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Modern agriculture pays attention to improving agricultural production by producing zinc-enriched crops through zinc-solubilizing bacteria to strengthen the bioeconomy. Zinc deficiency in the soil reduces plant growth and also leads to less uptake of zinc in the edible portion of plants. Therefore, the zinc content in the edible parts of plants can be increased through the biofortification approach. However, most of the biofortification approaches are laborious and need expensive input in routine practices. Therefore, the microbiological biofortification approach may be beneficial in increasing the zinc concentration in plants and improving crop quality with the ultimate benefit of a greener path. The use of microbes may thus be favorable for elevating zinc content in plants and enhancing crop quality, ultimately providing a summation of the role of microorganisms for a greener strategy. In addition, the application of zinc-solubilizing bacteria as a potential biosource represents a cost-effective and alternate biofortification strategy. Zinc-solubilizing bacteria act as natural bio-fortifiers that can solubilize the unavailable form of zinc by secreting organic acids, siderophores, and other chelating compounds. This review thus focuses on zinc-solubilizing bacteria for plant biofortification and their contribution to enhance crop yield and the bioeconomy in a more sustainable manner.
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Introduction

The zinc (Zn) deficiency problem in food crops can be addressed through the zinc biofortification approach to provide adequate zinc content in multiple edible parts of plants (Upadhayay et al., 2022a; Upadhayay et al., 2022b). Plant zinc uptake sometimes drops due to adverse environmental factors, resulting in reduced plant growth. In addition to improving crop production and yield, global research focuses on nutritionally enriched crop development and the commercialization of bio-fortified crops to prevent micronutrient-related malnutrition. Cakmak (2008) explained that zinc is a necessary micronutrient for the metabolic activities of plants, animals, and microorganisms. The deficiency in zinc and other micronutrients, such as iron and selenium, is known as “hidden hunger” (De Valença et al., 2017). Consequently, micronutrient deficiencies increase the risk of malnutrition in the global population (Upadhayay et al., 2018). Zn deficiency is as important as iron (Fe) and vitamin A deficiency in terms of health-related risk factors worldwide (Salgueiro et al., 2000; Hotz, 2007; Palmgren et al., 2008). Zn scarcity affects a large portion of arable land, and about a third of the human population suffers from zinc malnutrition due to poor Zn intake (Cakmak, 2002). Therefore, many programs have been proposed to circumvent zinc and other micronutrient deficiencies (White and Broadley, 2011). In this regard, the biofortification concept is an efficient method to increase essential bioavailable nutrients, including zinc, in crops through the application of agronomic practices (zinc fertilization) and plant breeding (White and Broadley, 2005; Mayer et al., 2008). Another approach employs zinc-solubilizing bacteria as potential bio-inoculants for improved crop Zn uptake. Plants establish multifaceted relationships with microbial communities, in which a wide range of microbial organisms form a “microbiome” in a specific niche. The microbiome improves nutrient uptake, protects plants from biotic (pathogens) and abiotic stresses, and alters their metabolic abilities (Mitter et al., 2013). The characterization and manipulation of a plant microbiome can improve crop production and reduce the need for pesticides and fertilizers, thereby improving sustainable crop production. The plant growth-promoting rhizobacteria (PGPR), which have a strong association with roots in the rhizosphere, enhance plant growth through a broad spectrum of plant growth-promoting activities, including phosphate solubilization, nitrogen fixation, secretion of Fe-chelating “siderophores”, extracellular enzymes, phytohormones, ammonia, and exopolysaccharides (Kloepper et al., 1991; Ahemad and Kibret, 2014; Backer et al., 2018). The use of zinc-solubilizing bacteria with diverse abilities to promote plant growth is the current need to increase crop productivity and food security (Hussain et al., 2018). A few studies have explored the outstanding ability of zinc-solubilizing bacteria (ZSB) to increase the zinc concentration in the edible parts of crops (Moreno-Lora et al., 2019; Bhatt and Maheshwari, 2020; Mumtaz et al., 2020; Verma et al., 2020; Bashir et al., 2021; Jalal et al., 2021; Karnwal, 2021; Kushwaha et al., 2021; Upadhayay et al., 2022a; Upadhayay et al., 2022b). The use of agrochemicals has led to (a) a loss of soil fertility, (b) risks to human health, (c) an imbalance in the environment, (d) a change in soil ecology, etc. Therefore, switching to organic farming practices is an effective way to mitigate the detrimental effects of the intensive use of agrochemicals. The use of bio-based products such as biofertilizers, biopesticides, and organic additives is beneficial in increasing crop productivity and provides an eco-friendly approach to sustainable agriculture. Furthermore, strengthening the bioeconomy is a major concern in the agricultural sector. Hence, there is a need to strengthen the  financial situation of farmers through less input with increased crop productivity by adapting the concept of green agricultural practices. The bioeconomy in the agricultural sector can include the use of biological-based processes such as the exploitation of agriculturally important microorganisms and their use as biofertilizers and biopesticides. The use of such biostimulants has the potential to contribute significantly to the so-called bioeconomy, which will ultimately lead to a more long-term sustainable agricultural development and enhanced food security (Rengalakshmi et al., 2018). Therefore, challenges need to be addressed to strengthen the bioeconomy through improved crop productivity with zinc-enriched grains or other edible plant parts in response to zinc-solubilizing bacterial inoculants. The present article illustrates the dual effects of ZSB on food crops in terms of biofortification to improve the Zn status in the comestible portions and the sustainable use of ZSB to improve the bioeconomy by increasing the quality and productivity of food crops.



Zinc malnutrition

This important micronutrient plays a very vital role for both plants and animals and shows its essence in the form of a cofactor for more than 300 types of enzymes. Zinc deficiency is caused by insufficient Zn intake and its inadequate bioavailability. Hence, a lower intake of the dietary form of Zn has led to several health problems in low-income countries. Besides this, Zn also plays a crucial structural role in various proteins (e.g., transcription factors). It is needed to maintain the vitality of humans, plants, and microorganisms. In plants, carbonic anhydrase activity relies on adequate levels of zinc, and Zn is also required for the biosynthesis of chlorophyll and protein, enzyme activation, oxidation reaction, and carbohydrate metabolism (Xi-wen et al., 2011; Hussain et al., 2018). Furthermore, the lack of this element causes the retardation of several processes, such as photosynthesis and the synthesis of biomolecules (carbohydrates, RNA, and proteins), which leads to reduced quality of the crop (Efe and Yarpuz, 2011; Hussain et al., 2018). Therefore, the use of zinc fertilizers has become crucial for improving the quality and performance of the crop. The World Health Organization has listed this micronutrient in the category of major risk factors responsible for several human diseases (WHO, 2002). Several ailments develop in response to zinc deficiency, including delayed wound healing, diarrhea, growth retardation, increased risk of infection, and abortion. Apart from that, DNA damage and the progression of cancer are also associated with zinc deficiency (Salgueiro et al., 2000; Gibson, 2006; Prasad, 2008). Various countries, such as India, Iran, Pakistan, Turkey, and China, have a vast area of ​​zinc-deficient soil and present a valid reason to induce the consequences of zinc dearth in the human population of these specific regions (Cakmak and Kutman, 2018; Upadhayay et al., 2019). Furthermore, inadequate zinc solubility in the soil is a major reason for the onset of zinc deficiency in crops (Upadhayay et al., 2018; Upadhayay et al., 2019; Upadhayay et al., 2022b).



The idea of biofortification to counteract Zn-associated malnutrition

Various biofortification strategies have been described to counteract micronutrient malnutrition (Hussain et al., 2018; Upadhayay et al., 2018). The concept of biofortification is a suitable way to biofortify crops with elevated concentrations of micronutrients such as zinc, iron, and selenium (Kamran et al., 2017; Upadhayay et al., 2018; Upadhayay et al., 2022a; Upadhayay et al., 2022b). Selective biofortification strategies include an agronomic approach, genetic engineering, plant breeding, and the application of biostimulants (plant growth-promoting bacterial inoculants) (Upadhayay et al., 2018; Khan et al., 2019; Upadhayay et al., 2022a). These crop biofortification strategies have been extensively studied and reported to increase the concentration of micronutrients in the edible parts (grains, fruits, and leaves) of plants. In the agronomic approach of biofortification, the nutrient-rich fertilizers are applied to the foliage part of plants or incorporated directly into the soil (Upadhayay et al., 2022a).

This approach increases the micronutrients in the edible portion of plants. Zinc fertilizers such as zinc sulfate are added to the soil or applied as a foliar spray to augment the zinc levels in various plants to achieve the benefits of biofortification (Cakmak and Kutman, 2018). Studies have also reported an increase in the growth and yield of plants with improved zinc levels in the edible parts of plants (White and Broadley, 2005). Conventional breeding strategies and genetic engineering approaches to improve micronutrient density in edible crops are popular (Upadhayay et al., 2018; Upadhayay et al., 2022a). Importantly, biofortification through genetic modification is time-consuming but produces crops with significant levels of micronutrients in the edible parts of plants (Garcia-Casal et al., 2016; Upadhayay et al., 2018). However, these biofortification strategies are costlier and an inapt option in nations hosting a large proportion of the rural population (Mayer et al., 2008; Upadhayay et al., 2018; Upadhayay et al., 2019). The rampant application of chemical fertilizers affects soil fertility, disrupts soil ecology, and negatively impacts the environment (Joshi et al., 2006; de Santiago et al., 2011; Upadhayay et al., 2018; Upadhayay et al., 2019). Therefore, economically feasible strategies that could be fruitful in increasing the zinc content in the edible portions of plants are required (Bouis, 2003). Moreover, as a substitute for chemical fertilizers, the use of zinc-solubilizing bacteria can be encouraged since these bacteria are living transformers to convert unavailable forms of zinc into accessible forms (Rana et al., 2012; Singh et al., 2017; Upadhayay et al., 2018; Upadhayay et al., 2019). The ZSB facilitates this process by the secretion of organic acids, and therefore the dissolved form of zinc is taken up by plants (Hussain et al., 2018). These ZSB also improve the quality of the crop through a wide range of mechanisms, including nutrient solubilization, production of siderophores and exopolysaccharides, and other plant growth-promoting traits (Kamran et al., 2017; Hussain et al., 2018). At this point, zinc-solubilizing bacteria can be used as an efficient bio-inoculant to ensure an adequate zinc supply in the edible parts of food-based crops in a more eco-friendly way.



