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Abstract

:

Environmental pollution is one of the most pressing global issues, and it requires priority attention. Environmental remediation techniques have been developed over the years and can be applied to polluted sites, but they can have limited effectiveness and high energy consumption and costs. Bioremediation techniques, on the other hand, represent a promising alternative. Among them, phytoremediation is attracting particular attention, a green methodology that relies on the use of plant species to remediate contaminated sites or prevent the dispersion of xenobiotics into the environment. In this review, after a brief introduction focused on pollution and phytoremediation, the use of plant biostimulants (PBs) in the improvement of the remediation effectiveness is proposed. PBs are substances widely used in agriculture to raise crop production and resistance to various types of stress. Recent studies have also documented their ability to counteract the deleterious effects of pollutants on plants, thus increasing the phytoremediation efficiency of some species. The works published to date, reviewed and discussed in the present work, reveal promising prospects in the remediation of polluted environments, especially for heavy metals, when PBs derived from humic substances, protein and amino acid hydrolysate, inorganic salts, microbes, seaweed, plant extracts, and fungi are employed.
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1. Introduction


1.1. Environmental Degradation and Pollution


In recent decades, we have witnessed a significant increase in world population and economic growth [1]. There is a close relationship between economic growth, energy consumption and environmental degradation, as highlighted by some recent studies [2,3,4,5]. This interdependence has become a significant public policy priority among Organisation for Economic Co-operation and Development (OECD) countries [4], since environmental degradation is one of the most significant challenges that humans have to face in the near future [5]. The main evidence of environmental degradation is the depletion and pollution of natural resources, destruction or degradation of ecosystems, and extinction of wildlife [6]. The risks associated with environmental pollution include contamination of food, air, water, and soil, raising the question of identifying effective strategies to prevent and mitigate these problems [7].



Heavy metals (HMs) are globally considered among the most relevant pollutants [8,9]. Human activities such as fossil fuel combustion, mining and smelting of metal ores, urban and industrial expansion, the production of large amounts of municipal waste, and agricultural practices constantly release HMs into the environment [10,11]. Currently, HMs are considered the main pollutants in European soils and groundwater [12]. HMs can be toxic to living organisms at very low concentrations, depending on their chemical and physical properties [13]. In plants, they can lead to oxidative stress, hinder plant growth, interfere with photosynthetic activity, replace other metals in pigments or enzymes, and accelerate senescence [14].



In addition to HMs, pesticides can be detected in water and soil in concentrations that often exceed the limits admitted by law [15,16]. The accumulation of pesticides in soil and water should be avoided to prevent them from entering the food chain, which can cause, in turn, severe threats to human and animal health [17]. Although pesticides are applied in agriculture to control and limit weed competition with crops, their selectivity in targeting weeds is in some cases only theoretical. In fact, certain pesticides can reach non-target organisms, such as crops, thus provoking morphological, physiological, and biological alterations [18]. For instance, it has been shown that pesticides can reduce crop growth and biomass production, interfere with mineral nutrition and use efficiency, reduce chlorophyll concentration, and cause cell death [19,20].



The implementation of more stringent legislation is necessary to reduce polluting emissions into the environment [21]. The switch to renewable energy sources is another critical element in reducing environmental pollution [22]. Modeling point and non-point sources of pollution is essential to assess their effect on air, soil, and water ecosystems and make decisions about the measures and actions to be taken [23]. In addition to reducing emissions, particular attention must be paid to the remediation of polluted environments [24]. Many methods can be currently applied to clean or recover polluted environments, and they include ex situ and in situ remediation techniques: “dig and dump”, “pump and treat”, chemical oxidation/reaction, incineration, thermal treatment, dilution or chemical stabilization/immobilization of the contaminant, electrokinetics, soil washing/flushing, excavation, and disposal [25,26]. Nonetheless, these methods can be expensive, consume energy, require specific machinery, and may negatively impact the environment or cause secondary pollution [27,28]. For instance, when applied to polluted soil, most of the abovementioned physical or chemical techniques affect its biological activity, structure, and fertility [27,28,29]. Furthermore, the removal of the contaminant may not be entirely satisfactory [30].




1.2. Phytoremediation


In recent years, concerns related to ecological threats have led to searching for new and cheap bio-based remediation technologies [29]. In this context, bioremediation, which refers to the use of microbes to clean polluted environments, has gained increasing attention and diffusion [31]. In fact, some bacteria, fungi, archaea, and algae may show a high capacity to remove or neutralize many types of contaminants [32]. In bioremediation, the cleaning process is mainly due to the action of specific enzymes naturally occurring in microorganisms [33].



Another green technique suitable for the recovery of polluted sites is phytoremediation. This emerging and biological-based technology exploits the ability of plants to decontaminate air, soil, and water of various kinds of contaminants or transform them into less toxic compounds or derivatives [34]. Phytoremediation is highly appreciated for its effectiveness and eco-friendliness [35]. Indeed, it has been demonstrated that certain plant species can remove, reduce, or stabilize significant amounts of contaminants from polluted sites. Species suitable for phytoremediation programs must cope with the adverse effects caused by toxicants, which could otherwise seriously hamper their vital functions [36]. Usually, these species constitutionally express high amounts of antioxidant or detoxifying molecules and enzymes. The presence of the xenobiotics can also induce the cellular content of these protective activities as a defensive response [37].



Several different phytoremediation techniques are applied to remove a wide range of pollutants or transform them into less harmful derivatives [21]. An in-depth study and exploitation of the processes involved in phytoremediation is not the purpose of this review; we refer for further information and details to the vast published literature [21,38,39,40]. However, the main phytoremediation techniques are briefly summarized below.



Phytoextraction: this technology is based on the capacity of some plants to absorb contaminants by roots from polluted sites and translocate them to the aboveground tissues. This ability is generally suitable for remediating sites polluted by heavy metals. Moreover, this approach offers other interesting opportunities: it allows the recovery of metals in saline form through plant harvesting and acid digestion of plant tissues. This technique is called phytomining and has recently gained a great interest if the metals are precious or of technological value [41,42]. The so-called hyperaccumulators are plants particularly appreciated in phytoremediation. These species are generally employed in phytoextraction since they can remove and store in their tissues very high amounts of toxic substances [43]. In the use of hyperaccumulators, additional strategies can be applied to improve the phytoremediation efficiency. For example, it is possible to modulate the plant uptake of contaminants by acting on fertilization [44]. This is the case for arsenic (As) absorption, which depends on the amounts of phosphorous (P) available to the plant [44]. In fact, As is analogue to P and it is taken up by the plant through P transporters [45]. Thus, the two elements compete for the same carriers in roots [46] and by reducing the phosphorus supply to the plant it is possible to increase As remediation [45].



Plants with high tolerance to contaminants, efficient translocation from root to shoot, effective detoxification, and large biomass production can efficiently bioconcentrate the target substance. A widely employed parameter accounting for this ability is the bioconcentration factor (BCF) [28]. The BCF represents the ratio between the concentration of a target substance in plant tissues and that in the growth medium [47]. In phytoremediation, this parameter is considered a useful index to assess the capacity of a plant to remove a pollutant [48]. A metal hyperaccumulator, for example, can accumulate in its tissues more than 10.000 mg kg−1 of manganese (Mn) or zinc (Zn) without showing significant alterations in the metabolic activity or physiological functions [49].



Phytostabilization: this technology is based on the use of plants that can absorb or precipitate the pollutant, immobilizing it in the rhizosphere [21,50]. This action strongly decreases the bioavailability of the toxic substance, thus preventing the contaminant from reaching the groundwater or entering the food chain [27].



Phytodegradation: this technique exploits the ability of plants to metabolize or detoxify the xenobiotic thanks to the action of various enzymes (dehalogenase, peroxidase, glutathione S-transferase, etc.). Phytodegradation is usually applied to remove organic pollutants, such as herbicides, from polluted environments, thanks to the ability of certain plants to inactivate these substances and sequester/immobilize them [43].



Phytovolatilization: this technology is based on the ability shown by certain species to take up the pollutants from the growth media by roots and transform them into volatile forms. Then, the xenobiotics can be released into the atmosphere by the stomata [42]. This technique is frequently applied to remove some metals and metalloids (mercury, Hg, selenium, Se, or arsenic, As) or volatile organic compounds (VOCs) from polluted sites [27].



Rhizofiltration: this technology regards the use of aquatic and terrestrial plants to clean aqueous media of contaminants. Alternatively, the plant may precipitate the target substance, limiting its mobility and bioavailability [43]. This method can be particularly effective in removing heavy metals, dyes, and organic compounds [27,51].



Phytostimulation (or rhizodegradation): this technology regards the degradation of the pollutants by bacteria and fungi living in the rhizosphere [52]. These microorganisms take advantage of the substances naturally exuded by plant roots (such as sugar or amino acids) that serve them as nourishment and enhance their metabolism and biological activity [27]. Phytostimulation is generally employed for the remediation of soils polluted by organic compounds such as pesticides, polycyclic aromatic hydrocarbon (PAH), or polychlorinated biphenyls (PCBs) [43].



Despite the considerable knowledge acquired to date, many processes involved in the different phytoremediation methods still remain to be fully elucidated [21]. If compared to conventional methods, phytoremediation shows some significant advantages and disadvantages, which are reported in Table 1 [21,27,29,38,53,54].




1.3. Emerging Tools to Improve Plant Efficiency in Phytoremediation Programs


In recent years, many studies have paid attention to reducing or compensating for the disadvantages and limitations characterizing phytoremediation. Consequently, new approaches have been developed and applied to increase the effectiveness of this technology or broaden its application horizon [42]. For instance, among these approaches, the herbicide-safeners have been recently proposed and successfully tested [8,21,24,55]. These synthetic compounds are commercial products specifically applied to cereal crops to improve their tolerance to herbicides routinely employed in weed control [56]. It has been shown that these chemicals can enhance herbicide metabolism in plants thanks to the specific induction of enzymes involved in xenobiotic detoxification. Moreover, safeners may help plant species cope with oxidative stress caused by xenobiotics: studies have shed light on the ability of these compounds to stimulate antioxidant defenses [24,56]. Consequently, plants can increase pollutant uptake thanks to their enhanced resistance to toxic substances. This beneficial effect results in an improved phytoremediating performance [21]. The advantage of using safeners is that they have been classified as “environmentally inert”; furthermore, they are quickly degraded or transformed into compounds that do not affect the ecosystem and the health of living organisms [57].



Genetic improvement through conventional plant breeding is another way to enhance the performance of plants in phytoremediation; however, in recent years, genetic engineering techniques have also been proposed. These two methods can even be successfully combined in phytoremediation [58]. Genetic engineering implies using transgenic plants, which are species genetically modified by recombinant DNA technologies. In the plant selected for phytoremediation, genes of other organisms (plants or bacteria) or endogenously modified, mainly involved in the acquisition, translocation, detoxification, and concentration of the contaminants, are transferred or overexpressed [28,59]. This method allows for overcoming some plant limits in phytoremediation [60]. For instance, in transgenic plants, genes encoding for enzymes involved in the synthesis of metallothioneins (MTs), phytochelatins (PCs) (both active in metal chelation), or glutathione (GSH) (for its crucial role in antioxidative and detoxification mechanisms) can be overexpressed. This modification improves the species’ resistance to contaminants and efficiently enhances their capacity to remove pollutants from contaminated sites [28]. In this context, the use of transgenic hyperaccumulators has been proposed (genoremediation) [61]. This approach presents significant advantages (especially in cleaning environments polluted by heavy metals); however, it may entail high direct and indirect risks, which are discussed in more detail in the specific literature [28]. In this regard, the omic approach (genomic, transcriptomic, proteomic, and metabolomic), combined with bioinformatics tools, is advantageous since it could allow a deeper understanding of the metabolism of both plants and soil microorganisms. Such an aspect allows analyzing the possibilities to maximize the co-operative potential for bioremediation purposes [62].



In recent years, some studies have proposed biostimulants as interesting and novel candidates to enhance the phytoremediation efficiency of polluted environments. In particular, previous literature has shown their effectiveness in increasing plant vigor and tolerance to various abiotic and biotic stresses [63,64,65,66]. This property can be exploited to increase the resistance of biostimulated species to toxic substances. In addition, such an intriguing property can allow planning to use biostimulants to increase the capacity of the species used in phytoremediation to remove toxic substances from polluted sites.



However, to our knowledge, no reviews have been published to date on this subject. Therefore, in the present work, the possibility of exploiting plant biostimulants as a new tool to increase plant resistance to toxic substances and improve their performance in phytoremediation is reviewed and discussed. To this end, after a brief introduction aimed at explaining what biostimulants are, the scientific studies that have tested their effectiveness in phytoremediation to date will be reported and discussed.





2. Plant Biostimulants


Plant biostimulants (PBs, also referred to as biofertilizers, biostimulators, plant probiotics, or metabolic enhancers [67]) are materials currently employed in agriculture with the scope of improving plant productivity and quality [68]. In fact, their application to crops makes it possible to trigger physiological and molecular processes that can positively affect yield and product quality [69]. The recent EU Regulation (2019/1009) defined PBs as “fertilising product the function of which is to stimulate plant nutrition processes independently of the product’s nutrient content with the sole aim of improving one or more of the following characteristics of the plant and/or the plant rhizosphere: (1) nutrient use efficiency, (2) tolerance resistance to (a) biotic stress, (3) quality characteristics, or (4) availability of confined nutrients in the soil or rhizosphere”. PBs do not fall into the category of fertilizers or plant protection products, as their primary function is neither to provide nutrients nor to protect plants from pests and pathogens [69]. These products contain substances and/or microorganisms that enhance nutrient availability to plant roots (and consequently their uptake), stimulate the plant’s capacity to use nutrients, and, in some cases, to cope with abiotic stresses [70]. Furthermore, PBs, for their ability to efficiently improve plant nutrient acquisition, could permit reductions in the use of chemical fertilizers routinely employed in agriculture. Consequently, this could also promote the environmental sustainability of agriculture, thanks to the possible reduction in synthetic compounds consumed in large amounts by this activity [71]. Although PBs were initially adopted in horticulture, to date, these substances have been used to stimulate beneficial effects in a wide range of crops. The PB global market was estimated at USD 2.6 billion in 2019 [67].



