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Abstract

:

Phytoremediation is a cost-effective and sustainable technology used to clean up pollutants from soils and waters through the use of plant species. Indeed, plants are naturally capable of absorbing metals and degrading organic molecules. However, in several cases, the presence of contaminants causes plant suffering and limited growth. In such situations, thanks to the production of specific root exudates, plants can engage the most suitable bacteria able to support their growth according to the particular environmental stress. These plant growth-promoting rhizobacteria (PGPR) may facilitate plant growth and development with several beneficial effects, even more evident when plants are grown in critical environmental conditions, such as the presence of toxic contaminants. For instance, PGPR may alleviate metal phytotoxicity by altering metal bioavailability in soil and increasing metal translocation within the plant. Since many of the PGPR are also hydrocarbon oxidizers, they are also able to support and enhance plant biodegradation activity. Besides, PGPR in agriculture can be an excellent support to counter the devastating effects of abiotic stress, such as excessive salinity and drought, replacing expensive inorganic fertilizers that hurt the environment. A better and in-depth understanding of the function and interactions of plants and associated microorganisms directly in the matrix of interest, especially in the presence of persistent contamination, could provide new opportunities for phytoremediation.
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1. Introduction


Although the soil is a valuable and non-renewable ecological system, it has always been subject to widespread degradation due to anthropic activities. Process industry [1], transport, urban sprawl, agriculture, and illegal dumping or landfill [2] without adequate resource recovery [3] represent just some of the many causes of direct release or indirect deposition of organic and inorganic pollutants (including heavy metals, mineral oils, and polycyclic aromatic hydrocarbons) into the soil, with hazardous effects on the environment and human health [4]. The remediation of contaminated soils and sites is, therefore, a significant step in the protection of the environment and living organisms and must be included in the broader multidisciplinary scenario of a strategic green transition.



Nowadays, several approaches have been developed to deal with contaminated water [5,6,7,8] and soils [9,10], making the optimal selection a tricky yet crucial phase for the success of the remediation [11,12].



However, remediation activities inevitably involve a certain consumption of raw materials and energy, also relying in many cases on the use of impacting chemical products or processes. This could compromise the sustainability of the intervention or even invalidate its positive aspects when performed to remove contamination without any consideration of the side effects, thus further impacting an already compromised environmental situation [13,14].



In order to avoid this, more and more efforts are being made to replace environmentally unsound technologies with green and sustainable solutions [15], aiming not only at eliminating or reducing contamination but also at minimizing environmental impact [16].



Phytoremediation is a solar-driven, cost-effective, and fully sustainable [17,18] soil remediation technology based on the ability of plants to capture, extract, accumulate, or degrade a wide range of inorganic (heavy metals, radionuclides) and organic (hydrocarbons, polycyclic aromatic hydrocarbons, pesticides, pharmaceuticals) soil contaminants [19,20,21]. Besides, biomass from phytoremediation can be converted into bioenergy and also support biological diversity and stabilize the soil. In addition, the combined use with other solutions to further increase the overall sustainability is under investigation [22].



Nevertheless, some intrinsic factors due to the high variability of biological systems [23], including relatively long intervention times and the uncertainty about the achievable results, make phytoremediation still little appreciated. Indeed, the effectiveness of the treatment strongly depends on the selected species [24]. It is also necessary to consider numerous other aspects, such as the characteristics of the contamination, the properties of the soil, and, above all, the fundamental interaction of the plant microorganisms [25].



Increasing evidence suggests that this latter aspect strongly determines phytoremediation achievement, which goes well beyond the activity of the individual microorganism, on which many of the works on phytoremediation focus. Thus, integrated studies of the plant microbiome are essential, because understanding how the host plant organizes its beneficial microbiome—thousands of degrading microbial taxa [26]—in various stressful situations due to the presence of contaminants is the key to effectively achieving the remediation objectives.