Bacterial role in zinc biofortification

Zn biofortification of food crops using bio inoculants is a cost-effective method (Upadhayay et al., 2022a). When ZSB is present as well as colonized in the rhizosphere, it acts as an adjunct collaborator for the plant root to accelerate the uptake of nutrients from the soil (Shakeel et al., 2015). As Zn fertilizers are used in soils, their conversion into inaccessible Zn compounds perpetuates the immobility of Zn from soil to plant tissues (Sharma et al., 2013). ZSB inoculants can alleviate the problem by solubilizing the complex form of Zn in soils, allowing it to be transported more efficiently from the soil to the plant (Saravanan et al., 2007; Upadhayay et al., 2022a). The mechanistic understanding of ZSB encompasses some Zn solubilization strategies, like acidification by producing organic acids (Kamran et al., 2017), the synthesis of metal chelating modules called “siderophore” or “chelated ligands”, and the engagement of an oxidation–reduction system (Singh et al., 2018; Upadhayay et al., 2018; Upadhayay et al., 2022a). Only a few studies on the Zn solubilizing capability of rhizospheric bacteria and endophytes as well as their effects on plant growth are documented. Rhizobacteria are well-known microbes that especially reside and colonize in the rhizosphere and exhibit multiple properties related to plant growth, such as phosphate dissolution, potassium solubilization, production of siderophore, exopolysaccharides, phytohormones (indole acetic acid, gibberellins, cytokinins, etc.), and HCN (Ahemad and Kibret, 2014; Backer et al., 2018). Moreover, endophytic bacteria, a category of bacteria that reside in plant tissues, have a positive effect on plant growth and development (Afzal et al., 2019). Hence, these bacteria are referred to as “plant growth-promoting bacteria” in a scientific context. Such bacteria can be considered probiotics for plants since they contribute to increases in shoot/root length, dry matter accumulation, grain yield, and natural components of plants (Menendez and Garcia-Fraile, 2017).

The use of ZSB, having numerous plant growth-promoting properties, presents a new strategic plan for developing biofortified crops in an eco-friendly manner (Upadhayay et al., 2022a). The remarkable zinc solubilization behavior and plant growth-stimulating properties of a bacterial strain tested under in vitro settings make it a suitable bio-inoculant for increasing the zinc content in plants (Vaid et al., 2014; Kamran et al., 2017; Upadhayay et al., 2022a; Upadhayay et al., 2022b). Upadhayay et al. (2022b) illustrated the solubilization behavior of the insoluble form of Zn (ZnO) in solid and liquid media under laboratory settings. Few studies have decoded the relevance of organic acids produced by bacteria in zinc solubilization (Fasim et al., 2002; Saravanan et al., 2007; Costerousse et al., 2017; Mumtaz et al., 2017; Hussain et al., 2018; Upadhayay et al., 2022a; Upadhayay et al., 2022b). Some zinc-solubilizing bacterial strains of Bacillus have been shown to play their roles in zinc biofortification of some food-based crops: Bacillus aryabhattai (Ramesh et al., 2014), Bacillus subtilis QST713 (Moreno-Lora et al., 2019) for wheat, consortia of B. aryabhattai ZM31 and B. subtilis ZM63 for maize (Mumtaz et al., 2020), and Bacillus altitudinis for chickpea (Cicer arietinum L.) (Kushwaha et al., 2021). Recently, the study of Upadhayay et al. (2022b) demonstrated the role of Burkholderia cepacia and Pantoea rodasii in the biofortification of rice grains. Moreover, the Zn- and P-solubilizing bacterium “Rhizobium radiobacter (LB2)” improved lettuce crop growth and Zn nutrition quality (80.36 mg/kg zinc content in leaf) in saline soil. Zn-solubilizing endophytes may indeed be a good biofortifying agent to enhance the Zn localization in the eatable portion of wheat (Rehman et al., 2018), rice (Wang et al., 2014), and chickpea (Ullah et al., 2020), thereby introducing an alternative strategy for biofortification (Upadhayay et al., 2022a). In recent research, gene expression analysis was used to demonstrate that Zn-solubilizing microbial biostimulants, along with other plant growth-stimulating microbes, influence the expression profiles of some of the Zn-regulated transporter family genes and, as a result, play a key role in the transport of zinc to the various plant parts (Krithika and Balachandar, 2016; Upadhayay et al., 2022a). The co-inoculation of Trichoderma harzianum and Bacillus amyloliquefaciens led to a 2.76–4.96-fold increase in the expression of the ZIP transporter gene in wheat, which resulted in enhanced zinc transport (Singh et al., 2021). In addition to addressing zinc deficiency, Zn-solubilizing microorganisms can also be used to enhance the productivity of food crops.



Mechanistic overview of zinc solubilization

The risk associated with zinc malnutrition is the poor supply of zinc from soil to the plant. However, the soil is well-off with an abundance of zinc, but its dearth in crops prevails because of an inaccessible form of zinc in the soil (Sunithakumari et al., 2016). The production of organic acids has determined the critical mechanisms of nutrient solubilization by microorganisms as the most imperative mechanism of phosphate solubilization. The production of organic acids (Saravanan et al., 2004) and siderophore (as chelating agents) has been determined as the principal mechanism for the solubilization of zinc by ZSB (Upadhayay et al., 2018; Upadhayay et al., 2022a; Upadhayay et al., 2022b). The means of zinc solubilization are very similar to those of P solubilization (Upadhayay et al., 2022a). Moreover, autotrophic and heterotrophic processes can affect the pattern and process of Zn solubilization and depend on the type of bacterial metabolism and environmental settings (Costerousse et al., 2017; Upadhayay et al., 2022a). Autotrophic bacteria, e.g., sulfur/iron (III) and iron (Fe)-oxidizing bacteria, have been investigated for metal solubilization and thereby used for the recovery of metals (Zn, Ni, and Cu) from industrial waste and ores (Schippers et al., 2014; Costerousse et al., 2017). For the past decade, heterotrophic bacteria that solubilize Zn and promote plant growth have been studied for improved plant productivity and significant Zn accumulation in the edible parts of plants after their inoculation (Costerousse et al., 2017; Gontia-Mishra et al., 2017; Kamran et al., 2017; Mumtaz et al., 2017; Idayu Othman et al., 2017; Saravanan et al., 2007; Ramesh et al., 2014; Vaid et al., 2014; Upadhayay et al., 2022b; Vidyashree et al., 2018).

Organic acid production is the most significant mechanism for zinc solubilization. Bacterial strains secret organic acids and bring down the pH of nearby soil (Costerousse et al., 2017; Kamran et al., 2017; Upadhayay et al., 2018; Upadhayay et al., 2022a; Upadhayay et al., 2022b). It is generally accepted that gluconic acid and its derivatives dissolve insoluble forms of zinc, such as zinc phosphate, zinc carbonate, and zinc oxide, into soluble/available forms of zinc (Fasim et al., 2002; Saravanan et al., 2007). Different microbial strains including Gluconacetobacter, Pseudomonas, and Acinetobacter have been already reported to produce a massive amount of gluconic acid ascribed for Zn solubilization (Di Simine et al., 1998; Fasim et al., 2002; Saravanan et al., 2007; Vaid et al., 2014). However, Burkholderia cepacia solubilized zinc through other organic acids (oxalic, formic, tartaric, and acetic acids) rather than gluconic acid (Li et al., 2009). Other possible mechanisms that probably contribute to zinc solubilization are the production of siderophores, amino acids, chelated ligands, vitamins, proton, and oxido-reductive systems on cell membranes (Chang et al., 2005; Saravanan et al., 2011; Hussain et al., 2018; Upadhayay et al., 2018). Excretion of protons (H+) by Zn-solubilizing microorganisms can lead to acidification of the rhizosphere region and thus results in the increased availability of Zn and other micronutrients (Upadhayay et al., 2018; Upadhayay et al., 2019; Upadhayay et al., 2022a). “Zn chelation” is also an effective mechanism of Zn-solubilizing bacteria to meet the requirement of increased Zn levels in plants (Hussain et al., 2018; Upadhayay et al., 2018).

The bioavailability of zinc in the root zone or rhizospheric zone can be augmented by incorporating zinc-chelating compounds (Obrador et al., 2003; Singh and Prasanna, 2020). “Zn chelator metallophores” secreted by three bacterial strains such as Microbacterium saperdae, Enterobacter cancerogenes, and Pseudomonas monteilii have been reported to augment the Zn bioavailability in soil and its enhanced uptake by the roots (Whiting et al., 2001). Tariq et al. (2007) illustrated the effect of the natural chelating agent “ethylenediaminetetraacetic acid” by biofertilizers (containing bacterial strains such as Azospirillum lipoferum, Pseudomonas sp., and Agrobacterium sp.) on the solubilization of insoluble Zn salts. The production of siderophores is also considered a possible Zn solubilization mechanism (Saravanan et al., 2011); these are the organic compounds with low molecular weight synthesized by microorganisms under iron-deficient conditions (Gupta and Kumar, 2017; Hussein and Joo, 2019). Siderophores are small organic compounds that contribute to iron chelation and are also assumed to be involved in the mobility of other metals, including zinc (Schalk et al., 2011; Johnstone and Nolan, 2015).