The substances that can exert stimulatory effects on plants can be obtained starting from raw materials of profoundly diverse origins and compositions [69]. For this reason, biostimulants have been grouped into different families: humic and fulvic substances, inorganic salts, protein hydrolysates and amino acids, complex organic materials, seaweed and plant extracts, chitin and chitosan derivatives, organic acids, animal/vegetal protein, and beneficial microorganisms (bacteria such as Bacillus and Azotobacter spp., yeast, filamentous fungi, and micro-algae) [72,73].



The beneficial effect of biostimulants on plant growth, productivity, yield, and quality may also depend on the synergistic actions of their multiple constituents. Consequently, in general, the mode of action of biostimulants is still unknown [74]. For this reason, a biostimulant is regarded as such only for its beneficial effect on crops, when demonstrated, which is to improve plant nutrient acquisition, production, and resistance to adverse environmental conditions [75].



PBs in Helping Crops Cope with Toxic Compounds


In this section, particular attention is paid to the ability of PBs to increase plant resistance to various kinds of stress. Biostimulants, applied in small amounts to plants, seeds, or the rhizosphere, can stimulate the crop’s tolerance to adverse environmental conditions, such as salinity, drought, extreme temperatures, and UV radiation [68,73,75]. For example, salt and drought stress can affect key physiological and biochemical processes in plants, such as chlorophyll and pigment biosynthesis, leaf gas exchange, relative water content, or antioxidant enzymes’ activity and determine water loss and lipid membrane oxidation. Recent studies have reported that PBs could alleviate these damages [76,77]. Furthermore, PBs could allow the reduction in the use of chemical fertilizers, due to the improved efficiency of biostimulated crops in acquiring and using nutrients [68].



PBs have also been tested on plants directly grown in polluted environments, thus exploiting their capacity to help species cope with toxic substances. Some of these studies were conducted in soils/water contaminated by heavy metals (HMs) or pesticides which, as mentioned in the Introduction, are among the main world pollutants.



Recent studies indicated that PBs could reduce heavy metal (HM) toxicity to plants. Calvo et al. [70] documented that this beneficial effect could be prompted by protein-based products and fulvic and humic acids. In addition, biostimulants containing peptides and amino acids as active ingredients can enhance plant tolerance to HMs. Among the amino acids, the increase in the amount of proline in plants is particularly effective in their protection since it can chelate metal ions within plant cells, function as an antioxidant, and play a pivotal role in osmoregulatory processes [70]. Moreover, plant biostimulants based on humic substances (HSs, which include humic acids (HAs) and fulvic acids (FAs)) can induce the activity of specific antioxidant enzymes (peroxidase, catalase) and increase the content of non-enzymatic antioxidants, which are essential for plant survival. In particular, the increase in the content of non-enzymatic antioxidants results from the ability of HSs to stimulate the synthesis of compounds linked to the shikimic acid pathway (alkaloids, phenols, and tocopherols) [78]. HSs can interact with HMs and complex them with carboxylic and phenolic hydroxyl groups, and this can decrease the mobility of HMs in soil and, consequently, their bioavailability to plant roots [78].



Canellas et al. [79] proposed the maize (Zea mays) “priming”, which consists of treating the seeds with appropriate doses of HSs. The priming, for its effectiveness, is considered a functional strategy to improve crop performance and protect them from the detrimental effects of various abiotic stressors [79]. In this study, HA-primed plants showed increases in the antioxidant enzyme catalase (CAT) and proline. Biostimulated plants also showed higher transcription levels of genes associated with stress signaling and response. In particular, the authors found increases in the expression of genes encoding for proteins involved in autophagy processes and for kinase, phosphatase, and phytohormones (auxin, abscisic acid, ethylene). This effect occurred even when the plants were biostimulated in the absence of stressors. Finally, HA-primed plants exposed to various stresses, including HMs, showed improved resistance and higher biomass production [79].



Arbuscular mycorrhizal fungi (AMF) can play an essential role in protecting plants from the injuries caused by HMs [70]. AMF can exert beneficial effects in plants by immobilizing metals, thus reducing their availability to roots [80]. In addition, biostimulants based on plant growth-promoting rhizobacteria (PGPRs) can reduce HM absorption by roots and their translocation in the aboveground tissues since they can chelate, bind, and precipitate them [81]. Consequently, the beneficial action of PGPRs is also reflected by lower amounts of HMs in the aboveground tissues of biostimulated plants [81].



PBs derived from plant extracts have been found to be able to protect plants from HM toxicity. In a very recent study, a silymarin-based biostimulant was found to attenuate the damages caused by cadmium (Cd) to maize plants [82]. PB application effectively restored Cd-exposed plants by stimulating biomass production, hormone homeostasis, photosynthetic efficiency, and inducing the activity of certain antioxidant enzymes.



Other studies indicated that PBs can increase crop tolerance to pesticides [21]. Likewise, a recent study has demonstrated that a commercial biostimulant (Megafol) improved maize resistance to the chloroacetanilide herbicide metolachlor [83]. In biostimulated plants, the authors found lower levels of lipid membrane peroxidation and increased germination, biomass production, and vigor index with respect to maize treated with the herbicide alone [83]. This beneficial effect was attributed to the induction of some antioxidant enzymes (ascorbate peroxidase—APX, guaiacol peroxidase—GPX, and catalase—CAT) found in the biostimulated plants [83]. Another study showed that the biostimulant Fertiactyl Pós® reduced the injuries caused by the herbicide glyphosate to soybean (Glycine max) [84]. This PB contains humic and fulvic acids, which can bind the herbicide, and glycine, betaine, and zeatin, which help plants to overcome oxidative stress [85]. In the cited study, Fertiactyl Pós® prevented yield losses and limited the symptoms of chlorosis and necrosis resulting from the herbicide application [84]. In fact, glyphosate can directly damage the chlorophyll or reduce the availability of nutrients involved in its functioning (Mg and Mn) [84]. Balabanova et al. [86] reported that a PB based on amino acids protected sunflower (Helianthus annuus) from the damages caused by the herbicide imazamox. The biostimulant exerted its beneficial action by restoring the net photosynthetic rate, stomatal conductance, chlorophyll content, and plant growth. The authors stated that further studies should be carried out in order to understand and clarify the mechanism of action of the investigated product [86]. The studies published to date on the effectiveness of PBs in reducing the stress generated by pollutants in plants are summarized in Table 2.



In addition to the findings mentioned above, which document the efficacy of PBs in increasing plant resistance to pesticides, these materials can reduce the toxicity of these xenobiotics to plants by acting directly on the soil. In a study conducted by Tejada et al. [87], the herbicide MCPA depressed soil enzymatic activities and the ergosterol content. The application of four biostimulants of different origin and composition (wheat condensed distillers soluble, WCDS; hydrolyzed poultry feathers, PA-HE; carob germ enzymatic extract, CGHE; and rice bran extract, RB) counteracted these adverse effects. The most effective biostimulant (PA-HE) showed a higher protective action thanks to its higher content of low molecular weight peptides, humic substances, and lower fat content [87]. In another study, Rodriguez-Morgado et al. [88] observed that two biostimulants (SS, derived from sewage sludge; and CF, derived from chicken feathers) mitigated the negative impact of the herbicide oxyfluorfen on soil enzymatic activities and microbial communities. In a review article, Kanissery and Sims [89] pointed out that soils showed a higher rate of herbicide removal in cultivated crop fields when plants were treated with biostimulants. This effect was attributed to the ability of the organic material to provide nutrients to microorganisms that populated the soil, thus increasing their degradation activity towards the herbicide. Based on their results, the authors concluded that biostimulants could be seen as a promising and effective tool to promote soil cleaning of herbicides [89].



Due to the suitability of biostimulants in reducing the toxicity of the pollutants to plants, it can be advantageous to explore the use of these materials to improve the plant performance in the remediation of contaminated sites. Based on this, further investigation needs to be considered in phytoremediation programs. In this scope, in the following sections, scientific studies on the PBs’ applicability to potentiate this technique will be reported and discussed.





3. PBs for Phytoremediation


In the previous section, the effects of PBs in helping plants counteract various types of stress, including those generated by the presence of pollutants, have been described. As a consequence, their activity may ameliorate phytoremediation performance as well (Figure 1).



3.1. PBs Derived from Humic Substances


Humic substances are complex biomolecules derived from the biological and chemical degradation of plant and animal residues in soil [90]. Further than being the main components of soil organic matter, they represent the major carbon pool in the biosphere [75]. HSs consist of mixtures of (a) humic acids (HAs), (b) fulvic acids (FAs), and (c) humin. HAs are typically high molecular weight (10,000–100,000 g/mol) compounds, soluble in alkaline solutions; FAs have low molecular weights (1000–10,000 g/mol), and are soluble in all pH conditions, while humin is insoluble due to its very high molecular weight (100,000–10,000,000 g/mol) [91,92]. HSs play many fundamental roles in soil, regulating, for instance, the nitrogen and carbon cycle and the oxygen exchange with the atmosphere. Furthermore, they support microbial communities, stimulating their growth and affecting their primary and secondary metabolism. HSs promote many beneficial effects in plants, such as favoring seed germination, enhancing nutrient uptake, supporting plant growth and development, improving product quality and yield, and ameliorating stress resistance [70,71,72,73,74,75,76,77,78,79,80,81,82,83,84,85,86,87,88,89,90]. HSs can also influence the fate of toxic substances by regulating their transport and stabilization in soil and, consequently, their effect on plants and soil-populating bacteria [78]. Pittarello et al. [93] exploited this behavior towards mangrove sediments and found that the sediments’ absorbing capacity of copper (Cu), cadmium (Cd), and lead (Pb) was significantly increased by the addition of HSs. In another study, the same authors tested the effect of different dosages of HS PBs in mangrove (Avicennia germinans) seedlings grown in Cd-contaminated solutions [94]. They found that HSs induced changes in mangrove root architecture and anatomy and that the optimal dose to maximize root length and area at each experimental stage was 4 mM C. The same dose maximized root development even in Cd-stress conditions [94]. In fact, the stimulation of root growth generally occurs at low HS dosages, while high dosages can gradually inhibit root development [95]. Based on the results obtained, Pittarello et al. [94] suggested that HS PBs can be useful in phytoremediation programs since they can favor phytoextraction by increasing root length and root surface area and phytostabilization by improving both soil oxygenation and the growth of root involved in the metal accumulation (cortex and aerenchyma) [94].



In a two-year study, the phytoremediation capacity of giant reed (Arundo donax) towards substrates polluted by heavy metals (Pb and Zn) was evaluated [96]. Leonardite-derived HA was added to the growth medium. The authors found that the biostimulant increased shoot and root plant biomass, raised the N content in culms, and stimulated bacterial soil growth. Furthermore, biostimulated giant reed accumulated higher Zn amounts in culms. The authors concluded that HA could be a valuable tool to improve phytoremediation and reduce its costs [96]. Dobbss et al. [95] tested the effect of vermicompost HS on the alleviation of iron (Fe) toxicity to aroeira (Schinus terebinthifolius) seedlings. Fe 250 μM in the hydroponic growth medium caused leaf chlorosis and reduction in plant growth. On the other hand, HS application significantly stimulated root and leaf development. In samples grown with both Fe and HSs, the symptoms of HM toxicity were alleviated [95]. In addition, these plants accumulated lower Fe and showed reduced antioxidant activities of the enzymes POD, CAT, and APX compared with samples treated with Fe or HSs alone. The authors concluded that HSs helped plants to prevent excessive Fe accumulation and that this material could be helpful in the recovery of HM-contaminated environments [95].



Evangelou et al. (2004) proposed the use of HA as an alternative to synthetic chelators to increase the solubility of metal cations in soil and their absorption by plants. In fact, synthetic chelators such as EDTA could have some negative effects that limit their use in phytoremediation: for example, they may have a toxic effect on plants, be non-selective in extracting metals or not be biodegradable [97]. The authors investigated the effect of increasing HA amounts in enhancing the phytoextraction capacity of tobacco (Nicotiana tabacum) plants in Cd-contaminated soils. Tobacco shoots biostimulated with the highest HA dosage significantly increased Cd accumulation. The authors concluded that HA could represent a viable alternative to synthetic chelators and that combining a natural chelator and suitable plant species (e.g., hyperaccumulators) can strongly accelerate the phytoextraction of pollutants and raise its efficiency [97].



Sung et al. [98] found that the application of humic acid increased the phytoremediation performance of Phragmites communis in wetlands polluted simultaneously by heavy metals (Pb, Cd, Cu, Ni) and petroleum hydrocarbons. HA reduced biomass losses due to the contaminants and significantly increased soil microbial activity. Furthermore, HA increased the metals’ bioavailability and their absorption by plants. The bioconcentration factor (BCF), estimated for all the metals investigated in this study, was significantly higher in both shoots and roots of biostimulated P. communis than in untreated samples. Moreover, HA strongly increased the total petroleum hydrocarbon (TPH) degradation in P. communis-planted soil. The authors concluded that this PB could be used to improve P. communis performance in phytoremediation and that the combination of HA with P. communis could be suitable for preventing groundwater contamination and protecting surrounding environments [98].



Bandiera et al. [99] tested the effect of two different concentrations of HA on fodder radish (Raphanus sativus) grown on HM-polluted (Co, Cu, Pb, Zn, and As) pyrite cinders. In the experiments, different methods of HA application were tested. As found in other studies [94], low amounts of HA positively affected plant growth and mitigated HM toxicity, while higher amounts provoked phytotoxic effects in plants. The authors hypothesized that higher dosages of HA increased the HM bioavailability in the growth medium. In accordance with this, biostimulated radish showed higher HM uptake and translocation to the aboveground tissues (especially Cu and Pb) and increased root elongation. Among the methods employed, the foliar HA application was the most effective in attenuating HM toxicity to plants and favoring their removal. Following these results, the authors suggested the potential of using HA in phytoremediation programs [99].



