6 on FOC4 Genomic DNA and Fusaric Acid Content in the Rhizosphere Soil

The average copy number of FOC4 DNA in the N6 treatment group was significantly lower (p < 0.05) than that in the control groups (Figure 4C), as was the content of the mycotoxin FA. In terms of FOC4 genomic DNA content, N6, KY, KP, KQ, and YS were 3,771.03, 4,909.73, 5,783.34, 5,502.50, 2,604.65 copy μl–1. KY, KP, and KQ control were 1.30, 1.53, and 1.45 times more of the N6 treatment. In terms of FA content, N6, KY, KP, KQ, and YS were 72.87, 95.66, 147.41, 142.06, and 28.36 μg g–1. KY, KP, and KQ control were 1.31, 2.02, and 1.95 times more of the N6 treatment.



Effects of Strain HN6 on Microbial Composition in Rhizosphere Soil


Alpha Diversity Analysis

The indices of community richness are the Chao index and ACE index. The indices of community diversity are the Shannon index, Simpson index, and Coverage index. Among them, the higher the Chao and ACE index, the richer the community richness in the sample. The higher the Shannon index, the higher the community diversity in the sample. The higher the Simpson index, the lower the community diversity in the sample (Meng et al., 2020). The Chao coefficient and ACE index of the samples treated with strain HN6 (N6) were lower than those of the medium samples (KP) and sterile water control samples (KQ) (Table 6). The results showed that the community richness of fungi in the samples treated with strain HN6 decreased. In terms of community diversity, the Shannon index of the strain HN6-treated samples (N6) was significantly higher than that of the medium samples (KP) and sterile water control samples (KQ), Simpson index was significantly lower in HN6-treated samples, and the community diversity was the highest in the HN6 treatment group. The abundance and diversity of a microbial community is reflected by sample diversity analysis. The results showed that after strain HN6 treatment, the rhizosphere soil diversity was restored, and rhizosphere soil microecology was maintained.


TABLE 6. Statistical table of alpha diversity index.
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Effects on the Rhizosphere Soil Fungal Community Structure

The operational taxonomic unit (OTU) sequence was compared with the corresponding database (RDP database2) and filtered to select the most suitable alignment result for the OTU sequence the results by comparison. The sequences with a similarity >90% and coverage >90% by default were used for subsequent classification, and the sequences that did not meet the conditions were classified as unclassified. According to the results of taxonomic analysis, the community composition of each sample at the genus level was counted. A community composition distribution map was obtained (Figure 5A), together with a heatmap of the genus (Figure 5C) and a sample–species relationship diagram at genus level. It can be found in the sample–species relationship diagram that the abundance of Fusarium was different in each sample, and the proportion of Fusarium in N6, KY, KP, KQ, and YS was roughly 16, 20, 36, 24, and 4% (Figure 5D). By analyzing the main dominant fungal species, it was found that the six genera with the highest abundance in the rhizosphere soil of uninoculated plants (YS) were unclassified Candida, Fusarium, unclassified_Halosphaeriaceae, unclassified_Ceratocystidaceae, and unclassified Nectriaceae. For the N6 treatment group, the six genera with the highest abundance were Fusarium, unclassified, unclassified_Rozellomycota, Candida, unclassified_Ceratocystidaceae, and unclassified_Fungi. According to the analysis results, the relative abundance of Fusarium in the YS was relatively low. When strain HN6 colonized the rhizosphere soil, compared with the control, the abundance of Fusarium is still the lowest. The results showed that strain HN6 had a strong inhibitory effect on the growth of Fusarium spp. in the rhizosphere of susceptible banana plants, which were consistent with the results of the alpha diversity analysis.
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FIGURE 5. Effect of strain HN6 on the composition of rhizosphere soil microbial community. N6 (Foc⋅TR4-GFP + HN6, 1.0 × 107 cfu g–1 soil), KY (Foc⋅TR4-GFP + 0.1% carbendazim), KP (Foc⋅TR4-GFP + Gause No. 1 liquid medium), and KQ (Foc TR4-GFP + sterile water). YS referred to rhizosphere soil of uninoculated plants. (A) Fungi community structure. (B) Bacterial community structure. (C) Heatmap of fungal genera. (D) Sample–species relationship diagram of fungi at genus level. (E) Sample–species relationship diagram of bacteria at genus level.




Effect on Rhizosphere Soil Bacterial Community Structure

The bacterial community structure distribution map was obtained by counting the bacterial community composition of each sample and the sample–species relationship diagram at the genus level. By analyzing the main dominant bacteria, it was found that the six genera with the highest abundance in the rhizosphere soil samples were unclassified, Bacillus, Pseudomonas, Sphingomonas, Gemmatimonas, and Gp6. According to the analysis results, the relative abundance of Pseudomonas in the rhizosphere soil of uninoculated plants was relatively low. When strain HN6 colonized the rhizosphere soil, the abundance of Pseudomonas increased (Figure 5B). It can be found in the sample–species relationship diagram that the abundance of Pseudomonas and Bacillus were different in each sample; the proportion of Pseudomonas in N6, KY, KP, KQ, and YS was roughly 6, 7, 5, 3, and 2%; and the proportion of Bacillus was the largest in N6 (Figure 5E).



Effects of Strain HN6 on Culturable Microorganisms in Rhizosphere Soil

According to the results of the statistical, the number of culturable fungi in the N6 treatment group was less than that in the YS samples (Supplementary Table 1), and the number of culturable bacteria in the N6 treatment group was more than that in the control (Supplementary Table 2). The results of the sequence alignment analysis showed that after banana seedlings were infected by FOC4, Fusarium spp. became the dominant fungus in the rhizosphere, and the number of Fusarium in each treatment group was much higher than that in the original soil samples. Due to the antagonistic effect of strain HN6, the number of Fusarium on culturable microorganisms in rhizosphere soil increased to a lesser extent in the N6 treatment group (Figure 6A), which was consistent with the results of high-throughput sequencing. Through the analysis of the species and abundance of culturable bacteria in different genera, it was observed that the abundance of Bacillus and Pseudomonas in the N6 treatment group was higher than that in the other treatment groups (Figure 6B), indicating that strain HN6 could attract Bacillus and Pseudomonas to colonize the banana plant rhizosphere. In the culturable bacteria, a Streptomyces sp. N6FXJ01strain isolated from the N6 group was compared and analyzed by phylogenetic analysis. It was phylogenetically closely related to S. aureoverticillatus HN6 (FJ911617), which share 99.8% 16S rRNA sequence similarity (Figure 6C).
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FIGURE 6. Structural composition of culturable microorganisms in rhizosphere soil. N6 (Foc⋅TR4-GFP + HN6, 1.0 × 107 cfu g–1 soil), KY (Foc⋅TR4-GFP + 0.1% carbendazim), KP (Foc⋅TR4-GFP + Gause No. 1 liquid medium), and KQ (Foc TR4-GFP + sterile water). YS referred to rhizosphere soil of uninoculated plants. (A) Structural composition of culturable fungi. (B) Structural composition of culturable bacteria. (C) Phylogenetic analysis of strain N6FXJ01.




DISCUSSION

Although decades of research have been carried out on banana Fusarium wilt, there are few effective control methods for this disease, and the breeding of disease-resistant varieties is the most effective management strategy (Tao et al., 2020). However, these kinds of biological resources are usually scarce, unproductive, and commercially unacceptable (Dita et al., 2010). It is difficult to breed disease-resistant varieties using genetic transformation technology through conventional breeding. Biological control with antagonistic bacteria can provide potential prospects for sustainable plant protection (Shen et al., 2015). Shen et al. (2015) found that the application of Bacillus amyloliquefaciens for 2 years in an area where banana Fusarium wilt occurred could regulate the banana rhizosphere microflora and effectively control Fusarium wilt caused by F. oxysporum and increase the yield. B. amyloliquefaciens SQR9, which was isolated from the cucumber rhizosphere, suppressed the growth of F. oxysporum in the cucumber rhizosphere and protected the host plant from pathogen invasion through efficient root colonization (Xu et al., 2014). Seventeen strains of Streptomyces were isolated and promoted plant growth by producing an iron carrier, IAA, and dissolved phosphate (Baoune et al., 2018). Some researchers have also found that microbial VOCs display versatile functions: they inhibit bacterial and fungal growth, promote or inhibit plant growth, trigger plant resistance, and attract other micro- and macroorganisms (Hagai et al., 2014; Schmidt et al., 2015). VOCs indirectly improve plant growth by alleviating biotic and abiotic stress. Some VOCs, such as dimethyl disulfide (DMDS) and 2-methyl-pentanoate, are highly toxic to plant pathogens (Groenhagen et al., 2013; Cordovez et al., 2015; Raza et al., 2016; Ossowicki et al., 2017), and some, such as acetoin, 2,3-butanediol, and tridecane, induce plant systemic resistance (ISR) against these pathogens (Lee et al., 2012). However, ISR appears to be the main mechanism of disease suppression via VOCs under natural conditions (Sharifi and Ryu, 2016). Some VOCs can also induce systemic tolerance to rhizosphere soil salinization and drought stress, which pose major threats to crop production. Treatment with rhizobacteria can help alleviate these problems by improving root system architecture for more efficient water uptake. Rhizobacteria confer systemic tolerance to abiotic stress by modulating proline, antioxidant, and hormone production and reducing Na+ accumulation in plants (Liu and Zhang, 2015). Therefore, Streptomyces are regarded as important biological control resources because of their bioactive secondary metabolites, and these antibacterial compounds play an important role in protecting plants against pathogens.

Streptomycetes are widely distributed in the soil, where they are strong competitors and antagonists (Bubici et al., 2019). The use of Streptomycetes as BCAs is largely documented in the literature. Qin et al. (2010) selected 8 out of 139 isolates using in vitro assays against several F. oxysporum formae speciales and demonstrated that the application of their fermentation broth provided a Fusarium wilt of banana control ranging from 78 to 87% in pot experiments. In particular, using 1.85 × 106 conidia ml–1 of FOC4, plants treated with the best Streptomycetes strain, ZJ-E1-2, showed Fusarium wilt of banana incidence of 12%, while it was 76% on untreated trees. Zhou D. et al. (2017) observed a Fusarium wilt of banana reduction of 73% after treatment with Streptomyces lunalinharesii B-03.

For plants, the rhizosphere microbial community may be the first line of defense against soil pathogens (Zebelo et al., 2016). The interaction between antagonistic bacteria and plant rhizospheric microorganisms was traced from the point of view of antagonistic bacteria increasing root microbial diversity and revealing the biocontrol mechanism of antagonistic bacteria. The colonization of PGPR along plant roots is a prerequisite for them to execute their specific functions (Xu et al., 2019). In recent years, the research of actinomycetes was focused on its ability to control plant disease and indirectly promote plant growth. Most isolates in the genus Streptomyces showed surpassing antifungal activities against fungal pathogens and abilities to produce plant-growth-promoting agents in high quantity (Himaman et al., 2016). Actinomycetes could provide nutrients by the specific uptake system to stimulate plant growth (Rungin et al., 2012). Mahadevan and Crawford (1997) found that Streptomyces olivaceoviridis, Streptomyces rimosus, Streptomyces rochei, Streptomyces griseoviridis, and Streptomyces lydicus had the ability to improve plant growth by increasing seed germination, root elongation, and root dry weight. Uphoff et al. (2009) reported that Streptomyces strains significantly enhanced plant growth by increasing plant root length, number of roots, plant shoot length, number of leaves, fresh weight, and dry weight over the uninoculated control. The growth-promoting effect of Streptomyces is mainly evaluated from its effects on plant morphological, physiological, and biochemical indexes. Plant stem length, height, and fresh weight are intuitive indices that are easy to observe and determine and are generally used as morphological indices. The content of chlorophyll in plants directly affects the intensity of photosynthesis, and understanding the content of chlorophyll is of significance for improving plant yield.

In the present study, a pot experiment was conducted to explore the control effect of the rhizosphere growth-promoting bacteria HN6 on banana Fusarium wilt and the effect on soil microbial community structure. The results showed that HN6 could effectively colonize soil, release antibacterial VOCs, reduce FOC4 in the rhizosphere soil, and prevent pathogens from invading banana roots and plants (Figure 1). Among the four treatments, HN6 increased the morphological index and chlorophyll content of banana seedlings (Figure 2). In addition, HN6 showed a variety of characteristics to promote plant growth (production of IAA and siderophore and solubilization of phosphate), thus improving the nutritional status of rhizosphere soil (Figure 3). HN6 also had a certain effect on the composition of the microbial community in banana rhizosphere soil. Compared with the control, the colonization of HN6 in the rhizosphere of banana seedlings resulted in a decrease in the number of pathogenic fungi represented by FOC4 (Figure 4) and increase in the diversity of rhizosphere fungi (Figure 5). This suggested that strain HN6 decreased the relative abundance of Fusarium species in the rhizosphere soil to control the excessive secretion of mycotoxins that cause damage to the roots of banana seedlings. The results also showed that after infection with strain HN6, the banana seedling rhizosphere microbial community dominated by Fusarium changed and reorganized and evolved into a microbial community dominated by some beneficial bacteria, which is not conducive to disease occurrence (Figure 6). This may play an important role in disease prevention and control. This conclusion needs more relevant research work to be confirmed.



CONCLUSION

In summary, strain HN6 was shown to produce IAA and siderophore, which can dissolve potassium and phosphate as well as fix nitrogen. After colonizing the rhizosphere soil of banana seedlings, strain HN6 inhibited the entry of pathogens into the vascular bundles and corms of banana seedlings. By reducing the relative abundance of pathogens and increasing the relative abundance of beneficial bacteria in the rhizosphere, strain HN6 could restore the rhizosphere soil microbial ecology changed by FOC4 and finally stabilize the rhizosphere soil community and control banana Fusarium wilt. Therefore, strain HN6 is an important microbial resource to control banana Fusarium wilt and promote banana growth.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author/s.



AUTHOR CONTRIBUTIONS

DY, LW, and YL conceived and designed the research. DY, LW, and TW conducted the experiments. YZ and SZ analyzed the data. DY and LW wrote the manuscript. YL was responsible for funding acquisition, project administration, and resources. All authors commented, discussed, and approved the manuscript.



FUNDING

This study was supported by the construction of the world first discipline of Hainan University (RZZX201912), the National Natural Science Foundation of China (31760526), and the Natural Science Foundation of Hainan (2019RC121).



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2021.685408/full#supplementary-material


FOOTNOTES

1https://www.ncbi.nlm.nih.gov/

2http://rdp.cme.msu.edu/misc/resources.jsp


REFERENCES

Bais, H. P., Weir, T. L., Perry, L. G., Gilroy, S., and Vivanco, J. M. (2006). The role of root exudates in rhizosphere interactions with plants and other organisms. Annu. Rev. Plant Biol. 57, 233–266. doi: 10.1146/annurev.arplant.57.032905.105159

Baoune, H., Ould El Hadj-Khelil, A., Pucci, G., Sineli, P., Loucif, L., and Polti, M. A. (2018). Petroleum degradation by endophytic Streptomyces spp. isolated from plants grown in contaminated soil of southern Algeria. Ecotoxicol. Environ. Saf. 147, 602–609. doi: 10.1016/j.ecoenv.2017.09.013

Baudoin, E., Benizri, E., and Guckert, A. (2003). Impact of artificial root exudates on the bacterial community structure in bulk soil and maize rhizosphere. Soil Biol. Biochem. 35, 1183–1192. doi: 10.1016/S0038-0717(03)00179-2

Beneduzi, A., Ambrosini, A., and Passaglia, L. M. (2012). Plant growth-promoting rhizobacteria (PGPR): their potential as antagonists and biocontrol agents. Genet. Mol. Biol. 35(suppl. 4), 1044–1051. doi: 10.1590/s1415-47572012000600020

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

Bubici, G., Kaushal, M., Prigigallo, M. I., Gómez-Lama Cabanás, C., and Mercado-Blanco, J. (2019). Biological control agents against Fusarium wilt of banana. Front. Microbiol. 10:616. doi: 10.3389/fmicb.2019.00616

Butler, D. (2013). Fungus threatens top banana. Nature 504, 195–196. doi: 10.1038/504195a

Cao, Y., Pi, H., Chandrangsu, P., Li, Y., Wang, Y., Zhou, H., et al. (2018). Antagonism of two plant-growth promoting Bacillus velezensis isolates against Ralstonia solanacearum and Fusarium oxysporum. Sci. Rep. 8:4360. doi: 10.1038/s41598-018-22782-z

Chen, D., Wang, X., Zhang, W., Zhou, Z., and Li, X. (2020). Persistent organic fertilization reinforces soil-borne disease suppressiveness of rhizosphere bacterial community. Plant Soil 452, 313–328.

Chen, Y., Wang, W., Zhou, D., Jing, T., Li, K., Zhao, Y., et al. (2020). Biodegradation of lignocellulosic agricultural residues by a newly isolated Fictibacillus sp. YS-26 improving carbon metabolic properties and functional diversity of the rhizosphere microbial community. Bioresour. Technol. 310:123381. doi: 10.1016/j.biortech.2020.123381

Chen, Y., Zhou, D., Qi, D., Gao, Z., Xie, J., and Luo, Y. (2017). Growth promotion and disease suppression ability of a Streptomyces sp. CB-75 from banana rhizosphere soil. Front. Microbiol. 8:2704. doi: 10.3389/fmicb.2017.02704

Colombo, E. M., Kunova, A., Pizzatti, C., Saracchi, M., Cortesi, P., and Pasquali, M. (2019). Selection of an endophytic Streptomyces sp. strain DEF09 from wheat roots as a biocontrol agent against Fusarium graminearum. Front. Microbiol. 10:2356. doi: 10.3389/fmicb.2019.02356

Cordovez, V., Carrion, V. J., Etalo, D. W., Mumm, R., Zhu, H., van Wezel, G. P., et al. (2015). Diversity and functions of volatile organic compounds produced by Streptomyces from a disease-suppressive soil. Front. Microbiol. 6:1081. doi: 10.3389/fmicb.2015.01081

Dita, M. A., Waalwijk, C., Buddenhagen, I. W., Souza, M. T. Jr., and Kema, G. (2010). A molecular diagnostic for tropical race 4 of the banana Fusarium wilt pathogen. Plant Pathol. 59, 348–357. doi: 10.1111/j.1365-3059.2009.02221.x

Dita, M., Barquero, M., Heck, D., Mizubuti, E. S. G., and Staver, C. P. (2018). Fusarium wilt of banana: current knowledge on epidemiology and research needs toward sustainable disease management. Front. Plant Sci. 9:1468. doi: 10.3389/fpls.2018.01468

Dong, H., Fan, H., Lei, Z., Wu, C., Zhou, D., and Li, H. (2019). Histological and gene expression analyses in banana reveals the pathogenic differences between races 1 and 4 of Banana Fusarium wilt pathogen. Phytopathology 109, 1029–1042. doi: 10.1094/phyto-10-18-0384-r

Glickmann, E., and Dessaux, Y. (1995). A critical examination of the specificity of the salkowski reagent for indolic compounds produced by phytopathogenic bacteria. Appl. Environ. Microbiol. 61, 793–796. doi: 10.1128/aem.61.2.793-796.1995

Groenhagen, U., Baumgartner, R., Bailly, A., Gardiner, A., Eberl, L., Schulz, S., et al. (2013). Production of bioactive volatiles by different Burkholderia ambifaria strains. J. Chem. Ecol. 39, 892–906. doi: 10.1007/s10886-013-0315-y

Hagai, E., Dvora, R., Havkin-Blank, T., Zelinger, E., Porat, Z., Schulz, S., et al. (2014). Surface-motility induction, attraction and hitchhiking between bacterial species promote dispersal on solid surfaces. ISME J. 8, 1147–1151. doi: 10.1038/ismej.2013.218

Han, D., Wang, L., and Luo, Y. (2018). Isolation, identification, and the growth promoting effects of two antagonistic actinomycete strains from the rhizosphere of Mikania micrantha Kunth. Microbiol. Res. 208, 1–11. doi: 10.1016/j.micres.2018.01.003

Himaman, W., Thamchaipenet, A., Pathom-Aree, W., and Duangmal, K. (2016). Actinomycetes from Eucalyptus and their biological activities for controlling Eucalyptus leaf and shoot blight. Microbiol. Res. 18, 42–52. doi: 10.1016/j.micres.2016.04.011

Hu, X., Chen, J., and Guo, J. (2006). Two phosphate- and potassium-solubilizing bacteria isolated from tianmu mountain, Zhejiang, China. World J. Microbiol. Biotechnol. 22, 983–990. doi: 10.1007/s11274-006-9144-2

Huang, X., Duan, N., Xu, H., Xie, T. N., Xue, Y. R., and Liu, C. H. (2018). [CTAB-PEG DNA extraction from fungi with high contents of polysaccharides]. Mol. Biol. (Mosk) 52, 718–726. doi: 10.1134/s0026898418040080

Jing, S., Zhang, N., Zhang, C., and Wei, B. (2016). Study on the effect of different modified zeolite to phosphorus activation in red soil. J. Environ. Prot. 07, 2036–2046. doi: 10.4236/jep.2016.713158

Lee, B., Farag, M. A., Park, H. B., Kloepper, J. W., Lee, S. H., and Ryu, C. M. (2012). Induced resistance by a long-chain bacterial volatile: elicitation of plant systemic defense by a C13 volatile produced by Paenibacillus polymyxa. PLoS One 7:e48744. doi: 10.1371/journal.pone.0048744