Zinc-solubilizing bacterial inoculants: promising natural biofortifying agents

Improving agricultural production through an eco-friendly approach is paramount in today’s world. Numerous strategies are applied for soil nutrient management, including the effects of various chemical fertilizers, leading to decreases in soil fertility, affecting the soil microbial diversity, and posing health-related threats to consumers. Furthermore, various agronomic practices used to increase crop production through a broad range of nutrient intervention strategies are not consumable because such approaches require more time and technical expertise. In addition, the use of environment-friendly fertilizers produced with lower economic inputs could negate the enormous financial burden of costlier chemical fertilizer use. Utilizing zinc-solubilizing bacteria having multiple plant growth-enhancing properties provides a cost-effective strategy for zinc biofortification of various food crops. The addition of zinc to the soil in the form of zinc fertilizers cannot reach the plant system because the transition from the available form of zinc to the unavailable form of zinc prevails in the soil (Upadhayay et al., 2018). Therefore, this problem is solved through the involvement of zinc-solubilizing bacteria, which readily solubilize the inaccessible form of Zn through a variety of mechanisms, including acidification, siderophore production, and production of chelating ligands and oxidoreductive systems (Alexander, 1997; Chang et al., 2005; Saravanan et al., 2007; Saravanan et al., 2011; Upadhayay et al., 2018). Though the secretion of organic acid by zinc-solubilizing bacteria is considered the key mechanism, the well-known organic acids “2-ketogluconic acid” and “gluconic acid” are involved in the process of zinc solubilization (Fasim et al., 2002; Upadhayay et al., 2018). As natural bio-fortifiers, zinc-solubilizing bacteria in the soil provide an accessible form of Zn to plants (Shakeel et al., 2015; Upadhayay et al., 2018; Khan et al., 2019).

The effective colonization of the rhizospheric region by zinc-solubilizing bacteria provides a milieu in which a wide range of metabolic secretions provides valuable means for increased nutrient uptake by plants. There is a wealth of information available on the plant probiotic traits of the zinc-solubilizing bacteria, such as P solubilization, production of ammonia, siderophore, HCN, plant hormones, and exopolysaccharides (Ramesh et al., 2014; Shakeel et al., 2015; Kamran et al., 2017; Upadhayay et al., 2018). A few studies have also shown the role of zinc-solubilizing bacteria in increasing the shoot, root, and overall yield of plants with adequate Zn intake in the edible parts. However, using zinc-solubilizing bacteria (which have extensive plant probiotic properties) as effective bio-inoculants is a relatively newer strategy that offers a long-term solution to the malnutrition problem (Hussain et al., 2018). Zinc-solubilizing bacterial strains such as Bacillus sp. (Mumtaz et al., 2017; Javed et al., 2018), Pseudomonas fragi, Pantoea dispersa, Pantoea agglomerans, Enterobacter cloacae, Rhizobium sp. (Kamran et al., 2017), Burkholderia, and Acinetobacter (Vaid et al., 2014) have been used successfully as efficient bio-inoculants for executing “bacteria-assisted biofortification”. The competent solubilization activity of various Zn compounds such as zinc oxide, zinc carbonate, and zinc phosphate by PGPR has been reported in numerous previous studies (Bhatt and Maheshwari, 2020; Ramesh et al., 2014; Gontia-Mishra et al., 2017; Kamran et al., 2017; Mumtaz et al., 2017; Shaikh and Saraf, 2017; Upadhayay et al., 2022b: Verma et al., 2020).

Lowering the pH of the culture medium also indicates another attribute of zinc-solubilizing behavior of bacteria. Gontia-Mishra et al. (2017) studied the decline in the pH of the culture medium as an important attribute of zinc-solubilizing activity of bacteria and decoded the significance of bacteria in Zn biofortification of rice. Tariq et al. (2007) illustrated the role of zinc-solubilizing inoculants in aborting the zinc deficiency in rice by reporting significant agronomical traits such as increased biomass and grain yield. Zinc-solubilizing bacteria increased the zinc concentration in plants with other growth-related attributes such as increased shoot length and root length and yield maximization (Tariq et al., 2007; Kamran et al., 2017). The importance of zinc-solubilizing bacteria in zinc-deficient soil could be beneficial for better zinc and nutrient transport in plants with little or no involvement of chemical fertilizers. The existence of zinc-solubilizing bacteria in soil, rhizospheric soil, or the presence of ZSB as endophytes makes such agronomically important strains as suitable biofortifying agents. Two bacterial strains, namely, Azotobacter and Azospirillum, delivered significant and proper Zn content in corn grains (Biari et al., 2008). The pot trial study of Goteti et al. (2013) showed an enhancement in the total dry mass of maize inoculated with Pseudomonas and Bacillus sp. which resulted in better uptake of Zn, Mn, K, and N. Two endophytic strains (Sphingomonas sp. SaMR12 and Enterobacter sp., SaCS20) increased the Zn bioavailability in rhizospheric soil and augmented the grain yields with improved zinc densities in the grain part of rice (Wang et al., 2014). Microcosm-based studies revealed the potential candidacy of the Bacillus aryabhattai strain as a biofortifying agent as it increased the zinc concentration in edible parts, with an improved yield of soybean and wheat (Ramesh et al., 2014). Other reported strains, including Pseudomonas fragi (Kamran et al., 2017), Exiguobacterium auranticum (Shaikh and Saraf, 2017), and B. subtilis (Moreno-Lora et al., 2019), improved the zinc content in wheat grains. Providencia sp. and Anabaena sp. improved the nutritional traits of wheat grains in terms of protein content and important micronutrients such as Fe, Cu, Zn, and Mn (Rana et al., 2012). Table 1 displays a summary of recent research on bacterial-assisted improvements in plant growth characteristics and Zn content of edible sections of food-based crops.


Table 1 | Impact of zinc-solubilizing bacteria on crop growth attributes and zinc biofortification benefits.





ZSB consortia: an auxiliary accomplishment for plant growth and biofortification

The use of a “consortium” consisting of two or more plant growth-promoting bacteria is gaining popularity as a method for encouraging plant development and increasing yield (Menéndez and Paço, 2020). The use of bacterial consortiums has been shown to hasten the growth of plants because the microbial strains contained within the consortium are able to colonize the plant roots effectively. When compared to the use of a single bacterial inoculum, the application of consortia that contain possible strains of PGPR could result in significantly increased plant growth (Backer et al., 2018). “Rhizospheric–endophytic mix inoculants” that had a significant number of “plant probiotic characteristics” increased the plant biomass and sped up the rate at which the plant system absorbed vital micronutrients (Emami et al., 2019). The term “plant probiotic consortia” refers to a group of microorganisms that work together to promote healthy plant growth and reduce the risk of plant death (Zhang et al., 2020). Bacterial consortia have been shown to have beneficial effects on plant life due to the fact that different types of bacteria can work together in a complementary manner to supply mineral nutrients, eliminate inhibitory products, and support one another by virtue of their physical or biochemical properties, all of which have the potential to improve a variety of crucial aspects of the physiology of plants (Molina-Romero et al., 2017).

The primary objective of using ZSB as “bio-inoculants” is to increase the Zn content of the edible parts of plants and, ultimately, increase crop yield. However, the role of ZSB consortium in Zn biofortification has not been thoroughly investigated. The concept of “microbial-assisted biofortification approach” can be further decoded using a modest number of research studies available on the ZSB-based consortium. Exploration, formulation, and development of successful bacterial consortia is a crucial research topic with the potential for sustainable biofertilizer applications in agriculture (Menéndez and Paço, 2020). A rhizobacterial consortium of three strains (one of Burkholderia and two of Acinetobacter) was found to increase the Zn levels and its uptake in wheat straw and grain (Vaid et al., 2019). The application of a beneficial bacterial consortium (E. cloacae and Bacillus megaterium) and fertilizers labeled as “zinc sulphate” resulted in the highest level of soil exchangeable zinc, increased Zn uptake in grain parts, and increased grain yield (Rezaeiniko et al., 2019). Inoculation with a consortium (Pseudomonas sp. and Rhizobium leguminosarum-pr-1) increased the Zn levels in plant shoots (Mishra et al., 2012). One consortium of two zinc-solubilizing Bacillus species (Bacillus sp. SH-10 and B. cereus SH-17) was assessed as an efficient biofortifying agent to generate rice crops enriched with Zn in grains and exerted the highest “zinc translocation index” from 1.6 to 1.7 (Shakeel et al., 2015). The treatment combining a consortium of Burkholderia cepacia and Pantoea rodasii with ZnO supplement had the highest Zn concentration in rice grain (25.07 mg/kg) compared to the control (15.80 mg/kg) (Upadhayay et al., 2022b). ‘PD16’ and ‘NDR359’, two subsequent rice cultivars subjected to treatment by the ZSB consortium (Burkholderia and Acinetobacter, respectively), had the highest Zn levels in grains, i.e., 16.1 mg/kg (in ‘PD16’) and 16.0 mg/kg (in ‘NDR359’) (Vaid et al., 2014). During the field trials, two consortia of A. lipoferum (JCM-1270, ER-20) and Pseudomonas sp. (K-1, 96-51), as well as a single strain of Agrobacterium sp. (Ca-18), demonstrated positive results in zinc biofortification of rice grains with improved growth, physiology, and yield of rice plants (Hafeez et al., 2002; Tariq et al., 2007; Hussain et al., 2018). Blue-green algae were also studied for their role in elemental biofortification. The consortium of Anabaena sp. (CR1) and Providencia sp. (PR3) with 75% RDF and zinc increased the Zn uptake (323.8 g/h) in the wheat crop (Shahane et al., 2017). Kumar et al. (2017) investigated the effect of co-inoculation of Enterobacter and Serratia marcescens on better micronutrient uptake by wheat, finding that this consortium-based bio-inoculant boosted the Zn content by 32% in the pot trial and 23% in the field study. As a “possible Zn solubilizer”, the PGPR consortium (Pseudomonas sp. and other PGPR strains) boosted the Zn content of rice by up to 157% (Tariq et al., 2007). The Anabaena–Azotobacter biofilm consortium boosted zinc accumulation (107.01 μg g−1) in maize flag leaf, demonstrating cyanobacterial-mediated Zn biofortification (Prasanna et al., 2015).