Moreno et al. [100] investigated Hg accumulation in plant species grown in Hg-polluted mine tailings. The application of growing concentrations of HA improved Hg solubility in the growth medium, especially when sulfur (S)-containing ligands (ammonium and sodium salts) were also added. The authors stated that this effect was probably due to the formation of Hg–thiosulphate and Hg–HA complexes [100]. Furthermore, Hg concentration in Indian mustard (Brassica juncea) roots increased following HA application significantly while root-to-shoot translocation was inhibited. The authors assumed that Hg–thiosulphate complexes were favored in translocation of the shoots, while Hg–HA complexes were retained in root tissues [100].




3.2. Protein and Amino Acid Hydrolysate-Derived PBs


Biostimulants based on protein hydrolysates (PHs) consist of a mixture of amino acids, peptides, polypeptides, and denatured proteins deriving from enzymatic, chemical, or thermal hydrolysis of animal- or plant-derived raw materials [70,73]. Source materials of PHs are primarily agro-industrial waste or by-products (e.g., crop residues or collagen); therefore, the production of PHs represents an attractive opportunity to valorize certain waste materials [70,101]. PH-based PBs mainly contain the amino acids alanine, arginine, glycine, proline, glutamate, glutamine, valine, and leucine. However, they can also include non-protein components, such as fats, carbohydrates, or macro- and micronutrients, which show biostimulatory actions [101]. PHs are currently used in agriculture since they (1) have a positive impact on soil microbial and enzymatic activities; (2) improve the mobility and solubility of microelements in soils; (3) enhance plant nutrient uptake and use efficiency as a consequence of the previous point; (4) stimulate carbon and nitrogen metabolism in plants; (5) enhance plant biomass production, with particular regard to the roots; (6) improve crop productivity [68,101]. In a very recent study, Rouphael et al. [102] compared the effect of PHs obtained from animal (A-PH) and plant (V-PH) sources at three equivalent nitrogen rates, finding a much more significant benefit on the growth of basil (Ocimum basilicum) plants treated with V-PH biostimulants. In fact, increased fresh weight, CO2 assimilation, and water use efficiency, and higher uptake and translocation of K, Mg, and S were found in V-PH-treated basil. On the other hand, decreased photosynthetic activity, plant growth, and biomass production were observed in A-PH-treated plants [102]. The potentially detrimental effect of some A-PH biostimulants, especially at high dosages, has been attributed to their high concentration of free amino acids, unbalanced amino acid composition, and high salinity content [101].



In conclusion, it can be affirmed that the ability of PHs to induce plant resistance and tolerance to various kinds of stress is now well known. The beneficial effects prompted by PHs also include reductions in HM toxicity to plants [101,103]. Despite this, no scientific study has to date demonstrated the effectiveness of these biostimulants in increasing the plant phytoremediation performance. Therefore, this field has yet to be studied. Furthermore, many things about PHs still need to be clarified, such as their mechanism of action which is not completely understood [104].




3.3. Inorganic Salt-Derived PBs


Among the non-biological derived biostimulants, several researchers are exploiting the potential of those derived from inorganic salts. One of the most studied is phosphite (Phi), an isostere of the phosphate anion (H2PO4−), in which one of the oxygen atoms bonded to the P atom is replaced by hydrogen [105]. Phi has been proved to improve nutrient uptake and assimilation and abiotic stress tolerance and promotes root growth. In addition, it is largely used for controlling pathogens [106].



The efficiency of NPK is also explored. Pteridium aquilinum (bracken fern) was tested for uptake of Cu from polluted water; at the end of the trial, several chemical parameters of water and the mortality of the fish Clarias gariepinus were assessed. With respect to control, NPK treatment improved water quality, even if a certain fish mortality rate was still observed [107]. NPK was also used to enhance the phytoremediation in Spartina sp. in sites polluted by crude oil [108]. Previously, several authors have found an increase in the rate of oil degradation, a possible result of increased microbial activity (as there is more availability of nutrients) and an increase in transplant biomass, both due to fertilizer addition. However, Ndimele and colleagues [108] did not find the same results, as NPK amendment did not show a significant effect on the phytoremediation. Regarding Cd phytoextraction, NPK fertilization was proved to spike the efficiency of Sedum spectabile to accumulate it in its aboveground tissue [109] and to enhance its uptake in Cosmos sulphureus and Cosmos bipinnata [110]. Similar results were observed in Solanum nigrum: the phytoextraction efficiency of the plant was significantly improved; furthermore, translocation was significantly enhanced in aboveground tissues compared to roots. Solanum nigrum could thus achieve higher phytoremediation abilities and Cd tolerance with the addition of NPK fertilizer [111]. It should be stressed that the application of chemical fertilizer with inappropriate composition has many limitations, i.e., improper mobility and availability of Cd in the plant–soil system, causing eutrophication in aquatic ecosystems and acidification of indigenous soil systems [112]. At the same time, the excessive uptake of Cd can also interfere with plant cellular metabolism (i.e., ROS production, inhibition of essential biomolecular functional groups), so the choice of the right fertilizer and the best hyperaccumulator is a crucial step.



Sulfur is a crucial element for plant growth and is deeply supplemented in agriculture; however, the excessive use of fertilizers to supply S can generate an ionic imbalance altering the soil, causing a nutritional deficit and contaminating aquifers by leaching [113]. Sodium thiosulfate (ST) can be a biostimulant that helps the plant prevent S deficit and, at the same time, could improve heavy metal tolerance and be useful to enhance phytoremediation of polluted soils. Navarro-Leon and colleagues used ST to enhance Cd accumulation in Brassica plants [113]: they showed that ST should not be used as a biostimulant because it reduced plant biomass, but it could be used for Cd phytoremediation purposes. Its good effect is dose-dependent, as the higher dose (4 mM) might saturate the transport systems that transport Cd to the shoot, and doses of 2 mM could enhance the phytoremediation efficiency. Phosphate (P) and thiosulfate were also studied for arsenic accumulation in the species Brassica juncea [114]. ST emerged as a good tool to improve As uptake, while P did not show interesting significant differences.



Sodium (ST) and ammonium thiosulfate (AT) were also studied in relation to Hg uptake in Oxalis corniculata: the first one halved the phytoremediation time, while AT reduced it by about 25% [115]. Even chlorides are inorganic salts that can be used as biostimulants, and clarifying their interaction with heavy metals is essential for controlling pollution and growing ‘‘metal-clean” foodstuffs. As an example, the presence of NaCl in the soil can modify the rhizosphere composition and the ability of the plant to uptake metals such as Cd. This has been recently proven in radish, where NaCl helped Cd2+ uptake in the hypocotyls [116]. NaCl was also demonstrated to be efficient in Cd2+ removal in Conocarpus [117]: the authors found that Cd2+ concentration increased both in shoot and root in the presence of NaCl. However, its translocation from root to shoot was not increased, rendering this tree suitable for the phytostabilization of Cd2+-contaminated saline soils [117].



Another study on Chenopodium quinoa showed that the plant exhibited improved growth and tolerance against Cd when grown at a salinity level of 150 mM NaCl. Salt relieved the quinoa plants from Cd-induced toxicity by inhibiting the aggregation of Cd and activation of the antioxidant enzyme system of the plants. Increased tolerance and less uptake of Cd due to moderate salinity levels showed that the quinoa genotype named ‘‘Puno’’ was suitable for the phytostabilization and could be successfully cultivated in Cd-contaminated saline soils. In contrast, an elevated concentration of salinity (300 mM NaCl), combined with Cd pollution, reduced shoot and root growth by more than 50%, caused overproduction of H2O2, and triggered lipid peroxidation [118]. Soil amendments such as limestone, dolomite, and chalcedonite can have a significant impact on the aided phytostabilization in acidic soils; this is the case for Festuca rubra and chromium (Cr), which is highly carcinogenic and thus crucial to remove [119]. These amendments, especially chalcedonite, have a good potential practical application because of their effectiveness in Cr immobilization; moreover, they help to recreate vegetation in degraded areas, as they were demonstrated to stimulate Sinapis alba germination and root growth.




3.4. Microbial-Derived PBS


Beneficial bacteria. The utilization of beneficial bacteria has been foreseen and implemented over the years. Bacterial roles in plant interactions are well known and exploited [120,121]; like fungi, bacteria can represent a continuum between mutualism and parasitism.



In agriculture, their use as biostimulants considers mainly two types of interactions, i.e., endosymbionts, such as Rhizobium and related taxa, and mutualistic plant growth-promoting rhizobacteria (PGPRs), also indicated as plant growth-promoting bacteria (PGPBs) that can also become endophytes. Rhizobia and related species are widely commercialized as biofertilizers, since they can fix nitrogen, facilitating nutrient acquisition by plants. In the scientific literature, as well as in the textbooks, the biology, molecular biology, and biochemistry of these microorganisms are extensively explained. PGPBs are considered multifunctional microorganisms, influencing several aspects of plant life, such as nutrition and growth, morphogenesis and development, response to biotic and abiotic stress, and interactions with other organisms in agroecosystems [121,122,123].



Bioremediation foresees the use of microorganisms for their ability to degrade environmental pollutants through their biochemical pathways related to the organisms’ activity and growth. PGPBs can positively interfere with HM uptake; in fact, the presence of PGPBs can also enhance abiotic stress tolerance [121,124] by alleviating metal-induced phytotoxicity, thus enhancing the biomass of plants grown in heavy metal-contaminated soils [125,126,127]. Therefore, PGPB-enhanced phytoremediation is considered a promising technology for remediating metal-polluted soils. We can screen bacterial strains that could adapt to the local environment and immobilize heavy metals. Some species of PGPBs (Pseudomonas, Delftia, Enterobacter, Arthrobacter, Bacillus) have shown high resistibility to Cd, and at the same time, they can decrease Cd bioaccumulation in plants by precipitating or absorbing Cd or enhancing root development [128,129,130,131,132,133,134]. However, there is still a need to screen and isolate newer PGPB strains able to immobilize Cd since the selected strains may not be able to perform well in different contaminated sites.



Even though bacterial species share useful bioremediation traits, a major limitation of their bioremediation efficiency may depend on factors that do not support the rapid growth of such beneficial bacterial populations, i.e., nutritional deficiency and competition by other bacteria. Laboratory investigation has been conducted in order to implement nutrient supply to microorganisms used to reduce HM contamination, and to provide optimal environmental conditions to these strains [135].



Recent research has also investigated the use of biochar as a carrier material for microbial inoculants, which can promote early colonization of the rhizosphere with beneficial microorganisms to overcome the bacterial growth constraints [136] and references therein). Under this perspective, some authors suggested this approach to help both bacterial growth and bioremediation activity [128,137]. The use of bacterial strains and biochar was utilized by Ma and collaborators [137]. In their study, a PGPB strain of Bacillus sp. TZ5, selected for Cd-immobilizing potential, was loaded on biochar; pot experiments with ryegrass indicated that the percentage of acetic acid-extractable Cd in biochar treatments significantly decreased by 11.34% with respect to the control.



In situ immobilization of Cd has been achieved by the use of a strain of Pseudomonas chenduensis and biochar; the supplementation of these two additives to paddy soil reduced the exchangeable/acid soluble Cd fraction and significantly decreased Cd availability; a reduction in the disturbance of soil microbial community under cadmium contamination was also observed [128].



The synthesis of biofilms in a single PGPB or consortia of PGPBs has been investigated and the reported ability to ameliorate plant drought tolerance might be effectively utilized in projects that foresee strategies for water conservation of plants [138]. The biofilms are composed of high molecular weight organic macromolecules, consisting mainly of exopolysaccharides (EPSs) with smaller proportions of protein and uronic acids. EPSs act as a protective barrier of bacteria towards environmental stresses, such as salinity, drought, heavy metal toxicity, etc. Several bacterial genera have been reported to produce EPS, among them Agrobacterium spp., Xanthomonas campestris, Bacillus spp., Arthrobacter, seudomonas spp., etc. [139,140]. EPSs may represent a powerful tool for the cleanup of toxic metals because of the presence of anionic groups characterized by metal ion chelation capabilities. Efficient HM remediation through bacterial EPS is based on the presence of non-neutral, negatively charged EPS (i.e., EPS with abundant anionic functional groups) [141]. The production of negatively charged EPS has been reported in different species [141].



Bacterial siderophores (Fe-complexing molecules) can enhance the mobility and reduce the bioavailability of HM with subsequent removal from the soil [142].



Besides the useful characteristics reported above, genetic engineering of bacteria has been applied in order to remove those heavy metals, such as Hg, that are not taken up by the bacteria [140,142].



Cyanobacteria. Several species of cyanobacteria have shown the ability to promote plant growth and ameliorate plant tolerance to abiotic and biotic stresses [143]. In the interaction with plants, cyanobacteria play a pivotal role in plant growth promotion by increasing the supply of different nutrients, including the fundamental trait of nitrogen fixation of some species (e.g., Nostoc sp. and Anabaena sp.), and the release of phytohormones. They can also enhance the water availability of the upper soil layer, thus improving its physicochemical conditions, as well as the release of EPSs that facilitate aggregation of soil particles and the accumulation of organic content. All together, these features ascribe to cyanobacteria a pivotal role in sustainable agriculture, which ranges from their use as biofertilizer to soil amendments for the recovery of infertile soils ([143] and references therein) [144]. Cyanobacteria’s bioremediation ability in waste waters and soils has also been reported. The pollutants removed successfully are heavy metals and pesticides [145]. The ability to remove HMs, such as Cr, Cu, Pb, and Zn, from coal fly ash has been described for the species Anabaena variabilis, Nostoc muscorum, Aulosira fertilissima, and Tolypothrix tenuis [146].



Similarly to bacterial EPSs, the cyanobacterial EPSs play a significant role in soil aggregation due to their gluing properties [147] and in binding ability for HMs [148] and sodium ions [149] that can improve plant development in saline or polluted soils. Seifikalhor et al. [150] reported that the application of Spirulina platensis, as corn seed priming treatment, improved plant growth, reduced Cd translocation from root to shoot, ameliorated photosynthetic electron flows, and increased non-photochemical quenching in Cd-exposed plants, thus mitigating the toxic effects on plants. The reduction in root Cd content of seed-coated plants was more than 90% 12 days after sowing.