Root exudates play a crucial role in the composition of the microbial community of the rhizosphere [27]. Indeed, plants secrete specific molecules depending on different contaminants, thus attracting microorganisms that have catabolic pathways suitable for the degradation of those particular molecules [28]. It is hypothesized that the colonization of roots by specific rhizobacteria could begin through a first selection related to the characteristics of the bacterial cell wall followed by a second more stringent and specific selection for certain groups of microorganisms [29]. Recent studies show, in Zea mays and Solanum lycopersicum, the secretion of specific molecules that attract beneficial bacteria active against phytopathogens [30,31,32]. These exudates secreted by plants show different specificities depending on the root portion. Micro-environments have different chemical-physical characteristics associated with distinct microbial communities [33].



These and numerous other factors, including the state of the plant and the presence of other vegetable species [34], make the rhizosphere one of the most complex ecosystems.



Meta-transcriptomic analyses revealed the presence of many specific catabolic genes [35] in the rhizospheric microbiome of contaminated soils, suggesting that the plant selects the most suitable microorganisms for that particular environmental condition. However, how this selection takes place is still unclear, as these various shreds of experimental evidence do not explain the mechanism by which the host plant can “choose” and select the most suitable degrading microbiome among the many possible options.



Some studies attribute this selection to the co-evolution of the latter with the host plant through vertical gene transfer or degradative pathways acquired from seeds [36]. However, this would not explain how plants of the same species grown in different contaminated soils exhibit different microbial communities with different degrading activities. Indeed, plants select most of the degradative and growth-promoting microorganisms (PGPR) from the rhizospheric soil [23,37] by producing specific exudates in the presence of contaminating molecules to favor the microbiome having the necessary enzymes [38]. Another recent study concerning a remediation intervention of sediment contaminated by hydrocarbons shows how the plants have exerted a species-specific pressure on the structure of the rhizosphere’s microbial communities, highlighting its selectivity. These results also show that bioaugmentation caused a significant change in microbial communities. Still, the presence of plants in contaminated sediments certainly had a much stronger influence on the structure of the microbiome [39].



An intense competition takes place in the rhizosphere of contaminated soil, where microorganisms able to use the specific radical exudates and metabolize contaminating molecules will prevail [40]. The concept of competition as a driving force [23] refers to original studies of Grime, which hypothesizes that the evolution of plants is associated with three primary strategies, including competition [41].



In an attempt to explain the formation of a beneficial microbiome at the level of the rhizosphere of contaminated soil, Thijs and collaborators [23], also according to previous studies [40], propose a model that relates this development to the abundance of root exudates, and the efficiency of the microbiota formed to the amount of degrading genes at the beginning of plant development or to the establishment of a sort of vertical transmission.



More specifically, the bacteria associated with plants are not limited to the rhizospheric, but include endophytic (inside the roots) and phyllospheric (on the surface of the leaves) bacteria [42]. Plants need to establish intimate relationships with the surrounding environment due to their sessile nature, so they have co-evolved with microorganisms to exploit this symbiosis, which allows for greater plant survival and treatment results in contaminated sites [43] by creating a symbiotic system in response to abiotic stress (Figure 1), defined as a holobiont [44]. The principal abiotic stresses that plants undergo are schematized in Figure 1: organic and inorganic contaminants, salinity, and drought, which are often associated. The reaction of the plants is assisted by the rhizospheric microorganisms that put in place protective mechanisms. Furthermore, plants under prolonged stress conditions become much more susceptible to attack by pathogens, thus adding biotic stress. The beneficial molecules and the activities described in the figure interact with the roots, creating a support network for plant survival. This positive effect on the adaptation of host plants to critical soil conditions by bacteria is not limited to organic contamination, also modifying the bioavailability of metals in the soil and increasing the translocation of metals within the plant [45].