Concept of bioeconomy: A new way of green economy

“Bioeconomy” is considered an important means to tackle emerging global issues, including climate change, food insecurity, and a massive reliance on manufactured sources (Ollikainen, 2014; Uzoh and Babalola, 2018). Many authors gave various definitions of the bioeconomy and provided a conceptualized view of the bioeconomy for sustainable development. Nevertheless, according to the European Commission (2012), “bioeconomy” is illustrated as an economy that uses plant and animal residues and the wastes they produce from land and water bodies (as raw materials) for industry and fulfills the purpose of generating electricity. In contrast, the OECD defines bioeconomy as “economic outcomes derived from biotechnology” (OECD, 2009). Furthermore, in the Indian context, the concept of bioeconomy is linked to the biotechnology industry (Rengalakshmi et al., 2018). The “bioeconomy” harnesses new knowledge from agricultural science research to produce a variety of crop-derived products, and it is an important component of long-term agricultural development. To accomplish the task of developing a robust bioeconomy, research in agricultural and resource economics becomes necessary to develop robust policies to guide the progress of the bioeconomy (Zilberman et al., 2018). The concept of “bioeconomy” through a mission called “National Mission on Bioeconomy” has gained prominence and has become a sole concept in South Asian countries like India to promote bioresources in a sustainable agricultural system (Rengalakshmi et al., 2018).

The unique initiatives of the Indian government, such as “Make in India” (launched in 2014), also include the bioeconomy as a main component (Biotechnology Industry Research Assistance Council (BIRAC), 2016; Rengalakshmi et al., 2018). The bioeconomy has three crucial and essential elements, such as (a) advanced developments in gene and cellular science to develop novel products, (b) use of renewable biomass or use of bioprocesses for sustainable production, and (c) integration of biotechnological knowledge to investigate novel products (McCormick and Kautto, 2013; Leitão, 2016). Here biomass is any substance of biological origin, such as an entire or precise part of animals, plants, trees, marine organisms, and microorganisms (Leitão, 2016). The agricultural system is the lifeline of humanity as it provides a continuous supply of food, fuel, and fiber, thus incorporating value-added products to build an efficient bioeconomy. The agroecosystem is seen as an essential element in maintaining the balance and different interactions between different components of the environment (Rengalakshmi et al., 2018). An efficient bioeconomy can be built by producing microbe-based products such as biofertilizers for sustainable and increased production of crops from less available resources (Uzoh and Babalola, 2018). The important approach of the bioeconomy in sustainable agriculture is to improve the biological properties of soil and reduce the pessimistic impact of the soil on the local environment (Rengalakshmi et al., 2018). Accordingly, bio-inoculants, which can increase plant growth, have been used as natural resources to enhance crop productivity. PGPR are also known as “biostimulants” and may be used as biofertilizers to boost the bioeconomy through sustainable agricultural production. Bacteria with zinc-solubilizing traits are employed as effective bio-inoculants to maintain the proper micronutrient concentration in the edible section of crop plants, offering biofortification benefits to food-based crops (Upadhayay et al., 2018; Upadhayay et al., 2019; Upadhayay et al., 2022a; Upadhayay et al., 2022b). These kinds of bioresources could be very helpful for food security by making crops grow better and reducing the need for artificial fertilizers.

The bioeconomy is broadly understood in biofuel production, but the role of agriculture in empowering the bioeconomy cannot be ignored. From the perspective of agriculture, the bioeconomy describes continuous and sustainable agricultural production through bioresources. The bioeconomy uses the facts or wisdom of innovation in life sciences and biotechnology, involving technologies to develop and establish eco-friendly bioeconomy-based practices and products. This zinc-solubilizing bacterial approach is described in this manuscript as an eco-friendly strategy for enhancing plant growth and fortifying plants with zinc. In this way, synthetic fertilizer use will be minimized, and microbe-assisted crop output will be improved.

The following concepts for developing a greener economic approach should be considered:

	Using the organic farming approach to curb the high demand for chemical fertilizers.

	Using bacteria that dissolve zinc and other biostimulants as natural bioresources to prevent zinc malnutrition.

	Reducing the use of chemical fertilizers to reduce the negative impacts on the environment is a way to go.

	Promotion of research into the functional use of agriculturally important microorganisms in sustainable agricultural production in order to reduce the use of chemical or synthetic fertilizers or pesticides.



A more eco-friendly use of natural bio-resources in the economy, especially in agricultural production, can create a new “green economy” sector. Harmful environmental side effects associated with intensive agricultural practices have led to the rise of sustainable agricultural production options (Scialabba and Hattam, 2002; IFOAM, 2005; Rengalakshmi et al., 2018). Examples of such options are organic farming, natural farming, sustainable farming with low external inputs, and zero-budget farming (Rengalakshmi et al., 2018). Among these possibilities for sustainable agricultural production, “organic farming” is a widely adopted method that excludes the use of synthetic fertilizers. The demand for organic farming has increased worldwide, as it is more eco-friendly than conventional farming (Darnhofer et al., 2010; Eyhorn et al., 2019). Organic farming yields are lower than those of conventional farming, but it is notable for producing more nutritious foods with fewer pesticide residues in a more profitable and eco-friendly manner (Ponisio et al., 2015; Smith et al., 2019). Organic farm soils have more organic carbon, enzymatic activity (dehydrogenase and alkaline phosphatase), and microbial biomass than in conventional farms (Melero et al., 2006; Ramesh et al., 2010). Compost, manure, additives, and crop wastes change the soil microbial biomass and, along with bio-inoculants, are essential for plant vitalization.

Biofertilizers and biopesticides have received much attention in the bioeconomy to increase soil fertility and crop productivity while maintaining environmental sustainability (Truu et al., 2008; Rengalakshmi et al., 2018). These two bioeconomy-based products (bio-fertilizers and bio-pesticides) are considered safe to use and provide a suitable food and nutrition security option.



Employing bio-based stimulants in sustainable agriculture

Biostimulants are microorganisms prescribed to agriculture as bio-inoculants (biofertilizers) to address global issues in a sustainable way. These issues include the use of chemical fertilizers or agrochemicals, strict farming techniques, and environmental factors like global warming and climate change. Therefore, innovation is needed to manage sustainable agricultural output without negative environmental repercussions (Milder et al., 2015). Literatures show the significance of microorganisms in agriculture through the creation of bio-inoculants and their effects on agricultural production. Researchers worldwide are using bio-inoculants to improve the economic situation of farmers with microbe-based natural fertilizers. Microorganisms promote crop growth by solubilizing substances (phosphorus, iron, and zinc), fixing N2, and secreting enzymes (like indole acetic acids) (Ahemad and Kibret, 2014). Several plant growth-promoting properties of bio-inoculants provided hope for future generations to produce healthy and nutritious crop-based foods with less expensive inputs.

Exploiting bio-inoculants for sustainable agriculture production strategies should contain the following key attributes:

	Exploration of plant growth-promoting microorganisms from a diverse range of soils.

	Analysis of desirable attributes in isolated microorganisms and their use as suitable bio-inoculants for plant growth-enhancing properties for various food crops.

	Bio-inoculants must have positive impacts on soil health, soil nutrients, and crop yield maximization.

	Formulation and preservation of efficient bio-inoculants.

	Promoting organic farming through the use of “bio-inoculants” over more expensive agrochemicals.

	Popularizing the use of bio-inoculants/biofertilizers/biopesticides among farmers.

	Minimizing environmental damage from chemical fertilizers.





Zinc-solubilizing bacteria in the context of the green economy

Zinc scarcity in soils affects crops, resulting in low zinc levels in the edible parts of crops. Other problems of low soil fertility arise from the rigorous exploitation of chemicals (agrochemicals, especially pesticides, fungicides, herbicides, insecticides, etc.). Hence, the world is looking for a greener farming approach where farmers can grow high-quality cash crops without chemicals. Most companies around the world manufacture fertilizers and other chemicals that are recommended for various crops. However, the high fertilizer prices make it impossible for many farmers to buy fertilizer and apply it efficiently to the field to improve crop yields. The argument over the intensive use of agrochemicals will not be fruitful until we encourage green agriculture among farmers. It is clear proof that applying chemical-based fertilizers brings higher crop yields and economic empowerment to farmers. On the other hand, it causes problems in the environment, such as loss of soil fertility, and health problems for people. Zinc shortage affects crop yields and leads to the development of Zn-deficient crops; hence, the majority of the world’s population may be deprived of enough zinc if they rely on these crops for their primary source of nutrition (Khan et al., 2009; Upadhayay et al., 2018). The zinc-deficient soils also impede crop growth and overall productivity (Kamran et al., 2017), leading to large economic losses for farmers due to the unprofitable selling of low-quality grains in the market. There is also a need to give stable, nutrient-rich, crop-based foods to a large part of the population who are malnourished because of the lack of micronutrients.

Therefore, an organic farming practice can overcome this problem, and zinc-solubilizing bio-inoculants can replace the intensive fertilizer application. The use of zinc-solubilizing bacterial inoculation is a green technology to improve crop quality; thus, as a natural biofortifying agent, it will play a key role in the future by alleviating Zn-associated malnutrition in humans through the intake of foods from the biofortified crop (Upadhayay et al., 2018; Khan et al., 2019; Upadhayay et al., 2019). This strategy would be helpful in most regions of the world where diverse foods are not accessible to the local human population and most people cannot afford dietary supplements (Hussain et al., 2018). Both bacteria and fungi have been explored to enhance Zn accessibility in the rhizospheric region and improve Zn concentration in the comestible parts of crops (Subramanian et al., 2009). Several previous reports documented that the application of zinc-solubilizing bacteria for agriculture production could open a new door to strengthen the bioeconomy. Figure 1 depicts the application and commercialization of zinc-solubilizing microorganisms as an emergent green approach to further cultivate the concept of bioeconomy for the well-being of local farmers.