Li, C., Chen, S., Zuo, C., Sun, Q., Ye, Q., Yi, G., et al. (2011). The use of GFP-transformed isolates to study infection of banana with Fusarium oxysporum f. sp. cubense race 4. Eur. J. Plant Pathol. 131, 327–340. doi: 10.1007/s10658-011-9811-5

Li, W. Z., Chen, S., Wang, J. M., Zhang, Y. F., and Zhang, M. (2021). A novel characterization on the interaction of soil and vegetation in a reclaimed area of opencast coalmine based on joint multi-fractal method. Ecol. Indic. 121:107094. doi: 10.1016/j.ecolind.2020.107094

Lin, Y. H., Chang, J. Y., Liu, E. T., Chao, C. P., Huang, J. W., and Chang, P. (2009). Development of a molecular marker for specific detection of Fusarium oxysporum f. sp. cubense race 4. Eur. J. Plant Pathol. 123, 353–365. doi: 10.1007/s10658-008-9372-4

Liu, X. M., and Zhang, H. (2015). The effects of bacterial volatile emissions on plant abiotic stress tolerance. Front. Plant Sci. 6:774. doi: 10.3389/fpls.2015.00774

Luo, J., Yang, J., He, H., Jin, T., Zhou, L., Wang, M., et al. (2013). A new electrochemically active bacterium phylogenetically related to Tolumonas osonensis and power performance in MFCs. Bioresour. Technol. 139, 141–148. doi: 10.1016/j.biortech.2013.04.031

Machuca, A., and Milagres, A. M. (2003). Use of CAS-agar plate modified to study the effect of different variables on the siderophore production by Aspergillus. Lett. Appl. Microbiol. 36, 177–181. doi: 10.1046/j.1472-765x.2003.01290.x

Magdama, F., Monserrate-Maggi, L., Serrano, L., Sosa, D., Geiser, D. M., and Jiménez-Gasco, M. D. M. (2019). Comparative analysis uncovers the limitations of current molecular detection methods for Fusarium oxysporum f. sp. cubense race 4 strains. PLoS One 14:e0222727. doi: 10.1371/journal.pone.0222727

Mahadevan, B., and Crawford, D. L. (1997). Properties of the chitinase of the antifungal biocontrol agent Streptomyces lydicus WYEC108. Enzyme Microb. Technol. 20, 489–493. doi: 10.1016/S0141-0229(96)00175-5

Maymon, M., Sela, N., Shpatz, U., Galpaz, N., and Freeman, S. (2020). The origin and current situation of Fusarium oxysporum f. sp. cubense tropical race 4 in Israel and the Middle East. Sci. Rep. 10:1590. doi: 10.1038/s41598-020-58378-9

Meena, V. S., Maurya, B. R., and Verma, J. P. (2014). Does a rhizospheric microorganism enhance K? availability in agricultural soils? Microbiol. Res. 169, 337–347. doi: 10.1016/j.micres.2013.09.003

Meng, F., Li, Z., Li, L., Lu, F., Liu, Y., Lu, X., et al. (2020). Phytoplankton alpha diversity indices response the trophic state variation in hydrologically connected aquatic habitats in the Harbin Section of the Songhua River. Sci. Rep. 10:21337. doi: 10.1038/s41598-020-78300-7

Ossowicki, A., Jafra, S., and Garbeva, P. (2017). The antimicrobial volatile power of the rhizospheric isolate Pseudomonas donghuensis P482. PLoS One 12:e0174362. doi: 10.1371/journal.pone.0174362

Peng, F., Zhang, M. Y., Hou, S. Y., Chen, J., Wu, Y. Y., and Zhang, Y. X. (2020). Insights into Streptomyces spp. isolated from the rhizospheric soil of Panax notoginseng: isolation, antimicrobial activity and biosynthetic potential for polyketides and non-ribosomal peptides. BMC Microbiol. 20:143. doi: 10.1186/s12866-020-01832-5

Poomthongdee, N., Duangmal, K., and Pathom-aree, W. (2015). Acidophilic actinomycetes from rhizosphere soil: diversity and properties beneficial to plants. J. Antibiot. (Tokyo) 68, 106–114. doi: 10.1038/ja.2014.117

Qi, D., Zou, L., Zhou, D., Chen, Y., Gao, Z., Feng, R., et al. (2019). Taxonomy and broad-spectrum antifungal activity of Streptomyces sp. SCA3-4 isolated from rhizosphere soil of Opuntia stricta. Front. Microbiol. 10:1390. doi: 10.3389/fmicb.2019.01390

Qin, H., Yang, L., Li, S., Xie, Y., and Huang, J. (2010). Isolation of antagonistic actinomyces against banana Fusarium wilt disease and primary evaluation on their inhibition effects. Chin. J. Biol. Control 26, 174–180.

Qin, S., Xing, K., Jiang, J. H., Xu, L. H., and Li, W. J. (2011). Biodiversity, bioactive natural products and biotechnological potential of plant-associated endophytic actinobacteria. Appl. Microbiol. Biotechnol. 89, 457–473. doi: 10.1007/s00253-010-2923-6

Raza, W., Ling, N., Yang, L., Huang, Q., and Shen, Q. (2016). Response of tomato wilt pathogen Ralstonia solanacearum to the volatile organic compounds produced by a biocontrol strain Bacillus amyloliquefaciens SQR-9. Sci. Rep. 6:24856. doi: 10.1038/srep24856

Rossmann, B., Müller, H., Smalla, K., Mpiira, S., Tumuhairwe, J. B., Staver, C., et al. (2012). Banana-associated microbial communities in Uganda are highly diverse but dominated by Enterobacteriaceae. Appl. Environ. Microbiol. 78, 4933–4941. doi: 10.1128/aem.00772-12

Rungin, S., Indananda, C., Suttiviriya, P., Kruasuwan, W., Jaemsaeng, R., and Thamchaipenet, A. (2012). Plant growth enhancing effects by a siderophore-producing endophytic streptomycete isolated from a Thai jasmine rice plant (Oryza sativa L. cv. KDML105). Antonie van Leeuwenhoek 102, 463–472. doi: 10.1007/s10482-012-9778-z

Santoro, M. V., Bogino, P. C., Nocelli, N., Cappellari Ldel, R., Giordano, W. F., and Banchio, E. (2016). Analysis of plant growth-promoting effects of fluorescent Pseudomonas Strains Isolated from Mentha piperita rhizosphere and effects of their volatile organic compounds on essential oil composition. Front. Microbiol. 7:1085. doi: 10.3389/fmicb.2016.01085

Schmidt, R., Cordovez, V., de Boer, W., Raaijmakers, J., and Garbeva, P. (2015). Volatile affairs in microbial interactions. ISME J. 9, 2329–2335. doi: 10.1038/ismej.2015.42

Sharifi, R., and Ryu, C. M. (2016). Are bacterial volatile compounds poisonous odors to a fungal pathogen Botrytis cinerea, alarm signals to Arabidopsis seedlings for eliciting induced resistance, or both? Front. Microbiol. 7:196. doi: 10.3389/fmicb.2016.00196

Sharma, C. K., Vishnoi, V. K., Dubey, R. C., and Maheshwari, D. K. (2018). A twin rhizospheric bacterial consortium induces systemic resistance to a phytopathogen Macrophomina phaseolina in mung bean. Rhizosphere 5, 71–75. doi: 10.1016/j.rhisph.2018.01.001

Shen, Z., Wang, B., Lv, N., Sun, Y., and Shen, Q. (2015). Effect of the combination of bio-organic fertiliser with Bacillus amyloliquefaciens NJN-6 on the control of banana Fusarium wilt disease, crop production and banana rhizosphere culturable microflora. Biocontrol Sci. Technol. 25, 1–26. doi: 10.1080/09583157.2015.1010482

Singh, N., Singh, G., Aggarwal, N., and Khanna, V. (2018). Yield enhancement and phosphorus economy in lentil (Lens culinaris Medikus) with integrated use of phosphorus, Rhizobium and plant growth promoting rhizobacteria. J. Plant Nutr. 41, 1–12. doi: 10.1080/01904167.2018.1425437

Suleman, M., Yasmin, S., Rasul, M., Yahya, M., Atta, B. M., and Mirza, M. S. (2018). Phosphate solubilizing bacteria with glucose dehydrogenase gene for phosphorus uptake and beneficial effects on wheat. PLoS One 13:e0204408. doi: 10.1371/journal.pone.0204408

Tan, D. C., Flematti, G. R., Ghisalberti, E. L., Sivasithamparam, K., Chakraborty, S., Obanor, F., et al. (2011). Mycotoxins produced by Fusarium species associated with annual legume pastures and ‘sheep feed refusal disorders’ in Western Australia. Mycotoxin Res. 27, 123–135. doi: 10.1007/s12550-010-0085-0

Tan, L. T. H., Chan, K. G., Lee, L. H., and Goh, B. H. (2016). Streptomyces bacteria as potential probiotics in aquaculture. Front. Microbiol. 7:79. doi: 10.3389/fmicb.2016.00079

Tao, C., Li, R., Xiong, W., Shen, Z., Liu, S., Wang, B., et al. (2020). Bio-organic fertilizers stimulate indigenous soil Pseudomonas populations to enhance plant disease suppression. Microbiome 8:137. doi: 10.1186/s40168-020-00892-z

Tinna, D., Garg, N., Sharma, S., Pandove, G., and Chawla, N. (2020). Utilization of plant growth promoting rhizobacteria as root dipping of seedlings for improving bulb yield and curtailing mineral fertilizer use in onion under field conditions. Sci. Hortic. 270:109432. doi: 10.1016/j.scienta.2020.109432

Uphoff, N., Anas, I., Rupela, O. P., Thakur, A. K., and Thyagarajan, T. M. (2009). Learning about positive plant-microbial interactions from the system of rice intensification (SRI). Aspect. Appl. Biol. 98, 29–54.

Viaene, T., Langendries, S., Beirinckx, S., Maes, M., and Goormachtig, S. (2016). Streptomyces as a plant’s best friend? FEMS Microbiol. Ecol. 92:fiw119. doi: 10.1093/femsec/fiw119

Walley, J. (1996). Plant growth-promoting rhizobacteria alter rooting patterns and Arbuscular mycorrhizal fungi colonization of field-grown spring wheat. Biol. Fertil. Soils 23, 113–120. doi: 10.1007/BF00336050

Wang, L. Y., Xing, M. Y., Di, R., and Luo, Y. P. (2015). Isolation, identification and antifungal activities of Streptomyces aureoverticillatus HN6. J. Plant Pathol. Microbiol. 06:281. doi: 10.4172/2157-7471.1000281

Wang, M., Gu, Z., Wang, R., Guo, J., Ling, N., Firbank, L. G., et al. (2019). Plant primary metabolism regulated by nitrogen contributes to plant-pathogen interactions. Plant Cell Physiol. 60, 329–342. doi: 10.1093/pcp/pcy211

Wang, R., Huang, J., Liang, A., Wang, Y., Mur, L. A. J., Wang, M., et al. (2020). Zinc and copper enhance cucumber tolerance to Fusaric acid by mediating its distribution and toxicity and modifying the antioxidant system. Int. J. Mol. Sci. 21:3370. doi: 10.3390/ijms21093370

Wang, T. T., Ding, P., Chen, P., Xing, K., Bai, J. L., Wan, W., et al. (2017). Complete genome sequence of endophyte Bacillus flexus KLBMP 4941 reveals its plant growth promotion mechanism and genetic basis for salt tolerance. J. Biotechnol. 260, 38–41. doi: 10.1016/j.jbiotec.2017.09.001

Wang, X., Wang, C., Li, Q., Zhang, J., Ji, C., Sui, J., et al. (2018). Isolation and characterization of antagonistic bacteria with the potential for biocontrol of soil-borne wheat diseases. J. Appl. Microbiol. 125, 1868–1880. doi: 10.1111/jam.14099

Wu, L., Chen, J., Xiao, Z., Zhu, X., Wang, J., Wu, H., et al. (2018). Barcoded pyrosequencing reveals a shift in the bacterial community in the rhizosphere and rhizoplane of Rehmannia glutinosa under consecutive monoculture. Int. J. Mol. Sci. 19:850. doi: 10.3390/ijms19030850

Xiong, Q., Liu, D., Zhang, H., Dong, X., Zhang, G., Liu, Y., et al. (2020). Quorum sensing signal autoinducer-2 promotes root colonization of Bacillus velezensis SQR9 by affecting biofilm formation and motility. Appl. Microbiol. Biotechnol. 104, 7177–7185. doi: 10.1007/s00253-020-10713-w

Xu, Z., Xie, J., Zhang, H., Wang, D., Shen, Q., and Zhang, R. (2019). Enhanced control of plant wilt disease by a xylose-inducible degQ gene engineered into Bacillus velezensis strain SQR9XYQ. Phytopathology 109, 36–43. doi: 10.1094/phyto-02-18-0048-r

Xu, Z., Zhang, R., Wang, D., Qiu, M., Feng, H., Zhang, N., et al. (2014). Enhanced control of cucumber wilt disease by Bacillus amyloliquefaciens SQR9 by altering the regulation of Its DegU phosphorylation. Appl. Environ. Microbiol. 80, 2941–2950. doi: 10.1128/aem.03943-13

Yuan, J., Li, B., Zhang, N., Waseem, R., Shen, Q., and Huang, Q. (2012). Production of bacillomycin- and macrolactin-type antibiotics by Bacillus amyloliquefaciens NJN-6 for suppressing soilborne plant pathogens. J. Agric. Food Chem. 60, 2976–2981. doi: 10.1021/jf204868z

Yun, T. Y., Feng, R. J., Zhou, D. B., Pan, Y. Y., Chen, Y. F., Wang, F., et al. (2018). Optimization of fermentation conditions through response surface methodology for enhanced antibacterial metabolite production by Streptomyces sp. 1-14 from cassava rhizosphere. PLoS One 13:e0206497. doi: 10.1371/journal.pone.0206497

Zebelo, S., Song, Y., Kloepper, J. W., and Fadamiro, H. (2016). Rhizobacteria activates (+)-δ-cadinene synthase genes and induces systemic resistance in cotton against beet armyworm (Spodoptera exigua). Plant Cell Environ. 39, 935–943. doi: 10.1111/pce.12704

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

Zhang, R., Vivanco, J. M., and Shen, Q. (2017). The unseen rhizosphere root-soil-microbe interactions for crop production. Curr. Opin. Microbiol. 37, 8–14. doi: 10.1016/j.mib.2017.03.008

Zhou, D., Jing, T., Qi, D., Feng, R., Duan, Y., Chen, Y., et al. (2017). Isolation and identification of Streptomyces lunalinharesii and its control effect on the banana Fusarium wilt disease. Acta Hortic. Sin. 44, 664–674. doi: 10.16420/j.issn.0513-353x.2016-0598

Zhou, J., Wang, M., Sun, Y., Gu, Z., Wang, R., Saydin, A., et al. (2017). Nitrate increased cucumber tolerance to Fusarium wilt by regulating fungal toxin production and distribution. Toxins (Basel) 9:100. doi: 10.3390/toxins9030100


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

Copyright © 2021 Yang, Wang, Wang, Zhang, Zhang and Luo. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.










	 
	ORIGINAL RESEARCH
published: 04 August 2021
doi: 10.3389/fmicb.2021.686812





[image: image]

Inoculation With Indigenous Rhizosphere Microbes Enhances Aboveground Accumulation of Lead in Salix integra Thunb. by Improving Transport Coefficients

Xiao-yun Niu†, Shao-kun Wang†, Jian Zhou, Dong-liu Di, Pai Sun and Da-zhuang Huang*

College of Landscape Architecture and Tourism, Hebei Agricultural University, Baoding, China

Edited by:
Markus Puschenreiter, University of Natural Resources and Life Sciences Vienna, Austria

Reviewed by:
Junxiang Liu, Chinese Academy of Forestry, China
Birgit Mitter, Austrian Institute of Technology (AIT), Austria

*Correspondence: Da-zhuang Huang, ylzhj@hebau.edu.cn

†These authors have contributed equally to this work

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

Received: 28 March 2021
Accepted: 13 July 2021
Published: 04 August 2021

Citation: Niu X-y, Wang S-k, Zhou J, Di D-l, Sun P and Huang D-z (2021) Inoculation With Indigenous Rhizosphere Microbes Enhances Aboveground Accumulation of Lead in Salix integra Thunb. by Improving Transport Coefficients. Front. Microbiol. 12:686812. doi: 10.3389/fmicb.2021.686812

The application of plant–microbial remediation of heavy metals is restricted by the difficulty of exogenous microbes to form large populations and maintain their long-term remediation efficiency. We therefore investigated the effects of inoculation with indigenous heavy-metal-tolerant rhizosphere microbes on phytoremediation of lead (Pb) by Salix integra. We measured plant physiological indexes and soil Pb bioavailability and conducted widespread targeted metabolome analysis of strains to better understand the mechanisms of enhance Pb accumulation. Growth of Salix integra was improved by both single and co-inoculation treatments with Bacillus sp. and Aspergillus niger, increasing by 14% in co-inoculated plants. Transfer coefficients for Pb, indicating mobility from soil via roots into branches or leaves, were higher following microbial inoculation, showing a more than 100% increase in the co-inoculation treatment over untreated plants. However, Pb accumulation was only enhanced by single inoculation treatments with either Bacillus sp. or Aspergillus niger, being 10% greater in plants inoculated with Bacillus sp. compared with uninoculated controls. Inoculation mainly promoted accumulation of Pb in aboveground plant parts. Superoxide dismutase and catalase enzyme activities as well as the proline content of inoculated plants were enhanced by most treatments. However, soil urease and catalase activities were lower in inoculated plants than controls. Proportions of acid-soluble Pb were 0.34 and 0.41% higher in rhizosphere and bulk soil, respectively, of plants inoculated with Bacillus sp. than in that of uninoculated plants. We identified 410 metabolites from the microbial inoculations, of which more than 50% contributed to heavy metal bioavailability; organic acids, amino acids, and carbohydrates formed the three major metabolite categories. These results suggest that both indigenous Bacillus sp. and Aspergillus niger could be used to assist phytoremediation by enhancing antioxidant defenses of Salix integra and altering Pb bioavailability. We speculate that microbial strains colonized the soil and plants at the same time, with variations in their metabolite profiles reflecting different living conditions. We also need to consider interactions between inocula and the whole microbial community when applying microbial inoculation to promote phytoremediation.

Keywords: indigenous rhizosphere microbes, co-inoculation, transfer coefficient, widely targeted metabolome analysis, heavy metal bioavailability, plant-microbial remediation


INTRODUCTION

Heavy-metal contamination of soil is an increasingly urgent global problem causing decreased plant growth and threatening human and animal health (Rahman et al., 2017; O’Connor et al., 2018; Tian et al., 2018). Pb is a widespread heavy metal in soil, and its accumulation causes severe harm to humans, particularly children. Many strategies have been developed to reduce the effects of Pb on ecosystems and humans, although most have high costs and can cause secondary pollution (Niu et al., 2019). Phytoremediation offers a low-cost approach without secondary contamination; however, its lower remediation efficiency hinders its large-scale application (Ye et al., 2019). Researchers have therefore explored possible methods of increasing remediation efficiency, including effective agronomic practices (Hamid et al., 2018, 2019; Leite and Monteiro, 2019; Wu et al., 2020c), genetic engineering technology (Zhang et al., 2014; Feng et al., 2018), and inoculation with microbes (Jian et al., 2019; Tao et al., 2020; Wu et al., 2020b). Among these technologies, we have focused on plant–microbial remediation due to its low cost and high efficiency for enhancing phytoremediation (Wang et al., 2020).

Microbes such as plant-growth-promoting bacteria (Guo et al., 2020; Wu et al., 2020a), endophytes (Santoyo et al., 2016; Wood et al., 2016; Ma et al., 2017; Wang et al., 2020), and ectomycorrhiza (Coninx et al., 2017; Szuba et al., 2017) can increase the phytoremediation of heavy metals in contaminated soil (Ma et al., 2016; Santoyo et al., 2016; Wood et al., 2016). Possible mechanisms include stimulation of plant growth through biosynthesis of phytohormones and increasing plant chlorophyll content (Babu et al., 2015; Gang et al., 2018), promoting the nutrient cycle through production of siderophores, nitrogen fixation, and solubilization of phosphorus (Ma et al., 2017; Lin et al., 2018; Wang L. et al., 2018; Wang Q. et al., 2018), and promoting heavy-metal tolerance and the expression of some metal-transporter genes in inoculated plants (Chen et al., 2014; Pan et al., 2016, 2017). The effects of co-inoculation with different microorganisms have been examined in recent years (Kumar et al., 2017; Haro et al., 2018; Jian et al., 2019). For example, co-inoculation with bacteria able to solubilize phosphorus biosynthesize indole-3-acetic acid, and produce siderophores significantly increases Cu extraction compared with single inoculation in maize (Rojas-Tapias et al., 2014), and co-inoculation with Sinorhizobium meliloti and Agrobacterium tumefaciens enhances metal phytoextraction by increasing plant growth and antioxidant activities under Cu/Zn stress (Jian et al., 2019). However, the effects of co-inoculation on phytoremediation are very complicated (Tsimilli-Michael et al., 2000; Yu et al., 2005; Aghababaei et al., 2014; Mahohi and Raiesi, 2019).

Proliferation of exogenous microbes inoculated on plants is affected by soil environmental factors, such as nutrients, pH, temperature, and energy sources (Csutak et al., 2010; Shen et al., 2017). Therefore, it is difficult for exogenous microorganisms to form large populations and maintain their long-term remediation efficiency (Igalavithana et al., 2017; Li X.Q. et al., 2017; Li Y. et al., 2017). By contrast, heavy-metal-tolerant indigenous rhizosphere microbes are better adapted to the environment. The mechanism of promotion phytoremediation after inoculation remains unclear, and has been explored indirectly in most previous studies (Tao et al., 2020; Wang et al., 2020). Microbes usually affect phytoremediation through their extracellular metabolites. However, only limited information is available on microbial metabolites, and these should therefore be measured to better understand the mechanisms of promoting phytoremediation.