Faisal and collaborators [151] suggested that the removal of Cr by Oscillatoria sp. and Synechocystis sp. is possibly involved in the observed increased wheat growth.



Regarding insecticide removal, cyanobacterial species, such as Synechocystis sp. and Phormidium sp., are capable of bioabsorbing and removing the systemic insecticide imidacloprid from the soil [152], while Scytonema hofmanni and Fischerella sp. can remove the insecticide methyl parathion [153,154].



On the other hand, many cyanobacterial genera have been studied for their toxin synthesis, which can represent a risk for human health, even though some cyanotoxins showed anticancer potential in human cell lines, providing interesting and promising results for future research, especially concerning the control of human adenocarcinomas [155]. Therefore, the use of cyanobacterial species needs a preliminary careful screening of the strains before being used in bioremediation.




3.5. Seaweed-Derived PBS


Algae can grow both autotrophically and heterotrophically and have large surface area/volume ratios, phototaxy, phytochelatin expression, and the potential for genetic manipulation. Based on these characteristics, algae are considered good candidates for biomonitoring and phytoremediation of polluted waters [156]. In addition, algae are able to remove and concentrate HMs since their large biomass production gives them a high sorption capacity [157]. Statistical analysis of algal biosorption reported potentiality absorption of about 15.3–84.6% by the algae, which is higher if compared to other microbial biosorbents [158]. Among the taxa, Phaephyceae are known to have high absorption capacity, being able to absorb metals such as Cd, Ni, and Pb through chemical groups present on their surface, such as carboxyl, sulfonate, amino, as well as sulfhydryl. Biosorption of metal ions occurs on the cell surface by means of ion exchange ability [158].



Moreover, algae are a source of polymers characterized by the presence of biologically active components, acting as agricultural biostimulants, which can be involved in the management of abiotic and biotic stresses in plants [159]. The bioactive compounds present in seaweed extracts (SEs) are beneficial to plants by promoting root and seedling growth in crops, and enhancing flowering and fruit production [160,161]. Being widely utilized as PBs, the seaweed extracts (SEs) represent more than 33% of the biostimulant global market [162]. Numerous taxa have been considered as potential platforms for biostimulant production and, in particular, beside red and green algal species, the kelp Ascophyllum, Fucus, and Laminaria are the dominant taxa [162].



Generally, PBs of algal origin are composed of polysaccharides extracted from different seaweeds species (e.g., Ascophyllum nodosum, Ecklonia maxima, Durvillaea potatorum, Durvillaea antarctica, Fucus serratus, Himanthalia elongata, Laminaria digitata, L. hyperborea, Macrocystis pyrifera, and Sargassum spp. ([159] and references therein). Depending on processing methods, SE may also contain minerals, phytohormones, vitamins, phenolic compounds, and antimicrobial agents [163,164]. Such diversity in the composition provides SE, either applied as foliar spray or on soil, with unique features that act positively on soil retention and remediation and as a source of nutrients. Moreover, some authors have evidenced the effect of SE on the down- and up-regulation of some key genes involved in response to abiotic stress, such as ROS scavenging-related genes, Na+ transporter and antiporters genes, and the hormone abscisic acid (ABA) [162].



The activities reported above confer to the SE-treated plants the possibility to improve biotic as well as abiotic stress response, the latter being fundamental in phytoremediation. Thus, the application of algal biostimulants on crops growing in HM-polluted soil may also positively affect, to some extent, the potential of heavy metal accumulation characteristics of certain crop species, even though contradictory reports are present in the literature [165].



Although few studies have been carried out concerning the use of algal PBs in phytoremediation, in a recent study a commercial seaweed-derived biostimulant (Megafol) was applied to duckweed (Lemna minor), a free-floating aquatic species, to increase the plant’s capacity to tolerate and remove the herbicide terbuthylazine (TBA) from polluted water [24]. This biostimulant derives from Ascophyllum nodosum with the addition of the amino acids proline and tryptophan, sugars, vitamins, and betaines [166]. Previous studies shed light on its ability to improve the plant resistance to various abiotic stresses [74,76] and, in particular, to herbicides [83]. In the cited study [24], the treatment of duckweed with the herbicide alone reduced plant proliferation and biomass production. On the contrary, biostimulated plants were less affected by the herbicide, thanks to the induction of some antioxidant enzymes (APX and CAT). Finally, phytofiltration experiments highlighted that the biostimulated duckweed removed higher amounts of TBA from polluted water with respect to the non-biostimulated plants treated with the herbicide. Based on these results, the authors concluded that Megafol successfully improved the duckweed phytoremediation potential, through the induction of defensive molecules [24].



Hu et al. [165] tested the effect of different concentrations of a commercial algal biostimulant on the Cd uptake of the accumulator Nasturtium officinale. Besides plant growth-promoting activity and the enhancement of photosynthetic pigments at all PB dosages, the biostimulant increased Cd extraction by plant roots. In N. officinale shoots, Cd content decreased for the inhibited translocation of Cd to the shoots. Therefore, the authors concluded that this PB might not be suitable for enhancing the phytoremediation ability of N. officinale towards Cd-contaminated soils. Nevertheless, the results indicated that this biostimulant might be used to cultivate vegetables in Cd-contaminated soil [165].




3.6. Plant Extract-Derived PBs


Among the compounds of plant origins that may act as biostimulants and ameliorate the phytoremediation activity, a clear example is provided by melatonin (N-acetyl-5-methoxytryptamine), a ubiquitous molecule presents in prokaryotes and eukaryotes. In plants, the important roles of melatonin are related to both antioxidant activity and redox network regulation. Acting as a biostimulator, especially under biotic or abiotic stress conditions, exogenous melatonin application to plants can improve the uptake of phosphorus, nitrogen, and sulfur, and at the same time, minimize the harmful effects of the stressors, by controlling the levels of reactive oxygen species (ROS) through the activation of antioxidant response and by mobilizing toxic metals through phytochelatins [167].



Activating agents can be successfully applied to improve phytoremediation activity. Li et al. [168] described an improved efficiency of extraction technology by Sedum alfredii in experiments, where the effects of two plant extracts (i.e., Oxalis corniculata, OX, and Medicago sativa extract, ME) and citric acid were tested. The application of these three activating agents was beneficial for the decontamination of Cd and Zn in soils, showing an improved repairing efficiency by 3.92, 3.37, 3.33 times and 0.44, 0.20, 0.86 times, respectively. Moreover, OX and ME did not have harmful effects on soil properties and plants, since they did not alter chlorophyll fluorescence parameters, while CA improved F0, but significantly reduced Fv/Fm. According to these authors, the combination of plant extracts and hyperaccumulators can more efficiently remove heavy metals from contaminated soils and provide a further tool for mitigation of soil pollution.



A possible perspective for future application will be the utilization of the C4 species Miscanthus × giganteus besides its non-food use (i.e., biofuel, the pulp of cellulose [169]) as considered by Técher et al. [170]. In their study, the effects of root exudates of Miscanthus on biostimulation of PAH degradation was tested. Four bacterial consortia with different co-metabolic degradation abilities were characterized and tested for exudate biostimulation. The authors measured bacterial growth and relative degradation activity (through the production of intermediate metabolites) in the presence of PAH and plant secretions, and the tests were carried out in a specifically designed microplate assay. The analysis of the polyphenolic components of exudates indicated the presence of a diverse range of flavonoid-derived compounds. Among them, two identified molecules, quercetin and rutin, played a major role in promoting bacterial growth and PAH metabolism.



Besides increasing crop yield and ameliorating plant tolerance to stress, PBs can also affect the microbiota, which, as reported above, plays a crucial role in plants’ fitness. In a study, Luziatelli and coworkers [171] evaluated the effect of commercial products (i.e., a vegetal-derived protein hydrolysate (PH), a vegetal-derived PH enriched with copper (Cu-PH), and a tropical plant extract enriched with micronutrients (PE)) on Lactuca sativa plant growth and the ability of these products to enhance the growth of beneficial or harmful bacteria. Based on the enhancement of shoot biomass of lettuce, the results confirmed the biostimulating effect of the three products. The foliar application of the products stimulated the growth of specific bacteria belonging to Pantoea, Pseudomonas, Acinetobacter, and Bacillus genera, thus altering the composition of the microbial population. Some of the identified strains possessed PGP characteristics, therefore, the findings of the study indicated that the commercial organic-based products could enhance the growth of beneficial bacteria occurring in the plant microbiota, while no harmful bacterial strains were detected. Based on these results, further studies should be undertaken to better foresee the effects on other microbiota by different PBs.




3.7. Fungal PBS


As previously described, plant biostimulants are formulated with diverse microorganisms and/or substances that are applied to crops; among fungal species, Trichoderma-based products have been particularly successful based on biostimulating activity and the capacity to control phytopathogenic fungi and ameliorate the tolerance to abiotic stresses [172]. Considered safe for humans, livestock, and crop plants, both solid and liquid formulations containing conidia can be used to produce suitable quantities of active and viable inocula for product formulation and field use. Biostimulant properties of Trichoderma depend on fungus–root communication via volatiles, ethylene, and auxins. Proteomic and genetic data suggest that Trichoderma activates different enzymes, DNA processing proteins, and transcription factors in plants.



Among the mutualistic associations, mycorrhizal fungi, to whom belong a heterogeneous group of taxa, establish symbiosis with over 90% of plant species. In particular, the arbuscule-forming mycorrhiza (AMF), a type of endomycorrhiza associated with the majority of crop plants, can act as biofertilizers by absorbing and translocating mineral nutrients to plants and induce changes in secondary metabolism leading to improved nutraceutical compounds. Additionally, by interfering with the phytohormone balance of the host, AMF may influence plant development (bioregulators), thus inducing tolerance to soil and environmental stresses (bioprotector) [80]. Beyond bioprotectant activity, it is noteworthy to add the role played by AMF in decreasing the detrimental effect of pollutants, such as heavy metals. In fact, the contaminants can be immobilized in fungal biomass, providing a further benefit to plants and introducing the possibility of utilizing mychorrized plants in phytoremediation [173].



Fungal compost may also play a positive role in phytoremediation. Spent compost (spent mushroom compost, SMC) of Pleurotus ostreatus was tested by Asemoloye et al. [174,175]. The effect of SMC on phytoremediation potential was determined in Megathyrsus maximus Jacq. (Guinea grass) grown in heavy metal- and PAH-polluted soils. The effect of SMC (0, 10, 20, 30, and 40%) treatments on chemical characteristics of the soil was determined through soil analysis before and after the experiment. The results suggested that SMC treatment modified soil chemical characteristics and improved plant growth, biomass production, and phytoremediation potential to different degrees concerning the amount of SMC applied to the soil. The positive action of SMC as organic compost may be based on the enhancement of the metal solubility and/or uptake by plants, through either metal chelator activity or stimulation of microbial activity in the rhizosphere. Moreover, the biostimulatory activity should also positively promote the co-degradation of hydrocarbon [174]. The authors suggested the utilization of SMC for soil stimulation and the improvement of phytoremediation.





4. Conclusions


The preservation of natural resources is a priority that can no longer be postponed due to their worrying state of degradation. The constant release and subsequent accumulation of toxic substances in the environment must undoubtedly be counted among the main causes of environmental degradation and deterioration of natural resources. Given the importance of these resources, one of the most relevant actions to be developed more carefully and then implemented concerns environmental remediation. To this end, new technologies are needed that are environmentally friendly and do not impact the environment. Furthermore, they should allow the effective removal and cleaning of sites polluted by contaminants.



Among green remediation technologies, phytoremediation has gained particular importance due to its economic sustainability and environmental friendliness. However, this technology still has some weaknesses, as it can be slow and ineffective in completely removing contaminants. Therefore, in this review, we have proposed biostimulants among the emerging tools that can improve phytoremediation and make it more effective. In fact, since these compounds are used to mitigate the effect of many different toxic substances on plants, the scientific literature shows that they can enhance the plant’s ability to remediate contaminated environments. The wide range of sources from which biostimulants can be obtained can offer the prospect of testing many PBs with different modes of action. In the present work, studies that have tested the effectiveness of PBs derived from humic substances, protein and amino acid hydrolysates, inorganic salts, microbes, seaweeds, plant extracts, and fungi in phytoremediation are reviewed and discussed. These studies highlight how biostimulants can, in some cases, promote pollutant uptake and increase the removal process, while helping the plant overcome the stress resulting from the presence of the xenobiotic. In other cases, PBs can limit the uptake of the contaminant, thus allowing the plant to better survive the resulting damage. In most of the cases analyzed, the choice of the right dosage of PB is critical to the success of the phytodepuration process. In some studies that considered environmental pollution from organic substances, the stimulatory action of PBs on pollutant biodegradation has been reported. This action is also due to the positive effect of PBs on the microbiota. Not all types of PBs have yet been tested in phytoremediation; further studies are needed to expand our knowledge in this field.



The many advantages of using biostimulants in phytoremediation have been extensively explained above. Summing them up briefly, these substances are able to reduce the toxicity of certain compounds in the plant, including by activating antioxidant-like responses. Moreover, the application of these compounds on the plant or on its growth medium is extremely easy, even on a full scale and in a real phytoremediation system, falling among the common agricultural practices. Finally, given the totally natural origin of PBs, their use does not adversely affect the environment, and it does not require their recovery. The only disadvantage lies in the additional costs, related to the purchase of PBs and to their application. However, in our opinion, which is based on the literature studies analyzed and reported in this review, this effort is definitely rewarded by the aforementioned positive effects.



Future perspectives. It is worth mentioning the possibility of obtaining bioactive substances from agroindustrial waste or by-products. This last challenge responds to the need to move towards a circular economy that allows the valorization of materials that otherwise would have to be disposed of, creating a further significant pressure on the environment. In addition, future research should be directed toward investigating the mechanisms of action that allow biostimulants to carry out a better cleaning of polluted environments.