Figure 1 | Overview of zinc-solubilizing bacteria (ZSB) formulation and commercialization of microbe-based products for crop growth and zinc biofortification of edible parts. The formulation of ZSB is an environment-friendly approach with less input and provides cost benefits to farmers. The commercialization of biofortified crop products along with ZSB-based biofertilizers can improve the green economy (bioeconomy).





Conclusion

Improving zinc content in crops is the prime need of a large section of the world population suffering from zinc malnutrition through a microbe-assisted zinc biofortification approach. The next goal is to launch several crop improvement programs to develop a strong bioeconomy in a more sustainable manner without reliance on chemical fertilization. Microbial bio-inoculants in the form of zinc-solubilizing bacteria solve this purpose by providing benefits to consumers by increasing the biomass and grain yield and biofortification benefits by increasing the appropriate zinc level in the edible portions of plants. Zinc-solubilizing bacteria in soil solubilize insoluble zinc into a soluble form; since they have the traits of plant growth-promoting activities, they also serve as crop-vitalizing agents. Increased crop production in response to zinc-solubilizing bacteria can meet the bioeconomy goals, such as (a) food security for the escalating world population, (b) plummeting reliance on non-renewable resources for crop production, such as the intensive use of fertilizers and rigorous agricultural practices, and (c) use of ZSB for enhanced crop production in a more sustainable manner without showing the negative impact on the environment. Future research aims to understand the zinc-solubilizing microbial diversity and the site-specific rhizomicrobiome with deep insights into zinc-solubilizing mechanisms. Further innovations require the development of “engineered zinc-solubilizing bacteria” with massive plant growth-promoting properties through genetic modifications and their commercialization for sustainable crop production. In short, using bioresources in the form of zinc-solubilizing bacteria is expected to improve the quality and productivity of crops with Zn biofortification benefits and consequently enhance the green bioeconomy.



Author contributions

VKU: writing of the original draft of the manuscript. AVS: conceptualization and editing. AK and AS helped in writing and editing. All authors contributed to the article and approved the submitted version.


 

Acknowledgments

The authors gratefully acknowledge the Department of Microbiology, College of Basic Sciences and Humanities, Govind Ballabh Pant University of Agriculture and Technology, Pantnagar (India).



Conflict of Interest

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



References

 Afzal, I., Shinwari, Z. K., Sikandar, S., and Shahzad, S. (2019). Plant beneficial endophytic bacteria: Mechanisms, diversity, host range and genetic determinants. Microbiol. Res. 221, 36–49. doi: 10.1016/j.micres.2019.02.001

 Ahemad, M., and Kibret, M. (2014). Mechanisms and applications of plant growth promoting rhizobacteria: Current perspective. J. King Saud Univ. Sci. 26,  1–20. doi: 10.1016/j.jksus.2013.05.001

 Alexander, M. (1997). Introduction to soil microbiology (New York, NY: John Wiley and Sons).

 Backer, R., Rokem, J. S., Ilangumaran, G., Lamont, J., Praslickova, D., Ricci, E., et al (2018). Plant growth-promoting rhizobacteria: Context, mechanisms of action, and roadmap to commercialization of biostimulants for sustainable agriculture. Front. Plant Sci. 9, 1473. doi: 10.3389/fpls.2018.01473

 Bashir, S., Basit, A., Abbas, R. N., Naeem, S., Bashir, S., Ahmed, N., et al. (2021). Combined application of zinc-lysine chelate and zinc-solubilizing bacteria improves yield and grain biofortification of maize (Zea mays L.). PLoS One 16, e0254647. doi: 10.1371/journal.pone.0254647.

 Batool, S., Asghar, H. N., Shehzad, M. A., Yasin, S., Sohaib, M., Nawaz, F., et al (2021). Zinc-solubilizing bacteria-mediated enzymatic and physiological regulations confer zinc biofortification in chickpea (Cicer arietinum l.). J. Soil Sci. Plant Nutr. 21, 2456–2471. doi: 10.1007/s42729-021-00537-6

 Bhatt, K., and Maheshwari, D. K. (2020). Zinc solubilizing bacteria (Bacillus megaterium) with multifarious plant growth promoting activities alleviates growth in Capsicum annuum L. 3 Biotech 10, 36. doi: 10.1007/s13205-019-2033-9.

 Biari, A., Gholami, A., and Rahmani, H. (2008). Growth promotion and enhanced nutrient uptake of maize (Zea mays l.) by application of plant growth promoting rhizobacteria in arid region of Iran. J. Biol. Sci. 8 (6), 1015–1020. doi: 10.3923/jbs.2008.1015.1020

 Biotechnology Industry Research Assistance Council (BIRAC) (2016). Make in India for bio-tech-the way forward, biotechnology industry research assistance council, department of biotechnology, government of India (New Delhi: BIRAC).

 Bouis, H. E. (2003). Micronutrient fortification of plants through plant breeding: can it improve nutrition in man at low cost? Proc. Nutr. Soc. 62 (2), 403–411. doi: 10.1079/pns2003262

 Cakmak, I. (2002). Plant nutrition research: Priorities to meet human needs for food in sustainable ways. Plant Soil 247, 3–24. doi: 10.1023/A:1021194511492

 Cakmak, I. (2008). Enrichment of cereal grains with zinc: Agronomic or genetic biofortification? Plant Soil 302, 1‡17. 10.1007/s11104-007-9466-3.

 Cakmak, I., and Kutman, U. B. (2018). Agronomic biofortification of cereals with zinc: A review. Eur. J. Soil Sci. 69, 172–180. doi: 10.1111/ejss.12437

 Chang, H., Lin, C., and Huang, H. (2005). Zinc-induced cell death in rice (Oryza sativa l.) roots . Plant Growth Regul. 46, 261–266. doi: 10.1007/s10725-005-0162-0

 Costerousse, B., Schönholzer-Mauclaire, L., Frossard, E., and Thonar, C. (2017). Identification of heterotrophic zinc mobilization processes among bacterial strains isolated from wheat rhizosphere (Triticum aestivum l.). Appl. Environ. Microbiol. 84 (1), e01715–e01717. doi: 10.1128/AEM.01715-17

 Darnhofer, I., Lindenthal, T., Bartel-Kratochvil, R., and Zollitsch, W. (2010). Conventionalisation of organic farming practices: from structural criteria towards an assessment based on organic principles. a review. Agron. Sustain. Dev. 30, 67–81. doi: 10.1051/agro/2009011

 de Santiago, A., Quintero, J. M., Avilés, M., and Delgado, A. (2011). Effect of Trichoderma asperellum strain T34 on iron, copper, manganese, and zinc uptake by wheat grown on a calcareous medium. Plant Soil 342 (1-2), 97–104. doi: 10.1007/s11104-010-0670-1

 De Valença, A., Bake, A., Brouwer, I., and Giller, K. (2017). Agronomic biofortification of crops to fight hidden hunger in sub-Saharan Africa. Glob. Food Sec. 12, 8–14. doi: 10.1016/j.gfs.2016.12.001

 Di Simine, C. D., Sayer, J. A., and Gadd, G. M. (1998). Solubilization of zinc phosphate by a strain of Pseudomonas fluorescens isolated from a forest soil. Biol. Fertil. Soils 28, 87–94. doi: 10.1007/s003740050467

 Efe, L., and Yarpuz, E. (2011). The effect of zinc application methods on seed cotton yield, lint and seed quality of cotton (Gossypium hirsutum l.) in east Mediterranean region of Turkey. Afr. J. Biotechnol. 10 (44), 8782–8789. doi: 10.5897/ajb11.737

 Emami, S., Alikhani, H. A., Pourbabaei, A. A., Etesami, H., Sarmadian, F., and Motessharezadeh, B. (2019). Effect of rhizospheric and endophytic bacteria with multiple plant growth promoting traits on wheat growth. Environ. Sci. pollut. Res. Int. 26, 19804–19813. doi: 10.1007/s11356-019-05284-x

 European Commission (EC) (2012) EU Bioeconomy strategy and action plan- innovating for sustainable growth. Available at: http://ec.europa.eu/research/bioeconomy/pdf/bioeconomycommunicationstrategy_b5_brochure_web.pdf.

 Eyhorn, F., Muller, A., Reganold, J. P., Frison, E., Herren, H. R., Luttikholt, L., et al (2019). Sustainability in global agriculture driven by organic farming. Nat. Sustain. 2 (4), 253–255. doi: 10.1038/s41893-019-0266-6

 Fasim, F., Ahmed, N., Parsons, R., and Gadd, G. M. (2002). Solubilization of zinc salts by a bacterium isolated from the air environment of a tannery, FEMS Microbiol. Lett. 213, 1–6. doi: 10.1111/j.1574-6968.2002.tb11277.x

 Garcia-Casal, M. N., Peña-Rosas, J. P., Pachón, H., De-Regil, L. M., Centeno Tablante, E., and Flores-Urrutia, M. C. (2016). Staple crops biofortified with increased micronutrient content: effects on vitamin and mineral status, as well as health and cognitive function in the general population. Cochrane Database Syst. Rev. 8, 1465–858. doi: 10.1002/14651858.cd012311

 Gibson, R. (2006). Zinc: The missing link in combating micronutrient malnutrition in developing countries. Proc. Nutr. Soc. 65 (1), 51–60. doi: 10.1079/PNS2005474

 Gontia-Mishra, I., Sapre, S., and Tiwari, S. (2017). Zinc solubilizing bacteria from the rhizosphere of rice as prospective modulator of zinc biofortification in rice. Rhizosphere 3, 185–190. doi: 10.1016/j.rhisph.2017.04.013

 Gopalakrishnan, S., Vadlamudi, S., Samineni, S., and Sameer Kumar, C. V. (2016). Plant growth-promotion and biofortification of chickpea and pigeonpea through inoculation of biocontrol potential bacteria, isolated from organic soils. Springerplus 5, 1882. doi: 10.1186/s40064-016-3590-6

 Goteti, P. K., Emmanuel, L. D. A., Desai, S., and Shaik, M. H. A. (2013). Prospective zinc solubilising bacteria for enhanced nutrient uptake and growth promotion in maize (Zea mays l.). Int. J. Microbiol. 2013, 869697. doi: 10.1155/2013/869697

 Gupta, P., and Kumar, V. (2017). Value added phytoremediation of metal stressed soils using phosphate solubilizing microbial consortium. World J. Microbiol. Biotechnol. 33, 9. doi: 10.1007/s11274-016-2176-3

 Hafeez, F. Y., Hameed, S., Zaidi, A. H., and Malik, K. A. (2002). “Biofertilizer for sustainable agriculture,” in Techniques for sustainable agricultural. Eds.  F. Azam, M. M. Iqbal, C. Inayatullah, and K. A. Malik (Faisalabad, Pakistan: NIAB), 67–73.