Salix integra Thunb. is a fast-growing woody species, producing a large amount of biomass and a deep root system (Kuzovkina and Volk, 2009; Niu et al., 2019). It is a well-known co-accumulator of Pb/Zn/Cd and is native to China (Liu et al., 2011). There have been several studies on the ability of Salix integra to absorb heavy metals (Pb, Cu, Cd, and Zn) (Yang et al., 2014, 2018; Shi et al., 2017; Cao et al., 2018). However, how microbes affect remediation by Salix Integra is poorly understood. In this study, we inoculated Salix integra with single or mixed indigenous microbes isolated from the rhizosphere soil of Salix integra planted in Pb-polluted soil. Our objectives were to identify the indigenous microbes that can improve the uptake efficiency of Pb by Salix integra; to study the effects of co-inoculation on Pb uptake by Salix integra; and to explore microbial metabolites produced during microbe-assisted phytoremediation to better understand the mechanisms promoting phytoremediation. Our results provide insight into how inoculation with indigenous microbes influences the phytoremediation process.



MATERIALS AND METHODS


Plant Material and Soil Preparation

The study was conducted from March 22 to July 30, 2020, in the greenhouse of the College of Landscape Architecture and Tourism, Hebei Agricultural University (38° 49′ 35″ N, 115° 27′ 7″ E), with a temperature of 25–30°C and natural light conditions. Contaminated soil (a typical meadow cinnamon soil) with an initial Pb concentration of 1,225 mg⋅kg–1 was collected from the experimental station at Hebei Agricultural University (38°45′21″ N, 115°24′37″ E). Each pot was filled with 4.3 kg of mixed experimental medium composed of 33.0% sand and 67% contaminated soil by volume. Soil properties were determined using standard analytical procedures (Bao, 2000), and initial soil properties were as follows: pH 7.75; soil organic matter content, 2.03 g⋅kg–1; cation exchange capacity (CEC), 8.74 cmol⋅kg–1; total nitrogen content, 238 mg⋅kg–1; available nitrogen content, 20.18 mg⋅kg–1; total phosphorus content, 487 mg⋅kg–1; available phosphorus content, 10.14 mg⋅kg–1; total potassium content, 7.98 g⋅kg–1; available potassium content, 268.4 mg⋅kg–1. The soil was sterilized to kill all microbes before use. One-year-old Salix integra branches were collected from trees planted at the experimental station at Hebei Agricultural University. Healthy and uniform cuttings were selected and inserted directly into pots on March 22.



Inoculation Strains and Experimental Design

All strains used for inoculation in this study were isolated from rhizosphere soil of Salix integra growing in Pb-contaminated soil at our experimental station at Hebei Agricultural University by screening on medium containing PbNO3 (Table 1). Pb tolerance was high among the isolated strains, particularly for Aspergillus niger, which could grow on medium containing 4,000 mg Pb2+ kg–1. The strains were identified using 16S rRNA gene sequence or ITS rDNA analysis for bacteria and fungi, respectively. Universal bacterial primers 27F (AGAGTTTGATCCTGGCTCAG) and 1492R (CGGTTACCTTGTTACGACTT) were used to amplify 16S rRNA gene fragments, and fungal primers ITS1 (TCCGTAGGTGAACCTGCGG) and ITS4 (TCCTCCGCTTATTGATATGC) were used to amplify ITS rDNA fragments. Sequences were used for BLAST search against the NCBI GenBank database (Table 1). It should be noted that although the three strains were isolated from rhizosphere soil, they had also been identified as endophytes in previous research (Aziz et al., 2021; Gimeno et al., 2021).


TABLE 1. Blast results of the inoculation strains in this study.

[image: Table 1]Fungal and bacterial strains were cultured on solid PAD and in liquid LB media, respectively. Bacteria cultures were first centrifuged to remove medium at a speed of 8,000 r⋅min−1 and then washed with sterile water three times. Inocula were then prepared by resuspending cells in sterilized saline solution (0.85%; w/v) to achieve an inoculum density of 1 × 107 CFU⋅mL–1 (Zhang et al., 2015). Fungi inocula consisted of spores collected from solid medium in a suspension diluted to 1 × 107 CFU⋅mL–1 using sterilized saline solution (0.85%). Experiments were conducted with five inoculation treatments as follows: (i) uninoculated control; (ii) inoculation with Bacillus sp.; (iii) inoculation with Clonostachys rosea; (iv) inoculation with Aspergillus niger; and (v) co-inoculation with Bacillus sp. and Aspergillus niger (1:1, V/V). Each treatment included 15 repeats (pots), which were placed randomly in the greenhouse and repositioned occasionally during the 130 days experimental period. Cuttings showed mature roots after 40 days of growth and were inoculated with microbial strains for the first time. Treatments were applied by evenly spraying and slowly drenching the soil surface of each plant with 40 mL microbial suspension (or control). The same agronomic management measures were applied to all treatments during the study period.



Salix interga Physiological Index for Plant Stress Tolerance

After 60 d of inoculation, mature leaves from each treatment were sampled in four replicates on June 30, 2020. Samples were stored at 4°C, and analyzed within 1 week. Catalase (CAT), superoxide dismutase (SOD), proline (Pro), malondialdehyde (MDA), and soluble protein (Sprotein) were analyzed. CAT activity was estimated following the titration method and expressed in mL KMnO4 (g dried soil) –1 (20 min)–1 (Li et al., 2009). SOD activity was assayed by monitoring the inhibition of nitroblue tetrazolium (NBT) photochemical reduction (Singh et al., 2020). One unit of SOD activity was defined as the amount required to inhibit 50% the reduction of NBT under light, measured at 560 nm (U⋅h⋅g–1). Pro content was measured using an acid ninhydrin solution (Saradhi Alia, 1991). The optical density (OD) of the upper toluene phase was measured at 520 nm. The method described by Singh et al. (2020) was followed to determine MDA content. Lipid peroxidation was expressed as the MDA content in μmol⋅g–1. Soluble protein content was determined using the Coomassie brilliant blue staining method, with absorbance determined at 595 nm using a spectrophotometer (Xin et al., 2020).



Soil Antioxidant Enzyme Activity

After 60 d of inoculation, bulk soils were sampled in four replicates for each treatment on June 30, 2020. Bulk soils were acquired using soil-drilling at a depth of 20–30 cm, with five random samples mixed into one replicate for each pot. Soil materials were preserved at 4°C. After sieving and removing impurities, soil urease (S-UE) and soil catalase (S-CAT) activities in the bulk soils were analyzed within 1 week. Urease activity was determined following a colorimetric method using a spectrophotometer (AA-680, Shimadzu, Kyoto, Japan) at 578 nm (Hu et al., 2014). Catalase assay was the same as that in section “Salix interga Physiological Index for Plant Stress Tolerance” for leaves.



Plant Growth and Total Pb Enrichment

After 90 days of inoculation, plants were harvested and washed carefully with deionized water and then divided into roots, shoots, and leaves. Roots, shoots, and leaves of each sample were oven-dried at 80°C for 24 h, and then dry biomass was measured. Roots, shoots, and leaves were ground and passed through a 60-mesh sieve to measure total Pb content following the method described by Niu et al. (2020).



Rhizosphere and Bulk Soil Heavy Metal Speciation

After 90 days of inoculation, roots were completely dug out of the pots and shaken gently. Soil adhering to the roots was collected as the rhizosphere soil using a brush. Soil from three plant roots was mixed to create a rhizospheric soil sample. Bulk soils were collected through soil-drilling at a depth of 20–30 cm, and soils from five random samples were combined into one replicate. Rhizospheric and bulk soils were sampled from the four replicates of each treatment. Total Pb was measured following the methods described in section “Plant Growth and Total Pb Enrichment.”

Pb partitioning was assayed following the sequential extraction procedure described by Rauret et al. (1999) using 0.5 g of soil and comprised acid-soluble, reducible, oxidizable, and residual fractions. Acetic acid (0.11 mol⋅L–1, 16 h), hydroxylamine hydrochloride (0.5 mol⋅L–1, pH 1.5, 16 h), and H2O2 (8.8 mol⋅L–1, 2 × 1 h, 85°C) were first employed for acid-soluble, reducible, and oxidizable extraction, respectively, and this was followed by ammonium acetate extraction (1.0 mol⋅L–1). Three acids (4 mL HCl, 2 mL HNO3, and 2 mL hydrofluoric acid) were used to digest the residual fraction. The contents of different Pb species were assayed using atomic absorption spectrophotometry.



Widely Targeted Microbial Metabolome Analysis


Sample Preparation and Metabolite Extraction

Aspergillus niger and Bacillus sp. had the largest promoting effects on Pb accumulation. Widely targeted liquid chromatography tandem mass spectrometry (LC-MS/MS)-based metabolite profiling of Aspergillus niger and Bacillus sp. was therefore performed. Aspergillus niger and Bacillus sp. were initially cultured in PDA and LB liquid media, respectively, at 37°C. When the OD600 reached 0.6 (microbiological logarithmic stage), 100 μL of microbial suspension was added to the fermentation medium as a seed broth and cultured under darkness at pH 8.0, 25°C, and with 350 mg Pb2+ L–1 (equal to the total content of acid-soluble and reducible Pb2+ in the experimental soil) in a 250 mL triangular flask. After 48 h of culturing, microbial suspensions were centrifuged at 1 2,000 r⋅min–1 for 10 min at 4°C, and the supernatant was then collected for measuring microbial extracellular metabolism. Aspergillus niger and Bacillus sp. were both cultured in 12 triangular flasks. Supernatants from four triangular flasks were mixed into one replicate; therefore, three replicates were formed for both Aspergillus niger and Bacillus sp. Quality control (QC) samples were prepared by mixing equal volumes of the supernatants of Aspergillus niger and Bacillus sp. to enable the reproducibility of the mass spectrometric results to be assessed; and results are shown in Figure 1A. Supernatants were stored in 50 mL centrifuge tubes under liquid nitrogen before measurement.
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FIGURE 1. Differences in the metabolites between Bacillus sp. and Aspergillus niger. (A) PCA analysis of the metabolites identified from f Aspergillus niger and Bacillus sp. Equal volumes of Aspergillus niger and Bacillus sp. samples were mixed for quality control (QC). (B) Cluster analysis of metabolites from samples of Aspergillus niger and Bacillus sp. The color indicates the level of accumulation of each metabolite from low (green) to high (red). The Z-score represents the deviation from the mean in standard deviation units.




ESI-Q TRAP-MS/MS Analysis

Each supernatant was defrosted, added to 1 mL of precooled extract (70% methanol solution with 1 μg⋅mL–1 of 2 chlorophenylalanine as the internal standard), and vortexed for 1 min. The extracts were then quick-frozen for 3 min in liquid nitrogen, defrosted for 3 min on ice, and then vortexed for 2 min. This process was repeated three times, and the supernatants were then centrifuged at 12,000 r⋅min–1 for 10 min at 4°C. Supernatants were analyzed using an LC-ESI-MS/MS system (HPLC, Shim-pack UFLC SHIMADZU CBM30A system1; MS, Applied Biosystems 4500 Q TRAP,2 Boston, United States) following the methods described by Zou et al. (2020).



Statistical Analysis


One-Way ANOVA

Effects of incubation with different strains were tested using one-way ANOVA. Normality was checked using the Shapiro-Wilk test. The least significant difference (LSD) and Kruskal-Wallis tests were used to identify significant differences for parametric and non-parametric distributions of the estimated parameters, respectively. SPSS 19.0 (IBM, United States) was used for data analysis.



MS Data and Statistical Analysis

MS data acquisition and processing were performed following the method described by Chen et al. (2013). Metabolites were annotated using the Metware in-house MS2 spectral tag (MS2T) library (Wuhan Metware Biotechnology Co., Ltd.,3 Wuhan, China). Unsupervised principal component analysis (PCA) and supervised multiple regression orthogonal partial least-squares discriminant analysis (OPLS-DA) was conducted using the statistics function prcomp and ropls v1.19.8, respectively, in R (Thevenot et al., 2015). Permutation test (200X) was used to validate supervised models to avoid model overfitting.

In the comparison of metabolites from Aspergillus niger and Bacillus sp., metabolites with a fold change of ≥ 2 (up-regulated) or ≤ 0.5 (down-regulated) were selected as differentially accumulated metabolites and screened using the threshold variable importance in projection (VIP) value ≥ 1 from the OPLS-DA model to identify differential metabolites. Pathway associations of annotated metabolites were determined by mapping to the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway database.4 The web-based server Metabolite Sets Enrichment Analysis (MSEA)5 was used to analyzed pathway enrichment, and pathways with Bonferroni corrected P-values of ≤ 0.05 were considered to be significantly enriched.



RESULTS


Effects of Different Microbes on Plant Growth and Pb Phytoextraction

The total biomass of Salix integra was significantly greater in plants inoculated with all microbial taxa except Clonostachys rosea, compared with that of uninoculated controls (P < 0.05); notably, biomass was 14% higher under co-inoculation treatment with Bacillus sp. and Aspergillus niger (Table 2). Inoculation increased Pb concentration in branches and leaves, but not in roots. Pb extraction was promoted by inoculation with Aspergillus niger or Bacillus sp. alone, and was 10% higher in plants inoculated with Bacillus sp. compared with uninoculated control. Furthermore, microbial inoculation mainly promoted accumulation of Pb in aboveground plant parts. The Pb concentration was highest in plants incubated with Bacillus sp. in both the branches and leaves. However, inoculation increased transfer coefficients of Pb from root to branch or root to leaf, which were over 100% higher in the co-inoculation treatment compared with those in uninoculated controls.


TABLE 2. Effect of inoculation strains on plant growth, lead extraction, and the transfer coefficient.
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Effects of Different Microbes on Physiological Index for Plant Stress Tolerance

Inoculation of Salix integra with different microbial taxa had varying effects on the physiological indices of plant stress tolerance (Figure 2). SOD activity and Pro content were 32% and 3.5 times higher, respectively, in plants treated with Bacillus sp. compared with those in untreated controls. Inoculation with Clonostachys rosea led to increased activities of SOD and CAT and higher contents of Pro and Sprotein compared with those in untreated controls, with SOD activity and Pro content 27% and 7.39 times those in controls, respectively. Plants inoculated with Aspergillus niger exhibited SOD activity and Pro content 27% and 13.98 times higher, respectively, than those in uninoculated controls, while the content of MDA was 38% lower compared with that of controls. Under co-inoculation with Bacillus sp. and Aspergillus niger, both Pro and Sprotein were higher than those in control plants, with the Pro content being 5.53 times higher than that in the control, while the activities of SOD and CAT were lower.
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FIGURE 2. Effects of inoculation different microbes on the physiological index for plant stress tolerance. CK, uninoculated; B6, Bacillus sp.; F2, Clonostachys rosea; F3, Aspergillus niger; Co, Co-inoculation with Bacillus sp. and Aspergillus niger. (A) Superoxide dismutase, (B) Catalase, (C) Proline, (D) Soluble protein, and (E) Malondialdehyde. Different letters indicate that the values differed significantly at p < 0.05. The values represent the mean ± SD (n = 4).




Effects of Microbial Inoculation on Antioxidant Enzyme Activity of Soil

Inoculation of Salix integra with different microbial taxa had only small effects on the antioxidant enzyme activity of the soil (Figure 3). Inoculation with Bacillus sp. did not significantly affect the activities of S-CAT or S-UE; however, soil enzyme activities were lower in soil of plants inoculated with Clonostachys rosea than in that of uninoculated plants. S-CAT activity was lower and S-UE activity was higher compared with controls in soil of plants inoculated with Aspergillus niger or co-inoculated with Bacillus sp. and Aspergillus niger.
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FIGURE 3. Effects of microbial inoculation on antioxidant enzyme activity of the soil. CK, uninoculated; B6, Bacillus sp.; F2, Clonostachys rosea; F3, Aspergillus niger; Co, Co-inoculation with Bacillus sp. and Aspergillus niger. (A) Soil catalase and (B) soil urease. Different letters indicate that the values significantly differed at p < 0.05. The values represent the mean ± SD (n = 4).




Effects of Microbial Inoculation on Heavy Metal Speciation in Rhizosphere and Bulk Soil

The ratios of Pb species in the four soil fractions were relatively consistent under different treatments, with levels of residual and reducible Pb higher than those of oxidizable and acid-soluble Pb (Figure 4). Microbial inoculation changed the speciation of heavy metals in the rhizosphere and bulk soil of Salix integra. Acid-soluble Pb proportions in rhizosphere and bulk soil were 0.34 and 0.41% higher under inoculation with Bacillus sp. than those in the control treatment, with Aspergillus niger inoculation showing a similar but lesser effect. However, residual Pb proportions were all lower in soils of inoculated plants than in those of controls, and were lowest in the rhizosphere soil under inoculation with Bacillus sp. Additionally, the proportion of acid-soluble Pb was lower in rhizosphere soil than in bulk soil, which may contribute to absorption by roots.
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FIGURE 4. Effects of microbial inoculation on heavy metal speciation in the rhizosphere and bulk soil. CK-R, rhizosphere soil in CK; CK-B, bulk soil in CK; B6-R, rhizosphere soil in inoculation with Bacillus sp.; B6-B, bulk soil in inoculation with Bacillus sp.; F2-R, rhizosphere soil in inoculation with Clonostachys rosea; F2-B, bulk soil in inoculation with Clonostachys rosea; F3-R, rhizosphere soil in inoculation with Aspergillus niger; F3-B, bulk soil in inoculation with Aspergillus niger; Co-R, rhizosphere soil in inoculation with Bacillus sp. and Aspergillus niger; Co-B, bulk soil in inoculation with Bacillus sp. and Aspergillus niger.




Widely Targeted Metabolome Analysis of Microbes

Aspergillus niger and Bacillus sp. showed the largest promotion effect on Pb absorption of Salix interga. This effect was conferred by metabolites produced by these microorganisms after inoculation, so we conducted widely targeted LC-MS/MS-based metabolite profiling of these microbes. We identified a total of 410 metabolites, more than 50% of which were likely to contribute to the bioavailability of heavy metals, including 82 amino acids, 89 organic acids, 31 carbohydrates, and 32 nucleotides, as well as other primary and secondary metabolites (Supplementary Table 1).


Metabolite Profile Analysis of Aspergillus niger and Bacillus sp.

We conducted PCA analysis on the 410 metabolites, which were distinctly divided into three groups associated with Aspergillus niger, Bacillus sp., and the quality control (QC), respectively (Figure 1A). The peak area of each metabolite was transformed by log10 to alleviate the effects of quantity on pattern recognition, and then metabolites were analyzed using hierarchical cluster analysis. The metabolites formed two distinct groups relative to Aspergillus niger and Bacillus sp. (Figure 1B), implying that the metabolite profiles of these two microorganisms were obviously different.

When comparing Bacillus sp. and Aspergillus niger, we identified 274 metabolites as differentially produced between species (Figure 5A and Supplementary Table 2). Of these, 115 metabolites were down-regulated and 159 were up-regulated in Bacillus sp. compared with Aspergillus niger (Figure 5A). The 274 metabolites could be categorized into more than 18 different classes (Figure 5B); however, most of them were organic acids, amino acids, or carbohydrates, and their derivatives (Supplementary Table 2).
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FIGURE 5. Differential accumulation of metabolites between Aspergillus niger and Bacillus sp. (A) Volcano plot of the 410 identified metabolites. Differential metabolites were defined as metabolites with a fold change of ≥ 2 or ≤ 0. 5 in Aspergillus niger compared to Bacillus sp. A threshold of VIP ≥ 1 was used to separate differential metabolites from unchanged metabolites. (B) Pie chart depicting the biochemical categories of the differential metabolites identified between Aspergillus niger and Bacillus sp.




KEGG Classification and Enrichment Analysis of Differential Metabolites

The 274 metabolites showing differential production between Aspergillus niger and Bacillus sp. were mapped to the KEGG database to determine which metabolic pathways they might be associated with. Most of the metabolites were mapped to metabolism (Supplementary Figure 1), as expected. Some were categorized as organismal system or human diseases, implying that they may have effects on health. A few were classified as cellular process, environmental information processing, drug development, or genetic information processing (Supplementary Figures 2, 3). We conducted KEGG pathway enrichment analysis to identify differences in the metabolic pathways between the two microbes, which revealed significant differences (p < 0.05) in metabolic pathways between the two microorganisms, particularly in histidine, tyrosine, and tryptophan metabolism (Supplementary Figure 4).



Effects of Metabolites to Heavy-Metal Bioavailability and Plant Growth

We were focused on metabolites having important effects on heavy-metal bioavailability, such as amino acids, organic acids, and carbohydrates. Organic acids can increase, decrease, and have no effect on Pb bioavailability depending on environmental factors such as pH or water. However, amino acids and carbohydrates can combine with Pb2+, which might decrease Pb bioavailability and toxicity.

We identified 78 and 81 organic acids produced by Aspergillus niger and Bacillus sp. (Supplementary Table 1), respectively, some of which exhibited high relative abundances, such as aspirin, L-dihydroorotic acid, succinic anhydride, proline betaine, and 6-aminocaproic acid in Aspergillus niger, and proline betaine, methylmalonic acid, 6-aminocaproic acid, trans-3-Indoleacrylic acid, and cinnamic acid in Bacillus sp. Sixty organic acids were differentially produced between the two microbes, and all exhibited significant differences in quantities (fold change of ≥ 2 or ≤ 0.5, and VIP ≥ 1; Supplementary Table 2). Thirty-seven of these organic acids were up-regulated, while 23 organic acids were down-regulated in Bacillus sp. compared with Aspergillus niger.