2. Properties and Potential of Plant Growth-Promoting Rhizobacteria (PGPR)


Plant growth-promoting bacteria (PGPR) are soil bacteria living in the rhizosphere which, through the secretion of various regulatory molecules, are involved in promoting plant growth and development. They can be found associated with the roots (rhizosphere), with the leaves (phyllosphere), or within the plant (endosphere). The endophytes (PGPE) are generally the most effective in supporting growth; being inside the plant tissues, they can communicate with the host plant and exert their beneficial effect much more efficiently [46]. Furthermore, the PGPE, protected from the external environment, are much less subject to the soil’s frequent chemical-physical biotic and abiotic variations. Endophytic bacteria come from the rhizosphere ecosystem surrounding the roots and penetrate into plant tissues mainly by using natural fissures created in the roots during growth. The exudates and radical metabolites produced by plants represent an essential resource capable of selecting and attracting the most beneficial bacteria [47]. The profitable action of the bacteria associated with plants is mainly expressed by directly promoting the absorption of nutrients through the modulation of the levels of plant hormones. The most important and studied direct mechanisms are nitrogen fixation [48], the solubilization of inorganic phosphate [49], auxins (in particular 3-indole acetic acid, IAA [50]), cytokinins, and gibberellins [51]; the enzyme 1-aminocyclopropane-1-carboxylate (ACC) deaminase [52] and the production of siderophore molecules [53] (Figure 2). Instead, indirect mechanisms are defined as the inhibitory activities when the growth-promoting bacteria hinder the negative effect of pathogenic organisms (biotic stress). Some of the most common indirect mechanisms are the production of hydrogen cyanide, antibiotics, and enzymes capable of attacking and degrading the cell wall of pathogens [54].



2.1. Siderophores


Since iron (Fe) is often present in the soil as a trivalent Fe3+ insoluble hydroxide, plants do not easily assimilate it. Small siderophore molecules are produced and secreted by bacteria (and fungi and plants) that facilitate iron absorption in the plant cell. From the chemical point of view, there are four chemical types of siderophores (catecholates, phenolates, hydroxamates, and carboxylates), but mixtures of the various types are also very common [55]. Siderophores produced by PGPR have a very high affinity for iron and can therefore sequester even small amounts of that element [56]. Bacterial siderophores can also increase metals bioavailability, favoring their uptake by plants through phytoextraction [57,58].




2.2. Phosphate Solubilization


Phosphorus (P) is an essential element for plant growth but is scarcely available in the soil. P occurs naturally in organic (Po, average 50%) and inorganic (Pi, average 50%) forms [59]. They are both not very soluble (generally no more than 5%) and therefore cannot be absorbed by the roots. The action that soil bacteria can carry out is fundamental for the solubilization and mineralization of P [60]. Plants can absorb monobasic (H2PO−4) and dibasic (HPO−24) ions. The solubilization of Pi occurs mainly with the decrease of pH in the soil due to the production of low molecular weight organic acids. The mineralization of organic phosphorus, on the other hand, occurs through the hydrolysis of phosphoric esters by phosphatase [49].



The availability of sufficient quantities of P following the activity of phosphate solubilizing bacteria (PSB) could lead to a significant decrease in the use of chemical fertilizers. The beneficial effect on plants also promotes greater efficiency of phytoextraction or phytostabilization in the presence of heavy metals.




2.3. Nitrogen Fixation


Nitrogen (N) is also an essential element for plant growth. Although atmospheric nitrogen is present in high quantities (78%), it is not found in the form available for absorption by the roots from the soil. This is mainly due to the biological nitrogen fixation (BNF) mediated by an enzymatic reaction catalyzed by the enzyme nitrogenase, transforming the atmospheric N2 into ammonia (NH3). BNF can be exerted by bacteria living in symbiotic association with legumes or higher plants, such as alder (Alnus spp.), feeding the associated nitrogen-fixing bacteria, or it can also occur in a non-symbiotic relationship through heterotrophic or autotrophic bacteria free-living in the rhizosphere [61,62]. Among the free-living (non-symbiotic) bacteria, we remember the cyanobacteria (or blue-green algae), Anabaena and Nostoc, and genera, such as Azotobacter, Beijerinckia, and Clostridium. Among the symbiotic bacteria, there are the genera Rhizobium, associated with leguminous plants; Frankia, associated with some dicotyledonous species; and some Azospirillum, associated with grasses [48,63]. In Leguminosae, colonization and subsequent invasion of rhizobia leading to active nodules containing symbiotic nitrogen-fixing bacteria can occur through root hairs or wounds in root tissue or even through intact plant cells [64].