Although studies reported here have shown that biostimulants can effectively improve the phytoremediation potential of some species or improve their tolerance to the toxicants, this is still an open field where substantial research work needs to be carried out to understand how the use of these materials could be optimized for a successful application in the field. In addition to laboratory experiments, the scaling up of phytoremediation systems using biostimulants is needed and would allow the determination of the real effectiveness of the systems proposed in this review.



We believe that the studies mentioned above are necessary to increase the knowledge in the area of phytoremediation assisted by PBs, and consequently to enable their real use in polluted environment cleanup practices.







Author Contributions


M.L.B., M.C. and C.F. contributed to the conception and design of the review, wrote the first draft of the manuscript, and revised it. D.D.B. contributed to the manuscript original draft preparation and revision. All authors have approved the submitted version of the MS and agree to be personally accountable for the authors’ own contributions and for ensuring that questions related to the accuracy or integrity of any part of the work are answered. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Conflicts of Interest


Authors declare no conflict of interest.




References


	



Nasrollahi, Z.; Mohadeseh-Sadat, H.; Saeed, B.; Vahid, M.T. Environmental pollution, economic growth, population, industrialization, and technology in weak and strong sustainability: Using STIRPAT model. Environ. Dev. Sustain. 2020, 22, 1105–1122. [Google Scholar] [CrossRef]

	



Destek, M.A.; Sarkodie, S.A. Investigation of environmental Kuznets curve for ecological footprint: The role of energy and financial development. Sci. Total Environ. 2019, 650, 2483–2489. [Google Scholar] [CrossRef]

	



Esso, L.J.; Keho, Y. Energy consumption, economic growth and carbon emissions: Cointegration and causality evidence from selected African countries. Energy 2016, 114, 492–497. [Google Scholar] [CrossRef]

	



Ozcan, B.; Tzeremes, P.G.; Tzeremes, N.G. Energy consumption, economic growth and environmental degradation in OECD countries. Econ. Model. 2020, 84, 203–213. [Google Scholar] [CrossRef]

	



Rahman, M.M. Environmental degradation: The role of electricity consumption, economic growth and globalisation. J. Environ. Manag. 2020, 253, 109742. [Google Scholar] [CrossRef] [PubMed]

	



Tyagi, S.; Garg, N.; Paudel, R. Environmental degradation: Causes and consequences. Eur. Res. 2014, 81, 1491–1498. [Google Scholar]

	



Ashraf, M.A.; Hanafiah, M.M. Sustaining life on earth system through clean air, pure water, and fertile soil. Environ. Sci. Pollut. Res. 2019, 26, 13679–13680. [Google Scholar] [CrossRef]

	



Panfili, I.; Bartucca, M.L.; Ballerini, E.; Del Buono, D. Combination of aquatic species and safeners improves the remediation of copper polluted water. Sci. Total Environ. 2017, 601–602, 1263–1270. [Google Scholar] [CrossRef] [PubMed]

	



Nazir, A.; Shafiq, M.; Bareen, F.E. Fungal biostimulant-driven phytoextraction of heavy metals from tannery solid waste contaminated soils. Int. J. Phytoremediat. 2022, 24, 47–58. [Google Scholar] [CrossRef]

	



Song, Z.; Shan, B.; Tang, W.; Zhang, C. Will heavy metals in the soils of newly submerged areas threaten the water quality of Danjiangkou Reservoir, China? Ecotoxicol. Environ. Saf. 2017, 144, 380–386. [Google Scholar] [CrossRef]

	



Arunakumara, K.K.I.U.; Walpola, B.C.; Yoon, M.H. Current status of heavy metal contamination in Asia’s rice lands. Rev. Environ. Sci. Biotechnol. 2013, 12, 355–377. [Google Scholar] [CrossRef]

	



Vareda, J.P.; Valente, A.J.; Durães, L. Assessment of heavy metal pollution from anthropogenic activities and remediation strategies: A review. J. Environ. Manag. 2019, 246, 101–118. [Google Scholar] [CrossRef] [PubMed]

	



Li, R.; Li, J.; Cui, L.; Wu, Y.; Fu, H.; Chen, J.; Chen, M. Atmospheric emissions of Cu and Zn from coal combustion in China: Spatio-temporal distribution, human health effects, and short-term prediction. Environ. Pollut. 2017, 229, 724–734. [Google Scholar] [CrossRef] [PubMed]

	



Shah, F.U.R.; Ahmad, N.; Masood, K.R.; Peralta-Videa, J.R. Heavy metal toxicity in plants. In Plant Adaptation and Phytoremediation; Ashraf, M., Ozturk, M., Ahmad, M.S.A., Eds.; Springer: Dordrecht, The Netherlands; Heidelberg, Germany; London, UK; New York, NY, USA, 2010; pp. 71–98. [Google Scholar]

	



Bartucca, M.L.; Celletti, S.; Mimmo, T.; Cesco, S.; Astolfi, S.; Del Buono, D. Terbuthylazineinterferes with ironnutrition in maize (Zeamays) plants. Acta Physiol. Plant. 2017, 39, 235. [Google Scholar] [CrossRef]

	



Bartucca, M.L.; Mimmo, T.; Cesco, S.; Panfili, I.; Del Buono, D. Effect of metribuzin on nitrogenmetabolism and iron acquisition in Zea mays. Chem. Ecol. 2019, 35, 720–731. [Google Scholar] [CrossRef]

	



Mostafalou, S.; Abdollahi, M. Pesticides: An update of human exposure and toxicity. Arch. Toxicol. 2017, 91, 549–599. [Google Scholar] [CrossRef] [PubMed]

	



Del Buono, D.; Astolfi, S.; Mimmo, T.; Bartucca, M.L.; Celletti, S.; Ciaffi, M.; Cesco, S. Effects of terbuthylazine on phytosiderophores release in iron deficient barley. Environ. Exp. Bot. 2015, 116, 32–38. [Google Scholar] [CrossRef]

	



Bartucca, M.L.; Del Buono, D. Effect of agrochemicals on biomass production and quality parameters of tobacco plants. J. Plant Nutr. 2020, 44, 1107–1119. [Google Scholar] [CrossRef]

	



Bartucca, M.L.; Di Michele, A.; Del Buono, D. Interference of three herbicides on iron acquisition in maize plants. Chemosphere 2018, 206, 424–431. [Google Scholar] [CrossRef]

	



Del Buono, D.; Terzano, R.; Panfili, I.; Bartucca, M.L. Phytoremediation and detoxification of xenobiotics in plants: Herbicide-safeners as a tool to improve plant efficiency in the remediation of polluted environments. A mini-review. Int. J. Phytoremediat. 2020, 22, 789–803. [Google Scholar] [CrossRef] [PubMed]

	



Nazir, M.S.; Mahdi, A.J.; Bilal, M.; Sohail, H.M.; Ali, N.; Iqbal, H.M. Environmental impact and pollution-related challenges of renewable wind energy paradigm–a review. Sci. Total Environ. 2019, 683, 436–444. [Google Scholar] [CrossRef] [PubMed]

	



Srinivas, R.; Singh, A.P.; Dhadse, K.; Garg, C. An evidence based integrated watershed modelling system to assess the impact of non-point source pollution in the riverine ecosystem. J. Clean. Prod. 2020, 246, 118963. [Google Scholar] [CrossRef]

	



Panfili, I.; Bartucca, M.L.; Del Buono, D. The treatment of duckweed with a plant biostimulant or a safener improves the plant capacity to clean water polluted by terbuthylazine. Sci. Total Environ. 2019, 646, 832–840. [Google Scholar] [CrossRef]

	



Lima, A.T.; Hofmann, A.; Reynolds, D.; Ptacek, C.J.; Van Cappellen, P.; Ottosen, L.M.; Pamukcu, S.; Alshawabekh, A.; O’Carroll, D.M.; Riis, C. Environmental electrokinetics for a sustainable subsurface. Chemosphere 2017, 181, 122–133. [Google Scholar] [CrossRef] [PubMed]

	



Wuana, R.A.; Okieimen, F.E. Phytoremediation potential of maize (Zea mays L.). A review. Afr. J. Agric. 2010, 6, 275–287. [Google Scholar]

	



Dhanwal, P.; Kumar, A.; Dudeja, S.; Chhokar, V.; Beniwal, V. Recent advances in phytoremediation technology. Adv. Environ. Biotechnol. 2017, 227–241. [Google Scholar] [CrossRef]

	



Gunarathne, V.; Mayakaduwa, S.; Ashiq, A.; Weerakoon, S.R.; Biswas, J.K.; Vithanage, M. Transgenic plants: Benefits, applications, and potential risks in phytoremediation. In Transgenic Plant Technology for Remediation of Toxic Metals and Metalloids; Prasad, M.N.V., Ed.; Hyderabad: Hyderabad, India; Elsevier: Amsterdam, The Netherlands, 2019; pp. 89–102. [Google Scholar] [CrossRef]

	



Sarma, H. Metal hyperaccumulation in plants: A review focusing on phytoremediation technology. J. Environ. Sci. Technol. 2011, 4, 118–138. [Google Scholar] [CrossRef]

	



Sakakibara, M.; Ohmori, Y.; Ha, N.T.H.; Sano, S.; Sera, K. Phytoremediation of heavy metal-contaminated water and sediment by Eleocharis acicularis. Clean Soil Air Water 2011, 39, 735–741. [Google Scholar] [CrossRef]

	



El Aafi, N.; Brhada, F.; Dary, M.; Maltouf, A.F.; Pajuelo, E. Rhizostabilization of metals in soils using Lupinus luteus inoculated with the metal resistant Rhizobacterium serratia sp. MSMC451. Int. J. Phytoremediat. 2012, 14, 261–274. [Google Scholar] [CrossRef]

	



Dangi, A.K.; Sharma, B.; Hill, R.T.; Shukla, P. Bioremediation through microbes: Systems biology and metabolic engineering approach. Crit. Rev. Biotechnol. 2019, 39, 79–98. [Google Scholar] [CrossRef] [PubMed]

	



Kumar, L.; Bharadvaja, N. Enzymatic bioremediation: A smart tool to fight environmental pollutants. In Smart Bioremediation Technologies; Elsevier BV: Amsterdam, The Netherlands, 2019; pp. 99–118. [Google Scholar]

	



Pannacci, E.; Del Buono, D.; Bartucca, M.L.; Nasini, L.; Proietti, P.; Tei, F. Herbicide uptake and regrowth ability of tall fescue and orchardgrass in s-metolachlor-contaminated leachates from sand pot experiment. Agriculture 2020, 10, 487. [Google Scholar] [CrossRef]

	



Bartucca, M.L.; Mimmo, T.; Cesco, S.; Del Buono, D. Nitrate removal from polluted water by using a vegetated floating system. Sci. Total Environ. 2016, 542, 803–808. [Google Scholar] [CrossRef] [PubMed]

	



Del Buono, D.; Pannacci, E.; Bartucca, M.L.; Nasini, L.; Proietti, P.; Tei, F. Use of two grasses for the phytoremediation of aqueous solutions polluted with terbuthylazine. Int. J. Phytoremediat. 2016, 18, 885–891. [Google Scholar] [CrossRef] [PubMed]

	



Mimmo, T.; Bartucca, M.L.; Del Buono, D.; Cesco, S. Italian ryegrass for the phytoremediation of solutions polluted with terbuthylazine. Chemosphere 2015, 119, 31–36. [Google Scholar] [CrossRef]

	



Pilon-Smits, E. Phytoremediation. Ann. Rev. Plant Biol. 2005, 56, 15–39. [Google Scholar] [CrossRef]

	



Farraji, H.; Zaman, N.Q.; Tajuddin, R.; Faraji, H. Advantages and disadvantages of phytoremediation: A concise review. Int. J. Environ. Technol. Sci. 2016, 2, 69–75. [Google Scholar]

	



Wei, Z.; Van Le, Q.; Peng, W.; Yang, Y.; Yang, H.; Gu, H.; Lam, S.S.; Sonne, C. A review on phytoremediation of contaminants in air, water and soil. J. Hazard. Mater. 2021, 403, 123658. [Google Scholar] [CrossRef] [PubMed]

	



Vamerali, T.; Bandiera, M.; Mosca, G. Field crops for phytoremediation of metal—contaminated land. A review. Environ. Chem. Lett. 2010, 8, 1–17. [Google Scholar] [CrossRef]

	



Farraji, H.; Robinson, B.; Mohajeri, P.; Abedi, T. Phytoremediation: Green technology for improving aquatic and terrestrial environments. Nippon. J. Environ. Sci. 2020, 1, 1–30. [Google Scholar] [CrossRef]

	



Baştabak, B.; Gödekmerdan, E.; Koçar, G. A holistic approach to soil contamination and sustainable phytoremediation with energy crops in the Aegean Region of Turkey. Chemosphere 2021, 276, 130192. [Google Scholar] [CrossRef]

	



Tripathi, R.D.; Srivastava, S.; Mishra, S.; Nandita, S.; Tuli, R.; Gupta, D.K.; Maathuis, F.J.M. Arsenic hazards: Strategies for tolerance and remediation by plants. Trends Biotechnol. 2007, 25, 4. [Google Scholar] [CrossRef] [PubMed]

	



Gunes, A.; Pilbeam, D.; Inal, A. Effect of arsenic-phosphorus interaction on arsenic-induced oxidative stress in chickpea plants. Plant Soil. 2009, 314, 211–220. [Google Scholar] [CrossRef]

	



Rahman, M.A.; Hasegawa, H.; Ueda, K.; Maki, T.; Okumura, C.; Rahman, M.M. Arsenic accumulation in duckweed (Spirodela polyrhiza L.): A good option for phytoremediation. Chemosphere 2007, 69, 493–499. [Google Scholar] [CrossRef] [PubMed]

	



Hwang, J.I.; Zimmerman, A.R.; Kim, J.E. Bioconcentration factor-based management of soil pesticide residues: Endosulfan uptake by carrot and potato plants. Sci. Total Environ. 2018, 627, 514–522. [Google Scholar] [CrossRef]