There were 65 and 75 amino acids produced by Aspergillus niger and Bacillus sp. (Supplementary Table 1), respectively. The relative abundance of some metabolites produced by Aspergillus niger was high, such as L-glutamic acid, L-valine, DL-leucine, L-proline, L-tyrosine, and L-asparagine anhydrous, meanwhile Bacillus sp. produced high quantities of L-leucine, N-acetylglycine, L-tyrosine, L-valine, Trans-4-hydroxy-L-proline, and DL-leucine. Sixty-nine amino acids were differentially produced, and their quantities exhibited significant differences (fold change ≥ 2 or ≤ 0.5, and VIP ≥ 1). Of these, the relative abundance of 44 amino acids was up-regulated and 25 amino acids were down-regulated in Bacillus sp. compared with Aspergillus niger.

Twenty-eight and twenty-three carbohydrates were produced by Aspergillus niger and Bacillus sp. (Supplementary Table 1), respectively. The relative abundances of D-fructose, D-mannose, and D-glucose were higher in the culture supernatant of Aspergillus niger, while those of 6-phosphogluconic acid trisodium salt, D-mannose, and D-erythronolactone were higher in the culture supernatant of Bacillus sp. Based on fold-changes and VIP values, we identified 28 carbohydrates as differentially produced between the two microbes; of these, the relative abundances of six carbohydrates were up-regulated and those of 22 carbohydrates were down-regulated in Bacillus sp. compared with Aspergillus niger.

Some metabolites can promote plant growth, such as indole-3-acetic acid, 1-naphthylacetic acid, and adenine. These were found in both microbes, although their relative abundances were lower than those of amino acids, organic acids, and carbohydrates (Supplementary Table 2).



DISCUSSION

Heavy-metal-resistant microbes with plant-growth-promoting traits have been used as bioinoculants to increase plant biomass and accumulation of heavy metals (Ijaz et al., 2016; Ma et al., 2017; Fan et al., 2018; Wang L. et al., 2018). However, their application still has some problems. The effects of inoculation with indigenous metal-resistant microbes on phytoremediation have often been overlooked. Therefore, we conducted a greenhouse experiment using Salix integra growing in Pb-contaminated soil to investigate the effects of inoculation with indigenous metal-resistant microbes on phytoremediation and examine the mechanism of microbial promotion of the phytoremediation process.


Single and Co-inoculation Have Different Effects on Growth and Pb Accumulation of S. integra

Plant growth and Pb transfer coefficients were both enhanced by inoculation with Bacillus sp., Aspergillus niger, and their co-inoculation. However, Pb accumulation was increased by single inoculation, but not by co-inoculation, which may be attributed to interactions between the two microorganisms (Gola et al., 2016; Sarathambal et al., 2017). Previous studies have reported that co-inoculation effects are very complicated (Tsimilli-Michael et al., 2000; Yu et al., 2005; Aghababaei et al., 2014; Mahohi and Raiesi, 2019). Inoculation treatment mainly promoted the accumulation of Pb in aboveground plant parts, consistent with increases in transfer coefficients. Only the transfer coefficients were increased after inoculation with Clonostachys rosea. From these results, we infer that inoculated microbes play different roles in phytoremediation and their interactions should be considered in the application of co-inoculation (Chen et al., 2019).



Microbes Affect Physiological Metabolites and Enhance Plants Tolerance to Heavy Metals

The activities of SOD or CAT in Salix integra were enhanced by inoculation with microbes. Generation of reactive oxygen species (ROS), such as superoxide free radicals (O2–), hydroxyl free radicals (OH–), and hydrogen peroxide (H2O2), is increased in the presence of excessive heavy metals through Fenton-like reactions in plant cells, harming the plant (Tsang et al., 1996). The antioxidase system removes ROS through sequential and simultaneous enzymatic catalysis reactions (Wu et al., 2020c). Therefore, increases in the activities of SOD and CAT suggest that the Salix integra antioxidant defenses were promoted after inoculation with microorganisms (Becana et al., 2000; Kong et al., 2015; Hidri et al., 2019; Ju et al., 2020). MDA (a cytotoxic product of lipid peroxidation) level is believed to be the best measure of lipid peroxidation status and cell membrane damage induced by ROS production (Li et al., 2013). We observed no significant changes in MDA between the different inoculation treatments and uninoculated controls, except inoculation with Aspergillus niger caused a significant decrease in the MDA content of leaves. This suggests that Pb enrichment is not harmful to inoculated Salix integra (Huang et al., 2020), proving again that Salix integra antioxidant defenses are promoted after microbial inoculation.

Both Pro and Sproteins can combine with available metal ions in plant cells, thereby alleviating their cytotoxicity (Xin et al., 2020). We recorded significantly higher Pro accumulation in leaves under all inoculation treatments compared with that in uninoculated controls, possibly due to the increased Pb enrichment in plants after inoculation. Plants accumulate free amino acids, particularly Pro, to alleviate harm under stressful conditions. These are crucial mechanisms for the adaptation of Salix integra to Pb stresses (Ghoulam et al., 2002; Farhangi-Abriz and Torabian, 2017; Xin et al., 2020). The content of Sproteins was only higher compared with uninoculated controls under inoculation with Clonostachys rosea or co-inoculation with Bacillus sp. and Aspergillus niger, which is consistent with the higher transfer coefficients in these treatments. However, in previous work, Pro content was reduced under heavy-metal conditions in the roots of plants inoculated with arbuscular mycorrhizal fungi, which reduced plants’ exposure to metals by sequestering them into their own structures (Kanwal et al., 2015; Akhtar et al., 2020; Huang et al., 2020). Therefore, the mechanisms of plant tolerance to heavy metals imparted by inoculation with microorganisms may be diverse. Our results imply that specific microbes affect plant metabolites, enhancing resistance to heavy metals.



Microbial Inoculation Enhances Pb Bioavailability

The speciation and bioavailability of heavy metals in soils are principal factors affecting the efficiency of phytoremediation. Microbial inoculation significantly accelerated the conversion of residual Pb to the other three fractions in the rhizosphere and bulk soil of all treatments. Studies have shown that microorganisms can alter the mobility of heavy metals and their availability for plants (Huang et al., 2020). The proportion of acid-soluble Pb was higher than that in controls only after inoculation with Bacillus sp. or Aspergillus niger, but not in the other treatments. Acid-soluble Pb is the speciation that plants can absorb directly. Therefore, a higher proportion of acid-soluble Pb might promote Pb accumulation by Salix integra, which is consistent with the greater enrichment of Pb in these two treatments. Therefore, Pb bioavailability is promoted by inoculation of soil with Bacillus sp. and Aspergillus niger.

Soil enzymes play fundamental roles in the regulation of biochemical transformation. CAT is a type of oxidoreductase related to the activity of aerobic microorganisms (Kang et al., 2018), and urease plays an important role in the nitrogen cycle in soils (Hu et al., 2014). In this study, only the activity of S-UE was enhanced by inoculation with Clonostachys rosea or co-inoculation with Bacillus sp. and Aspergillus niger. A higher content of acid-soluble Pb decreases soil enzyme activity, which was consistent with the higher proportion of acid-soluble Pb in these two treatments (Yu et al., 2019). Therefore, microbial inoculation had little positive effect on soil biochemical properties.

From the above results, we imply that specific microorganisms colonize the soil and enhance Pb bioavailability to assist phytoremediation, but they have little positive effect on soil biochemical properties.



Widely Targeted Metabolome Analysis of Microbes

Widely targeted metabolite profiling analysis utilizing MS/MS data has previously been used successfully for large-scale metabolite profiling and comparative metabolomics of several important plant species (Oikawa et al., 2015; Wang et al., 2016, 2017; Wang D.D. et al., 2018). However, its application is limited in microbial metabolomics, and previous studies on the metabolites of microbes used for plant inoculation have focused on specific classes of metabolites, such as indole-3-acetic acid (Fatima and Ahmed, 2018; Rehman et al., 2019), chelating compounds, organic acids (Ashraf et al., 2018; Biswas et al., 2018; Rehman et al., 2019), amino acids, biosurfactants (Yang et al., 2016), and siderophores. Over-arching metabolic profiles of such microorganisms have not been thoroughly investigated until now.

We used LC-MS/MS-based widely targeted metabolomics to understand the metabolic profiles of two Pb-resistant microorganisms and the mechanism by which they assist phytoremediation. We identified 410 metabolites, of which over 50% of them contribute to the bioavailability of heavy metals, such as amino acids, organic acids, carbohydrates, nucleotides, and other primary and secondary metabolites (Luo et al., 2017). Therefore, this study provides novel evidence that microbial metabolites have significant effects in activating heavy metals and promoting phytoremediation (Yang et al., 2016; Jian et al., 2019; Akhtar et al., 2020; Huang et al., 2020; Ju et al., 2020; Tao et al., 2020).

Bacillus sp. and Aspergillus niger cultures exhibited distinct metabolite profiles, and their metabolic pathways were significantly different, particularly for amino acids. There were 274 significantly differentially produced metabolites between the two taxa, and most of these were organic acids, amino acids, carbohydrates, and their derivatives. This implies that the different effects observed by inoculation with different microbes are mainly attributed to organic acids, amino acids, and carbohydrates. Therefore, we should focus on these three categories of metabolites to obtain a clearer understanding of the mechanism involved in promoting phytoremediation.

Of the 410 metabolites, the ratio of organic acids was highest, followed by amino acids, which might change the chemical speciation of heavy metals in the two microorganisms (Luo et al., 2017). We also identified growth-promoting substances among the metabolites, such as indole-3-acetic acid, 1-naphthylacetic acid, and adenine; however, their abundances were lower than those of organic and amino acids. We therefore speculate that Bacillus sp. and Aspergillus niger mainly assist phytoremediation by changing the speciation of heavy metals.

In our study, the microbial taxon used for inoculation not only affected Pb accumulation but also affected transfer coefficients, implying that the inoculated microbes colonized the soil and plant at the same time and their metabolite patterns are different under different living conditions. In soil, the metabolites of Bacillus sp. and Aspergillus niger mainly activated heavy metals, while they mainly chelated heavy metals in the plant. This deserves further study. Additionally, the effects of co-inoculation were different from those of single inoculation, and we speculate that the metabolic patterns of the two microorganisms were changed by mutual effects. It would be interesting to measure the over-arching metabolic profile of the co-inoculation treatment.



CONCLUSION

Single inoculation of Salix integra with Bacillus sp. or Aspergillus niger promotes Pb absorption and the accumulation of Pb in aboveground plant parts. Bacillus sp. and Aspergillus niger mainly assist phytoremediation by changing the speciation of heavy metals and enhancing the tolerance of Salix integra to heavy metals. Differences in the metabolite profiles and metabolic pathways of the two microorganisms are mainly in organic acids, amino acids, and carbohydrates; therefore, future studies should focus on these three categories of metabolites to obtain a clearer understanding of the mechanism involved in promoting phytoremediation. We speculate that inoculated microbes colonize the soil and plant at the same time and their metabolite patterns are different under different living conditions, although this requires further study. Additionally, co-inoculation with Bacillus sp. and Aspergillus niger had different effects from single inoculation on Pb accumulation; however, the mechanism of these differences remains unclear and requires further study. We also need to consider interactions between inocula and the whole microbial community when applying microbial inoculation to promote phytoremediation.
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Year 1 Year 2

NI 1 NI 1
Total mycorrhizal rate (%) 4+ 42 1+12 5428 16 + 5
Dry weight (g.plant—1) 30+£9¢  34+10¢ 68+16Y  724+31Y

Values are means + SD (n = 5). Different lowercase letters indicate significant differ-
ences between the four tested experimental conditions and are displayed without
and with apostrophe for total mycorrhizal rates and dry weight, respectively, as
the statistical significance has been evaluated separately (ANOVA — o = 0.05). NI,
non-inoculated; |, inoculated.
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Item Bacteria Fungi
alpha diversity (Shannon) beta diversity (PCoA) alpha diversity (Shannon) beta diversity (PCoA)

Total nitrogen 0.414 0.518* —0.836™ —-0.612"
Nitrate 0.456* 0.554* —0.847* —0.616"
Ammonium —-0.137 —0.045 —0.126 —0.202
Microbial biomass nitrogen 0.160 —0.485* 0.178 —0.459*
Stem nitrogen 0.334 —0.239 0.268 —-0.219
Leaf nitrogen 0.595** —0.363 0.527* —0.220
Sheath nitrogen —0.452* —0.011 —0.522* —0.190
Ear nitrogen 0.634** —0.344 0.607** 0.010
Ear number per plant 0.5685™ —0.374 0.578* —-0.142
Ear length 0.129 —0.066 0.067 0.063
Grain weight per plant 0.778* —0.576" 0.737* —0.299
1000-grain weight 0.617** —0.359 0.580** —0.181
Grain yield 0.767** —0.514* 0.721* —0.249

*Correlation is significant at the 0.05 level; **Correlation is significant at the 0.01 level.
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Year Treatment Branch number (No. Pods number Grain weight 100-grain Grain yield (kg

plant—1) (No. plant—1) (g plant™1) weight (g) ha=1)

2017 MM 14.3+2.2a 3244 1.84 11.6 £0.7a 6.39 £ 0.7a 1297.3 £ 140.3a
2P2M 8.6 + 1.8cd 221 +£1.7¢c 4.9 +£0.3d 6.01 £1.3a 607.2 + 38.8d
4P2M 7.6+ 1.2d 19.8 +£1.5d 4.2 +0.3e 5.95 + 0.6a 573.1 = 79.6e
4P4M 10.6 &+ 0.7bc 23.7+1.1¢ 6.0 £ 0.2¢c 6.11 £ 0.6a 722.3 £ 67.5C
2P4M 11.9 +£0.4b 27.8 +£1.3b 7.3+ 0.2b 6.23 £ 0.4a 845.5 + 43.7b

2018 MM 16.3 £ 2.4a 52.3 £9.6a 16.3 £ 1.8a 7.13+0.2a 1483.7 £+ 36.5a
2P2M 1.8+ 1.7b 35.3 +£8.8b 10.0 &+ 1.0bc 6.99 + 0.3ab 920.5 + 56.3b
4P2M 10.8 £ 1.5b 31.5+11.7b 86+1.2¢c 6.30 £ 0.2b 908.3 + 64.0b
4P4M 125+ 1.7ab 37.8 £4.1b 10.3 &+ 1.5bc 6.41 £ 0.6ab 957.6 4 59.5b
2P4M 12.0 +2.8ab 42.8 £ 5.9ab 11.24+22b 6.65 + 0.8ab 973.5 + 57.6b

2019 MM 6.0 £0.8a 44.3 £9.0a 10.4 £ 2.1a 6.85+0.1a 1326.1 £ 167.2a
2P2M 4.5+ 1.0b 34.5 £ 5.3ab 7.0+ 1.0b 6.39 £ 0.1bc 709.6 + 102.7¢
4P2M 4.8 + 0.5ab 255 +£4.4b 74 +21b 6:22 £0,2c 715.8 £ 105.9¢c
4P4M 5.5 + 1.0ab 31.0+£11.6b 8.7 £ 0.6ab 6.52 £ 0.2b 974.4 £ 19.4b
2P4M 6.0 £0.8a 37.3 £6.8ab 6.9 +1.4b 6.56 £ 0.1b 731.6 £ 124.8¢c

Variation source

Year ns e i ns 5

Treatment b N o ns i

Year x Treatment ns ns ns ns *

Date are expressed as the means + SE (n = 20). Values followed by different letters within a column are significantly different at P < 0.05. MM, 2P2M, 4P2M, 4P4M, and
2P4M represent the monoculture mung bean, 2 rows of proso millet intercropped with 2 rows of mung bean (2P2M), 4 rows of proso millet intercropped with 2 rows of
mung bean (4P2M), 4 rows of proso millet intercropped with 4 rows of mung bean (4P4M), and 2 rows of proso millet intercropped with 4 rows of mung bean (2P4M),
respectively. * and ** indicate significance at the 0.05 and 0.07 probability levels, respectively. ns, no significant difference.
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Year Treatment Proso millet Mung bean
Stem Leaf Sheath Ear Stem Leaf Petiole Pod
2017 MP (MM) 7.08 4 0.56¢ 2227 4+ 0.83d 1553 & 1.168 2241 £1.11b 15.65 +1.01b 28.21 4 0.82b 16.16 £ 0.85b 15.92 4 0.71c
2P2 8.63 & 0.97ab 26.81 + 0.65¢ 14.70 + 1.26ab 24.06 + 1.07a 18.43 £ 0.83a 29.57 + 0.99a 19.25 +£0.98a 17.67 & 0.74b
4P2 9.33 £ 0.82ab 24.64 + 1.14d 13.83 £ 0.92bc 23.56 + 0.84ab 18.95 + 1.25a 30.09 + 1.45a 17.92 £1.22b 18.39 £+ 0.54a
4P4 8.57 +0.83b 28.61 + 0.46b 12.50 & 0.75¢ 24.79 + 0.94a 18.77 & 1.28a 30.38 + 1,152 17.85 +1.48b 18.71 £1.02a
2P4 9.85 + 0.64a 31.46 + 0.92a 12.77 & 0.83¢ 2496 + 1.11a 19.18 £+ 1.05a 29.80 + 1.08a 18.79 £ 0.93ab 18.19 £ 0.87a
2018 MP (MM) 9.32 4+ 0.37d 27.55 + 1.29¢ 18.92 + 1.40a 25.84 + 1.91a 13.61 £0.71¢c 20.53+ 1.19¢ 13.36 £ 0.93c 13.30 £ 0.84b
2p2 18.28 4 0.67¢ 81.95 4+ 1.63b 18,18 & 1,78a 2429 + 1.43a 14.67 1470 21,61 1,020 18,11 =0.76b 14.38 + 0.58a
4P2 11.25 £ 0.94c 32.08 4+ 1.23b 13.42 + 2.56b 23.56 + 2.87a 13.82 + 0.94bc 22.47 + 1.66ab 16.37 £ 1.34ab 15.13 £ 0.30a
4P4 9.35 4+ 0.80d 28.02 + 1.02¢ 14.46 +£1.43b 26.22 + 1.60a 16.64 + 0.64ab 2165 41.51b 17.40 £ 1.29a 15.00 + 0.45a
2P4 15.76 £ 1.29a 34.33 + 1.69a 15.27 + 2.14b 25.95 + 0.69a 17.57 £ 1.29a 23.156+1.27a 15.29 + 0.65b 15.53 £ 0.78a
2019 MP (MM) 832 &£ 1.21¢ 28.556 4+ 2.42¢ 11.42 £ 0.86¢ 22,84 + 2336 17.37 £ 0.86b 2242 4+ 0.87b 15.07 £0.98b 15.50 £+ 0.37b
2P2 9.29 4+ 0.27¢ 26.95 + 2.86b 12.46 + 0.34b 24,29 + 2.75¢ 17.70 £ 1.37b 22.97 + 0.90b 17.11 £1.03a 18.44 + 1.83a
4P2 11.25 + 1.64ab 30.08 42,762 1227 & 1188 24.56 &+ 1.18¢ 19.254+1.31a 23.94 4+ 1.730 17.62 £ 0.46a 19.18 4+ 2.71a
4P4 9.35 + 0.62dc 32.02 +2.38a 15.92 + 0.86a 29.22 4+ 0.64b 20.31 + 1.14a 25.79 +1.81qg 1739 +2318 18.73 £ 0.74a
2P4 12.76 £ 0.89a 3238342724 15.18 & 1.384 819542834 20.43 +£ 0.47a 26.60 + 1.58q 15.84 £1.18b 18.48 + 1.56a
Variation source
Year * ns = * - = ns ns
Treatment . o * o o o " "
Year x Treatment ns ns * ns ns * ns ns