 Hotz, C. (2007). Dietary indicators for assessing the adequacy of population zinc intakes. Food Nutr. Bull. 28, S430–53. doi: 10.1177/15648265070283S304

 Hussain, A., Zahir, Z. A., Asghar, H. N., Ahmad, M., Jamil, M., Naveed, M., et al (2018). “Zinc solubilizing bacteria for zinc biofortification in cereals: A step toward sustainable nutritional security,” in Role of rhizospheric microbes in soil. Ed.  V. Meena (Singapore: Springer).

 Hussein, K. A., and Joo, J. H. (2019). Zinc ions affect siderophore production by fungi isolated from the Panax ginseng rhizosphere. J. Microbiol. Biotechnol. 29, 105–113. doi: 10.4014/jmb.1712.12026

 IFOAM (2005). The IFOAM norms for organic production and processing Vol. pp (Faisalabad: International Federatoin of Organic Agriculture Movements), 67–73. Bonn ISBN/NIAB.

 Idayu Othman, N.M., Othman, R., Saud, H.M., and Wahab, M. (2017). Effects of root colonization by zinc-solubilizing bacteria on rice plant (Oryza sativa MR219) growth. Agric Nat Resour. 51, 532–537. doi:

 Jalal, A., Galindo, F. S., Boleta, E. H. M., Oliveira, C. E., Reis, d., dos, A. R., et al (2021). Common bean yield and zinc use efficiency in association with diazotrophic bacteria co-inoculations. Agronomy (Basel) 11, 959. doi: 10.3390/agronomy11050959

 Javed, H., Akhtar, M. J., Asghar, H. N., and Jamil, A. (2018). Screening of zinc solubilizing bacteria and their potential to increase grain concentration in wheat (Triticum aestivum). Int. J. Agric. Biol. 20, 547–553. doi: 10.17957/ijab/15.0514

 Johnstone, T. C., and Nolan, E. M. (2015). Beyond iron: non-classical biological functions of bacterial siderophores. Dalton Trans. 44, 6320–6339. doi: 10.1039/c4dt03559c

 Joshi, K. K., Kumar, V., Dubey, R. C., Maheshwari, D. K., Bajpai, V. K., and Kang, S.-C. (2006). Effect of chemical fertilizer-adaptive variants, pseudomonas aeruginosa GRC 2 and Azotobacter chroococcum AC 1 , on Macrophomina phaseolina causing charcoal rot of Brassica juncea. Korean J. Environ. Agric. 25 (3), 228–235. doi: 10.5338/kjea.2006.25.3.228

 Kamran, S., Shahid, I., Baig, D. N., Rizwan, M., Malik, K. A., and Mehnaz, S. (2017). Contribution of zinc solubilizing bacteria in growth promotion and zinc content of wheat. Front. Microbiol. 8, 2593. doi: 10.3389/fmicb.2017.02593

 Karnwal, A. (2021). Pseudomonas spp., a zinc-solubilizing vermicompost bacteria with plant growth-promoting activity moderates zinc biofortification in tomato. Int. J. Veg. Sci. 27, 398–412. doi: 10.1080/19315260.2020.1812143

 Khan, R., Gurmani, A. R., Khan, M. S., and Gurmani, A. H. (2009). Residual, direct and cumulative effect of zinc application on wheat and rice yield under rice wheat system. Soil Environ. 28, 24–28. doi: 10.3923/pjbs.2007.235.239

 Khan, A., Singh, J., Upadhayay, V. K., Singh, A. V., and Shah, S. (2019). “Microbial biofortification: A green technology through plant growth promoting microorganisms,” in Sustainable green technologies for environmental management. Eds.  S. Shah, V. Venkatramanan, and R. Prasad (Singapore: Springer).

 Kloepper, J. W., Zablotowick, R. M., Tipping, E. M., and Lifshitz, R. (1991). “Plant growth promotion mediated by bacterial rhizosphere colonizers,” in The rhizosphere and plant growth. Eds.  D. L. Keister, and P. B. Cregan (Dordrecht, Netherlands: Kluwer Academic Publishers), pp 315–pp 326.

 Krithika, S., and Balachandar, D. (2016). Expression of zinc transporter genes in rice as influenced by zinc-solubilizing Enterobacter cloacae strain ZSB14. Front. Plant Sci. 7, 446. doi: 10.3389/fpls.2016.00446

 Kumar, A., Maurya, B. R., Raghuwanshi, R., Meena, V. S., and Tofazzal Islam, M. (2017). Co-Inoculation with enterobacter and rhizobacteria on yield and nutrient uptake by wheat (Triticum aestivum l.) in the alluvial soil under indo-gangetic plain of India. J. Plant Growth Regul. 36, 608–617. doi: 10.1007/s00344-016-9663-5

 Kushwaha, P., Srivastava, R., Pandiyan, K., Singh, A., Chakdar, H., Kashyap, P. L., et al (2021). Enhancement in plant growth and zinc biofortification of chickpea (Cicer arietinum l.) by Bacillus altitudinis. J. Soil Sci. Plant Nutr. 21, 922–935. doi: 10.1007/s42729-021-00411-5

 Leitão, A. (2016). Bioeconomy: The challenge in the management of natural resources in the 21st century. Open J. Soc. Sci. 04, 26–42. doi: 10.4236/jss.2016.411002

 Hotz, C. (2007). Dietary indicators for assessing the adequacy of population zinc intakes. Food Nutr. Bull. 28, S430–53. doi: 10.1177/15648265070283S304.

 Li, W. C., Ye, Z. H., and Wong, M. H. (2009). Metal mobilization and production of short-chain organic acids by rhizosphere bacteria associated with a Cd/Zn hyperaccumulating plant, sedum alfredii. Plant Soil 326, 453–467. doi: 10.1007/s11104-009-0025-y

 Mayer, J. E., Pfeiffer, W. H., and Beyer, P. (2008). Biofortified crops to alleviate micronutrient malnutrition. Curr. Opin. Plant Biol. 11 (2), 166–170. doi: 10.1016/j.pbi.2008.01.007

 McCormick, K., and Kautto, N. (2013). The bioeconomy in Europe: An overview. Sustainability 5, 2589–2608. doi: 10.3390/su5062589

 Melero, S., Porras, J. C. R., Herencia, J. F., and Madejon, E. (2006). Chemical and biochemical properties in a silty loam soil under conventional and organic management. Soil Tillage Res. 90, 162–170. doi: 10.1016/j.still.2005.08.016

 Menendez, E., and Garcia-Fraile, P. (2017). Plant probiotic bacteria: solutions to feed the world. AIMS Microbiol. 3, 502–524. doi: 10.3934/microbiol.2017.3.502.

 Menéndez, E., and Paço, A. (2020). Is the application of plant probiotic bacterial consortia always beneficial for plants? exploring synergies between rhizobial and non-rhizobial bacteria and their effects on agro-economically valuable crops. Life (Basel) 10, 24. doi: 10.3390/life10030024

 Milder, J. C., Arbuthnot, M., Blackman, A., Brooks, S. E., Giovannucci, D., Gross, L., et al (2015). An agenda for assessing and improving conservation impacts of sustainability standards in tropical agriculture. Conserv. Biol. 29, 309–320. doi: 10.1111/cobi.12411

 Mishra, P. K., Bisht, S. C., Mishra, S., Selvakumar, G., Bisht, J. K., and Gupta, H. S. (2012). Coinoculation of rhizobium leguminosarum-pr1 with a cold tolerant pseudomonas sp. improves iron acquisition, nutrient uptake and growth of field pea (Pisum sativum l.). J. Plant Nutr. 35, 243–256. doi: 10.1080/01904167.2012.636127

 Mitter, B., Brader, G., Afzal, M., Compant, S., Naveed, M., Trognitz, F., et al (2013). “Advances in elucidating beneficial interactions between plants, soil, and bacteria,” in Advances in agronomy, vol. 121. (New York: Elsevier).