	



Daud, M.K.; Ali, S.; Abbas, Z.; Zaheer, I.E.; Riaz, M.A.; Malik, A.; Hussain, A.; Rizwan, M.; Zia-ur-Rehman, M.; Zhu, S.J. Potential of duckweed (Lemna minor) for the phytoremediation of landfill leachate. J. Chem. 2018, 2018, 3951540. [Google Scholar] [CrossRef]

	



Sytar, O.; Ghosh, S.; Malinska, H.; Zivcak, M.; Brestic, M. Physiological and molecular mechanisms of metal accumulation in hyperaccumulator plants. Physiol. Plant. 2021, 173, 148–166. [Google Scholar] [CrossRef]

	



Ekta, P.; Modi, N.R. A review of phytoremediation. J. Pharm. Phytochem. 2018, 7, 1485–1489. [Google Scholar]

	



El-Aassar, M.R.; Fakhry, H.; Elzain, A.A.; Farouk, H.; Hafez, E.E. Rhizofiltration system consists of chitosan and natural Arundo donax L. for removal of basic red dye. Int. J. Biol. Macromol. 2018, 120, 1508–1514. [Google Scholar] [CrossRef]

	



Zahoor, M.; Irshad, M.; Rahman, H.; Qasim, M.; Afridi, S.G.; Qadir, M.; Hussain, A. Alleviation of heavy metal toxicity and phytostimulation of Brassica campestris L. by endophytic Mucor sp. MHR-7. Ecotoxicol. Environ. Saf. 2017, 142, 139–149. [Google Scholar] [CrossRef]

	



Hauptvogl, M.; Kotrla, M.; Prčík, M.; Pauková, Ž.; Kováčik, M.; Lošák, T. Phytoremediation potential of fast-growing energy plants: Challenges and perspectives—A review. Pol. J. Environ. Stud. 2019, 29, 505–516. [Google Scholar] [CrossRef]

	



Mosa, K.A.; Saadoun, I.; Kumar, K.; Helmy, M.; Dhankher, O.P. Potential biotechnological strategies for the cleanup of heavy metals and metalloids. Front. Plant Sci. 2016, 7, 303. [Google Scholar] [CrossRef] [PubMed]

	



Taylor, V.L.; Cummins, I.; Brazier-Hicks, M.; Edwards, R. Protective responses induced by herbicide safeners in wheat. Env. Exp. Bot. 2013, 88, 93–99. [Google Scholar] [CrossRef]

	



Bartucca, M.L.; Celletti, S.; Astolfi, S.; Mimmo, T.; Cesco, S.; Panfili, I.; Del Buono, D. Effect of three safeners on sulfur assimilation and iron deficiency response in barley (Hordeum vulgare) plants. Pest Manag. Sci. 2017, 73, 240–245. [Google Scholar] [CrossRef]

	



Sivey, J.D.; Lehmler, H.-J.; Salice, C.J.; Ricko, A.N.; Cwiertny, D.M. Environmental fate and effects of dichloroacetamide herbicide safeners: ‘inert’ yet biologically active agrochemical ingredients. Environ. Sci. Technol. Lett. 2015, 2, 260–269. [Google Scholar] [CrossRef]

	



Maestri, E.; Marmiroli, N. Transgenic plants for phytoremediation. Int. J. Phytoremediat. 2011, 13 (Suppl. 1), 264–279. [Google Scholar] [CrossRef]

	



Doty, S.L. Enhancing phytoremediation through the use of transgenics and endophytes. New Phytol. 2008, 179, 318–333. [Google Scholar] [CrossRef] [PubMed]

	



Dhankher, O.P.; Pilon-Smits, E.A.; Meagher, R.B.; Doty, S. Biotechnological approaches for phytoremediation. In Plant Biotechnology and Agriculture; Oxford Academic Press: New York, NY, USA, 2011; pp. 309–328. [Google Scholar]

	



Rai, P.K.; Kim, K.H.; Lee, S.S.; Lee, J.H. Molecular mechanisms in phytoremediation of environmental contaminants and prospects of engineered transgenic plants/microbes. Sci. Total Environ. 2020, 705, 135858. [Google Scholar] [CrossRef]

	



Bell, T.H.; Joly, S.; Pitre, F.E.; Yergeau, E. Increasing phytoremediation efficiency and reliability using novel omics approaches. Trends Biotechnol. 2014, 32, 271–280. [Google Scholar] [CrossRef]

	



Parađiković, N.; Teklić, T.; Zeljković, S.; Lisjak, M.; Špoljarević, M. Biostimulants research in some horticultural plant species—A review. Food Energy Secur. 2019, 8, e00162. [Google Scholar] [CrossRef]

	



Dong, C.; Wang, G.; Du, M.; Niu, C.; Zhang, P.; Zhang, X.; Ma, D.; Ma, F.; Zhilong, B. Biostimulants promote plant vigor of tomato and strawberry after transplanting. Sci. Hortic. 2020, 267, 109355. [Google Scholar] [CrossRef]

	



Drobek, M.; Frąc, M.; Cybulska, J. Plant biostimulants: Importance of the quality and yield of horticultural crops and the improvement of plant tolerance to abiotic stress—A review. Agronomy 2019, 9, 335. [Google Scholar] [CrossRef]

	



Van Oosten, M.J.; Pepe, O.; De Pascale, S.; Silletti, S.; Maggio, A. The role of biostimulants and bioeffectors as alleviators of abiotic stress in crop plants. Chem. Biol. Technol. Agric. 2017, 4, 5. [Google Scholar] [CrossRef]

	



Sible, C.N.; Seebauer, J.R.; Below, F.E. Plant biostimulants: A categorical review, their implications for row crop production, and relation to soil health indicators. Agronomy 2021, 11, 1297. [Google Scholar] [CrossRef]

	



Del Buono, D. Can biostimulants be used to mitigate the effect of anthropogenic climate change on agriculture? It is time to respond. Sci. Total Environ. 2021, 751, 141763. [Google Scholar] [CrossRef]

	



Rouphael, Y.; Colla, G. Synergistic biostimulatory action: Designing the next generation of plant biostimulants for sustainable agriculture. Front. Plant Sci. 2018, 9, 1655. [Google Scholar] [CrossRef]

	



Calvo, P.; Nelson, L.; Kloepper, J.W. Agricultural uses of plant biostimulants. Plant Soil 2014, 383, 3–41. [Google Scholar] [CrossRef]

	



Puglia, D.; Pezzolla, D.; Gigliotti, G.; Torre, L.; Bartucca, M.L.; Del Buono, D. The opportunity of valorizing agricultural waste, through its conversion into biostimulants, biofertilizers, and biopolymers. Sustainability 2021, 13, 2710. [Google Scholar] [CrossRef]

	



La Torre, A.; Battaglia, V.; Caradonia, F. An overview of the current plant biostimulant legislations in different European Member States. J. Sci. Food Agric. 2016, 96, 727–734. [Google Scholar] [CrossRef]

	



Du Jardin, P. Plant biostimulants: Definition, concept, main categories and regulation. Sci. Hortic. 2015, 196, 3–14. [Google Scholar] [CrossRef]

	



Koleška, I.; Hasanagić, D.; Todorović, V.; Murtić, S.; Klokić, I.; Parađiković, N.; Kukavica, B. Biostimulant prevents yield loss and reduces oxidative damage in tomato plants grown on reduced NPK nutrition. J. Plant Interact. 2017, 12, 209–218. [Google Scholar] [CrossRef]

	



Yakhin, O.I.; Lubyanov, A.A.; Yakhin, I.A.; Brown, P.H. Biostimulants in plant science: A global perspective. Front. Plant Sci. 2017, 7, 2049. [Google Scholar] [CrossRef] [PubMed]

	



Del Buono, D.; Regni, L.; Del Pino, A.M.; Bartucca, M.L.; Palmerini, C.A.; Proietti, P. Effects of megafol on the olive cultivar ‘Arbequina’ grown under severe saline stress in terms of physiological traits, oxidative stress, antioxidant defenses, and cytosolic Ca2+. Front. Plant Sci. 2020, 11, 603576. [Google Scholar] [CrossRef] [PubMed]

	



Goñi, O.; Quille, P.; O’Connell, S. Ascophyllum nodosum extract biostimulants and their role in enhancing tolerance to drought stress in tomato plants. Plant Physiol. Biochem. 2018, 126, 63–73. [Google Scholar] [CrossRef] [PubMed]

	



Canellas, L.P.; Olivares, F.L.; Aguiar, N.O.; Jones, D.L.; Nebbioso, A.; Mazzei, P.; Piccolo, A. Humic and fulvic acids as biostimulants in horticulture. Sci. Hortic. 2015, 196, 15–27. [Google Scholar] [CrossRef]

	



Canellas, L.P.; Canellas, N.O.; Irineu, L.E.S.D.S.; Olivares, F.L.; Piccolo, A. Plant chemical priming by humic acids. Chem. Biol. Technol. Agric. 2020, 7, 12. [Google Scholar] [CrossRef]

	



Rouphael, Y.; Franken, P.; Schneider, C.; Schwarz, D.; Giovannetti, M.; Agnolucci, M.; De Pascale, S.; Bonini, P.; Colla, G. Arbuscular mycorrhizal fungi act as biostimulants in horticultural crops. Sci. Hortic. 2015, 196, 91–108. [Google Scholar] [CrossRef]

	



Hamid, B.; Zaman, M.; Farooq, S.; Fatima, S.; Sayyed, R.Z.; Baba, Z.A.; Sheikh, T.A.; Reddy, M.S.; El Enshasy, H.; Gafur, A.; et al. Bacterial Plant Biostimulants: A sustainable way towards improving growth, productivity, and health of crops. Sustainability 2021, 13, 2856. [Google Scholar] [CrossRef]

	



Alharby, H.F.; Al-Zahrani, H.S.; Hakeem, K.R.; Alsamadany, H.; Desoky, E.S.M.; Rady, M.M. Silymarin-enriched biostimulant foliar application minimizes the toxicity of cadmium in maize by suppressing oxidative stress and elevating antioxidant gene expression. Biomolecules 2021, 11, 465. [Google Scholar] [CrossRef]

	



Panfili, I.; Bartucca, M.L.; Marrollo, G.; Povero, G.; Del Buono, D. Application of a plant biostimulant to improve maize (Zea mays) tolerance to metolachlor. J. Agric. Food Chem. 2019, 67, 12164–12171. [Google Scholar] [CrossRef]

	



Constantin, J.; de Oliveira, R.S.E., Jr.; Gheno, E.A.; Biffe, D.F.; Braz, G.B.P.; Weber, F.; Takano, H.K. Prevention of yield losses caused by glyphosate in soybeans with biostimulant. Afr. J. Agric. Res. 2016, 11, 1601–1607. [Google Scholar]

	



Santos, A.; Freitas, F.C.L.; Santos, I.T.; Silva, D.C.; Alcantara-De la Cruz, R.; Ferreira, L.R. Use of Fertiactyl Pós® for protection of Eucalyptus plants subjected to herbicide drift. Planta Daninha 2020, 38, e020176980. [Google Scholar] [CrossRef]

	



Balabanova, D.A.; Paunov, M.; Goltsev, V.; Cuypers, A.; Vangronsveld, J.; Vassilev, A. Photosynthetic performance of the imidazolinone resistant sunflower exposed to single and combined treatment by the herbicide imazamox and an amino acid extract. Front. Plant Sci. 2016, 7, 1559. [Google Scholar] [CrossRef] [PubMed]

	



Tejada, M.; García-Martínez, A.M.; Gómez, I.; Parrado, J. Application of MCPA herbicide on soils amended with biostimulants: Short-time effects on soil biological properties. Chemosphere 2010, 80, 1088–1094. [Google Scholar] [CrossRef] [PubMed]

	



Rodríguez-Morgado, B.; Gómez, I.; Parrado, J.; Tejada, M. Behaviour of oxyfluorfen in soils amended with edaphic biostimulants/biofertilizers obtained from sewage sludge and chicken feathers. Effects on soil biological properties. Environ. Sci. Pollut. Res. 2014, 21, 11027–11035. [Google Scholar] [CrossRef]

	



Kanissery, R.G.; Sims, G.K. Biostimulation for the enhanced degradation of herbicides in soil. Appl. Environ. Soil Sci. 2011, 2011, 843450. [Google Scholar] [CrossRef]

	



Lipczynska-Kochany, E. Humic substances, their microbial interactions and effects on biological transformations of organic pollutants in water and soil: A review. Chemosphere 2018, 202, 420–437. [Google Scholar] [CrossRef] [PubMed]

	



Berbara, R.L.; García, A.C. Humic substances and plant defense metabolism. In Physiological Mechanisms and Adaptation Strategies in Plants under Changing Environment; Springer: New York, NY, USA, 2014; pp. 297–319. [Google Scholar]

	



Mosa, A.A.; Taha, A.; Elsaeid, M. Agro-environmental applications of humic substances: A critical review. Egypt. J. Soil Sci. 2020, 60, 207–220. [Google Scholar] [CrossRef]

	



Pittarello, M.; Busato, J.G.; Carletti, P.; Sodré, F.F.; Dobbss, L.B. Dissolved humic substances supplied as potential enhancers of Cu, Cd, and Pb adsorption by two different mangrove sediments. J. Soils Sediment 2019, 19, 1554–1565. [Google Scholar] [CrossRef]

	



Pittarello, M.; Busato, J.G.; Carletti, P.; Zanetti, L.V.; da Silva, J.; Dobbss, L.B. Effects of different humic substances concentrations on root anatomy and Cd accumulation in seedlings of Avicennia germinans (black mangrove). Mar. Pollut. Bull. 2018, 130, 113–122. [Google Scholar] [CrossRef] [PubMed]

	



Dobbss, L.B.; Dos Santos, T.C.; Pittarello, M.; de Souza, S.B.; Ramos, A.C.; Busato, J.G. Alleviation of iron toxicity in Schinus terebinthifolius Raddi (Anacardiaceae) by humic substances. Environ. Sci. Pollut. Res. 2018, 25, 9416–9425. [Google Scholar] [CrossRef] [PubMed]