Date are expressed as the means I' SE (n = 20). Values followed by different letters within a column are significantly different at P < 0.05. MP. MM, 2P2M, 4P2M, 4P4M, and 2P4M represent the monoculture proso
millet, monoculture mung bean, 2 rows of proso millet intercropped with 2 rows of mung bean (2P2M), 4 rows of proso millet intercropped with 2 rows of mung bean (4P2M), 4 rows of proso millet intercropped
with 4 rows of mung bean (4P4M), and 2 rows of proso millet intercropped with 4 rows of mung bean (2P4M), respectively. * and ** indicate significance at the 0.05 and 0.01 probability levels, respectively. ns, no
significant difference.
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Mean  SE | Mean  SE Sag Mean  SE | Mean  SE Sae
| [Thermi] 0.02 0.01 0.01 0.00 | 2.9€-08 0.437 0.527 0.01 0.00 0.01 0.00 2.3E-08 1.453 0.250
B Acidobacteria 1464 185 | 963 160 | L1E02 2214 0151 | 1886 219 | 12.84 097 | 1L6E02  4.060 0.06*
I Actinobacteria 954 164 | 1315 407 | 59603 0979 0333 670 055 | 867 143 | L7603 2337 0.145
|| AD3 005 004 | 007 006 | 6.6E08 0058 0.815 017 007 | 001 001 | 85606 1971 0.182
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= ™7 208 028 | 243 034 | 47605 0392 0538 156 036 | 155 034 | 17609  0.000 0997
Bl Verrucomicrobia | 800 094 [ 351 073 | 9.1E03 6905  0015** | 1214 090 | 1002 134 | 20£03 1845 0192
1] wps-2 026 008 | 060 047 | 29605 1795 0.199 037 015 | 014 004 | 23E05 1345 0.262
m ws2 003 001 | 001 000 | 75608  1.001 035 | 002 001 | 002 001 | 12£08 0373 0551
| ws3 007 002 | 001 000 | 33607 1361 0273 | 004 001 | 001 000 | 38607  3.877 0.069*
C
hizopl: Rhizosphere
Hyp Non-Hyp Mean F Pr (oF) Hyp Non-Hyp Mean F Pr(oF)
Mean  SE | Mean  SE Sas Niodel Mean SE | Mean SE Sasi Model
- Ascomycota 5402 550 | 65.01 8.42 0.054 1.052 0.316 62.31 4.40 | 40.12 5.68 | 0.211 9.678  0.007**
- Basidiomycota 3366 459 | 2501 9.08 0.034 0.830 0.372 2393 435 | 4893 6.87 | 0.267 10.534 0.005**
- Blastocladiomycota 1.90 1.32 0.84 0.53 0.000 0.110 0.747 078 033 1.84 1.10 | 0.000 1.351 0.268
- Chytridiomycota 137 0.47 3.13 0.68 0.001 3.412 0.083* 365 193 1.90 0.78 | 0.001 0.481 0.498
- Glomeromycota 1.87 0.49 384 296 0.001 1.443 0.251 1.06 030 | 1.53 091 | 0.000 0.367 0.556
- Kickxellomycota 0.20 0.06 142 073 0.000 9.920 0.010** | 0.61 0.18 [ 0.42 0.24 | 0.000 0.424 0.529
- Monoblepharomycota [] 3.87 0.00 436  0.00 (1] 0 Exclusive
- Mortierellomycota 3.61 157 1.69 032 | 0.00115 0.4067 0.5327 561 229 ([ 291 096 | 0003 0.815 0.380
1 Mucoromycota 222 106 | o 0 Exclusive 098 080 | 288 146 | 0001 1115 0326
- Olpidiomycota 38.02 37.99 o o Exclusive 062 000 | 093 0.73 | 0.000 0.047 0.848
- Rozellomycota 116 0.60 478 372 | 0.004002 2.6899 0.1218 1.78 078 | 0.99 037 | 0.000 0.514 0.485
- Zoopagomycota 0.05 0.02 0.14  0.00 | 0.000001 7.4472  0.1121 010 005 (| 032 0.28| 0000 1.023 0.386
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Species Primer Sequence (5’ - 3') Reference strains and genes

E. medicae f-merA1.Emed TCGCCGTTGCCAATCG E. medicae WSM419
r-merA1.Emed CGGATAGGGTGCGACATAAGTC Acc. N. NC_009636 (Smed_0084)
f-merA2.Emed CGCATCGACGATCACTTTCA E. medicae WSM419
r-merA2.Emed CCGCGCGGTCGAAAA Acc. N. NC_009620 (Smed_4636)
f-16SrRNA.E.med CCTTACGGGCTGGGCTAC E. medicae WSM419
r-16SrRNA.E.med GGTCTCGCTGCCCACTGT Acc. N. CP000738 (Smed_R0041)

R. leguminosarum bv. trifolii f-merA2.Rleg GCGATGAATGCAGGAACGA R. leguminosarum buv. trifolii WSM1325
r-merA2.Rleg GACACCGTCGGATGGATAGG Acc. No. NC_012858 (Rleg_6744)
f-16SrRNA.Rleg CCGACGGCTAACATTCATCG R. leguminosarum bv. trifoliif WSM1325
r-16SrRNA.Rleg CATTACTGACGCTGAGGTGC Acc. No. CP0011622 (Rleg_R0040)

Reference strains and genes used for primer design are indicated.
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Strain Bacterial species Host plant species MIC (nM) MerA activity (0 pM MerA activity (4 pM

HgCl,) (densitogram HgCl,) (densitogram
peak area) Mean + SD peak area) Mean + SD
AMpO1 Ensifer medicae Medicago polimorpha 50 11.70+ 3.88 18.85+2.32
AMp02 50 21.43+5.02 32.58 £2.28
AMp04 75 23.03+2.93 35.86 £+ 4.03
AMpO7 15 31.74+1.43 46.32 +£1.98
AMp08 250 200.20 £+ 24.51 233.14 +£7.78
AMp09 100 75.65 £ 5.20 77.86 +3.89
AMp10 150 54.82 + 3.94 103.49 +£5.98
NMpO1 150 77.86 + 3.86 146.22 £ 7.90
NMp03 75 31.80+3.82 4710 £4.11
NMp04 50 22.26 + 6.00 27.88 +2.90
NMp05 50 21.89+3.03 56.10 +2.62
NMp06 50 19.53 + 3.36 30.19+1.89
NMpO7 50 16.44 £ 0.59 32.67 £5.21
NMp08 50 23.82+0.34 14.67 +£2.47
NMp09 50 29.30+0.85 30.21 +£1.70
NMp10 50 34.47 +£2.07 4427 £2.81
NMp11 50 27.04 £ 0.61 36.62 £ 3.51
NMp12 50 2595+ 2.77 26.02 +£1.26
NMp13 50 39.39+ 3.25 62.18 £2.27
SMpO01 Medicago orbicularis 200 221.23+7.14 265.83 + 16.39
VMoO1 50 50.35 + 1.84 98.96 + 6.64
VMo03 50 16.76 £ 3.23 21.88+£7.16
VMo04 50 18.56 + 0.46 33.95+ 10.14
STf06 Rhizobium Trifolium fragiferum 25 18.07 £ 3.94 28.32 £0.73
STfO7 Leguminosarum bv. 250 223.64 + 9.76 228.48 +7.12
ST08 e 205 58,50+ 4.47 218.05+ 11.58
STf09 175 270.32 £ 4.76 253.11 +£10.86
\VTc07 Trifolium campestre 25 1795+ 3.24 34.73+£2.78
VTc08 25 24.61+294 28.43 £3.12
VTc09 25 30.47 +£0.15 17.96 +1.64
VTc10 25 28.10+2.98 11.09 +£1.94
VTci1 25 10.18 £ 2.24 33.58 £4.36
VTgi2 Trifolium glomeratum 25 1210+ 247 7.67 £1.87
VTg13 25 6.65+ 1.53 8.32 +£0.68
VTgi14 25 26.66 + 2.60 4476 £1.19
VTs15 Trifolium sp. 25 40.72 £ 3.71 35.88 £5.18
VTs16 25 17.28 + 1.66 13.73 £0.90
VTs17 25 16.74 £0.72 29.82 +£1.89
VTs18 25 11.13+0.73 8.24 +1.66
VTs19 25 30.15+5.41 15.64 +0.66
VTs20 25 14.28 £ 0.71 30.79 £0.75
VTs21 25 16.53 + 1.06 23.13 4+ 1.00
VTs22 25 10.94 £ 2.26 22.31 £3.37
VTs23 25 7.35+1.90 20.70 £1.20
A-7C Bradyrhizobium Adenocarpus hispanicus 15 78.38 +23.60 214.04 £ 15.21
ISLU-16 canariense Ornithopus compressus 6 10.29 + 2.51 no growth
L-3 Lupinus albus 6 11.64 £0.93 no growth
L7-AH 50 142.20 +11.37 1656.94 + 10.95
l=7Q 16 9.23+0.89 no growth
SP-7CA1 Spartium junceum 25 166.05 + 10.34 309.98 + 17.51
SP-7C2 25 50.86 + 5.88 87.41 +£3.10

Bacterial species, host plant species, MIC and MerA activity of the strains grown in the absence or presence of 4 uM HgCl» are indicated.
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Roots

Soil
Initial state Year 1
NI 1
Chao1 1772 + 372 1847 + 302 1781 + 632
Shannon 6.7 + 0, 05%° 6.7 +0.082 6.7 + 0.09%
Inv. Simpson 335.0 + 41.02 346.3 + 83.32 387.3+74.42

Year 1 Year 2
NI 1 NI 1
443 + 48° 659 + 70°° 900 + 50° 908 + 81°
3.5 4 0.42° 4.4 +0.68° 46+ 0.5° 4.7 +0.33°
11.1 £3.2¢ 36.8 + 26.5t¢ 19.2 + 8.9¢ 17.0 4+ 3.3¢

Data are means + SD (n = 5) for each condition. Significant differences between experimental conditions in both soil and root biotopes are indicated by different letters. NI, non-inoculated; I, inoculated.
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Genus

Agromyces
Amycolatopsis
Bacillus
Blastococcus
Bradyrhizobium
Caulobacter
Cellulomonas
Flavobacterium
Kribbella
Massilia
Microvirga
Nocardioides
Novosphingobium
Pantoea
Pseudarthrobacter
Pseudomonas
Pseudonocardia
Rahnella
Rhizobium
Serratia

Shinella
Sphingomonas
Streptococcus
Streptomyces

Soil Roots
Year 1 Year 2 Year 1 Year 2
Initial state NI 1 NI 1 NI 1 NI 1
1.56+0.3cd 0.02+£0.02e 0.1 £0.1de 0.4 £0.1de 0.4 +£0.2de 1.7+ 0.1 cd 1.6 +£0.3cd 0.7 £ 1.3 cde 1.9+ 04 cd
nd 0.07 £0.19% 0.3+ 0.5de 22+23cd 1.3+ 13cd nd nd nd nd
0.5+0.1de nd nd nd nd 0.6 £0.3de 0.6 £0.3de 1.7 +1.4cd 22+10cd
32+10c¢ nd nd nd nd 40+07c 39+08¢c 47 +6.7¢C 120+ 3.2 bc
40+12c 0.2+0.1de 0.6 £0.8de 0.4 +£0.2de 0.9 +£1.0cde 42+07c 34+09c 11+1.2cd 0.1 £0.08 de
nd 0.1 £0.09 de 0.3+ 0.5de 0.1 £0.1de 0.6 £0.5de nd nd nd nd
1.0+ 0.5¢cd 0.06 £ 0.08 e 0.3+ 0.2de 0.3+0.3de 0.03 £ 0.08 e 1.1 +0.3cd 1.1+02cd 124 80¢d 24407 ¢
nd 0.4+03de 22+15cd nd nd nd nd nd nd
30+1.1c 0.04 £ 0.04 0.2+0.1de 0.7 £ 0.3 cde 11 +03cd 33+14c 3.1+08¢c 0.3+0.8 11+0.2cd
nd 1.3+0.2cd 72+28c 0.1 +£0.03 de 0.4 £0.1de nd nd nd nd
0.9 £0.3cde nd nd nd nd 1.0+ 0.1 cd 0.7 £ 0.1 cde 0.04 £0.1e 0.1 £0.1de
1.4+ 0.6cd 0.05+0.02e 0.2+0.1de 1.6+0.2cd 24 +04cd 1.9+05¢ 2.1+050c 1.56+5.0c¢ 35+17¢c
nd 0.3+0.2de 0.7 £0.3de 40+21c 22+0.7cd nd nd nd nd
nd 0.9+08¢cd 0.2+0.2de 0.03+0.06 e nd nd nd nd nd
11.2+43bc 0.08 £0.05e 0.3+0.1de 108+22c¢c 104 £3.0¢c 149+ 5.0bc 11.1£33bc 7.7+132¢ 206 £56b
nd 6.4+08¢c 111+ 1.5bc 0.4 +£0.05de 46+12c nd nd nd nd
444056 nd nd nd nd 43+04c 40+07c 27+35c¢ 86+29c
nd 7.8+ 3860 0.4 +0.2de 0.006 + 0.005 e nd nd nd nd nd
nd 0.83:+02¢e 0.8+ 0.5 cce 20+ 08¢ed 1.7+0.4cd nd nd nd nd
nd 1.7+11cd 0.5+0.3de 0.02+0.03 ¢ nd nd nd nd nd
nd 0.07 £0.07 e 0.3+ 0.4 de 0.2+0.1de 0.2+0.2de nd nd nd nd
86+3.1c nd nd 0.3+0.3de 0.8 +1.0de 6.0+19c 5.4+12c 9.0+10.2¢ 754+ 11.0¢
nd nd nd nd nd nd nd 23+1.8cd nd
0.4 £ 0.06 de 0.4 £0.03de 32+03¢c 525+ 15a 50.4+1.0a 1.3+0.7 cd 1.2+0.5cd 36+36¢C 39+18c¢c

Values are means + SD (n = 5). Significant differences (Kruskal-Wallis non-parametric test, o = 0.05) between conditions are indicated by different letters. NI, non-inoculated; I, inoculated; nd, not-detected.
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Soil properties

Phyllosphere fungal Rhizophere fungal
community community
R*=0.608 R’=0.206

12=2.485; P=0.115; GF1=0.904; AIC=30.485 ;RMSEA=0.431
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Variable

pH (1:1H,0)

AK (mg kg™")

AP (mgkg™")
NO3z~-N (mg kg 1)
NH,T-N (mg kg™")
TN(gkg™")

TOC (gkg™")

C:N

CiP

WY (kg ha~1)

CK

6.81 4+ 0.012
127.2 +£6.92
10.36 + 2.73°
0.93 4+ 0.34b
1.41 £0.03°
1.41 £0.03°
22.74 4+ 0.15°
16.16 £ 0.37%
2287 + 5228
1546 + 96°

N,

6.29 + 0.070
106.4 + 14.6%°
7.59 & 1.74°
2.08 + 0.26°
18.90 + 3.35%°
1.42 4 0.02P
24.07 +0.342
16.93 4 0.472
3277 + 6722
2170 + 220P

N1P4

6.11 +0.05°
111.6 £0.73
51.82 + 11.48°
0.67 +0.10b
14.75 + 0.37°
1.39 + 0.02°
23.80 + 0.243
15.56 + 0.76°
1537 +210P°
3595 + 2672

Ny

5.72 + 0.07°
97.4 £13.5°
15.68 + 2.09°
6.38 + 0.882
25.69 + 4.61%
1.53 £ 0.072
24.02 + 0.46°
17.24 + 0.372

477 + 94°d
2188 + 209°

N2P;

5.45 + 0.13°
86.3 + 3.9°
136.26 + 25.262
6.23 + 0.672
31.54 +3.502
1.49 + 0.01P
23.94 +0.712
16.09 + 0.46%°
180 + 354
3135 + 4312

P

<0.001
0.004
<0.001
<0.001
<0.001
0.003
0.017
0.013
<0.001
<0.001

Values are mean =+ standard deviation (N = 3). Values within the same column followed by the different letters indicate significant difference (P < 0.05). Fertilizer regimes:
CK (without fertilizer), Ny (150 kg N ha™'), N1Py (150 kg N ha=" plus 75 kg P ha=1), Np (300 kg N ha~"), and NaP, (300 kg N ha™" plus 150 kg P ha~'). Soil properties
indicated include AP (available P), AK (available K), TOC (total organic carbon), TN (total N), C:N (TOC:TN), C:P (TOC:AP), and WY (wheat yield).
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Genus

Glomus

Claroideoglomus

Rhizophagus

Gigaspora

Funneliformis

Septoglomus

Paraglomus

Archaeospora

Diversispora

T U WV UV BV VWV UV DV U VWUV VWUV VU D

o

pH

0.202
0.471
0.043
0.878
—0.902
0.000
0.346
0.207
0.753
0.001
0.578
0.024
—0.313
0.257
0.692
0.325
0.090
0.751

AK

0.153
0.5687
0.109
0.700
—0.734
0.002
—0.065
0.818
0.626
0.012
0.522
0.046
—0.344
0.209
0.273
0.004
0.037
0.896

AP

—0.291
0.293
0.409
0.130
0.533
0.041

—0.557
0.031

—0.270
0.331

—0.353
0.197

—0.396
0.144

—0.525
0.066

—0.547
0.035

NO3;~-N

—0.450
0.092
—0.425
0.114
0.939
0.000
—0.157
0.575
—0.475
0.073
—0.832
0.000
0.502
0.056
—0.442
0.325
0.270
0.331

NH;*+-N

—0.466
0.080
—0.237
0.396
0.844
0.000
—-0.116
0.682
—0.401
0.138
—0.761
0.001
0.278
0.316
—0.353
0.044
—0.013
0.962

TN

—0.456
0.088
—0.472
0.076
0.753
0.001
0.049
0.863
—0.405
0.135
—0.671
0.006
0.681
0.005
—0.141
0.099
0.354
0.196

TOC

0.328
0.233
0.383
0.159
0.306
0.268
—0.140
0.618
-0.819
0.000
0.065
0.817
0.154
0.584
—0.487
0.197
—0.182
0.516

C:N

0.616
0.015
0.635
0.011
-0.516
0.049
—-0.1256
0.657
—-0.110
0.695
0.659
0.008
—0.510
0.052
—0.146
0.616
—0.425
0.114

C:P

0.214
0.443
—0.253
0.362
—0.453
0.090
0.804
0.000
0.261
0.348
0.172
0.540
0.210
0.453
0.646
0.009
0.461
0.084

0.344
0.210
0.400
0.140
0.228
0.414
—0.494
0.061
—0.533
0.041
—0.168
0.550
—0.305
0.269
—0.588
0.021
—0.631
0.012

Bold values are significant at P < 0.05.
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Year Treatment Ear number (No. plant=1) Ear length (cm) Grain weight (g plant=1) 1000-grain weight (g) Grain yield (kg ha=1)

2017 MP 4.0+0.7d 39.2 + 1.3cd 240 +1.9e 8.61 £0.0d 4448.6 + 135.5d
2P2M 4.8 £ 0.8bc 412+ 21¢c 363 +1.1c 8.89 4 0.1be 4968.9 + 87.2bc
4P2M 4.3+ 0.4c 40.1 £1.0c 32.5 +1.6d 8.81 £0.0c 4696.2 + 76.8¢
4P4M 49+ 0.2b 422 £ 0.8b 40.9 £ 0.4b 8.92 £ 0.1b 5131.6 £ 73.5b
2P4M 5.8+ 0.4a 440+ 1.8a 46.6 £+ 2.5a 9.02 £ 0.0a 5367.8 + 56.8a

2018 MP 3.4 +£0.9b 46.4 £ 2.2a 29.0 £1.3d 8.66 £ 0.1c 4205.7 £+ 257.7d
2P2M 4.6 £ 2.0ab 47.0 £ 2.5a 41.8 £0.8b 9.00 £ 0.0b 5153.8 + 150.7b
4P2M 4.4 +11ab 46.6 £+ 2.6a 36.7 £ 0.7c 9.03 £ 0.1ab 4539.8 + 144.6¢
4P4M 5.2 £ 1.5ab 47.2 £1.9a 43.2 £0.7b 9.10 £ 0.1ab 5249.6 + 147.3b
2P4M 6.2+ 1.1a 47.2 £ 1.6a 504 £ 1.2a 9.18 £ 0.0a 6471.2 + 236.6a

2019 MP 3.5+ 0.6a 368+ 2.8¢ 2754 270 8.39 £ 0.2a 4162.9 + 404.7d
2P2M 4.5+ 1.0a 41.2 £ 3.0b 425 +4.4b 8.49 £ 0.1a 6431.8 £ 659.9b
4P2M 4.5 £+ 0.6a 42.8 + 1.5ab 858 £1.7¢ 8.41 £0.2a 5340.9 + 252.5¢
4P4AM 4.3 £ 0.5a 43.0 £ 4.1ab 45.5 £+ 4.0ab 8.62 £ 0.2a 6890.2 + 607.9ab
2P4M 48+ 1.7a 46.3 £ 1.9a 482 £ 2.2a 8.66 £ 0.1a 7303.0 £+ 332.9a

Variation source

Year ns . % . %

Treatment L ¥ ** - *

Year x Treatment ns ns ns ns ns

Date are expressed as the means + SE (n = 20). Values followed by different letters within a column are significantly different at P < 0.05. MR 2P2M, 4P2M, 4P4M, and
2P4M represent the monoculture proso millet, 2 rows of proso millet intercropped with 2 rows of mung bean (2P2M), 4 rows of proso millet intercropped with 2 rows of
mung bean (4P2M), 4 rows of proso millet intercropped with 4 rows of mung bean (4P4M), and 2 rows of proso millet intercropped with 4 rows of mung bean (2P4M),
respectively. * and ** indicate significance at the 0.05 and 0.01 probability levels, respectively. ns, no significant difference.
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Brassicaceae species DNA extracted Location
compartment
1 Noccaea brachypetala R, RP1, RP2 Alos (Western
2 N. brachypetala R, RP1, RP2 pomlgion) 42" 45/
3 N. brachypetala R, RP1, RP2 ?g;?ZE Ny 1728
4 N. brachypetala R, RP1, RP2
5 N. brachypetala R, RP1
6 Capsella bursa-pastoris R, RP1
7 Arabis sp. R, RP1
8 Cardamine impatiens R, RP1
9 N. brachypetala R, RP1, RP2 Mauri (Western
10 N brachypetala R, RP1, RP2 populetion)42° S
11 N. brachypetala R, RP1, RP2 géggg,, :;l e
12 N. brachypetala R, RP1
13 Arabis sp. R, RP1
14 N. brachypetala R, RP1, RP2 Nuria (Eastern
15 N, brachypetala R, RP1, RP2 population) 42° 21"
16 Capsella sp. R, RP1 52'1,(,34” N2e 10
5.88" E
17 Iberis sp. R, RP1
18 N. brachypetala R, RP1, RP2 Freser (Eastern
19 Iberis sp. R, RP1 gj%giﬂos) 3501 22
20 Arabis sp. R, RP1 '

56.268" E

Genomic DNA has been extracted from the rhizosphere soil (R) and
rhizoplane (RP1 and RP2).
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pH socC TN C:N AN NH;*-N NO3z;~-N AP A36il temperature

Shannon —0.19 0.74* 0.55™ 0.63** 0.65" 0.64* 0.73* 0.73* 0.73* —0.64
Observed species 0.02 0.63* 0.31 0.52** 0.44* 0.37 0.59* 0.59™ 0.59* —0.56"*
nifH gene abundance —0.16 0.65™ 0.45 0.48" 0.56" 0.50* 0.66™ 0.63™ 0.66™ —0.56"

SOC, soil organic carbon; TN, total nitrogen; AN, available nitrogen; NH4*-N, ammonium nitrogen; NOz~-N, nitrate nitrogen; AP available phosphorus; AK, available
potassium; **and* indicate statistically significant correlation at P < 0.07 and P < 0.05, respectively.