 Molina-Romero, D., Baez, A., Quintero-Hernández, V., Castañeda-Lucio, M., Fuentes-Ramírez, L. E., Bustillos-Cristales, M., et al (2017). Compatible bacterial mixture, tolerant to desiccation, improves maize plant growth. PloS One 12, e0187913. doi: 10.1371/journal.pone.0187913

 Moreno-Lora, A., Recena, R., and Delgado, A. (2019). Bacillus subtilis QST713 and cellulose amendment enhance phosphorus uptake while improving zinc biofortification in wheat. Appl. Soil Ecol. 142, 81–89. doi: 10.1016/j.apsoil.2019.04.013

 Mumtaz, M. Z., Ahmad, M., Jamil, M., and Hussain, T. (2017). Zinc solubilizing bacillus spp. potential candidates for biofortification in maize. Microbiol. Res. 202,  51–60. doi: 10.1016/j.micres.2017.06.001

 Mumtaz, M. Z., Malik, A., Nazli, F., Latif, M., Zaheer, A., Ali, Q., et al (2020). Potential of zinc solubilizing bacillus strains to improve growth, yield, and quality of maize (Zea mays). Intl. J. Agric. Biol. 24, 691–698. doi: 10.17957/IJAB/15.1488

 OECD (2009) The bioeconomy to 2030 designing a policy agenda: main findings and policy conclusions. Available at: https://www.oecd.org/futures/long-termtechnologicalsocietalchallenges/42837897.pdf.

 Obrador, A., Novillo, J., and Alvarez, J. M. (2003). Mobility and availability to plants of two zinc sources applied to a calcareous soil. Soil Sci. Soc. Am. J. 67, 564–572. doi: 10.2136/sssaj2003.5640.

 Ollikainen, M. (2014). Forestry in bioeconomy – smart green growth for the humankind. Scand. J. For. Res. 29, 360–366. doi: 10.1080/02827581.2014.926392

 Palmgren, M. G., Clemens, S., Williams, L. E., Krämer, U., Borg, S., Schjørring, J. K., et al (2008). Zinc biofortification of cereals: problems and solutions. Trends Plant Sci. 13,  464–473. doi: 10.1016/j.tplants.2008.06.005

 Patil, P., Ghag, P., and Patil, S. (2013). Use of bio-fertilizers and organic inputs - as LISA technology by farmers of sangamner. Trends Plant Sci. 13,  28–33.

 Ponisio, L. C., M’gonigle, L. K., Mace, K. C., Palomino, J., Valpine, P. D., and Kremen, C. (2015). Diversification practices reduce organic to conventional yield gap. Proc. R. Soc. B: Biol. Sci. 282 (1799), 20141396. doi: 10.1098/rspb.2014.1396

 Prasad, A. S. (2008). Zinc in human health: effect of zinc on immune cells. Mol. Med. 14, 353–357. doi: 10.2119/2008-00033.Prasad.

 Prasanna, R., Bidyarani, N., Babu, S., Hossain, F., Shivay, Y. S., and Nain, L. (2015). Cyanobacterial inoculation elicits plant defense response and enhanced zn mobilization in maize hybrids. Cogent Food Agric. 1, 998507. doi: 10.1080/23311932.2014.998507

 Ramesh, P., Panwar, N. R., Singh, A. B., Ramana, S., Yadav, S. K., Shrivastava, R., et al (2010). Status of organic farming in India. Curr. Sci. 98 (9), 1190–1194.

 Ramesh, A., Sharma, S. K., Sharma, M. P., Yadav, N., and Joshi, O. P. (2014). Inoculation of zinc solubilizing bacillus aryabhattai strains for improved growth, mobilization and biofortification of zinc in soybean and wheat cultivated in vertisols of central India. Appl. Soil Ecol. 73, 87–96. doi: 10.1016/j.apsoil.2013.08.009

 Rana, A., Saharan, B., Nain, L., Prasanna, R., and Shivay, Y. S. (2012). Enhancing micronutrient uptake and yield of wheat through bacterial PGPR consortia. Soil Sci. Plant Nutr. 58 (5), 573–582. doi: 10.1080/00380768.2012.716750

 Rehman, A., Farooq, M., Naveed, M., Ozturk, L., and Nawaz, A. (2018). Pseudomonas-aided zinc application improves the productivity and biofortification of bread wheat. Crop Pasture Sci. 69, 659. doi: 10.1071/cp17441

 Rengalakshmi, R., Manjula, M., Prabavathy, V. R., Jegan, S., and Selvamukilan, B. (2018). “Building bioeconomy in agriculture: Harnessing soil microbes for sustaining ecosystem services,” in Towards a sustainable bioeconomy: Principles, challenges and perspectives. world sustainability series. Eds.  W. Leal Filho, D. Pociovălișteanu, P. Borges de Brito, and I. Borges de Lima (Cham: Springer).

 Rezaeiniko, B., Enayatizamir, N., and Norouzi Masir, M. (2019). The effect of zinc solubilizing bacteria on zinc uptake and some properties of wheat in the greenhouse. J. Water Soil Sci. 22, 249–260. doi: 10.29252/jstnar.22.4.249

 Salgueiro, M. J., Zubillaga, M., Lysionek, A., Cremaschi, G., Goldman, C. G., Caro, R., et al (2000). Zinc status and immune system relationship: a review. Biol. Trace Elem. Res. 76 (3), 193–205. doi: 10.1385/BTER

 Saravanan, V. S., Kumar, M. R., and Sa, T. M. (2011). Microbial zinc solubilization and their role on plants, in bacteria in agrobiology: Plant nutrient management. Ed.  D. K. Maheshwari (Berlin: Springer), 47–63.

 Saravanan, V. S., Subramoniam, S. R., and Raj, S. A. (2004). Assessing in vitro solubilization potential of different zinc solubilizing bacterial (zsb) isolates. Braz. J. Microbiol. 35, 121–125. doi: 10.1590/s1517-83822004000100020.

 Saravanan, V., Madhaiyan, M., and Thangaraju, M. (2007). Solubilization of zinc compounds by the diazotrophic, plant growth promoting bacterium gluconacetobacter diazotrophicus. Chemosphere 66, 1794–1798. doi: 10.1016/j.chemosphere.2006.07.067

 Schalk, I. J., Hannauer, M., and Braud, A. (2011). New roles for bacterial siderophores in metal transport and tolerance. Environ. Microbiol. 13, 2844–2854. doi: 10.1111/j.1462-2920.2011.02556.x

 Schippers, A., Hedrich, S., Vasters, J., Drobe, M., Sand, W., and Willscher, S. (2014). Biomining: metal recovery from ores with microorganisms. Adv. Biochem. Eng. Biotechnol. 141, 1–47. doi: 10.1007/10_2013_216.

 Scialabba, N., and Hattam, C. (2002). Organic agriculture, environment and food security (Food and Agriculture Organization)

 Shahane, A. A., Shivay, Y. S., Kumar, D., and Prasanna, R. (2017). Quantifying the contribution of microbial inoculation and zinc fertilization to growth, yield and economics of wheat (Triticum aestivum) in different methods of cultivation. Indian J. Agric. Sci. 87, 1066–1072.

 Shaikh, S., and Saraf, M. (2017). Biofortification of triticum aestivum through the inoculation of zinc solubilizing plant growth promoting rhizobacteria in field experiment. Biocatal. Agric. Biotechnol. 9, 120–126. doi: 10.1016/j.bcab.2016.12.008

 Shakeel, M., Rais, A., Hassan, M. N., and Hafeez, F. Y. (2015). Root associated bacillus sp. improves growth, yield and zinc translocation for basmati rice (Oryza sativa) varieties. Front. Microbiol. 6, 1286. doi: 10.3389/fmicb.2015.01286

 Sharma, A., Patni, B., Shankhdhar, D., and Shankhdhar, S. C. (2013). Zinc - an indispensable micronutrient. Physiol. Mol. Biol. Plants 19, 11–20. doi: 10.1007/s12298-012-0139-1

 Singh, D., Geat, N., Rajawat, M. V. S., Prasanna, R., Kar, A., Singh, A. M., et al (2018). Prospecting endophytes from different fe or zn accumulating wheat genotypes for their influence as inoculants on plant growth, yield, and micronutrient content. Ann. Microbiol. 68, 815–833. doi: 10.1007/s13213-018-1388-1

 Singh, D., and Prasanna, R. (2020). Potential of microbes in the biofortification of Zn and Fe in dietary food grains. A review. Agron. Sustain. Dev. 40, 15. doi: 10.1007/s13593-020-00619-2

 Singh, U. B., Malviya, D., Singh, S., Singh, P., Ghatak, A., Imran, M., et al (2021). Salt-tolerant compatible microbial inoculants modulate physio-biochemical responses enhance plant growth, zn biofortification and yield of wheat grown in saline-sodic soil. Int. J. Environ. Res. Public Health 18, 9936. doi: 10.3390/ijerph18189936

 Singh, J., Singh, A. V., Prasad, B., and Shah, S. (2017). “Sustainable agriculture strategies of wheat biofortification through microorganisms,” in Wheat a premier food crop. Eds.  A. Kumar, A. Kumar, and B. Prasad (New Delhi, India: Kalyani Publishers).

 Smith, O. M., Cohen, A. L., Rieser, C. J., Davis, A. G., Taylor, J. M., Adesanya, A. W., et al (2019). Organic farming provides reliable environmental benefits but increases variability in crop yields: A global meta-analysis. Front. Sustain. Food Syst. 3. doi: 10.3389/fsufs.2019.00082

 Subramanian, K. S., Tenshia, V., Jayalakshmi, K., and Ramachandran, V. (2009). Biochemical changes and zinc fractions in arbuscular mycorrhizal fungus (Glomus intraradices) inoculated and uninoculated soils under differential zinc fertilization. Appl. Soil Ecol. 43, 32–39. doi: 10.1016/j.apsoil.2009.05.009

 Sunithakumari, K., Padma Devi, S. N., and Vasandha, S. (2016). Zinc solubilizing bacterial isolates from the agricultural fields of coimbatore, Tamil nadu, India. Curr. Sci. 110 (2), 196–205. doi: 10.18520/cs/v110/i2/196-205

 Tariq, M., Hameed, S., Malik, K. A., and Hafeez, F. Y. (2007). Plant root associated bacteria for zinc mobilization in rice. Pak. J. Bot. 39 (1), 245–253.