2.4. Auxins, Cytokinins, Gibberellins


The phytohormone IAA is the most common auxin among plant-associated bacteria and play a central role in plant–bacterial interactions [65]. The main beneficial effect is root augmentation, especially root hairs and secondary roots, which consequently leads to an increase in root exudates; therefore, the production of IAA is certainly one of the most important mechanisms that favor plant growth [66]. The greater the root surface, the better the absorption of minerals from the soil. It also increases the valuable surface for the colonization of bacteria attracted by plant metabolites.



Cytokinins play a central role in developing the vascular system, in embryogenesis, in the formation of nodules, and in response to environmental changes [67]. Gibberellins are involved in the transport of metabolites in the formation of chloroplasts, leaf senescence, cell division, and stem morphogenesis [68]. While the biosynthetic pathways of gibberellins in plants and fungi have been thoroughly investigated and elucidated, little has been discovered about the biosynthesis of these enzymes in bacteria. Recent studies [69] hypothesize that bacteria have developed an independent biosynthetic pathway for the production of gibberellins.




2.5. ACC Deaminase


The occurrence of the ACC deaminase enzyme is another important direct mechanism of plant growth promotion [70]. The action of this enzyme is carried out with the inactivation of the ethylene precursor ACC, generating ammonia and alpha-ketobutyrate. High levels of ethylene can inhibit plant growth and even kill them. During saline or other environmental stress, ACC synthase and ACC oxidase activity increase ethylene synthesized by the plant. Therefore, the bacterial enzyme ACC deaminase helps plants decrease the negative effects of stress by facilitating adaptation and survival [71].



It is also interesting to underline the interaction between the activity of the ACC deaminase enzyme and the action of auxin IAA because the latter can activate the transcription of the ACC synthase enzyme, which leads to an increase in ethylene levels. The increase in the level of ethylene leads to an inhibitory response to the production of IAA, which inhibits the positive effect on plant growth. However, the presence of the ACC deaminase enzyme, which lowers the level of ethylene, counteracts the inhibition, as mentioned earlier. Many of the PGPB recognized to positively affect metals contamination in constructed wetlands can synthesize both ACC deaminase and IAA [72].




2.6. Indirect Mechanisms


The mechanisms that indirectly promote plant growth counteract pathogens’ detrimental effects [73]. Bacteria that perform this can produce antibiotics [74] or lytic enzymes degrading the cell wall. In addition to making these harmful substances for phytopathogens, PGPR can act by contending with them for the same nutrients and root colonization sites [75,76], reducing the proliferation of pathogens or even producing small amounts of hydrogen cyanide (HCN). HCN often collaborates with other biocontrol mechanisms that PGPR implement [54].





3. Effectiveness of PGPR in Hydrocarbons and Heavy Metals Contaminated Soils


PGPR can have wildly different levels of effectiveness in aiding remediation depending on many of the biological and chemical properties of the contaminated soil, ranging from presence and ratio of nutrients (e.g., N and P, competition and predation, mutation, horizontal genes transfer), to metal ions availability, quantity, and type of contaminant, and moisture. High oxygen concentration can generally help decompose organic pollutants since most degrading pathways oxidase these chemicals; it is, however, mandatory to remember that many microorganisms cannot tolerate even low oxygen levels. The addition of this nutrient could potentially kill beneficial organisms. It is also hard to overestimate the effect of temperature and pH in determining an organism survival and reproductive rates, enzymes activity, and metabolic processes, as well as the bioavailability of contaminants and their chemical form [77]. For this reason, many sites polluted by hydrocarbon are added with nutrients (nitrogen, phosphorus, potassium, etc.) and high-energy electron acceptors (especially oxygen). Some of these chemicals can be provided by plants through roots exudates. This sets up a positive feedback loop, where plants allow the presence and growth of PGPR and bacteria render the soil less toxic and aid plant growth through several mechanisms [43].