OPS/images/fmicb-12-658668/fmicb-12-658668-g006.jpg
RDA2 [9.64%]

Permutation Test P-value: 0.002

C/N

SOC

AK

AN

NH, =N

1
1
1
'
0.5 | !
Azone
Geobacter
Mesorhizobium
L i o] P .
1
1
'
Soil Temperature E
-0.5 - |
1
1
|
NO,-N !
1
-1.0 - '
1
0

0.
RDA1 [15.02%)]

05

Group
@ NSMNO
@ NSMN1
@ NSMN2
@ SMNo
& SMN1
@ SMN2





OPS/images/fmicb-11-600576/fmicb-11-600576-e000.jpg
Log(a x b") = loga + nlogh





OPS/images/fmicb-12-681953/fmicb-12-681953-g001.jpg
8.5

8.0

pH

7.9

7.0

(mg/kg)
N
(e
o

Hydrolyzable nitrogen
3

500

(mg/kg)
-
(-
&)

300

Available potassium

200

R=-0.77
p<0.01

0

5

10 15 20

Time (year)

p <0.001

0

5

10 15 20

Time (year)

0

5

10

Time (year)

15 20

C
c S
2 S
8)’_\7' : _g 4001
9 2 Ba0o
@) W e f”
SE%e 3
S ® R=0.77 % 100" R=0.88
E 5'. p<0.01 § 0‘. p<0.001
< —_—— L e ———
B0 W 109230 0 -9 10 1920
Time (year) Time (year)
E F
301
_0.150; S 25
& ® o
=0.125 2 50
7)) O g
0.1001 |
® 15
0 5 10 15 20 0 5 10 15 20
Time (year) Time (year)
H o I S
gﬁ‘ 2)1601
(&) (@)
E E
:‘}44 5120‘
5 5
= Z 80
'g‘?‘ P
4
20 IR L | L
0k 38 4018 20 = T D (5 40 15 20
Time (year) Time (year)





OPS/images/fmicb-11-600576/cross.jpg
3,

i





OPS/images/fmicb-12-681953/fmicb-12-681953-e002.jpg
_[Ct x (Am — Ab) + (At — Ab) x V]
- m x T

E(U/g) G)





OPS/images/fmicb-11-598507/fmicb-11-598507-t002.jpg
Ochrobactrum sp.  Rhizobium sp.  Phyllobacterium sp.  Rhizobium sp. Rhizobium sp. ‘Rhizobium sp. ‘Rhizobium sp.
P20RR-XII P2BRRXV. P30BS-XVII P32RR-XVII P3BBS-XIX PAORR-XXII PA4RRXKIV
Attributo. Value  SofTotal Value ofTotal Vale ofTotal  Value ofTotal Vale %ofTotal Vale %ofTotal Value % of Total
Genome size (o) 47371 100 7077829 100 525238 100 7197987 100 7063854 100 7069808 10D 7417108 100
DNAGHG () 2710165 559 425e2 508 280007 5512 4320081 604 4171912 50 42305731 698 441315 5055
DNA scaffolds 2 100 EY 100 2 100 2 100 100 % 100 » 100
Tota genes 4046 100 740 100 548 100 7918 100 725 100 7430 0 75 100
Protein cocing genes a8e o7 7315 es  sa07 0.1 mes w3 72 W8 T ees  Tms o076
RNA genss 100 202 "3 15 o 176 126 16 109 1 e 182 18 158
Psoudo genos. 2 004 2 003 6 o011 8 010 4 o o o o 080
Genes inntem clustors 18 037 ) 0% 2 045 w22 a o057 7 098 107
Genes with functon preciction 15 &0 o8  sas 427 872 606 B0 6183 859 6157 81 G2 670
Genes assigned o COGs. 846 794 sse6 764 4218 794 se2 719 55 774 S8 762 646 781
Genes vith Plam domains 088 823 7055 o4 5197 o9 70 952 618 966 7085 966 7553 975
Genes vith signa peptides 655 185 e85 121 3 134 n 60 w0 126 875 120w 127
Genes with ransmembrane hefces 1240 256 d 222 1299 25 tera 215 tes 227 1616 221 1786 231
Complteness 1000 1000 96 %3 09 1000 %05
Gapped ideniity to closest genome. %6 06 NA 86 83 96 9.1
BioProject PRINAS47107 PRINAG25371 PRINAS4T125 PRINAG25372 PRINAG25376. PRINAGR5374 PRINASS4620

NA, Not available.





OPS/images/fmicb-12-681953/fmicb-12-681953-e001.jpg
E(U/g) =

CxV

m x

@





OPS/images/fmicb-11-598507/fmicb-11-598507-t001.jpg
Source.

Lotus spp.
rhizosphere

Pastureland
bulk soil

Strain
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Element

ZRE

Latin name

Blechnum orientale
Carya cathayensis
Carya glabra

Cary tomentosa
Dicraneopteris dicthotoma
Dicranopteris linearis
Phytolacca americana
Phytolacca icosandra
Pronephrium simplex
Pronephrium triphylum
Athyrium yokoscence
Stenoloma chusana
Woodwardia japonica
Adiantum monochlamys
Asplenium hondoense
Asplenium filoes
Asplenium ritoense
Asplenium ruprechiii
Asplenium subnomale
Asplenium trichomanes
Adlantum monochiamys
Blechnum niponicum
Dicranopteris strigose
Dryopteris erythrosora

SRE: Total of the sum of 17 RE.
BCF: Bioconcentration Factor, i.e., the metal concentration in plant to the concentration in the ol ratio.

ND- Not Determined.

Family

Blechnaceae
Juglandaceae
Juglandaceae
Juglandaceae
Gleicheniaceae
Gleicheniaceae
Phytolaccaceae
Phytolaccaceae
Thelypteridaceae
Thelypteridaceae
Athyriaceae
Lindsaeaceae
Blechnaceae
Adiantaceae
Aspleniaceae
Aspleniaceae
Aspleniaceae
Aspleniaceae
Aspleniaceae
Aspleniaceae
Adiantaceae
Blechnaceae
Gleicheniaceae
Dryopteridaceae

Maximum contents
in leaves
(mg/kg)

1,022
2,296
2,300
1,350
3,358
7,000
1,012
13,000
1,234
1,027
202
725
367
"
14
25
12
40
14
2
il
97
12
32

BCF

References

Xiao et al. (2003)
Robinson (1943)
Robinson et al. (1938)
Thomas (2011)

Xiao et al. (2003)
Shan et al. (2003)
Yuan et dl. (2017)
Grosjean et al. (2019)
Lai et al. (2005)

Xue (2009)

Ichihashi et al. (1992)
Xiao et al. (2003)
Xiao et al. (2003)
Ozaki et dl. (2000)
Ozaki et 4. (2000)
Ozaki et d. (2000)
Ozaki et 4. (2000)
Ozaki et dl. (2000)
Ozaki et dl. (2000)
Ozaki et dl. (2000)
Ozaki et . (2000)
Ozaki et a. (2000)
Ozaki et . (2000)
Ozaki et 4. (2000)
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Element Species

Effect on germination

Nd Cassia obtusitolia
Astragales Angelica
sinensis

La B

Effect on the roots
La+Eu  Eriobotrya japonica

La Huperzia serrata

Ce Dioscorea
zingiberensis

Ce Avabidopsis
thaliana

Effect on the roots

La
Ce Triticum aestivum
La

+Ce
Ce
La Arabidopsis

thaliana
La

+Ce
La Zea mays

+Ce Vigna radla

Effect on the roots
La Zea mays

La Haricot Zea mays
Effect on metabolism

Y Nymphoides
peltata

Ce Oryza sativa

MS: Murashige and Skoog Medium.

Culture media

B5 solid medium

Germination papers

In vitro

Modified 1/2 MS medium

Hydroponic

Hydroponic

MS medium

Continuously flowing solution
culture units (FSCUs)

MES/Tris buffer
Containers with nutrient
solution

Hydroponic

Soil

Concentration

1mg/L
*5 mg/L
3mg/L
6mg/L
10, 50, 80 et
100 mg/L
1341389

1.0-30 mM
20-30mM
10 UM
50-100 M
1-15 mglL

100 pmol/L

05-25 mg/L

05-25 mg/L

0.5-10mM

0.5-10mM

05Lla+
0.5mM Ce

0.2yM
5.0 UM (0.2 M)

13.89 mg/L

1389 mg/L

1,389 mg/L
27mg/lL
27 mg/L.

1-6 mg/L

0-500 mg/L

Effect References

-1 Seed germination Zhang etal. (2013)
-| Seed germination

- Optimal concentration

-1 Seed germination

- Germination rate is optimal (57%) at Nd®* concentrations

around 80 mg/L

-1 Germination D'Aquino et al.
(2009)
-T Root length Zhang et al. (2013)

-1 Dry root mass

-1 Peroxidase and nitrate reductase actvties

I Root growth

-1 Root growth

-1 The formation of root tissues and inhibits it in high

concentrations- Disrupts the nutrients intrinsic balance

-1 Zn and Mo accumulation in the roots Xue et al. (2012)
-1 K, Ca and Fe accumulation in the roots

-| growth: necross, chiorosis

-1 Primary roots elongation Hu et al. (2002)
-1 Roots and leaves dry mass

-1 Ca, Mg, K, Zn, Cu in erial parts

-| Primary roots elongation

1 Primary roots elongation

- No selective uptake between La and Ce by plants when

applied in combination

Stage 17 days after  Stage 35 days after He and Loh (2000)
germination: -No Effect  germination: -1 number

leaves

- 1 Plant height

- 1 Dry mass

-1 Flower initation

-1 Primary roots

elongation

- No Effect on Growth Diatloff et al.
-1 Zea mays dry leaf mass of 32% (2008)

-| Vigna radfata dry leaf mass of 75%
-1 Ca, Na, Zn and Mn content in solution

-1 28% of root growth Liu and

-1 429 of root growth Hasenstein (2005)
-1 55% of root growth

-1 28% of oot growth Von Tucher et al.

- No Effect (2001)

-| Catalase activty Fu et al. (2014)

-1 Ascorbate activity

-1 Peroxidase activity

- Mg, Ga, Fe and Mn content

- P and K content

11 Lipid peroxidation; fatty acid and lignin content Rico et al. (2013)
- Electrolyte leak

-1 H,0; (oxidative stress)
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Element

Light RE
Lu

Er
Ho
To

Tm

Dy
ES

Heavy RE
Gd

Ce
sm
La
Nd
Pr
Eu

References

Air (pg/m®)

Spitsbergen 0.4-3
24
13
GREnland 1-5; Garmany 10;

United States 20-35
4

Atmospheric dust 0.02-2 mg/kg.
>10
40

South Pole 0.06-0.2; Spitsbergen
0.01-5; United States 803,000

1

South Pole. 0.8-5% Spitsbergen

20-60%; Great Britain 330-550*

South Pole 0.03-0.1; Great Britain

20-40; United States 70-1,000

South Pole 0.2-1.4; Spitsbergen

5-30; United States 500-9,000
~300

60
South Pole 0.004-0.02; Spitsbergen

1-2; Germany 5-80
Kabata-Pendias and Pendias (1999)

2 values in ng/m°.

Soils (mg/kg)

0.06-0.45
0.02-2
0.02-1
0.05-1

0.03-0.05

World 5-24. Poland 5-12
0.07-25
1-5

World: podzolic loam 5; brown 8; mold
10. Poland: sandy soils 2; clay 6

07-5
2-75
02-6
1.5-40
1-30
15-9
<1-15

Kabata-Pendias and Pendias (1999)

Plants (ug/kg)

Vegetables 0.01-60; grass 3;
pine needles 2

Vegetables 0.5-2; pine needies
6; blue berry-leaves 1.5-8
Vegetables 0.06-0.1; grass <20;
pine needles 4-5

Vegetables 0.1-2; grass 9; pine
needies 20

Vegetables 0.02-4; grass 50;
pine needles 1.5

Different 0.01-3.5; lichens and
briophytes 200

Vegetables 0.01-20; grass 20;
pine needles 8

Vegetables 20; blue
berry-leaves 21

Different 8-700; tea 10-140;
fungi 2-300

Vegetables <2; grass 35; pine
needles 25

Vegetables 2-50; grass 330; pine
needles 370

Vegetables 0.2-100; grass 53;
pine needles 32

Vegetables 0.4-2,000; grass
170; pine needles ~300
Vegetables 10; grass 150; pine
needles 160

Vegetables 1-2; grass 40; pine
needles 60-130

Vegetables 0.04-70; grass 8;
pine needles 5

Kabata-Pendias and Pendias
(1999)

RE mining
areas world
average
(Hg/kg)

40

06

04

06

07

50

45

3
4

Wang et al.
(1989)

Tunisian
phosphogypsum
(mg/kg)

034
389
132
1.10
047
4448
331

6.62

7.20
49.99
7.4
35.86
52.63
8.90
1.68

Hammas-Nasri et al.
(2016)
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Element Symbol
Lanthanum La
Cerium ce
Praseodymium Pr
Neodyrmium Nd
Promethium Pm
Samarium sm
Europium Eu
Gadolinium Gd
Terbium ™
Dysprosium Dy
Holmium Ho
Erbium Er
Thulum ™
Ytterbium Yb
Lutetium Lu
Yttrium Y
Scandium sc

ND: Not Determined
“Shannon (1976).
“Chakhmouradian and Wall (2012).
“Lide (2004)

“Ganguli and cook (2018).
“Greenwood and Eamshaw (1984).

‘Promethium is a radioactive metal and does not occur naturally on earth. It is artificially created for applications.

Atomic number

57
58
59
60
61

32238

67
68
69
70
7
39
21

lonic radius

Ay

1.08
101
0.99
098
1.85
096
095
0.94
0.92
091
0.90
0.89
0.88
087
0.86
0.90

Classification™ ©

Light

Light

Light

Light

Light

Light
Light*/Heavy®
Light”/Heavy®
Heavy

Heavy

Heavy

Heavy

Heavy

Heavy

Heavy

Heavy

Light

Crustal abundance
Min®-max® ¢
(means)® (mg/kg)

5-39 (35)
20-70 (66)
35-92(9.1)
12-41.5 (40)
i

458 (7.0)
0.14-2 (2.1)
4-86.1)
0.65-2.5 (1.2)
3-7.5(4.5)
07-1.7 (1.3)
21-65(35)
02-1(05)
0.33-8 (3.1)
0.35-1.7 (0.8)
24-70 (31)
5-22 (ND)
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Element

Lanthanum
Cerium
Praseodymium
Neodymium

Promethium
Samarium

Europium
Gadolinium

Terbium

Dysprosium
Holmium

Erbium

Thulium
Ytterbium

Lutetium
Yitrium
Scandium

"Guyonnet et al. (2015).
“Sul et al. (2017).
“Ganguli and cook (2018).

Applications™ ™ ©

Battery alloys, metal alloys, auto catalysts, petroleu refining, polishing powders, glass additives, phosphors, cerarmics, optics, electron
microscopic tracer, studio lighting, laptop batteries, camera lenses and hybrid car batteries.

Battery alloys, metal alloys, auto catalysts (emissions contral, petroleun refining, polishing powders, glass additives, phosphors, and
ceramics, carbon-arc lighting, TV color, screen, fluorescent lighting. catalytic converter.

Battery alloys, metal alloys, auto catalysts, poiishing powders, glass additives, and coloring ceramics, nickel metal hydride (NIMH) i
hybrid cars, glass goggles for glass blowers and welders, high-intensity carbon arc lights.

Permanent magnets, battery alloys, metal alloys, auto catalysts, glass additives, and ceramics, neodymium magnets aiso known NIB
(computers, hand phones, medical equipment, motors, wind turbines and audio systems), specialized goggles for glass blowers.
Watches, pacemakers, and research, atomic batteries for spacecraft and guided missies.

Magnets, ceramics, and radiation treatment (cancer), Magnets for headphones, small motors and pickups for some electric guitars,
absorber in nuclear reactors, cancer treatment.

Phosphors, anti-forgery marks on euro bank notes, nuclear reactor control rods, compact fluorescent bulbs.

Gerarmics, nudlear energy, and medical (magneic resonance imaging, X-rays), microwave, magnetic resonance imaging (MR, color
television picture tubes.

Fluorescent lamp phosphors, magnets especially for high temperatures, and defense, magnet for wind turbine and hybrid car motor,
speaker UV light for euro bark notes.

Permanent magnets, speakers, compact discs and hard discs, medium source rare-garth lamps (MSRs) within the fiim industry.
Permanent magnets, nuciear energy, and microwave equipment, yellow or red coloring for glass, cubic zirconia, nuclear reactor control
fods, solid-state lasers for non-invasive medical procedures treating cancers and kidney stones.

Nuclear energy, fiber optic communications, glass coloring, nuclear reactor. control rods, coloring agent in glazes and glasses. Laser for
skin (remove tattoo)

X-rays (medical) and lasers, laser, euro banknotes for its biue fluorescence under UV.

Cancer treatment and stainless steel, stress gauges to monitor ground deformations caused by earthquakes or under-ground
explosions, catalyst, fioer laser ampiffers

Dating rocks and minerals, petroleum refining, catalyst, detectors in positron emission tomography (PET).

Battery alloys, phosphors, ceramics, microwave flter, red color in color television tubes, high-temperature super-conductor YBCO.
High strength, low weight aluminum scandium alloys, erospace industry components and for sports equipment such as bicycle frames,
fishing rods, golf iron shatts and baseball bats
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Microorganism Sample 97%
OoTU Ace Chao1 Shannon Coverage

Bacteria Sl 1577 1806.3855%0 1770.6447° 6.52792 0.9685
sIiP 1565 1822.2369% 1820.35622 6.52322 0.9663
SIS 1446 1754.6625° 1738.1221° 6.3103° 0.9590
NI 1577 1778.89620¢ 1763.4066° 6.5686% 0.9711
NIP 1538 1786.79623b¢ 1757.3794P 6.54332 0.9645
NIS 1483 1773.6078°° 1750.8530° 6.3187° 0.9634

Fungi Sl 221 224.42014 227.0040¢ 4.0638P° 0.9987
SIP 297 321.498P¢ 317.3411b¢ 3.9223¢ 0.9942
SIS 345 400.28412 394.69472 4.1535P¢ 0.9897
NIl 238 241.48114 24466679 464432 0.9985
NIP 326 333.4707° 336.3298° 4.73652 0.9974
NIS 278 286.8004° 286.9774° 427180 0.9970

Different lowercase letters in the same column indicate significant differences between the groups at a significance level of p < 0.05. OTU, operational taxonomic unit.
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Category

Number of articles found in the search
Number of articles included in the analysis

Number of datasets analyzed

Endophytic bacterial genus that confer the higher benefit to the host
Endophytic bacterial genus that confer the lowest beneit to the host
Range of heavy metal concentration used in the studies

Range of inocula density used in the studies

Metal most studied

Strain most used in the analysis

Statistics

76
27
177
Consortium (Solanum nigrum, d = 7.43)
Pseudomonas (Orychophragmus violaceus, d = ~3.18)
0-500 mM
1% 10*1 x 102 CFU/mI
Cadmium (12)
Sphingomonas SaMR12 (4)
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Analysis

P

*P < 0.05,

Categories

TOvs. T™M
YO vs. YM
TOvs. YO
TMvs. YM

TOvs. ™™
YOvs. YM
TOvs. YO
TMvs. YM

< 0.007. The bold values mean significant difference.

R2

0.145
0.106
0.452
0.289
R
0.237
0.058
0.628
0.099

Phylum

P-value

0.011"
0.122
0.001**
0.005"
P-value
0.002"
0.176
0.001*
0.086

R2

0276
0.116
0.433
0.160

0.569
0.116
0.750
0.130

Class

P-value

0.001"*
0.080
0.001""
0.007*
P-value
0.001**
0.056
0.001**
0.043"

R2

0.262
0.135
0.278
0.184

0.662
0.254
0.707
0.343

Order

P-value

0.001*
0.005"
0.001*
0.001*
P-value
0.001"
0.004*
0.001*
0.001**

R2

0.255
0.128
0.235
0179

0.734
0.276
0.722
0.379

Family

P-value

0.001*
0.001**
0.001"
0.001**
P-value
0.001**
0.001*
0.001*
0.004"

R2

0.253
0.133
0.225
0.167

0.744
0.325
0.708
0.393

Genus

P-value

0.001**
0.002
0.001"*
0.002
P-value
0.001"
0.002"
0.001**
0.002*
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Samples

TMvs. TO
YMvs. YO
TOvs. YM
TMvs. YO
T™Mvs. YM
TOvs. YO

*P < 0.05, *P < 0.001.

Fungal diversity was expressed as the Shannon index, Simpson and Chao1 index. The bold values mean significant difference.