 Truu, M., Truu, J., and Ivask, M. (2008). Soil microbiological and biochemical properties for assessing the effect of agricultural management practices in Estonian cultivated soils. Eur. J. Soil Biol. 44, 231–237. doi: 10.1016/j.ejsobi.2007.12.003

 Ullah, A., Farooq, M., and Hussain, M. (2020). Improving the productivity, profitability and grain quality of kabuli chickpea with co-application of zinc and endophyte bacteria enterobacter sp. MN17. Arch. Agron. Soil Sci. 66, 897–912. doi: 10.1080/03650340.2019.1644501

 Upadhayay, V. K., Singh, A. V., and Khan, A. (2022a). Cross talk between zinc-solubilizing bacteria and plants: A short tale of bacterial-assisted zinc biofortification. Front. Soil Sci. 1. doi: 10.3389/fsoil.2021.788170

 Upadhayay, V. K., Singh, J., Khan, A., Lohani, S., and Singh, A. V. (2019). “Mycorrhizal mediated micronutrients transportation in food based plants: A biofortification strategy,” in Mycorrhizosphere and pedogenesis. Eds.  A. Varma, and D. Choudhary (Singapore: Springer).

 Upadhayay, V. K., Singh, A. V., Khan, A., Singh, J., Pareek, N., and Raghav, A. (2022b). FE-SEM/EDX based zinc mobilization analysis of Burkholderia cepacia and Pantoea rodasii and their functional annotation in crop productivity, soil quality, and zinc biofortification of paddy. Front. Microbiol. 13. doi: 10.3389/fmicb.2022.852192

 Upadhayay, V. K., Singh, A. V., and Pareek, N. (2018). An insight in decoding the multifarious and splendid role of microorganisms in crop biofortification. Int. J. Curr. Microbiol. Appl. Sci. 7, 2407–2418. doi: 10.20546/ijcmas.2018.706.286

 Uzoh, I. M., and Babalola, O. O. (2018). Rhizosphere biodiversity as a premise for application in bio-economy. Agric. Ecosyst. Environ. 265, 524–534. doi: 10.1016/j.agee.2018.07.003

 Vaid, S. K., Kumar, B., Sharma, A., Shukla, A. K., and Srivastava, P. C. (2014). Effect of zinc solubilizing bacteria on growth promotion and zinc nutrition of rice. J. Soil Sci. Plant Nutr. 14 (4), 889–910. doi: 10.4067/s0718-95162014005000071

 Vaid, S. K., Srivastava, P. C., Pachauri, S. P., Sharma, A., Rawat, D., Mathpal, B., et al (2019). Residual effect of zinc applied to rice on zinc nutrition of succeeding wheat crop inoculated with zinc solubilizing microbial consortium. Isr. J. Plant Sci. 66, 227–237. doi: 10.1163/22238980-00001019

 Verma, M., Singh, A., Dwivedi, D. H., and Arora, N. K. (2020). Zinc and phosphate solubilizing Rhizobium radiobacter (LB2) for enhancing quality and yield of loose leaf lettuce in saline soil. Environ. Sustain. 3, 209–218. doi: 10.1007/s42398-020-00110-4

 Vidyashree, D. N., Muthuraju, R., and Panneerselvam, P. (2018). Evaluation of zinc solubilizing bacterial (ZSB) strains on growth, yield and quality of tomato (Lycopersicon esculentum). Int. J. Curr. Microbiol. App. Sci. 7 1493–1502. doi: 10.20546/ijcmas.2018.704.168

 Wang, Y., Yang, X., Zhang, X., Dong, L., Zhang, J., Wei, Y., et al (2014). Improved plant growth and zn accumulation in grains of rice (Oryza sativa l.) by inoculation of endophytic microbes isolated from a zn hyperaccumulator, sedum alfredii h. J. Agric. Food Chem. 62, 1783–1791. doi: 10.1021/jf404152u

 White, P. J., and Broadley, M. R. (2005). Biofortifying crops with essential mineral elements. Trends Plant Sci. 10 (12), 586–593. doi: 10.1016/j.tplants.2005.10.001

 White, P. J., and Broadley, M. R. (2011). Physiological limits to zinc biofortification of edible crops. Front. Plant Sci. 2. doi: 10.3389/fpls.2011.00080

 Whiting, S. N., de Souza, M. P., and Terry, N. (2001). Rhizosphere bacteria mobilize Zn for hyper accumulation by Thlaspi caerulescens. Environ. Sci. Technol. 35, 3144–3150. doi: 10.1021/es001938v.

 WHO (World Health Organization) (2002). The world health report 2002 – reducing risks, promoting healthy life (Geneva: World Health Organization).

 Xi-Wen, Y., Xiao-Hong, T., Xin-Chun, L., William, G. J., and Yu-Xian, C. (2011). Foliar zinc fertilization improves the zinc nutritional value of wheat (Triticum aestivum l.) grain. Afr. J. Biotechnol. 10 (66), 14778–14785. doi: 10.5897/AJB11.780

 Yadav, R. C., Sharma, S. K., Varma, A., Rajawat, M. V. S., Khan, M. S., Sharma, P. K., et al (2022). Modulation in biofertilization and biofortification of wheat crop by inoculation of zinc-solubilizing rhizobacteria. Front. Plant Sci. 13. doi: 10.3389/fpls.2022.777771

 Zhang, J., Wei, L., Yang, J., Ahmed, W., Wang, Y., Fu, L., et al (2020). Probiotic consortia: Reshaping the rhizospheric microbiome and its role in suppressing root-rot disease of panax notoginseng. Front. Microbiol. 11. doi: 10.3389/fmicb.2020.00701

 Zilberman, D., Gordon, B., Hochman, G., and Wesseler, J. (2018). Economics of sustainable development and the bioeconomy. Appl. Econ. Perspect. Policy 40 (1), 22–37. doi: 10.1093/aepp/ppx051



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

Copyright © 2022 Upadhayay, Singh, Khan and Sharma. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/logo.jpg
’ frontiers ‘ Frontiers in Agronomy





OEBPS/Images/fagro-04-903321-g001.jpg
Less input demand/ less costlier

Formulating ZSB as biofertilizers

Commercialization of ZSB based bio-products
Economically feasible

Make accessible to farmers

Zinc solubilizing bacteria (ZSB)

Direct implication/ with carrier/with

organic amendments in fields by
researcher or farmers

Strengthening
bioeconomy

Commercializing crop
based food products

Crop with higher yield and improved zinc
content in edible portion (Biofortification)





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Contemplating the role of zinc-solubilizing bacteria in crop biofortification: An approach for sustainable bioeconomy

      

        		

          Introduction

        



        		

          Zinc malnutrition

        



        		

          The idea of biofortification to counteract Zn-associated malnutrition

        



        		

          Bacterial role in zinc biofortification

        



        		

          Mechanistic overview of zinc solubilization

        



        		

          Zinc-solubilizing bacterial inoculants: promising natural biofortifying agents

        



        		

          ZSB consortia: an auxiliary accomplishment for plant growth and biofortification

        



        		

          Concept of bioeconomy: A new way of green economy

        



        		

          Employing bio-based stimulants in sustainable agriculture

        



        		

          Zinc-solubilizing bacteria in the context of the green economy

        



        		

          Conclusion

        



        		

          Author contributions

        



        		

          Acknowledgments

        



        		

          Conflict of Interest

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table1.jpg
Zinc-solubilizing bacteria Crop

Bacillus cereus ZnSB13 Chickpea (Cicer

arietinum L.)
Tomato (Solanum
lycopersicum L.)

Pseudomonas spp., VBZ4

B. aryabhattai ZM31 +
B. subtilis ZM63

B. subtilis QST713

Maize (Zea mays)

‘Wheat (Triticum
durum cv Amilcar)
Common bean
(Phaseolus vulgaris

R. tropici + B. subtilis

L)
B. aryabhattai MDSR14 Soybean
B. tequilensis CRS-38 + Zn3 (PO,),  Wheat

Exiguobacterium aurantiacum Triticum aestivum

MS-ZT10

Burkholderia cepacia Rice
(BMRR126) + ZnO

Bacillus altitudinis SRI-178 Chickpea
Pseudomonas plecoglossicida Pigeonpea

SRI-156, Brevibacterium antiquum
SRI-158

Growth attributes

Increment in fresh and dry nodule weights, shoot and
root dry weight, effective grain yield

Taller plants, broader stems, higher fresh and dry shoot
and root weights, and a greater number of fruits per plant

Maximum cob length and cob dry weight, maximum
stover and grain yield

With the rock phosphate supply, the bacterial inoculant
increased the root dry mass and total dry mass

Improvement in shoot dry matter and grain yield

Increased plant height and increase in root and shoot dry
weight

Enhancement in length and dry weight of both root and
shoot

Increment in shoot and root length, chlorophyll content,
dry weight

Increment in plant height, number of tillers per hill, dry
matter accumulation, and improved grain yield
Significant enhancement in shoot height and root length,
improvement in grain yield

Significant enhancement in shoot height and root length,
improvement in grain yield

Edible
part

Grain
Fruit

Grain
Grain

Grain

Grain
Grain
Grain
Grain
Grain

Grain

38%
2.87 mg/100 g
520 mg kg'!
41 mg/kg

307 g/ha

8220ugg "
(5325 pg g’
182 ppm
33.25 mg/kg
4.5 mg/100 g

40 mg/100 g

Amount of Zn References
in edible part

Batool et al,,
2021

Karnwal, 2021

Mumtaz et al,,
2020

Moreno-Lora
etal, 2019

Jalal et al., 2021

Ramesh et al.,
2014

Yadav et al.,
2022

Shaikh and
Saraf, 2017
Uadhayay et al.,
2022b
Gopalakrishnan
etal, 2016

Gopalakrishnan
et al,, 2016





OEBPS/Images/fagro.2022.903321_cover.jpg
'frontiers ‘ Frontiers in Agronomy

Contemplating the role of zinc-
solubilizing bacteria in crop
biofortification: An approach for
sustainable bioeconomy