It is important to remember that petroleum hydrocarbons (PHC) are not degraded with the same efficiency. The microorganisms begin to degrade the simpler hydrocarbons (n-alkanes) first, followed by the branched ones, cyclic alkanes, to finally arrive at the most complex hydrocarbons (polyaromatics hydrocarbons PAH) [43,78]. This means that molecules, such as naphthalene, phenanthrene, and pyrene are not easy to get rid of through biodegradation.



For such molecules, the presence of plants (or phytoremediation) might provide a significant difference in degradation rates. For example, in a study conducted to observe the phytoremediation capability of Trigonella foenum-graceum and Brassica juncea in the presence of PGPR on saline soil contaminated with 400 mg/kg of phenanthrene, it was possible to reach a 99% of dissipation rate in 60 days [79].



However, many organic compounds can be highly toxic for plants, so much so that it could undermine the success of the phytoremediation. Bacteria can significantly decrease the harmful effect of many such compounds. They achieve this effect through nitrogen fixation and mobilization of nutrients, prevention of ethylene production (ACC deaminase activity), and the direct production of phytohormones. This is why it is important to create interaction between PGPR and the host plant [80] since they can suppress the inhibition of germination caused by contaminants [81]. It is, however, important to distinguish between two types of root-associated bacteria: those who remain close to or on the root surface are referred to as rhizospheric bacteria, while those that manage to enter the root tissue are called endophytes. Since the latter are protected by the root, they can influence the host plant more directly while living in a homeostatic environment, generally providing better support for degrading contaminants [82,83].



Organic compounds are not the only toxic pollutants for plants; heavy metals can cause massive changes in soil’s chemical-physical proprieties.



Plants need to produce a homeostatic network to control absorption, accumulation, and the oxidative stress that derives from heavy metals presence [84]; to do this, plants trigger many physiological and molecular mechanisms, such as active transport of ions into cell vacuoles, sequestration of metal-siderophore complexes, and production of root exudates to solubilize mineral nutrient and stimulate microbial growth [57,85].



Although metals are often present as insoluble salt and need to be mobilized by chemicals, such as EDTA (Ethylenediaminetetraacetic acid) and EDDS (Ethylenediamine-N,N-disuccinic acid), PGPR can enhance phytoextraction by reducing the toxicity of heavy metals in plants through helping control absorption, possible accumulation, or detoxification of heavy metals [85].



Those microorganisms can tolerate a high concentration of metals and can modify metal bioavailability by releasing chelants, such as organic acids and siderophores, and changing the soil pH [57]. Several studies report the isolation of microbial strains that effectively support phytoextraction or phytostabilization of various heavy metals. Among these, for example, Bacillus pumilus [57], Rhodococcus erythropolis [86], Bradyrhizobium sp. [87], Ralstonia eutropha, and Chryseobacterium humi [88].



Some PGPR, such as Sinorhizobium meliloti (a metal resistant rhizobium), can also, while co-inoculated with other PGPR, reduce the oxidative stress that some metals, such as Cu, cause to plants; this can greatly increase the metal intake during phytoextraction [89]. This effect may be attributed to the ability of rhizobium and PGPR to provide balanced nutrition to the host plant [90].



The inoculated plants had considerably lower ROS (reactive oxygen species) accumulation and a higher level of antioxidants enzymes, specifically peroxidase (POD), superoxide dismutase (SOD), catalase (CAT), and ascorbate peroxidase (APX). Other studies seem to align with this result even when considering multiple growth parameters: plant biomass, the fluorescence of photosynthetic pigments, number of leaves, and shoot and root length [91,92].