Abundance

8.5547E-08""
0.0099"
0.0029°
1.3803E-06""
0.0004"*
09142

‘Shannon index

0.0001**
0.5033
0.0169*
0.0229°
0.1189
0.0866

Simpson

0.06271
0.3573
0.6313
0.4797
0.1514
0.1322

Chao1 index

1.0041E-06"
0.0040°
0.1696
9.2388E-08""
0.0000"
0.0867
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Treatment Grain yield (Kg ha—) Gross return (Rs ha=—1)2 Net return (Rs ha—1)P B : C ratio Additional income over control (Rs ha=1)

Normal Saline Normal Saline Normal Saline Normal Saline Normal Saline

Un-inoculated control 1186.0° 942.09 77,481.38 61,540.86 52,830.38 36,889.86 2.14 1.50 - =

LSMR-1 1290.02 991.0defg 84,275.70 64,742.03 59,549.70 40,016.03 2.41 1.62 6,719.32 3,126.17
LSMR-32 1297.02 998.0cdefg 84,733.01 65,199.34 60,007.01 40,473.34 2.43 1.64 7,176.63 3,683.48
RB-3 1290.02 978.0f9 84,275.70 63,892.74 59,5649.70 39,166.74 2.41 1.68 6,719.32 2,276.88
LSMRS-3 1283.02 988.0¢fg 83,818.39 64,546.04 59,092.39 39,820.04 2.40 1.61 6,262.01 2,930.18
LSMR-1 + RB-3 1384.02 1021.0bedef 87,150.22 66,701.93 62,399.22 41,950.93 2.52 1.69 9,668.84 5,061.07
LSMR-32 + LSMRS-3 1357.0° 1087.02 88,652.81 71,013.71 63,901.81 46,262.71 2.58 1.87 11,071.43 9,372.85

Cost of cultivation of un-inoculated control = Rs. 24,651/-

Cost of cultivation of single culture inoculants = Rs. 24,726/-

Cost of cultivation of dual culture inoculants = Rs. 24,751/-

1 US$ = 75.82 Rs.

@ Market price of spring mungbean = Rs. 6533/- quintal.

®) Cost of microbial consortium @Rs. 40 per packet (for one acre).
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Treatment Protein content of seed (%) No. of pods plant~1 No. of seeds pod~! 100 seed weight (g) Grain yield (Kg ha=)
Normal Saline Normal Saline Normal Saline Normal Saline Normal Saline

Un-inoculated control 23682 42 15 22.60% £ 2.99 22207 +1.24 21.40% 4 1.43 9.502 + 0.86 8.602 +1.20 4.659 +0.28 4172 £ 064 1186P + 109.05 9429 + 13.45
LSMR-1 23.782 £+ 3.11 23.352 £2.27 23.602 £ 0.48 22.302 +£2.48 10.20% 4+ 1.80 9.202 +1.21 4.85bcd +0.20 4.582 £0.12 12902 + 57.66 991defa 4 23 64
LSMR-32 23.912 £ 4.76 23.652 £4.75 23.702 £1.15 22.602 £+ 2.82 10.50% + 0.45 9.802 £0.39 4754 +0.14 4.632 +0.46 12972 £ 41.14 99gedef + 32 36
RB-3 28812 £ 254 28.78° £ 8.2/ 22902 +£1.78 22100 £1.95 10.302 +£ 0.84 9.402 +0.80 4.948bc 4 013 4.87% £ 040 1200° £ 2343 978f9 + 41.62
LSMRS-3 23.98+2.74 23.852 £4.64 22702 £2.03 22.352 £290 10.40% £ 0.47 9.60% +0.36 4.85P°d + 007  4.442 £0.30 12832 + 13.53 988819 + 10.53
LSMR-1+RB-3 24.452 £ 297 24,052 £2.92 24102 £1.75 23.652 £+ 3.32 10.90% 4+ 0.43 10.102 £ 0.49 5.013 +0.16 4.892 £0.35 13342 +47.32 1021bedef 4 o4 75
LSMR-32+LSMRS-3 2510 4388 24.78% 4 .78 24.602 £+ 3.97 23.86% 4+ 1.65 11.102 £ 1.44 10.802 +1.50 5A0% & 042 5.08% -+ 019 13572 +£70.38 10872 + 60.80

(Pooled mean of 3 years data; data are average values of four replication + SD); different letters indicate significant differences based on Tukey’s HSD test at p < 0.05.
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Treatments Soil quality parameters

Dehydrogenase activity Alkaline Acid

of soil phosphatase phosphatase
(n g TPF g~" of soil h~")
(i g p-nitrophenol mi—! hr-1)
Normal Saline Normal Saline Normal Saline

Un-inoculated control 49.899 + 2.96 46.832 +2.84 137.742 + 2.47 117.16F +2.06 54.72f +£0.76 47.01f £1.34
LSMR-1 67.78cdef 4 6,39 54172 + 3.12 152,572 + 2.62 130.72¢f + 5.08 66.60bcdef 4 1,06 55.03¢def + 128
LSMR-32 65.36%f + 467 60.712 + 3.81 147.87% +1.68 136.269€¢f + 1.13 63.809¢f + 246 52.81% +2.80
RB-3 62.32f £2.77 57.932 + 5.84 147.412 £ 2.02 139.34¢%de + 324 61.48%f +1.18 56.91bede 4 2 07
LSMRS-3 63.04¢f + 1.62 56.012 + 2.36 152.2138 + 2,07 140.47bede 4 4 94 66.57%def 4 2 18 53.12def 4 1,48
LSMR-1+RB-3 69.76bedef 4 4 11 66.622 + 3.83 158.022 + 2.34 152.503b¢d 4 4 85 74.628bede 4 4 74 67.992 4+ 3.23
LSMR-32+LSMRS-3 78.47% + 465 74.15% + 3.69 175.46% + 3.15 161.432 +£2.87 84.832 +1.47 70.872 +2.21

(Pooled mean of 3 years data; data are average values of four replication + SD); different letters indicate significant differences based on Tukey’s HSD test at p < 0.05.
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Treatments

Total N content

Total P content

Total K content

Total Nat content (%)

Manganese (Mn) content (ppm)

Iron (Fe) content (ppm)

Zinc (Zn) content (ppm)

Copper (Cu) content (ppm)

(Pooled mean of 3 years data; data are average values of four replication + SD); different letters indicate significant differences based on Tukey’s HSD test at p < 0.05.

Normal
Saline
Normal
Saline
Normal
Saline

Normal
Saline
Normal
Saline
Normal
Saline
Normal
Saline
Normal
Saline

Un-inoculated control

1.77f £ 0.10
1129 +£0.13
0.200® + 0.03
0.162¢ + 0.02
0.635° + 0.06
0.6104 £0.10

0.0832 +0.08
0.0822 +0.07
47.669 + 2.89
34.789 +£2.32
509.299 + 9.43
491.699 + 8.24
20.932 + 1.39
18.86F +1.37
4250 +0.33
3.159 +£0.14

LSMR-1

LSMR-32

RB-3

Macro-nutrient acquisition of shoot (%)

2.434e + 0,06
1.37¢f9 +0.17
0.239¢d + 0.05
0.209°d + 0.01
0.69820 + 0.04
0.665° + 0.03

2.770¢d + 0,07
1.469¢f9 + 0.07
0.24Qbcde 1 0,05
0.216b¢de + 0.05
0.6952b¢ + 0.05
0.678%¢ + 0.07

2.14¢f £ 012
1.68%% +0.14
0.2249 +0.01
0.200% + 0.02
0.675¢ + 0.06
0.665° + 0.06

Micro-nutrient acquisition of shoot

0.0782 +0.09

0.0723b +0.02
52.74% + 4.56

42.499 + 230
574.09F + 9.35
543.03'9 + 3.99
22.332 +3.95

20.64%f +1.16
4.90% +0.18

3.489 £ 0.14

0.0782 £0.08
0.0712 + 0.04
55.79¢def 4 5.05
46.83%F + 3.36
612.709¢f + 8.06
591.00® + 13.33
23.812 £2.08
23.199¢f 4 156
5.63bcde 4 .25
3.94def + 022

0.0792 +0.06
0.0722 + 0.09
53.979¢f + 424
57.380¢d 4 2 41
648.23° + 11.81
623.63¢de + 7.24

25.66 + 1.75
24.07bcdef 4 055
6.32abed 4 047
4.40cde 4 0.32

LSMRS-3

2.62¢de 4 0,12
1.239 +0.06
0.240bcde 1 0,04
0.209°d + 0.04
0.6882b¢ + 0.07
0.665° + 0.03

0.0782 £ 0.10

0.0712 +0.05

53.77¢F £ 2,57

53.51% +1.97
605.03%F + 7.82
592.10% + 8.08
25202 +2.19
23.20%def 4 2 48
5.57¢de +0.17

3.9¢F +0.06

LSMR-1 + RB-3

3.542 +0.17
2410 +0.11
0.2658¢ 4+ 0.05
0.2632b¢ + 0.05
0.72320 +0.05
0.7052b + 0.07

0.0762 £ 0.10
0.06220 + 0.01
63.44P + 2.69
58.68°d + 2.38
719.32P + 11.69
663.82P + 18.26
27.683 + 2.40
25.478bcde 4 4 17
6.64abcd + (013
4.76P¢ £0.19

LSMR 32 + LSMRS-3

3.612 £0.25
3.03% £0.12
0.2942 £+ 0.05
0.2902 + 0.03
0.743% £ 0.07
0.7382 £+ 0.06

0.0692 =+ 0.04
0.057° £0.01
71.228 £ 414
69.632 + 3.52
823.73% + 16.57
762.172 + 9.40
34273 +£2.26
31.30% +1.65
7.872 £0.16
5.972 +0.25
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Treatments

Salt and drought tolerance
Osmoadaptation assay @ 8 d S m~"'
Salt tolerance @ 10% NaCl
IDrought tolerance @ 5% PEG 6000
Multifarious PGP traits

Zn solubilization efficiency (%)

Siderophore production (g mi~1)

EPS production (g mi—1)

Biofilm formation at 12 h

B-1-4-gluconase (Cellulase)

Protease (Casein)

Intrinsic Antibiotic Resistance (IAR) Spectra (%)

LSMR-1 LSMR-32
0.89£002 1.67+0.04
+ +++
+ e
ZnO 223.87 315.40
Zns(PO4),  279.03 557.10

1428 £58 360.94+ 16.5
136.4 £13.6 2129+ 13.3

0.330 £0.10 0.471 £0.02
+ ++
+ +++
14.8 33.3

RB-3

0.95 +0.05
++
+

207.61
218.77
1454+ 7.2
193.1 £6.7
0.429 £ 0.05
+
++
7.2

LSMRS-3

1.51 £0.04
+++
++

471.43
414.29
197.8 £ 12.6
254.7 £ 14.7
0.458 + 0.02
++
++
22.2

LSMR-1 + RB-3 LSMR-32 + LSMRS-3

1.27 £0.08
+4+

+t+

310.56
335.07
162.3 £6.70
226.2 + 3.1
0.690 + 0.01
++
+4+
25.8

1.88 £ 0.04
+Ht++
o+

533.15
598.37
377.6 £ 10.1
257.54£:501
0.740 £ 0.05
+++
o+
47.8
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Fungal extract Cd mobilized from soil Zn mobilized from soil

ng/g soil/g biomass Increase (%) ng/g soil/g biomass Increase (%)
DBF107 0.42 4 0.3220 +417 67.1 + 60.8% +500
DBF108 0.11 £0.15° +690 18.0 + 15.7° +949
DBF129 0.55 + 0.10%° 4680 92.8 4+ 18.2% 1984
DBF159 0.19 £0.13 +431 25.9 +19.6° +576
DBF60 0.24 £0.13° +200 33.3+17.8° +269
DBF79 0.05 +0.1° +160 83+1.3° +171
DBF81 0.80 + 0.08? +275 126.8 + 9.62 4309

The means =+ SD (n = 3) of Cd and Zn concentrations in the soil extracts are presented in \.g/g soil DW/g biomass DW.
Different letters represent significant differences between strains (Kruskal-Wallis post hoc test).
For each strain, the increase (%) in Cd and Zn concentrations extracted from the soil was calculated as follows: 100 x [TEJfungal medium/[TE]control medium at pH 5.2-
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Strain Caz(POy)s Zn3(POy4)s ZnCO;3 ZnO Siderophore 1AA

Solubilization! Solubilization! Solubilization’ Solubilization’ production? production® (1g/g DW mycelium)

DBF107 1.00 + 0.042 e ob ob ob 414052

DBF108 0.87 4 0.07%° e ob ob ob 3.0+ 1.7%
DBF129 0.56 + 0.68%° Qo° Qb ob ob 1.7 £0.8%
DBF159 0.55 4 0.128b° 0.92 + 0.4220 ob ob ob 2.3+ 0.9%
DBF60 1.39 4 0.708 1.10 £ 0.102 0.32 + 0.232 0.44 +0.51% 1.44 + 0.662 1.8 4+ 0.4
DBF79 0.27 £ 0.19¢ o° Qb Qb Qb 2.4+ 0.4%
DBF81 0.50 4 0.12%° 0.54 +0.07° 0.38 + 0.052 0.70 £ 0.112 ob 1.0+0.8°

1 Phosphate and zinc solubilization by the endophytic strains were recorded on agar plates after 2 weeks of growth. The solubilization index was calculated as the “diameter
of the solubilization halo” over the “diameter of the colony” ratio.

2Siderophore production by the endophytic strains was recorded on agar plates after 2 weeks of growth. The index was calculated as the “diameter of the orange halo
revealing the presence of Fe/siderophore complexes” over the “diameter of the colony” ratio.

3JAA production (semi-quantitative) was measured in liquid growth medium after 2 weeks of culture in minimal medium supplemented with tryptophan.

Values are the means of three (IAA) or four (other tests) replicates + SE. Significant differences (P < 0.05, Kruskal-Wallis post hoc test) between strains are indicated by
different letters.
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Isolate code  Geographic origin Taxonomic affiliation GenBank accession Closest accession number  Sequence identity (%)
number
DBF107 Ganges (CAL) Cladosporium sp. MW750568 MH118272.1 100
DBF108 Ganges (CAL) Phialophora mustea MW750569 MT576440.1 100
DBF129 Baraquette (N.MET) Cladosporium cladosporioides MW750570 MK656446.1 99
DBF159 Montardier (CAL) Microdochium bolleyi MW750571 MH319854.1 100
DBF60 Croix des Moinats (N.MET)  Metapochonia rubescens MW750565 AB709859.1 g9
DBF79 Ganges (CAL) Alternaria thlaspis MW750566 JN383495.1 99
DBF81 Ganges (CAL) Trichoderma harzianum MW750567 MT584872.1 100

CAL, calamine soil; N.MET, non-metallicolous soil.
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GAC®

Mineral oil (C10-C40) (mg kg ")
Aliphatics (mg kg ™')

>C5-C6 78
>06-C8 230
>C8-C10 65
>C10-C12 330
>C12-G16 2,400
>C16-C21 92,000
>C21-G35 92,000
Aromatics (mg kg™')
>C5-EC7 140
>ECT-EC8 290
>EC8-EC10 8
>EC10-EC12 180
>EC12-EC16 330
>EC16-EC21 540
>EC21-EC35 1,500
Total aromatics (C5-35) 3,063
Total aliphatics and aromatics (C5-35) 109,166
(mg kg™")

PAH 17 Total (mg kg™')

Sample 1

1,503

<0.1
<0.1
<0.1
<0.2
<4.0
93
1,310

<0.1
<041
<0.1
<0.2
<4
122
1,874
1,996
3,399

2.05

Sample2 Sample3 Sample4 Sample5 Sample6 Sample7 Average Std. dev

1,525

<0.1
<0.1
<0.1
07
19
57
676

<0.1
<01
<0.1
<02
<4
70
1,258
1,328
2,081

4.15

2093

<0.1
<0.1
<0.1
6.7
63
235
1,989

<0.1
<01
<0.1
<02
44
349
3,092
3,485
5,779

10.27

3,885

<0.1
<0.1
<0.1
4.6
60
180
1,921

<0.1
<041
<0.1
<0.2
13
238
3,731
3,982
6,148

8.66

"GAC: General Assessment Criteria for Residential Soil with Home Grown Produce (2.5% Soil Organic Matter).

Bold values show the exceadances of the GAC values.

14,320

0.1
04
09
475
3238
1,397
10,398

<01
<01
<01
221
264
1,612
12,628
14,526
26,693

23.97

3,054

<0.1
<0.1
<0.1
12
58
387
4,096

<0.1
<01
<0.1
<02
31
477
5,649
61,57
10,699

49.91

4,853

<0.1
<0.1
<0.1
38
62
355
3,865

<0.1
<01
<0.1
<0.2
18
406
5,554
5,978
10,264

6.04

4,461.86  4,521.10

<0.1
0.1
02
107
975
386.3
3,465.0

<0.1
<01
<0.1
33
740
467.7
4,826.5
5,350.3
9,294.7

15.0

0.00
<0.1
03
181
11.7
4623
3,306.8

0.0
0.0
0.0
82
106.9
525.3
3,823.8
4,435.1
8,313.3

16.9
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oH

Conductivity (uS/cm)

% OM
% Organic carbon
TVC (cfu/g)

Ecopile 1

8.24
2,816
570
13.44
1.9E+08

Ecopile 2

12.26
2,569
6.00
8.77
2.8E+07

Ecopile 3

8.10
2,340
7.50
13.08
2.7E+07

Ecopile 4

11.68
2006
16.60
2363
1.0E+07

Ecopile 5

12.62
1,694
5.00
9.52
4.5E+06

Ecopile 6

7.94
5,763
9.10
13.37
3.0E+06

Ecopile 7

8.60
5,606
6.70
21.03
7.8E+07

Average

8.92
3,256
7.94
14.69
4.9E+07

Std Dev.

3.83
1,698.75
3.63
5.59
6.8E+07
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Sample ID Shannon index ACE index Chao index Simpson Coverage

YS 4.47 £+ 0.04a 1,167.27 £ 86.32d 1,116.31 £ 101.62d 0.06 £ 0.01d 1.00 £ 0.00a
N6 3.85 £ 0.40b 1,378.25 £ 56.18cd 1,316.99 £ 43.08cd 0.12 £ 0.02¢ 1.00 £0.01ab
KY 3.47 4 0.34bc 1,590.09 + 82.88c 1,536.03 £ 74.50c 0.15 £ 0.02¢ 0.99 £ 0.01ab
KP 3.21+0.18¢c 4,166.06 + 160.67b 3,036.45 + 141.61b 0.35 £ 0.02b 0.99 £ 0.01ab
KQ 2.34 +£0.17d 5,461.22 + 462.99a 3,936.10 + 346.59a 0.45 £ 0.03a 0.99 + 0.00b

N6 (Foc-TR4-GFP+ HNB, 1.0 x 107 cfu g~ soil), KY (Foc-TR4-GFP + 0.1% carbendazim), KP (Foc-TR4-GFP+ Gause No. 1 liquid medium), and KQ (Foc TR4-GFP+
sterile water). YS referred to rhizosphere soil of uninoculated plants. Data represent the means + SD. Different lowercase letters in the same column show values that are
significantly different at the p < 0.05 level by Duncan’s new multiple range test.
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No. Possible compounds

1 2-pinene, (1R,5R) — (+)-(8Cl)

2 Acridine, 9-methyl-

3 Heptane, 3,5-dimethyl-

4 2-methyl-2-bornene

5 Hexadecane, 2,6,10,14-tetramethyl-

6 Octane, 2,3,6,7-tetramethyl-

7 Decane, 4-ethyl-

8 Decane, 2,3,7-trimethyl-

9 Octane, 6-ethyl-2-methyl-

10 Hexadecane

11 Undecane, 4-methyl-

12 9H-9-silafluorene,
9,9-dimethyl-4-(trimethylsilyl)-(9Cl)

13 Cyclohexane, 1,2,4- trimethyl-,
(1R,2R,4R)-rel-

14 Nonadecane, 9-methyl-

16 Cyclohexene, 1,6,6-trimethyl-

16 2-norbornanal, 1,2,7,7-tetramethyl-
(6CI1,7CI)

17 Cyclopentane, 1-hexyl-3-methyl-

18 Cyclohexane, 1,4-bis(methylene)-

19 Rosifoliol

20 1-tridecyn-4-ol

21 Eicosane, 1-iodo-

22 Hentriacontane

23 Octane, 2,4,6-trimethyl-

24 Bicyclo (3.1.1) heptan-2-ol, 4,6,6-trimethyl-

25 Nonadecane, 3-ethyl-3-methyl-

26 2-(benzyloxymethyl)-2-(but-3-enyl)
cyclohexanone

27 Acetic acid, 2,2,2- trifluoro-, pentadecyl
ester

28 Cyclotetradecane

29 3,3-bis[p-(dimethylamino)
phenyl]-6-(dimethylamino)phthalide

30 2,3-dihydro-4-(1-methylethyl)furan

31 Thiophene, 2-ethyl-

32 Cyclohexane, 1-methyl-2-propyl

33 3,6-Dithiocyanatocarbazole

RT, retention time; RA, relative peak area (%).