	



Fiorentino, N.; Ventorino, V.; Rocco, C.; Cenvinzo, V.; Agrelli, D.; Gioia, L.; Di Mola, I.; Adamo, P.; Pepe, O.; Fagnano, M. Giant reed growth and effects on soil biological fertility in assisted phytoremediation of an industrial polluted soil. Sci. Total Environ. 2017, 575, 1375–1383. [Google Scholar] [CrossRef]

	



Evangelou, M.W.; Daghan, H.; Schaeffer, A. The influence of humic acids on the phytoextraction of cadmium from soil. Chemosphere 2004, 57, 207–213. [Google Scholar] [CrossRef] [PubMed]

	



Sung, K.; Kim, K.S.; Park, S. Enhancing degradation of total petroleum hydrocarbons and uptake of heavy metals in a wetland microcosm planted with Phragmites communis by humic acids addition. Int. J. Phytoremediat. 2013, 15, 536–549. [Google Scholar] [CrossRef] [PubMed]

	



Bandiera, M.; Mosca, G.; Vamerali, T. Humic acids affect root characteristics of fodder radish (Raphanus sativus L. var. oleiformis Pers.) in metal-polluted wastes. Desalination 2009, 246, 78–91. [Google Scholar] [CrossRef]

	



Moreno, F.N.; Anderson, C.W.; Stewart, R.B.; Robinson, B.H.; Ghomshei, M.; Meech, J.A. Induced plant uptake and transport of mercury in the presence of sulphur-containing ligands and humic acid. New Phytol. 2005, 166, 445–454. [Google Scholar] [CrossRef]

	



Colla, G.; Nardi, S.; Cardarelli, M.; Ertani, A.; Lucini, L.; Canaguier, R.; Rouphael, Y. Protein hydrolysates as biostimulants in horticulture. Sci. Hortic. 2015, 196, 28–38. [Google Scholar] [CrossRef]

	



Rouphael, Y.; Carillo, P.; Cristofano, F.; Cardarelli, M.; Colla, G. Effects of vegetal-versus animal-derived protein hydrolysate on sweet basil morpho-physiological and metabolic traits. Sci. Hortic. 2021, 284, 110123. [Google Scholar] [CrossRef]

	



Ugolini, L.; Cinti, S.; Righetti, L.; Stefan, A.; Matteo, R.; D’Avino, L.; Lazzeri, L. Production of an enzymatic protein hydrolyzate from defatted sunflower seed meal for potential application as a plant biostimulant. Ind. Crops Prod. 2015, 75, 15–23. [Google Scholar] [CrossRef]

	



Colla, G.; Hoagland, L.; Ruzzi, M.; Cardarelli, M.; Bonini, P.; Canaguier, R.; Rouphael, Y. Biostimulant action of protein hydrolysates: Unraveling their effects on plant physiology and microbiome. Front. Plant Sci. 2017, 8, 2202. [Google Scholar] [CrossRef]

	



Varadarajan, D.K.; Karthikeyan, A.S.; Matilda, P.D.; Raghothama, K.G. Phosphite, an analog of phosphate, suppresses the coordinated expression of genes under phosphate starvation. Plant Physiol. 2002, 129, 1232–1240. [Google Scholar] [CrossRef]

	



Gómez-Merino, F.C.; Trejo-Téllez, L.I. Biostimulant activity of phosphite in horticulture. Sci. Hortic. 2015, 196, 82–90. [Google Scholar] [CrossRef]

	



Olaifa, F.E.; Omekam, A.J. Studies on phytoremediation of copper using Pteridium aquilinum (bracken fern) in the presence of biostimulants and bioassay using Clarias gariepinus juveniles. Int. J. Phytoremediat. 2014, 16, 219–234. [Google Scholar] [CrossRef] [PubMed]

	



Ndimele, P.E.; Jenyo-Oni, A.; Chukwuka, K.S.; Ndimele, C.C.; Ayodele, I.A. Does fertilizer (N15P15K15) amendment enhance phytoremediation of petroleum-polluted aquatic ecosystem in the presence of water Hyacinth (Eichhornia crassipes [Mart.] Solms)? Environ. Technol. 2015, 36, 2502–2514. [Google Scholar] [CrossRef]

	



Guo, J.M.; Lei, M.; Yang, J.X.; Yang, J.; Wan, X.M.; Chen, T.-B.; Zhou, X.-Y.; Gu, S.-P.; Guo, G.H. Effect of fertilizers on the Cd uptake of two sedum species (Sedum spectabile Boreau and Sedum aizoon L.) as potential Cd accumulators. Ecol. Eng. 2017, 106, 409–414. [Google Scholar] [CrossRef]

	



Zhou, G.; Guo, J.; Yang, J. Effect of fertilizers on Cd accumulation and subcellular distribution of two cosmos species (Cosmos sulphureus and Cosmos bipinnata). Int. J. Phytoremediat. 2018, 20, 930–938. [Google Scholar] [CrossRef] [PubMed]

	



Wang, J.; Chen, X.; Chi, Y.; Chu, S.; Hayat, K.; Zhi, Y.; Hayat, S.; Terziev, D.; Zhang, D.; Zhou, P. Optimization of NPK fertilization combined with phytoremediation of cadmium contaminated soil by orthogonal experiment. Ecotoxicol. Environ. Saf. 2020, 189, 109997. [Google Scholar] [CrossRef]

	



Pogrzeba, M.; Rusinowski, S.; Sitko, K.; Krzyzak, J.; Skalska, A.; Malkowski, E.; Ciszek, D.; Werle, S.; McCalmont, J.P.; Mos, M.; et al. Relationships between soil parameters and physiological status of Miscanthus × giganteus cultivated on soil contaminated with trace elements under NPK fertilisation vs. microbial inoculation. Environ. Pollut. 2017, 225, 163–174. [Google Scholar] [CrossRef]

	



Navarro-León, E.; López-Moreno, F.J.; Rios, J.J.; Blasco, B.; Ruiz, J.M. Assaying the use of sodium thiosulphate as a biostimulant and its effect on cadmium accumulation and tolerance in Brassica oleracea plants. Ecotoxicol. Environ. Saf. 2020, 200, 110760. [Google Scholar] [CrossRef]

	



Grifoni, M.; Schiavon, M.; Pezzarossa, B.; Petruzzelli, G.; Malagoli, M. Effects of phosphate and thiosulphate on arsenic accumulation in the species Brassica juncea. Environ. Sci. Pollut. Res. 2015, 22, 2423–2433. [Google Scholar] [CrossRef]

	



Liu, Z.; Wang, L.; Ding, S.; Xiao, H. Enhancer assisted-phytoremediation of mercury contaminated soils by Oxalis corniculata L., and rhizosphere microorganism distribution of Oxalis corniculata L. Ecotoxi. Environ. Saf. 2018, 160, 171–177. [Google Scholar] [CrossRef]

	



Ondrasek, G.; Romic, D.; Rengel, Z. Interactions of humates and chlorides with cadmium drive soil cadmium chemistry and uptake by radish cultivars. Sci. Total Environ. 2020, 702, 134887. [Google Scholar] [CrossRef] [PubMed]

	



Rehman, S.; Abbas, G.; Shahid, M.; Saqib, M.; Farooq, A.B.U.; Hussain, M.; Murtaza, B.; Amjad, M.; Naeem, M.A.; Farooq, A. Effect of salinity on cadmium tolerance, ionic homeostasis and oxidative stress responses in conocarpus exposed to cadmium stress: Implications for phytoremediation. Ecotoxicol. Environ. Saf. 2019, 171, 146–153. [Google Scholar] [CrossRef] [PubMed]

	



Abdal, N.; Abbas, G.; Asad, S.A.; Ghfar, A.A.; Shah, G.M.; Rizwan, M.; Ali, S.; Shahbaz, M. Salinity mitigates cadmium-induced phytotoxicity in quinoa (Chenopodium quinoa Willd.) by limiting the Cd uptake and improved responses to oxidative stress: Implications for phytoremediation. Environ. Geochem. Health, 2021; Epub ahead of print. [Google Scholar] [CrossRef]

	



Radziemska, M.; Bęś, A.; Gusiatin, Z.M.; Sikorski, Ł.; Brtnicky, M.; Majewski, G.; Liniauskienė, E.; Pecina, V.; Datta, R.; Bilgin, A.; et al. Successful outcome of phytostabilization in Cr(VI) contaminated soils amended with alkalizing additives. Int. J. Environ. Res. Public Health 2020, 17, 6073. [Google Scholar] [CrossRef]

	



Ahmad, I.; Pichtel, J.; Hayat, S. Plant-Bacteria Interactions. Strategies and Techniques to Promote Plant Growth; Wiley-VCH Verlag GmbH & Co. Germany: Weinheim, Germany, 2008. [Google Scholar]

	



Forni, C.; Duca, D.; Glick, B.R. Mechanisms of plant response to salt and drought stress and their alteration by rhizobacteria. Plant Soil 2017, 410, 335–356. [Google Scholar] [CrossRef]

	



Gamalero, E.; Berta, G.; Massa, N.; Glick, B.R.; Lingua, G. Interactions between Pseudomonas putida UW4 and Gigaspora rosea BEG9 and their consequences for the growth of cucumber under salt-stress conditions. J. Appl. Microbiol. 2009, 108, 236–245. [Google Scholar] [CrossRef]

	



Pellegrini, M.; Pagnani, G.; Rossi, M.; D’Egidio, S.; Del Gallo, M.; Forni, C. Daucus carota L. seed inoculation with a consortium of bacteria improves plant growth and soil fertility status and microbial community. Appl. Sci. 2021, 11, 3274. [Google Scholar] [CrossRef]

	



Stassinos, P.M.; Rossi, M.; Borromeo, I.; Capo, C.; Beninati, S.; Forni, C. Amelioration of salt stress tolerance in rapeseed (Brassica napus) cultivars by seed inoculation with Arthrobacter globiformis. Plant Biosyst. 2022, 156, 370–383. [Google Scholar] [CrossRef]

	



Ashraf, M.A.; Hussain, I.; Rasheed, R.; Iqbal, M.; Riaz, M.; Arif, M.S. Advances in microbe-assisted reclamation of heavy metal contaminated soils over the last decade: A review. J. Environ. Manag. 2017, 198, 132–143. [Google Scholar] [CrossRef] [PubMed]

	



Glick, B.R. Using soil bacteria to facilitate phytoremediation. Biotechnol. Adv. 2010, 28, 367–374. [Google Scholar] [CrossRef]

	



Paço, A.; da-Silva, J.R.; Pereira Torres, D.; Glick, B.R.; Brígido, C. Exogenous ACC deaminase is key to improving the performance of pasture legume-rhizobial symbioses in the presence of a high manganese concentration. Plants 2020, 9, 1630. [Google Scholar] [CrossRef]

	



Li, L.; Wang, S.; Li, X.; Li, T.; He, X.; Tao, Y. Effects of Pseudomonas chenduensis and biochar on cadmium availability and microbial community in the paddy soil. Sci. Total Environ. 2018, 640, 1034–1043. [Google Scholar] [CrossRef] [PubMed]

	



Lin, X.; Mou, R.; Cao, Z.; Xu, P.; Wu, X.; Zhu, Z.; Chen, M. Characterization of cadmium-resistant bacteria and their potential for reducing accumulation of cadmium in rice grains. Sci. Total Environ. 2016, 569–570, 97–104. [Google Scholar] [CrossRef] [PubMed]

	



Mitra, S.; Pramanik, K.; Sarkar, A.; Kumar Ghosh, P.; Soren, T.; Kanti Maiti, T. Bioaccumulation of cadmium by Enterobacter sp. and enhancement of rice seedling growth under cadmium stress. Ecotoxicol. Environ. Saf. 2018, 156, 183–196. [Google Scholar] [CrossRef]

	



Pramanik, K.; Mitra, S.; Sarkar, A.; Maiti, T.K. Alleviation of phytotoxic effects of cadmium on rice seedlings by cadmium resistant PGPR strain Enterobacter aerogenes MCC 3092. J. Hazard. Mater. 2018, 351, 317–329. [Google Scholar] [CrossRef] [PubMed]

	



Bafana, A.; Krishnamurthi, K.; Patil, M.; Chakrabarti, T. Heavy metal resistance in Arthrobacter ramosus strain G2 isolated from mercuric salt-contaminated soil. J. Hazard. Mater. 2010, 177, 481–486. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Q.; Zhang, J.; Zhao, B.; Xin, X.; Zhang, C.; Zhang, H. The influence of long-term fertilization on cadmium (Cd) accumulation in soil and its uptake by crops. Environ. Sci. Pollut. Res. 2014, 21, 10377–10385. [Google Scholar] [CrossRef] [PubMed]

	



Jiang, A.; Yu, Z.; Wang, C.H. Bioaccumulation of cadmium in the ascidian Styela clava (Herdman 1881). Afr. J. Mar. Sci. 2009, 31, 289–295. [Google Scholar] [CrossRef]

	



Reddy, K.R.; Chinthamreddy, S.; Saichek, R.E. Nutrient amendment for the bioremediation of a Chromium-contaminated soil by electrokinetics. Energy Sources 2003, 25, 931–943. [Google Scholar] [CrossRef]

	



Backer, R.; Rockem, J.S.; Ilangumaran, G.; Lamont, J.; Praslickova, D.; Ricci, E.; Subramanian, S.; Smith, D.L. PGPR: Biostimulants for sustainable agriculture and promoting early colonization of the rhizosphere with beneficial microorganisms. Front. Plant Sci. 2018, 9, 1473. [Google Scholar] [CrossRef]

	



Ma, H.; Wei, M.; Wang, Z.; Hou, S.; Li, X.; Xu, H. Bioremediation of cadmium polluted soil using a novel cadmium immobilizing plant growth promotion strain Bacillus sp. TZ5 loaded on biochar. J. Hazard. Mater. 2020, 388, 122065. [Google Scholar] [CrossRef]

	