However, some studies suggest that by combining the effect of both PGPR and a chelating agent, it is possible to achieve the best phytoextraction result [93,94,95,96]. In the first study, the Cu concentration in the shoots was up to 4.2 times higher in plants that were both inoculated with PGPR and treated with EDTA compared to the control. It is important to note that EDTA alone was unable to increase the biomass, likely due to the increased bioavailability of the contaminant. This effect is observable even at a high contaminant concentration [97].




4. PGPR to Face Salinization and Drought in Marginal Soils


4.1. Facing the Abiotic Stresses


The action of PGPR during abiotic stress situations caused by drought, salinity, soil alkalization, or harmful chemicals is critical for adequate plant growth [98]. Protracted drought conditions induce PGPR to secrete molecules (i.e., phytohormones, osmolytes, extracellular polymers, and antioxidants) which can induce structural and morphological changes in the roots. These modifications increase tolerance to stress, favoring an appropriate development of the root system, thus allowing the plants to adapt to adverse environmental conditions. A well developed and branched root system is crucial as, in drought situations, the root tips can reach the deeper soil layers, absorbing the necessary water and nutrients [99].




4.2. Drought and Salinity Pressure


Soil microorganisms can modify their membrane structure and thus counteract the scarcity of humidity. For example, they can produce polysaccharides. Thanks to their hygroscopicity, they can trap and hold water molecules in their structure, helping maintain the acceptable moisture content in the microenvironment surrounding them [100]. A recent study showed that Bacillus subtilis and Azotobacter brasilense strains, isolated from an arid region of Pakistan, could produce high amounts of EPS. The inoculation into wheat seedlings, both individually and in a consortium, led to a significant increase in plants’ osmotic potential, water potential, and chlorophyll content [101].



Unfortunately, due to climate changes, the phenomenon of drought is constantly increasing and represents one of the most fearful abiotic stresses. It modifies the physiology and morphology of plants by reducing the diffusion within the tissues of water-soluble nutrients, such as sulphates, nitrates, calcium, magnesium, etc. [102]. PGPR can support plants in counteracting the detrimental effects of drought stress. Experimental evidence shows how some endophytic microorganisms can mitigate water stress even in plants other than those from which they have been isolated.



This evidence indicates that the interaction of PGPR is not specific, and this could facilitate mitigation interventions. The continuous worsening of climate change is modifying the global geography, with a fast transformation of many agricultural areas into marginal soils inappropriate for the life of populations, making the role of PGPR progressively more and more critical.



Taking advantage of plant–microbe interactions that can positively impact the response of plants to drought and, in general, to all abiotic stresses is a compelling strategy. The roots that show a high structural and morphological plasticity are the first to undertake the chemical-physical modifications of the soil in the presence of abiotic stress. Drought leads to significant changes in the phospholipid composition of the root membrane. Under water stress conditions, many PGPR produce the hormone ABA capable of regulating plant cell dehydration by controlling stomatal closure, decreasing leaf transpiration, and stress signal transduction [103]. Still, the action of PGPR, which increases the elasticity of the root membranes, can respond to these adverse effects on the root and allow the new roots to penetrate deeper into the soil to reach basins of water [104,105]. PGPR activity in drought conditions is also represented by the storage of solutes within plant cells to act on cellular osmotic regulation. The substances generally accumulated are amino acids, such as proline, glycine, phenylalanine, organic acids, sugars, and inorganic ions, which can cooperate to protect plants from possible oxidative damage [106].



The other abiotic factor that is particularly damaging and often associated with drought is the salinization of soils, which is an ever-increasing global threat.