RT

4.942
5.534
6.273
6.918
7.767
7.872
7.935
8.071
8.837
8.963
9.01
9.214

9.995

10.645
10.729
10.976

11.154
12.034
12.218
12.401
13.193
13.513
14.22
14.467
14.823
14.986

16.274

156.657
16.714

16.081
17.502
17.811
22,193

RA (%)

2.78
4.18
2.57
29.99
0.41
1.99
7.18
2.61
0.30
0.53
1.63
0.57

0.50

0.22
7.09
5.45

1.27
1.09
0.71
1.29
1.31
0.46
0.27
0.34
0.44
0.40

0.32

0.15
0.12

0.13
1.20
2.43
0.54
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Pathogenic fungal Inhibition rate (%)

Fusarium oxysporum f. sp. cubense Race 4 63.11 £ 1.91a
Botryosphaeria dothidea 35.21 £ 9.32b
Rhizoctonia solani 35.19 + 1.58b
Fusarium oxysporum f. sp. cucumebrium 24.34 + 7.58¢c
Gibberella zeae (schwein) Petch 23.82 + 8.48¢
Botryosphaeria dothidea 28.22 £ 7.97c
Colletotrichum gloeosporioides 20.36 + 8.52¢
Sclerotinia sclerotiorum 20.30 +£ 0.18¢c
Colletotrichum musae (Berk & Curt) Arx 8724 1.51d
Fusarium graminearum Sehwabe 7.97 £ 3.27d

Data represent the means + SD. Different lowercase letters in the same column
show values that are significantly different at the p < 0.05 level by Duncan’s new
multiple range test.
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Treatment Disease incidence Disease index Biocontrol

efficacy (%)
N6 13.33 £ 3.34c 11.33 £ 1.53d 86.09
KY 84.44 + 5.59b 36.67 + 2.00c 54.92
KP 96.67 + 3.34a 74.00 + 2.00b -
KQ 97.78 £ 1.92a 81.33 + 1.53a -

Data represent the means + SD. Different lowercase letters in the same column
show values that are significantly different at the p < 0.05 level by Duncan’s new
multiple range test.
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1st day 15th day

Number of Sterilized soil Unsterilized soil
HNG6 in soil
Average 3.40 £ 0.82 Bb 9.40 £ 1.21 Aa 2.30+0.75Bb

Data represent the means + SD. Different lowercase letters in the same line show
values that are significantly different at the p < 0.05 level, and different capital in the
same line show values that are significantly different at the p < 0.01 by Duncan’s
new multiple range test.
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Network metrics 0BW69 ow270 0.2BW69 0.2W270 0.4BW69 0.4W270
Number of nodes 98 96 131 131 132 132
Number of edges 182 166 472 792 956 805
Number of positive correlations 166 158 435 476 682 530
Number of negative correlations 16 8 37 316 274 275
Average path length (APL) 1.377 1.954 4.217 2.517 3.296 3.373
Graph density 0.038 0.036 0.055 0.093 0.111 0.093
Network diameter 3 5] 12 7 12 1
Average clustering coefficient (avgCC) 0.856 0.825 0.723 0.618 0.688 0.645
Average degree (avgK) 3.714 3.458 7.206 12.092 14.485 12.197
Interconnecting piece 53 B2 36 27 20 18
Modularity (M) 0.922 0.806 0.645 5.95 1.017 2.322
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Cultivars Al concen- TCgkg™! TNgkg™! C:N TKgkg™! TPgkg™! AP mg NH;*-N NO3~~~N Exchangeable Exchangeable pH

tration (g kg1 mg kg1 mg kg1 H* cmol AR+ cmol
kg™") kg~ kg~
CK 0 10.11a 0.39a 26.18d 19.40ab 1.27a 60.39b 40.12bcd 12.60b 0.01d 0.15d 5.19b
BW69 0 10.09a 0.39a 25.57d 18.14abc 1.26ab 59.41b 69.84a 17.00a 0.04d 0.06d 5.32a
W270 0 9.72ab 0.34bc 29.02bcd 17.64abc 1.30a 69.44a 78.90a 17.00a 0.03d 0.05d 5.29a
CK 0.2 8.91c 0.36ab 24.66d 14.92de 1.21¢ 35.45¢cd 38.50bcd 9.01c 0.22¢ 0.51¢c 4.17¢c
BW69 0.2 10.16a 0.32bc 32.04ab 17.17bcd 1.26a 53.43b 77.98a 14.87ab 0.28bc 0.64c 4.16¢
W270 0.2 9.14bc 0.29cd 31.37abc 16.87cde 1.14bc 41.52¢ 51.70b 9.04c 0.28bc 0.68c 4.19¢c
CK 0.4 8.13d 0.29cd 28.24bcd 14.64e 1.08¢c 26.26e 37.51cd 2.81d 0.39a 2.79a 3.80d
BW69 0.4 8.62cd 0.32bc 26.93cd 17.18bcd 1.14c 38.10c 50.33bc 6.64c 0.38ab 2.40b 3678
W270 0.4 8.89c 0.25d 35.10a 19.56a 1.10¢c 29.10de 34.31d 3.14d 0.47a 3.05a 3.78d

Significant differences were indicated with different lowercase letters (p < 0.05, one-way ANOVA, n = 5). pH, soil pH; TC, total carbon, TN, total nitrogen; C:N, ratio of TC to TN; TR, total phosphorus; AR, available
phosphorus; NH4*-N, ammonium nitrogen; NO3™-N, nitrate nitrogen.
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Fungicides and Concentration The number

antibiotics (ng mL~1) of HNG
Rifampicin 100 ++
70 +++
50 e
30 e
10 +++
Gentamicin 100 =
70 s
50 -
30 ++
10 ++
Streptomycin 100 +
70 ++
50 ++
30 et
10 ++
Carbendazim 100 ot
70 +++
50 +++
30 +++
10 +++
Chlorothalonil 100 —
70 —
50 —
30 —
10 —

“_n “, n

~” means the HN6 unable to grow; “+” means the number of HN6 was 1-
250 cfu g~ -soil; “++” means the number of HN6 was 250-500 cfu g~'-soil; and
“+++” means the number of HN6 was more than 500 cfu g~1-soil.
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CK

45.99 + 2.06%
14.04 +0.44°

11.66 + 1.520¢

7.89 + 0.01¢
1.94 +0.16°
1.99 + 0.48P
1.76 £ 0.03°
0.54 + 0.14°
0.57 + 0.05°
0.92 + 0.09?
0.01 + 0.003°
0.37 £ 0.19p°
0.19 4 0.04°
0.36 + 0.16°
0.45 + 0.08?
0.46 + 0.08?
0.47 4+ 0.05°

0.35 £ 0.15%°
0.31 £0.01°
0.31 +0.03°
0.25 + 0.05°

0.30 + 0.102b

0.27 £ 0.06°°

SH8

17.27 £ 0.729
17.64 + 0.76°
17.82 +1.112
14.88 + 1.002
4.09 + 0.742
3.54 4 0.08?
2.49 + 0.30°
1.77 £0.242
0.95 + 0.05°
0.86 + 0.0022
0.13 £0.01°
0.68 + 0.14P
0.55 +0.11b
0.28 + 0.08°
0.62 + 0.042
0.54 + 0.03?
0.46 + 0.05°
0.15 + 0.04c
0.79 £ 0.042
0.61 4+ 0.03?
0.57 + 0.08?
0.04 +0.01P
0.53 +0.022

SSH8

21.68 + 1.30°
13.50 4+ 0.80°
13.68 + 0.91P
12.18 + 0.58°
447 +0.392
3.63 4+ 0.222
1.29 +0.14¢
1.06 £ 0.15°
1.32 + 0.062
0.88 4+ 0.072
0.78 + 0.07°
1.92 +0.172
1.96 + 0.362
0.23 + 0.02°
0.66 + 0.052
0.48 +0.012
0.72 +£0.112
0.65 + 0.08ab
0.42 £ 0.07°
0.61 4 0.042
0.53 4+ 0.082
0.12 + 0.02b
0.43 4+ 0.022

SH1

43.86 + 0.972
10.28 + 0.43¢
11.25 4 0.09%°
8.47 +0.38°
1.84 4+ 0.16°
1.73 £ 0.09°
1.45 £ 0.06°¢
0.57 +0.08°
0.60 + 0.09°
0.35 + 0.020
1.51 £0.142
0.36 + 0.06°°
0.22 +0.03P
1.58 +0.372
0.43 +0.01P
0.55 + 0.042
0.36 + 0.05°
0.90 £ 0.17a
0.33 £ 0.020
0.32 + 0.02°
0.30 + 0.04°
0.69 +0.132
0.32 £ 0.03P

SSH1

36.54 + 1.46°
24.26 + 1.632
10.47 £ 0.81°¢
8.78 + 0.86°
2.09+0.16°
2.15 + 0.24°
1.28 + 0.05¢
0.50 + 0.13°
0.90 + 0.08
0.77 £0.182
1.33 + 0.49%b
0.16 £ 0.01°
0.38 + 0.07°
0.40 + 0.24°
0.31 +0.04°
0.43 + 0.072
0.37 £0.03°
0.22 4+ 0.02°¢
0.32 + 0.06°
0.33 +0.01°
0.16 £ 0.03°
0.65 + 0.332
0.21 4 0.04¢

Different letters are significantly different (P < 0.05, Tukey’s HSD test).
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Growth-promoting ability of Streptomyces sp. HN6

) Phosphate
IAA(ng'mL™") CAS loop Organic  Potassium -
with tryptophan without tryptophan  diameter(cm) acid release rate Somblhzlmg
(ng'L7)
| HNG6 24.92+0.33 4.71+0.88 1.85+0.12 + 13.43% 0.58+0.02

Note: Results represent the mean + standard deviation of three independedt experiments with each treatment

o

measured on three repetitions. The symbol “+” stands for usable, “-” stands for unusable.
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2.88 +0.192
2.92 4+ 0.18?
2.22 +0.03°
1.34 + 0.092:P
1.09 + 0.04b°
1.08 + 0.06%P°
1.03 4 0.042
1.04 4 0.042:b
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0.54 +0.03°
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SH8

3.25+0.13?
2.04 +0.03°
1.74 +0.14d
1.03 + 0.08°
0.95 4+ 0.01°
0.83 4+ 0.08°
110+0.172
0.88 + 0.06°
0.81 + 0.02°
116 +0.102
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2.15 £ 0.12b-°
1.53 £0.032
0.98 + 0.07°
1.07 4 0.022:b
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0.73 4 0.05°
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0.42 +0.10?
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SH1

2.8540.32
2.74 +0.15°
1.80 + 0.20°d
0.93 + 0.09°
1.20 + 0.06°
0.92 + 0.11b-°
1.08 £0.132
112 +£0.152
0.98 + 0.143:P
114 +£ 0512
0.70 + 0.10°
0.71 £ 0.07°
0.79 + 0.08b-°
0.60 + 0.20?
0.94 + 0.05?
0.98 + 0.502
0.85 + 0.022P
0.76 + 0.09?
0.57 4 0.04°
0.76 + 0.072
0.59 + 0.022P
0.59 + 0.04b
0.78 + 0.04b
0.77 + 0.05?
0.56 + 0.04P
0.64 + 0.022b
0.68 + 0.072
0.57 + 0.08°
0.70 + 0.06?
0.68 + 0.33?
0.66 + 0.01°

SSH1

3.26 + 0.252
2.82 +0.102
2.63 + 0.142
1.29 + 0.07°
1.46 + 0.082
1.23 4+ 0.112
0.89 + 0.032
0.86 £ 0.04°
1.24 +0.152
0.90 + 0.022
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0.80 + 0.052
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Values (mean + standard error) in the same row followed by different letters are significantly different at the 0.05 probability level according to Tukey’s HSD test. Bacterial
genus with average relative abundance >0.5% were shown and does not contain unclassified taxa. Different letters are significantly different (P < 0.05, Tukey’s HSD test).
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cDNA Filtered Reads Chao1 Shannon Evenness
Index

Rhizosphere 149,644 4+ 15,393 2,045+ 198.33 9.31 £0.19 0.85 £ 0.01
Bulk Soil 160,652 &+ 15,641 1,334 +£250.89 6.94 £0.77 0.67 & 0.06
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DNA Reads Filtered Chao1 Shannon
Index

Evenness

Rhizosphere 154,5645 + 16,974 2,180+ 183.79 9.68 4 0.22 0.83 £ 0.01
Bulk Soil 173,628 12,710 2,063 £102.70 9.10+0.16 0.88 & 0.01
Control 129,109 + 6,442 2,855 +88.66 10.70+0.08 0.93 &+ 0.00
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Sand Silt Clay Texture class Field capacity Wilting point SOM Ntot C/N pH CaCO3z Cr* Ni* Cu*

% % % % % % % % mg kg~!
NC soil 47 81 28 Loam 26 14 1.9 0.09 121 69 1.5 191 217 417
Contaminated soil 45 38 17 Loam 26 13 2.0 0.10 113 6.8 2.0 97 526 172
NC sediment 87 9 4 Sand 13 5 0.9 007 75 74 3.0 248 26.8 39
Contaminated sediment 83 12 5 Loamy sand 14 5 11 0.08 79 73 3.2 335 133.2 64.9

Bold values above the screening values are values established for residential soil use by the Italian Ministry of Environment (DM 152/2006).
*Legislative limits currently adopted in Italy (DM 152/2006) for HM concentration in soil for green areas/residential use are respectively 150, 120, and 120 mg kg~
for Cr, Ni, and Cu.
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Crop Treatment BCF-ABG BCF-BGB* TF TI

Cr Ni Cu Cr Ni Cu Cr Ni Cu %
Giant Reed ¢} 0.084 a 0.04 a 0.32a 0.52a 0.59 ab 0.85a 0.16b 0.07 a 0.38a 59 af
C+PGPR 0.052 b 0.03a 0.26a 0.38a 0.53a 0.82a 0.14b 0.07 a 0.32a 117b
C+EDTA 0.051b 0.05a 0.36a 0.42a 0.68 b 1.87b 0.13b 0.07 a 0.19b 66 af

Mean 0.062 0.04 0.32 0.44 0.60 1.18 0.15 0.07 0.30 81
Hemp ¢} 0.003 a 0.03a 0.08 a 0.07 a 0.24a 0.32a 0.05a 0.13a 0.27 a 78 af
C+PGPR 0.004 a 0.04 a 0.08a 0.07 a 0.21a 0.30a 0.06 a 0.19a 0.28a 89 bf
C+EDTA 0.003 a 0.29b 0.49b 0.08a 0.29a 0.65b 0.03a 1.07b 0.77b 84 abt

Mean 0.003 0.12 0.22 0.07 0.25 0.42 0.05 0.46 0.44 84

Different lowercase letters indicate significant differences (Tukey's test P < 0.05) among treatments for each factor. ANOVA has been run separately for
giant reed and hemp.

ABG, aboveground biomass; BGB, belowground biomass.

*BGB of Giant reed is the sum roots and rhizome.

TABG average value of C-treatment differed significantly from NC-treatment (non-contaminated matrix).
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Strain P MIC CrBS(mgg~' CuBS NiBS(mgg™'
solubilization® (mgL™")  drycens) (mgg~! drycells)
drycells)

So_01 + 800 1.14 0.9 2.3
So_02 - 400 nd nd nd
So_03 + 800 5.88 8.19 2.08
So_04 - 800 nd nd nd
So_05 - 400 nd nd nd
So_06 - 1600 nd nd nd
So_07 “ 800 nd nd nd
So_08 + 800 5.59 8.73 3.55
So_09 ++ 200 nd nd nd
So_10 - 400 nd nd nd
So_11 = 800 nd nd nd
So_12 + 800 413 7 3.25
So_13 - 800 nd nd nd
So_14 - 400 nd nd nd
So_15 = 800 nd nd nd
So_16 + 400 0.133 3 0.17
So_17 +++ 800 3.25 5.42 1.67
So_18 = 800 nd nd nd
So_19 - 400 nd nd nd
So_20 - 800 nd nd nd
So_21 + 1600 nd nd nd
So_22 - 800 nd Nd nd
Se_01 + 800 4.64 6.62 213
Se_02 +++ 400 7.5 13.5 21
Se_03 + 800 4 5.5 0.9
Se_04 + 800 nd Nd nd
Se_05 + 800 nd Nd nd
Se_06 + 1600 nd Nd nd
Se_07 + 1600 nd Nd nd
Se_08 + 1600 nd Nd nd
Se_09 + 800 nd Nd nd
Se_10 ++ 800 4.15 5.65 0.23
Se_11 e 400 0.5 1.67 1.5
Se_12 - 400 nd Nd nd
Se_13 - 400 nd Nd nd
Se_14 - 400 nd Nd nd
Se_15 - 200 nd Nd nd
Se_16 - 200 nd Nd nd
Se_17 - 800 nd Nd nd
Se_18 ++ 400 1.75 275 0.25
Se_19 - 800 nd Nd nd
Se_20 + 800 nd Nd nd

The two strains finally selected for the phytoremediation experiments are

highlighted in bold.

aData for P solubilization abilities are categorized in four groups: non-solubilizers
(no halo on GYT medium); + level 1 solubilizers (halo between 1 and 2 cm) as level
1; ++ level 2 solubilizers (halo between 2 and 3 cm); +++ ++ level 2 solubilizers
(halo > 3 cm).
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Pb concentration (mg-Kg~1) Root

Trunk

Leaf
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Amount of enrichment (mg) Root

Trunk

Leaf

Sum

Transfer coefficient

CK

2.23 £ 0.08a
10.63 £+ 0.39b
2.69 + 0.09¢
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1260.04 + 46.62a
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2.81 +£0.10a
2.05 £ 0.07¢c
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3.26 £ 0.09a
16.85 £ 0.47b
975.08 £ 27.3b
274.53 +7.68a
253.21 £ 7.09a
0.28b
0.26a
1.79 £ 0.05¢
3.23 £ 0.09a
0.83 £ 0.02a
5.85+0.16a

Clonostachys rosea

1.64 £ 0.09c
11.12 £ 0.63b
2.97 £ 0.16b
16.73 £ 0.88¢c
748.92 + 41.94¢
251 + 14.05b
173.25 £ 9.70c
0.34a
0.23b
1.283+£0.07d
2.79 4+ 0.16b
0.51 £0.03b
4.53 & 0.25d

Different letters indlicate significant differences at p < 0.05. Values represent the mean + SD (n = 4).

Aspergillus niger

2.37 &+ 0.06b
11.94 £ 0.30b
2.82 + 0.07b
17183 £0.43a
958.14 + 23.95b
222.74 £ 5.57¢
218.83 £ 5.47b
0.23b
0.23b
2.27 £+ 0.06b
2.66 &+ 0.07b
0.62 £ 0.02b
5.55 4 0.14b

Co-inoculation

2.59 £ 0.09a
12.88 £+ 0.44a
2.26 + 0.07d
17.73 £ 0.6a
632.57 + 21.5d
217.77 £ 7.40¢
185.14 £ 6.29¢
0.34a
0.29a
1.64 + 0.06¢c
2.81 4+ 0.10b
0.42 £ 0.01¢c
4.87 +£ 0.16d
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Strain number Similar strain (Genbank) Accession number Similarity (%) P2+ tolerance

Bacterium No. 6 Bacillus sp. MG470715.1 100 600 mg-kg~'
Fungus No. 2 Clonostachys rosea KX058045.1 99.29 2,100 mg-kg~'
Fungus No. 3 Aspergillus niger KT192262.1 99.67 4,000 mg-kg~"
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Microorganisms Parameters obtained for specific degradation rate (q) References

q* Ks' Ky’ Sm’ Qmax R?
G. nicotianae MSSRFPD35 1.244 9.162 517.5 68.820 0.983 0.7542 This study
B. cereus MTCC 9817 27.85 59,150 2.411 377.63 0.089 0.64 Banerjee and Ghoshal (2010b)
B. cereus MTCC 9818 1.635 9.706 3873.00 193.88 1.486 0.82 Banerjee and Ghoshal (2010b)
Stenotrophomonas maltophilia CUPS-3 58.80 1688.00 0.868 38.27 0.659 0.84 Pal et al. (2014)
Pseudomonas sp. CUPS-2 34.39 850.50 0.878 27.32 0.544 0.98 Pal et al. (2014)
P, aeruginosa CUPS-5 14.31 252.60 2.468 24.96 0.674 0.94 Pal et al. (2014)
S. solfataricus 98/2 - 130.30 291.10 174.9 0.110 0.93 Christen et al. (2012)

C. tropicalis PHB5 0.2766 2.818 2093.00 76.81 0.257 0.82 Basak et al. (2014)
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Bacteria Parameters obtained for specific growth rate () References
Wmax Ks K;i Sm W max R?
G. nicotianae MSSRFPD35 0.574 20.29 268.1 73.76 0.37 0.98 This study
P, putida LY1 0.217 24.40 121.70 54.50 0.114 0.96 Lietal. (2010)
P, putida MTCC 1194 0.109 53.20 148.60 88.90 0.050 0.91 Mathur and Majumder (2010)
Alcaligenes sp. TW1 0.58 10.00 550.00 74.20 0.457 - Essam et al. (2010)
A. faecalis B6-2 0.48 469.23 188.16 297.10 0.12 0.90 Heilbuth et al. (2015)
A. johnsonii D1 0.55 483.83 2582.63 1117.80 0.29 0.96 Heilbuth et al. (2015)
B. brevis 0.078 29.31 2434.70 267.10 0.064 0.95 Arutchelvan et al. (2006)
S. solfataricus 98/2 0.094 77.70 319.40 157.50 0.047 0.95 Christen et al. (2012)
B. cereus MTCC 9817 0.4396 129.40 637.80 287.28 0.2312 0.81 Banerjee and Ghoshal (2010a)
Gulosibacter sp. YZ4 0.601 70.87 418.20 - - 0.98 Zhai et al. (2012)
P, variotii JH6 0.312 130.40 200.00 161.493 0.11931 0.95 Wang et al. (2010)
C. tropicalis PHB5 0.3407 15.81 169.00 51.69 0.2113 0.99 Basak et al. (2014)