Naseem, H.; Ahsan, M.; Shahid, M.A.; Khan, N. Exopolysaccharides producing rhizobacteria and their role in plant growth and drought tolerance. J. Basic Microbiol. 2018, 58, 1009–1022. [Google Scholar] [CrossRef] [PubMed]

	



Forni, C.; Haegi, A.; Del Gallo, M.; Grilli Caiola, M. Production of polysaccharides by Arthrobacter globiformis associated with Anabaena azollae in Azolla leaf cavity. FEMS Microbiol. Lett. 1992, 93, 269–274. [Google Scholar] [CrossRef]

	



Ojuederie, O.B.; Babalola, O. Microbial and Plant-Assisted Bioremediation of Heavy Metal Polluted Environments: A Review. Int. J. Environ. Res. Public Health 2017, 14, 1504. [Google Scholar] [CrossRef] [PubMed]

	



Gupta, P.; Diwan, P. Bacterial Exopolysaccharide mediated heavy metal removal: A review on biosynthesis, mechanism and remediation strategies. Biotechnol. Rep. 2017, 13, 58–71. [Google Scholar] [CrossRef]

	



Chibuike, G.U.; Obiora, S.C. Heavy metal polluted soils: Effect on plants and bioremediation methods. Appl. Environ. Soil Sci. 2014, 2014, 752708. [Google Scholar] [CrossRef]

	



Poveda, J. Cyanobacteria in plant health: Biological strategy against abiotic and biotic stresses. Crop Prot. 2021, 14, 105450. [Google Scholar] [CrossRef]

	



Garlapati, D.; Chandrasekaran, M.; Devanesan, A.; Mathimani, T.; Pugazhendhi, A. Role of cyanobacteria in agricultural and industrial sectors: An outlook on economically important byproducts. Appl. Microbiol. Biotechnol. 2019, 103, 4709–4721. [Google Scholar] [CrossRef]

	



Zahra, Z.; Choo, D.H.; Lee, H.; Parveen, A. Cyanobacteria: Review of current potentials and applications. Environments 2020, 7, 13. [Google Scholar] [CrossRef]

	



Kaur, R.; Goyal, D. Heavy metal accumulation from coal fly ash by cyanobacterial biofertilizers. Part. Sci. Technol. 2018, 36, 513–516. [Google Scholar] [CrossRef]

	



Singh, J.S.; Kumar, A.; Rai, A.N.; Singh, D.P. Cyanobacteria: A precious bio-resource in agriculture, ecosystem, and environmental sustainability. Front. Microbiol. 2016, 7, 529. [Google Scholar] [CrossRef]

	



De Philippis, R.; Colica, G.; Micheletti, E. Exopolysaccharide-producing cyanobacteria in heavy metal removal from water: Molecular basis and practical applicability of the biosorption process. Appl. Microbiol. Biotechnol. 2011, 92, 697–708. [Google Scholar] [CrossRef] [PubMed]

	



Ozturk, S.; Aslim, B. Modification of exopolysaccharide composition and production by three cyanobacterial isolates under salt stress. Environ. Sci. Pollut. Res. 2009, 17, 595–602. [Google Scholar] [CrossRef] [PubMed]

	



Seifikalhor, M.; Hassani, S.B.; Aliniaeifard, S. Seed priming by Cyanobacteria (Spirulina platensis) and salep gum enhances tolerance of maize plant against Cadmium toxicity. J. Plant Growth Regul. 2019, 39, 1009–1021. [Google Scholar] [CrossRef]

	



Faisal, M.; Hameed, A.; Hasnain, S. Chromium-resistant bacteria and cyanobacteria: Impact on Cr (VI) reduction potential and plant growth. J. Ind. Microbiol. Biotechnol. 2005, 32, 615–621. [Google Scholar] [CrossRef] [PubMed]

	



Aminfarzaneh, H.; Duygu, E. The effect of salicylic acid and triacontanol on biomass production andimidaclopirid removal capacity by cyanobacteria. Commun. Fac. Sci. Univ. Ank. Ser. 2010, 22, 15–31. [Google Scholar]

	



Tiwari, B.; Singh, S.; Chakraborty, S.; Verma, E.; Mishra, A.K. Sequential role of biosorption and biodegradation in rapid removal degradation and utilization of methyl parathion as a phosphate source by a new cyanobacterial isolate Scytonema sp. BHUS-5. Int. J. Phytoremediat. 2017, 19, 884–893. [Google Scholar] [CrossRef]

	



Tiwari, B.; Chakraborty, S.; Srivastava, A.K.; Mishra, A.K. Biodegradation and rapid removal of methyl parathion by the paddy field cyanobacterium Fischerella sp. Algal Res. 2017, 25, 285–296. [Google Scholar] [CrossRef]

	



Zanchett, G.; Oliveira-Filho, E.C. Cyanobacteria and cyanotoxins: From impacts on aquatic ecosystems and human health to anticarcinogenic effects. Toxins 2013, 5, 1896–1917. [Google Scholar] [CrossRef]

	



Chekroun, K.B.; Mourad, B. The role of algae in phytoremediation of heavy metals: A review. J. Mater. Environ. Sci. 2013, 4, 873–880. [Google Scholar]

	



Abbas, S.H.; Ismail, I.M.; Mostafa, T.M.; Sulaymon, A.H. Biosorption of heavy metals: A review. J. Chem. Sci. Technol. 2014, 3, 74–102. [Google Scholar]

	



Mustapha, M.U.; Halimoon, N. Microorganisms and biosorption of heavy metals in the environment: A review paper. J. Microb. Biochem. Technol. 2015, 7, 253–256. [Google Scholar] [CrossRef]

	



Shekhar Sharma, H.S.; Fleming, C.; Selby, C.; Rao, J.R.; Martin, T. Plant biostimulants: A review on the processing of macroalgae and use of extracts for crop management to reduce abiotic and biotic stresses. J. Appl. Phycol. 2014, 26, 465–490. [Google Scholar] [CrossRef]

	



Trejo Valencia, R.; Sánchez Acosta, L.; Fortis Hernández, M.; Preciado Rangel, P.; Gallegos Robles, Á.M.; Antonio Cruz, D.R.; Vázquez Vázquez, C. Effect of seaweed aqueous extracts and compost on vegetative growth, yield, and nutraceutical quality of cucumber (Cucumis sativus L.) fruit. Agronomy 2018, 8, 264. [Google Scholar] [CrossRef]

	



Frioni, T.; Sabbatini, P.; Tombesi, S.; Norrie, J.; Poni, S.; Gatti, M.; Palliotti, A. Effects of a biostimulant derived from the brown seaweed Ascophyllum nodosum on ripening dynamics and fruit quality of grapevines. Sci. Hortic. 2018, 232, 97–106. [Google Scholar] [CrossRef]

	



EL Boukhari, M.E.M.; Barakate, M.; Bouhia, Y.; Lyamlouli, K. Trends in seaweed extract based biostimulants: Manufacturing process and beneficial effect on soil-plant systems. Plants 2020, 9, 359. [Google Scholar] [CrossRef]

	



Stirk, W.A.; Novak, O.; Hradecka, V.; Pencik, A.; Rolcik, J.; Strnad, M.; Van Staden, J. Endogenous cytokinins, auxins and abscisic acid in Ulva fasciata (Chlorophyta) and Dictyotahumifusa (Phaeophyta): Towards understanding their biosynthesis and homoeostasis. Eur. J. Phycol. 2009, 44, 231–240. [Google Scholar] [CrossRef]

	



Zerrifi, S.E.A.; El Khalloufi, F.; Oudra, B.; Vasconcelos, V. Seaweed bioactive compounds against pathogens and microalgae: Potential uses on pharmacology and harmful algae bloom control. Mar. Drugs 2018, 16, 55. [Google Scholar] [CrossRef]

	



Hu, R.; Wang, H.; Liu, Q.; Lin, L.; Liao, M.A.; Deng, H.; Wang, Z.; Liang, D.; Wang, X.; Xia, H.; et al. An algal biostimulant promotes growth and decreases cadmium uptake in accumulator plant Nasturtium officinale. Int. J. Environ. Anal. Chem. 2020. [Google Scholar] [CrossRef]

	



Saa, S.; Rio, O.D.; Castro, S.; Brown, P.H. Foliar application of microbial and plant based biostimulants increases growth and potassium uptake in almond (Prunus dulcis [Mill.] DA Webb). Front. Plant Sci. 2015, 6, 87. [Google Scholar] [CrossRef]

	



Arnao, M.B.; Hernández-Ruiz, J. Melatonin as a chemical substance or as phytomelatonin rich-extracts for use as plant protector and/or biostimulant in accordance with EC legislation. Agronomy 2019, 9, 570. [Google Scholar] [CrossRef]

	



Li, Y.; Wang, Y.; Khan, M.A.; Luo, W.; Xiang, Z.; Xu, W.; Zhong, B.; Ma, J.; Ye, Z.; Zhu, Y.; et al. Effect of plant extracts and citric acid on phytoremediation of metal-contaminated soil. Ecotoxicol. Environ. Saf. 2021, 211, 111902. [Google Scholar] [CrossRef] [PubMed]

	



Heaton, E.A.; Dohleman, F.G.; Miguez, A.F.; Juvik, J.A.; Lozovaya, V.; Widholm, J.; Zabotina, O.A.; Mcisaac, G.F.; David, M.B.; Voigt, T.B.; et al. Miscanthus: A promising biomass crop. In Advances in Botanical Research; Academic Press: New York, NY, USA, 2010; Volume 56, pp. 75–137. [Google Scholar]

	



Técher, D.; Laval-Gilly, P.; Henry, S.; Bennasroune, A.; Formanek, P.; Martinez-Choice, C.; D’Innocenzo, M.; Muanda, F.; Dicko, A.; Rejšek, K.; et al. Contribution of Miscanthus × giganteus root exudates to the biostimulation of PAH degradation: An in vitro study. Sci. Total Environ. 2011, 409, 4489–4495. [Google Scholar] [CrossRef]

	



Luziatelli, F.; Ficca, A.G.; Colla, G.; Baldassarre Švecová, E.; Ruzzi, M. Foliar application of vegetal-derived bioactive compounds stimulates the growth of beneficial bacteria and enhances microbiome biodiversity in lettuce. Front. Plant Sci. 2019, 10, 60. [Google Scholar] [CrossRef]

	



López-Bucio, J.; Pelagio-Flores, R.; Herrera-Estrella, A. Trichoderma as biostimulant: Exploiting the multilevel properties of a plant beneficial fungus. Sci. Hortic. 2015, 196, 109–123. [Google Scholar] [CrossRef]

	



Garg, N.; Chandel, S. Arbuscular mycorrhizal networks: Process and function. A review. Agron. Sustain. Dev. 2010, 30, 581–599. [Google Scholar] [CrossRef]

	



Asemoloye, M.D.; Jonathan, S.G.; Jayeola, A.A.; Ahmad, R. Mediational influence of spent mushroom compost on phytoremediation of black-oil hydrocarbon polluted soil and response of Megathyrsus maximus. J. Environ. Manag. 2017, 200, 253–262. [Google Scholar] [CrossRef] [PubMed]

	



Asemoloye, M.D.; Chukwuka, K.S. Spent mushroom compost enhances plant response and phytoremediation of heavy metal polluted soil. J. Plant Nutr. Soil Sci. 2020, 183, 492–499. [Google Scholar] [CrossRef]








[image: Plants 11 01946 g001 550] 





Figure 1. Beneficial effects of different origin PBs on plant response to stress and phytoremediation activity. 
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Table 1. Advantages and disadvantages of phytoremediation.
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	Advantages
	Disadvantages





	Suitable for various types of contaminants (organic substances, metals, metalloids, dyes, hydrocarbons, radioactive substances)
	Not applicable in some circumstances (for example, when contaminants are found in deep soil layers, not accessible to the roots)



	Efficient
	Contaminants cannot be completely removed



	Relatively cheap
	Slower than conventional methods



	Environmentally friendly
	Not convenient for heavily polluted sites (due to the limited tolerance of a plant to pollutants)



	Non-destructive
	Difficult to apply when the pollutant is not completely bioavailable



	Non-invasive
	Strictly dependent on the environmental conditions



	Aesthetically pleasing
	The handling and disposal of harvested plant tissues could be problematic



	Directly applicable in situ
	Still under development (its potential has not been fully exploited)



	Does not require energy
	Commercial-scale applications of this technology are few and still inadequate



	Can be used to remove more than one pollutant at the same time
	



	Has minimal equipment requirements
	



	Can be combined with other methods, such as conventional technologies
	



	Contaminants can be recovered from the plant tissues and marketed
	



	Provides habitats for animals
	



	Stimulates beneficial microbes
	



	Reduces soil erosion, simultaneously improving its structure and fertility
	



	Contributes to carbon sequestration
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Table 2. Effects of PBs in ameliorating the stress response generated by pollutants in plants.
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	Plant Species
	PB
	Pollutant
	PB Recommended Dose
	Results
	Ref.





	Maize
	Humic substances
	Cr
	4 mM C HA L−1
	
	-

	
CAT and proline increases




	-

	
higher transcription of genes associated with stress signaling and response




	-

	
higher biomass production






	[79]



	Maize
	Silymarin-based biostimulant
	Cd
	0.24 g L−1
	
	-

	
increased photosynthesis efficiency




	-

	
restored hormonal homeostasis




	-

	
increased activities of antioxidants and enzyme gene expression






	[82]



	Maize
	Megafol
	Metolachlor
	2.5 L ha−1
	
	-

	
lower levels of lipid membrane peroxidation




	-

	
increased germination, biomass production, and vigor index




	-

	
induction of antioxidant enzymes (APX, GPX, CAT)






	[83]



	Soybean
	Fertiacyl Pòs
	Glyphosate
	0.4 L ha−1
	
	-

	
limited yield losses




	-

	
limited symptoms of chlorosis and necrosis






	[84]



	Sunflower
	Protein hydrolysates
	Imazamox
	3 L ha−1
	
	-

	
restoring the net photosynthetic rate, stomatal conductance, chlorophyll content, and plant growth






	[86]
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