The high salt concentration often harms the soil, particularly the organic material decomposition, nitrification, denitrification, microbial activity, and the biodiversity [107]. Removing excess salt from soils by physical and chemical methods is a time-consuming and costly operation, unsustainable and ineffective with high salt concentrations [108]. Salt stress can cause a drastic reduction in the productivity of various crops and mainly fruit crops, such as the species of the genus Prunus, which are considered very sensitive to salt. To prevent, at least in part, these conditions that may limit the normal development of these fruit trees, one of the agronomic strategies successfully adopted is that which uses rootstocks tolerant to biotic and abiotic factors [109]. The phenomenon of salinization concerns all the salts which, if in excess, can cause severe damage, but they are mainly sodium chloride (NaCl), sodium sulphate (Na2SO4), magnesium sulphate (MgSO4), and magnesium chloride (MgCl2); however, NaCl is certainly the most critical one. Excessive salinity modifies the biochemical and physiological processes of the plant, and photosynthetic efficiency can also be significantly altered [110]. Numerous soil microorganisms able to tolerate the presence of salt even at high concentrations have been identified and characterized. We describe bacteria belonging mainly to the genera Bacillus, Pseudomonas, Agrobacterium, Enterobacter, Klebsiella, Streptomyces, and Ochromobactrum, tolerant up to 150 g/L of NaCl [111], and this makes them excellent candidates to alleviate the salt stress of plants. Generally, salinity does not significantly alter soil microbial communities, perhaps due to a sort of buffer effect [112,113]. In some cases, soil microbial diversity was mainly influenced by soil salinity [42]. In the presence of high salinity and scarcity of water, plants are subjected to considerable stress, which leads to numerous adverse effects, including reduced photosynthetic activity, limited assimilation of nutrients, oxidation and consequent deterioration of cell membranes, and dehydration of the plant, which can lead to death. Abiotic stresses, such as drought and salinity, have a strong and severe impact on agriculture, further aggravating the functionality of ecosystem services. The selection of stress-tolerant species and understanding the biochemical mechanisms underlying this tolerance is certainly a way forward. However, undoubtedly, the contribution that PGPR can make in mitigating the damage caused to plants by salinity and drought is the most important [114]. To date, there are many microorganisms isolated from soils, which show interesting properties for promoting plant growth. The search and selection of the best multifunctional PGPR, safe for the environment and humans, is the right way to meet the needs and production needs of agriculture in the world [115].



PGPR can increase the tolerance of plants to salinity, acting primarily through the accumulation of osmolytes, increasing the absorption of nutrients, the nitrogen fixation, the solubilization of P and other essential elements, but similarly with the activity of ACC deaminase, the production of auxins, siderophores, and exopolysaccharides [116].



Furthermore, the regulation implemented by aquaporins whose synthesis is induced by water stress is particularly critical for mitigating the adverse effect of salinity. Aquaporins influence the ability to absorb water, thus maintaining adequate photosynthesis [117]. Several halotolerant bacteria have been isolated from halophilic plants of Salicornia [118] and Suaeda [119], species grown in the desert, saline, and alkaline-saline soils. These halotolerant bacteria can survive in high salt environments by different fielding mechanisms [120]. For example, ion pumps can regulate intracellular ion concentrations, accumulate sugars (i.e., sucrose, trehalose, glycerol), produce exopolysaccharides (EPS), thus creating hydrating biofilms [121].




4.3. Water Phytodepuration


Even though our planet has huge water reserves (over 70% of the entire surface), only 3% of freshwater is available and accessible. This means that around 3 billion people have no or limited access to water for daily use. The global rise in temperatures is causing the drying up of many rivers, lakes, and aquifers, which can no longer support the various ecosystems and feed the population. Unfortunately, this phenomenon is also accompanied by the problem of pollution and the need to purify contaminated waters before their eventual reuse. Currently, wastewater from purification plants is already widely used in agriculture [122,123].



Therefore, sustainable strategies are increasingly required for better reuse of water. Among these, the constructed wetlands (CW) systems are the ones that, reproducing the natural purification processes of wetlands, represent the best solution (Figure 3). Plants can remove pollutants from water, significantly improving water quality [124]. In drought conditions, salinity or the presence of contaminants, plants tend to minimize metabolism, thus affecting photosynthesis and, consequently, growth. Through the activation of the direct and indirect mechanisms described above, PGPR can favor the growth and development of plants by mitigating and sometimes even abolishing the adverse effects of environmental stresses [125]. The toxic, polluting substances with the most significant impact on human health are pharmaceutical products or their metabolites, textile industry residues (i.e., azo dyes), and heavy metals that derive mainly from industrial processes.



The peculiar properties of PGPR are essential to support the plants used in phytodepuration. The production of IAA, which stimulates the development of the root system, undoubtedly represents a significant advantage in increasing the efficiency of constructed wetlands [126,127].



The degradative activity of the contaminants owned by rhizospheric bacteria and, above all, can be successfully used downstream of the conventional treatments of industrial and municipal wastewater [128]. Furthermore, the polluted matrices of selected microbial inocula in which the presence of the metabolic pathways necessary for the degradation of the pollutants present in the wastewater has been identified, could transform the wastewater into water suitable for irrigation [129].





5. Conclusions


The phytoremediation as reclamation approach offers the highest index of environmental sustainability (e.g., minimization of impacts on the environment and human health; reduction of use of energy and non-renewable resources; environmental improvement of the remediated areas). At the same time, phytoremediation is also a purely site-specific technology, and the complex and coordinated interactions between the host plant and the rhizospheric microbial community in response to the structure of the matrix and various environmental stresses produce specific outcomes from time to time. For this reason, the global market requires further progress in terms of technological efficiency, where a better understanding of plant–microorganism interactions, being the basis of assisted phytoremediation, is essential to obtain even higher levels of environmental and economic sustainability. Indeed, the powerful symbiotic connection that plants develop with microbial physiology is fundamental for the development and growth of plants, especially in conditions of biotic and abiotic stress.



A better and in-depth understanding of the function and interactions of plants and associated microorganisms directly in the matrix of interest can be favored by the adoption of a holistic approach that uses “omic” technologies (metagenomics, metaproteomics, metatranscriptomics, etc.). The combination of these approaches in the presence of persistent contamination by known or by new emerging pollutants could provide new opportunities for phytoremediation.
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Figure 1. The sophisticated and efficient network of functional interactions created by PGPR to support plants’ health and performances in response to adverse environmental conditions and abiotic stresses. Abbreviations: EPS (exopolysaccarides); ABA (abscisic acid); IAA (indol2-3-acetic acid); HCN (hydrogen cyanide); VOCs (volatile organic compounds); ACC (1-aminocyclopropane-1-carboxylic acid). 
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Figure 2. Simplified scheme of the main activities of PGPR and their interactions with the root system; nitrogen-fixation, phosphate solubilization, iron uptake by siderophores, ACC deaminase activity lowering ethylene levels, IAA production stimulating plant cell growth. 






Figure 2. Simplified scheme of the main activities of PGPR and their interactions with the root system; nitrogen-fixation, phosphate solubilization, iron uptake by siderophores, ACC deaminase activity lowering ethylene levels, IAA production stimulating plant cell growth.



[image: Applsci 12 01231 g002]







[image: Applsci 12 01231 g003 550] 





Figure 3. Scheme of a constructed wetland (CW) for a phytodepuration approach. The most critical PGPR activities beneficial to support and to alleviate environmental stresses (salinity, heavy metals, hydrocarbons) are the production of phytohormones, 3-indol acetic acid (IAA), abscisic acid (ABA), cytokines (CK’s), gibberellins (GA’s) modulating plant physiology; ACC deaminase (ACCD) activity lowering ethylene level; activation of antioxidant enzymes (superoxide dismutase, SOD; catalase, CAT; peroxidase, POD); Na+ (K+)/H+ pumps regulating ions homeostasis; production of exopolysaccharides (EPS); production of osmolytes (i.e., proline, glycine, betaine) to stabilize protein conformation. 
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